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Evaluation of Airfield Pavement 
Condition and Determination 
of Rehabilitation Needs 
Mohamed Y. Shahin, Michael I. Darter, and Starr D. Kohn, U.S. Army 

Construction Engineering Research Laboratory, Champaign, 
Illinois 

This paper presents a comprehensive procedure for the evaluation of the 
condition of an airfield pavement and the determination of its mainte
nance and rehabilitation needs. The overall procedure consists of three 
steps: The first is the determination of the airfield-pavement-condition 
rating based on a pavement-condition index. This index is a score be
tween 0 and 100 that describes the structural integrity of the pavement 
and its surface operational condition and is based on measured types, 
severities, and amounts of distress . The index, and hence the pavement
condition rating (Le .. excellent, very good, good, fair, poor, very poor, 
or failed), agree.s closely with the collectlvejudgment of experienced 
pavement engineers and is strongly correlated to the need of the pave· 
ment for maintenance and rehabilitation. The second step is the evalua
tion of the pavement through a stepwise procedure. The purpose of the 
evaluation is to provide the necessary background for a rational deter· 
mination of feasible maintenance and rehabilitation alternatives. The 
stepwise evaluation procedure depends largoly on the pavement-condition
index and distress date but other direct measurements, such as profile 
roughness, hydroplaning potential, and load-carrying capacity, are also 
included. The third step is the determination of the optimum mainte
nance and rehabilitation alternative. Feasible alternatives are deter-
mined through the use of guidelines that are based on the results of the 
stepwise evaluation and include recommended methods for the localized 
repair of different types of distress at different levels of severity. After 
the feasible alternatives are identified, an economic analysis is per-
formed . The optimum alternative is selected besed on the results of the 
economic analysis, the mission of the pavement, and the policies of the 
airfield management. The procedure is illustrated by an example. 

The first step in determining the maintenance and reha
bilitation (M&R) needs of and alternatives for a given 
pavement feature is an accurate and comprehensive eval
uation of its existing condition. 

The condition of an airfield pavement can be evaluated 
in terms of factors called condition indicators; compre
hensive pavement-condition evaluation requires the mea
surement of these condition indicators, which include at 
least the following: 

1. Q>erational surface indicators: (a) roughness 
(both localized and profile roughness), {b) skid resistance 
and hydroplaning potential, and {c) potential for foreign 
object damage (FOD) (to jet engines); 

2. Structural indicators : {a) structural integrity 
{cracking, distortion, and disintegration) and {b) load
carrying capacity; and 

3. Other indicators: (a) rate of deterioration and (b) 
amount of previous M&R applied. 

Many of these condition indicators are interrelated; for 
example, surface distortion and disintegration are re
lated to surface roughness. A complete condition evalu
ation requires the consideration of each condition indi
cator individually and of all the indicators collectively. 

Most of these pavement condition indicators are re
lated to observable pavement distress, as ·shown in Fig
ure 1 (for asphalt-surfaced pavement); there is a similar 
correlation for rigid pavements (1). In most cases, the 
observable pavement distress gives a good indication of 
pavement condition: FOD potential structural integrity, 
roughness (short wave lengths only~, and rnte of detel'io-

ration can be determined in this manner. 
In this paper, the development is described of a com

posite index that relates airfield pavement cracking, dis
tortion, and disintegration. The index, which is known 
as the pavement-condition index (per) has been officially 
adopted and is being used extensively by the U.S. Air 
Force. The PCI is a score between 0 and 100 that agrees 
closely with the average rating (collective judgment) of 
experienced pavement engineers and is strongly related 
to the need for M&R. 

The stepwise evaluation procedure presented in this 
paper is based on the use of the PCI, distress data, rate 
of deterioration, and other direct measurements (such as 
skid potential and profile roughness>. The PCI and dis
tress data were selected as the basis for the evaluation 
because they showed strong correlations with M&R needs. 
Guidelines for identifying feasible M&R alternatives 
based on the results of the evaluation are presented. The 
selection of the optimum M&R alternative should be based 
on economics, pavement mission, and management 
policies. 

The application of these procedures is illustrated for 
a plain-jointed concrete runway in Illinois. 

PAVEMENT- CONDITION INDEX 

Description 

The PCI is a numerical indicator of pavement condition 
that is directly related to the structural integrity of the 
pavement (its ability to resist fracture, distortion, and 
disintegration) and its surface operational condition. The 
PCI is a function of (a) type of distress (T 1); (b) severity 
of dist1·ess (S ,) , such as width and degree of spallinis of 
cracks or depth of ruts; and (c) density of distress (D1), 

which is the percentage of the area of the pavement that 
is distressed. The development of a meaningful condi
tion index requires the inclusion of all three of these dis
tress characteristics. The PCI is expressed mathemat
ically as follows: 

where 

(I) 

C = constant that depends on desired maximum 
scale value; 

a( ) = deduct weighting value that depends on Tu SJ, 
and D1J; 

i = counter for types of distress; 
j = counter for levels of severity; 

p = total number of types of distress for pave
ment type under consideration; 

m 1 = number of severity levels on the i th type of 
distress; and 

F(t, q) =adjustment function for multiple distresses that 
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varies with total summed deduct value (t) and 
number of deducts (q). 

The development of the PCI consisted of defining the 
types of distress and the levels of its severity (2) and of 
developing the individual distress deduct curves and an 
adjustment function for multiple-distress corr ection (~. 

Determination of Pavement-Condition 
Index of a Pavement Feature 

A pavement feature is defined as a portion of pavement 
that (a) has consistent structural thickness and materials, 
(b) was constructed at one time, and (c) is subjected to 
the same type and approximately the same number of 
traffic repetitions. 

The PCI of a given .pavement feature is determined by 
carrying out the following s teps (see Figure 2): 

1. The pavement feature is first divided into sample 
units. A sample unit for concrete pavement is approxi
mately 20 slabs; a sample unit for asphalt is an area of 
approximately 465 m2 (5000 ft 2

). 

2. The sample units ar e inspected and the types of 
distress and their severity levels and densities are re
cor ded. The criteria given by Sha hin and others (4) 
should be used in identifying and recording the types of 
distress. 

3. For each type, density, and severity level of dis
tres s with.in a sample unit, a deduct vall1e is determined 
from an app1·opr iate cur ve (4) (s ee s tep 3 in Figure 2 for 
an example of s uch a curve):-

4. The total deduct value (TDV) is deter mined by 
adding all of the deduct values for each distress condition 
observed for each sample unit inspected. 

5. A corrected deduct value (CDV) is determined 
from the appr opriate curve (4)· the CDV is based on the 
TDV and t he number of distl·ess conditions observed that 
have individual deduct values higher than five points (see 
step 5 in Figure 2). 

6. The PCI for each sample unit inspected is calcu
lated as follows: 

PC! = 100 - CDV (2) 

IN 
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7. The PCI of the entire feature is computed by av
eraging the PCis of all the sample units inspected. 

8. The pavement condition rating of the feature is 
determined by using step 8 of Figure 2, which presents 
verbal descriptions of pavement condition as a function 
of PCI value. 

An inspection by sampling procedure has been devel
oped to e:xpedite inspection without loss of accuracy and 
has been widely accepted and used by the Air Force en
gineer s . A computer program has also been developed 
to e:xpedite the PCI calculations (_!). 

EVALUATION OF PAVEMENT FEATURE 
FOR SELECTION OF MAINTENANCE 
AND REHABILITATION ALTERNATIVES 

In this section, the steps are presented for the evalua
tion of the condition of a pavement feature. The major 
emphasis is on the use of the PCI and distress data for 
the determination of condition because these items have 
been found to be strongly correlated with maintenance 
and repair needs, but the use of other direct measure
ments to supplement and verify evaluations in critical 
situations is also described. 

Figure 3 is a summary of the steps in the pavement
condition evaluation. Following is a brief description of 
each: 

1. Overall condition: The mean PCI of a pavement 
feature is an estimation of the overall condition of the 
pavement and represents the consensus of opinion of a 
group of e:xperienced pavement engineers. 

2. Variation of PCI within feature : Because of vari
ations of materials, construction, subgrade, and traffic 
loadings, certain portions of a given pavement feature 
may show a significantly different condition than the av
erage for the overall feature. Areas that have a poorer 
condition are of major concern. Variation within a fea
ture occurs on both a localized random basis (i.e., from 
material and variability) and a systematic basis (i.e., 
from traffic patterns>. 

Figure 4 has been developed from field data to provide 
guidelines for determining whether localized random 
variation exists. For example, if the mean PCI of a 



Figure 2. Steps in determining pavement-condition indicator 
of a pavement feature. 

Figure 3. Form for evaluation of airfield pavement condition. 
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feature is 59, any sample unit having a PC! of less than 
42 should be identified as a localized bad area. This 
variation or localized bad area should be considered in 
determining M&R needs. 

Systematic variation occurs whenever a large concen
trated area of the feature has a condition that is signifi
cantly different from the rest. For example, on a wide 
runway or a large apron where traffic is channeled to a 
certain portion, that portion may show much more dis
tress (or poorer condition) than the rest of the area. 
Whenever there is a significant degree of systematic 
variability within a feature, strong consideration should 
be given to dividing the ieature into lwo or moi-t: Ieatu1'es. 

3. Rate of deterioration: For jointed concrete
surfaced pavements, the relative rate of long-term de
terioration from initial construction can be determined 
from Figure 5, which was obtained by plotting all avail
able data on the features surveyed [a similar fi~ure was 
also developed for asphalt- surfaced pavements (_!.)]. In 

Figure 4. Procedure for determination of minimum sample unit 
PCI based on mean PCI of feature. 
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Figure 5 (and the similar one for asphalt-surfaced pave
ments), each point represents one pavement feature, the 
solid central line represents the overall average rate of 
deterioration of the pavement features, and the dashed 
lines are intended to envelop a majority of the data to 
represent normal rates of deterioration. These data 
points represent a great variety of pavement designs, 
traffic, climates, soils, and other factors, and thus the 
overall average expected loss of condition. A pavement 
feature that is above the upper dashed line is considered 
to have a low rate of deterioration, and a feature that is 
below the lower dashed line is considered to have a high 
rat~ ui dete1·iu1·at.ion. Thus, a concrete pavement feature 
that has a PCI of 40 after 20 years is considered to have 
a high long-term rate of deterioration, but one that has a 
PC! of 60 is considered to have a normal long-term rate 
of deterioration. 

The rate of deterioration of a pavement can also be 
evaluated in terms of the short-term or annual decrease 
in the PCI. A decrease in the mean PCI of a feature (as
suming only normal routine M&R has been applied) of 
seven or more PCI points indicates a high short-term 
rate of deterioration; a decrease of four to six points in
dicates a normal or average short-term rate of de
terioration. 

4. Pavement distress: The PCI is a composite index 
of existing airfield-pavement distress. However, ex
amination of the specific types, severities, quantities, 
and causes of individual distresses also provides a val
uable aid in determining condition and eventually select
ing M&R needs. Distress occurs as a result of traffic 
loads, climatic conditions, material durability, and other 
factoi·s. The types of distress have been divided into 
three main groups: (a) those caused primarily by traffic 
loadings, (b) those caused primarily by material dura
bility and climate, and (c) those caused by other factors. 
Conditions at each pavement will dictate the specific dis
tresses that belong in each group. 

The following steps constitute a procedure for deter
mining the primary cause or causes of the deterioration 
of the pavement condition of a given feature: 

First, the total deduct values attributable to load, 
climate and durability, and other distresses are sepa
rately determined. For example, the following dis
tresses were measured on an asphalt feature and the 
deduct values were determined: 

Figure 5. Relationship betwoen PCI of IOOc::i-""""===..,-----.-----.---- --r-----r----- -r-- - --ir----, 
pavement feature and time since construction: "'-. o---
concrete-surfaced pavement. "'- --........._ 
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Type of Distress Deduct Value Cause 

Alligator cracking 50 Load 
Transverse cracking 8 Climate and durability 
Rutting 20 Load 

Thus, the total deduct value attributable to load is 70 and 
that attributable to climate and durability is 8. 

Second, the percentage deduct values attributable to 
load, climate and durability, and other causes are com
puted. For the above example feature, the calculation 
is as follows: 

Load = (70/78) x 100 = 90 percent 
Climate and durability = (8/78) >< 100 = 10 percent 
Total = 100 percent. 

Third, the percentage deduct values attributed to each 
cause form the basis for the determination of the primary 
cause(s) of pavement deterioration. In this example, 
distresses caused primarily by load have caused 90 per
cent of the total deduct value, whereas all other causes 
amount to only 10 percent. Thus, traffic load is by far 
the major cause of deterioration of this pavement feature. 

5. Evaluation of load-carrying capacity: The load
carrying capacity of an airfield pavement is defined in 
terms of three factors: (a) the aircraft gross weight, 
(b) the type of aircraft, and (c) the number of aircraft 
passes over the pavement until a "failed" condition is 
predicted. If these three factors are held constant, the 
load-carrying capacity depends on the pavement struc
ture and material properties and the subgrade soil prop
erties. For years, the U.S. Air Force has determined 
the load-carrying capacity of airfield pavements by using 
procedures developed by the U.S. Army Corps of Engi
neers (5). Research efforts are under way to develop 
nondestructive testing methods and criteria for evalu
ating the load-carrying capacity of airfield pavements. 
The results of this development could be used to replace 
the older procedure. 

6. Surface roughness: There are currently three 
methods for estimating surface roughness. First, pilot 
complaints are subjective but highly reliable sources of 
qualitative roughness information. The pilot reports 
reflect aircraft ride quality as well as surface roughness; 
the additional factor of aircraft vibration is therefore 
included. 

Second, certain types of distress contained in the PCI 
can be correlated with localized roughness as shown in 
Figure 1. However, it is difficult or impossible to see 
the longer wave-length roughness that affects aircraft 
ride quality when inspecting a runway surface. 

Third, the roughness can be quantitatively evaluated, 
on a relative basis, by analyzing measured profile
elevation data. [The development of this approach 
formed a large part of a joint Federal Aviation Admin
istration and U.S. Air Force research program and is 
discussed in more detail elsewhere (6).] This method 
has required the development of rapid elevation
measuring instruments and suitable data-processing 
techniques involving filtering and statistical analysis of 
random data as well as the use of computer programming 
for the estimation of aircraft vibration response. 

7. Skid resistance and hydroplaning potential: The 
Air Force (7) reports pavement skid resistance in terms 
of the coefffCient of friction as measured by a Mu-Meter 
(8) and the wet-to-dry stopping distance ratio as mea
sured by the diagonally braked vehicle (9). Transverse 
slope can also be measured by survey techniques. 

8. Previous M&R applied: A pavement feature can 
be kept in operating condition almost indefinitely if ex
tensive M&R is continually applied. There are major 
disadvantages to this maintenance strategy, however, 
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such as overall cost, downtime of the feature, the in
crease in roughness caused by excessive patching, limi
tations of personnel and equipment, and airfield mission 
requirements. The amount and types of previous M&R 
applied to a pavement feature are important factors in 
determining currently needed M&R. A pavement where 
a large portion has been patched or replaced must have 
had many previous distress problems that are likely to 
continue in the future. 

Permanent patching and slab replacement may be used 
as a criterion for evaluating previous maintenance. 
Patching and slab replacement of 1. 5-3. 5 percent is con
sidered normal, more than 3. 5 percent is considered 
high, and less than 1. 5 percent is considered low. Some 
pavement features may also have received an excessive 
amount of M&R other than patching. If, in the judgment 
of the engineer, this should be evaluated as high previ
ous maintenance, then this evaluation should take prece
dence over the evaluation based only on patching and slab 
replacement. 

MAINTENANCE AND REHABILITATION 
NEEDS 

The selection of the optimum M&R category (i.e., rou
tine, major, or overall) for a given pavement feature is 
a major decision that requires many years of experience 
in pavement maintenance and repair. In many cases, a 
group of experienced pavement engineers will agree on 
a recommended M&R category. In many other cases, 
however, disagreement will occur and a thorough ex
amination of the pavement condition evaluation and a 
comprehensive economic analysis will be required for 
the selection of the correct M&R category and the opti
mum M&R alternative. 

Maintenance and Rehabilitation Categories 

M&R methods (such as crack filling, patching, slab re
placement, and overlay) are grouped into three general 
categories for convenience of analysis and discussion. 

1. Routine M&R: Routine M&R consists of perform
ing preventive or localized M&R. Preventive M&R in
cludes methods that preserve the condition of the pave
ment and retard its deterioration. These methods in
clude crack sealing, joint sealing, and application of fog 
seals and rejuvenators. Application of aggregate seals, 
however, is considered to be major localized M&R. · 
Localized M&R methods are those that restore pave
ment condition. Some repair methods are considered 
localized if they are applied to only a small area of the 
pavement feature; for example, skin patching, applying 
heat and rolling sand, placing small patches [0.46 m 2 

(5 ft2) ] , and patching joint and corner spalls are con
sidered localized regardless of amount. On the other 
hand, partial-depth or full-depth patching, slab replace
ment, slab undersealing, slab jacking, and slab grinding 
are considered localized only if applied to a small area 
of the pavement feature (usually less than 3. 5 percent). 

2. Major localized M&R: Major localized M&R is 
an extensive form of localized M&R. It includes partial
depth or full-depth patching, slab replacement, slab un
derseaUng, and slab grinding when applied to a consider
able area or portion of the pavement feature (usually 
more than 3. 5 percent). Other M&R methods included 
in the major localized category are the application of an 
aggregate seal over the entire feature and the recon
struction of many joints in a concrete pavement. 

3. Overall M&R: Overall M&R includes procedures 
that cover the entire pavement feature and usually im-
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Figure 6. Relationship between percentage of engineers 
recommending M&R category and PCI. 
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proves its load-carrying capacity. Overall M&R in
cludes overlays with asphalt or concrete, reprocessing 
or recycling of existing pavements, and total recon
struction. 

Maintenance and Rehabilitation Guidelines 

Excellent correlation was found between the PCI and the 
M&R categories. The correlation was based on results 
obtained from 37 airfield pavement features that included 
runways, taxiways, and aprons and represent a wide 
variety of climates, traffic, ages, and structures. 
Eighteen of the features were asphalt- or tar-surfaced 
pavements, and 19 were jointed concrete. During the 
field surveys of the features, all existing distress was 
measured, 35-mm color slides were taken, the pavement 
structure and age were determined, and the primary air
craft were identified. This information was given to 10 
experienced engineers to aid them in making M&R de
cisions (the PCis for the features were not available to 
the engineers when recommending M&R requirements). 

Figure 6 shows the percentage of engineers recom
mending routine, major, or overall M&R within the next 
two years of the life of the pavement for each condition
rating zone. These results show that the higher the PCI, 
the greater the percentage of engineers recommending 
only routine M&R and the lower the PCI, the greater the 
percentage recommending overall M&R. In the middle 
of the PCI scale (40 to 70), there is a lack of consensus 
as to which to recommend. 

From these res.ults, four M&R zones were established 
to provide guidelines for the selection of M&R. The four 
zones conveniently fit the condition-rating zones used 
with the PCI, as shown in the table below. 

M&R Zone PCI Rating 

Routine 100 Excellent 
85 Very good 

Routine, major, overall 70 Good 
55 Fair 

Major, overall 40 Poor 
Overall 25 Very poor 

10-0 Failed 

1. Routine M&Rzone (R-zone). In this zone, nearly all 
engineers recommended only routine M&R for the next 
two years. The specific routine M&R methods are de
termined based on types and severities of distress, as 
shc'.vn in Tables 1 and 2. 1'.'fujor or overall lVI&R v ... ·ould 
be recommended only in exceptional cases such as those 
where the pavement-condition evaluation (Figure 3) indi
cates that one or more of the followi.ng "tems exists: 
(a) load-associated distress accounts for a major po1·tion 
of the distress deduct value, (b) load- carrying capacity is 
deficient as indicated by a "Yes" rating, (c) rate of pave
ment deterio1·ation is rated high, (d) previous M&R ap
J?lied is rated J1igh, (e) surface roughness is rated major, 
(f) skid resistance and hydroplaning potential is rated 
ve1·y high, and (g) a change in mission requires greater 
load-carrying capacity. Thus, the pavement engineer 
should concentrate on applying routine M&R to pavement 
features within this zone. Timely and effective routine 
M&R will reduce the rate of deterioration of the pave
ment. 

2. Routine-major-overall zone (R-M-0 zone): This 
zone includes all pavement features that have PCis be
tween 41 and 70 or a condition rating of fair or good. 
As shown in Figure 6, there is no general agreement 
among engineers as to which type of M&R should be ap
plied. Generally, however, the higher the PCI in this 
zone, the higher the percentage of engineers recommend
ing routine M&R. It is therefore recommended that 
either routine 01· major M&R generally be applied to 
pavement features in this zone (particularly those that 
are rated good). The specific 1·outine or major M&R 
alternative that should be selected depends on the types 
and severities of distress as presented in Tables 1 and 2. 
Overall M&R should be considered only if the condition 
evaluation indicates that one or more of items a through 
g listed above exist. 

3. Major-overall zone (M-0 zone): This zone in
cludes all pavement features having PCis between 26 and 
40 or a condition rating of poor. As shown in Figure 6, 
there is a consensus of opinion that pavement features in 
this condition should receive either major or overall 
M&R within the next two years. For example, for one 
feature that had a PCI of 35, overall M&R was recom
mended by 80 percent of the engineers and major M&R 
was recommended by 20 percent (none recommended i·ou
tlne). Some engineers apparently feel that a pavement in 
this condition needs significant M&R to prevent it from 
exceeding the point of economic repair, but many others 
feel that it has already exceeded that point. The decision 
to select major or overall M&R should be based pri
marily on an economic analysis of the alternatives. How
ever, if the condition evaluation indicates that one or 
more of items a through g exist, overall M&R should be 
strongly considered. 

4. Overall zone (O-zone): This zone includes all 
pavement features that have PCis between 0 and 25 or a 
condition rating of very poor or failed. As shown in 
Figure 6, there is a consensus of opinion that pavement 
features in this condition should receive overall M&R 
within the next two years. The experienced engineers ap
parenUy feel that a pavement feature in this condition is 
beyond the point of economical repair and that only over
all M&R will provide adequate results. The decision as 
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Table 1. Recommended preventive and localized M&R: jointed concrete-surfaced airfield pavements. 

Slab 
Doing Crack Joint Partial-Depth Full-Depth Slab Slab Slab Jac king 

Type of Distress Nothing Sealing Sealing Patching (bonded) Patching Replacement U ndersealing Grinding Grouting 

Blowup L orM' H' H' 
Cornerbreak L L, M, M orH 

or H 
Longitudinal, L L, M, H' H H 

transverse, or H 
or diagonal 
cracking 

D-cracking L L' L < M orH Mor H H 
Joint- seal damage L M orH' 
Small patches L M M orH' H' 

(<0.46 m') 
Large patches L M Mor He H' H 

(>0.46 m') 
Pop-outs A 
Pumping A A A 
Crazing and L M orH H 

sealing 
Settlement and L H Mor H M orH 

faulting 
Divided slab L, M, M orH 

or H 
Shrinkage cracking A 
Joint spalling L L orM L , M, M orH' M orH' 

or H 
Corner spalling L Lor M M orH 

Notes: 1 m2 = 10.8 ft 2
, 

A= type of distress that has only one severity level; L = low-severity distress; M ""' medium-severity distress; and H =high-severity distress 
•Must provide expansion joint. 
bAllow crack to continue through patch except when using asphalt concrete. 
cseal all joints and cracks. 
d Joint seal local areas. 
•Replace patch. 
10nly when surface is unacceptable. 
11 lf caused by keyway failure, provide load transfer a 

Table 2. Recommended preventive and localized M&R: asphalt- or tar-surfaced airfield pavements. 

Partial- Full- Heating Fog Application 
Doing Crack Depth Depth Skin and Sand Sealing' Application of Aggregatel 

Type of Distress Nothing Sealing Patching Patching Patching Rolling (emulsion) of Rejuvenator Sealing Coat 

Alligator M orH M orH Lor M 
cracking 

Bleeding A A 
Block cracking L L, M, L Lor M 

or H 
Corrugation L M orH M or H 
Depression L M orH M orH M orH 
Jet blast A A A A A 
Joint retlection L L, M, H 

cracking or H 
Longitudinal L L, M, H L Lor M 

and transverse or H 
cracking 

Oil spillage A A A 
Patching L M M' H' 
Polished A A 

aggregates 
Raveling and L H Lor M L Mor H 

weathering 
Rutting L M orH M orH M orH 
Shoving L M orH 
Slippage A A 

cracking 
Swelling L M orH 

Note: A= type of distress that has only one severity level; L = low-severity distress; M = medium-severity distress; and H =high-severity distress 
•Requires prior approval by command pavement engineer. 
b Replace patch, 

to which overall M&R alternative to select should be 
based on an economic analysis of the feasible alternatives . 

Economic Analysis of Maintenance and 
Rehabilitation Alternatives 

Based on the results of pavement-condition evaluation and 
the guidelines for M&R selection, the engineer may need 
to consider more than one M&R alternative for restoring 
the structural integrity and operational condition of the 

pavement. The selection of the best alternative often 
requires performing an economic analysis that compares 
the costs of all feasible alternatives. This section pre
sents an economic analysis procedure that compares 
M&R alternatives based on total present worth. 

1. Select an economic analysis period (in years). The 
period generally used in pavement analysis is in the 
range of 5-30 years, depending on the future use of the 
featw·e (e.g., abandonment or change of mission). When 
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the present-worth method of economic analysis is used, 
the alternatives must be compared over the same num
ber of years. Thus, all alternatives must have equal 
life. 

2. Select the interest rate (rt) and the inflation rate 
(r r) to be used for calculath1g the present cost. 

3. Estimate the annual M&R cost for each M&R al
ternative for every year for which work is planned dur
ing the analysis period. The cost estimates should be 
based on current prices. 

4. Determine the salvage value of the M&R alterna
tives. These are the values or worths of the pavement 
at the end of the analysis period and can be determined 
by subtracting the cost of rehabilitating or reconstructing 
the existing pavement structure from the cost of con
structing a new paveme nt structure over the s ubgrade 
(assuming that no pavement exists). This difference in 
costs, then, is the value of the existing pavement (which 
may be a negative value if the pavement is badly de
teriorated). 

5. Calculate the total present worth for each M&R 
alternative as follows: 

Total present worth = ( ~ C1 x f; ]- (Sv x fn) 

where 

n = number of years in analysis period, 
C1 = M&R cost for year i based on current costs, 
s. = salvage value based on current costs, 

(3) 

f 1 =present-worth factor for i th year that is a func
tion of rt and r,; i.e., f1 = [(1 + r,)/(1 + rt)] 1• 

After completion of these basic steps, comparison of 
the present worth for all M&R alternatives will assist 
the pavement engineer in selecting the most economic 
M&R alternative. 

It should be emphasized that many predictions and as
sumptions must be made to perform the analysis. The 
engineer must therefore exercise judgment in selecting 
the best inputs and use the results of the analysis as an 
aid in decision making. 

APPLICATION OF MAINTENANCE AND 
REHABILITATION GUIDELINES AND 
ECONOMIC ANALYSIS: EXAMPLE 

This section describes an example of the procedure for 
determining the optimum M&R alternative for a pave
ment feature. The steps included are data collection, 
condition evaluation, selection of feasible M&R alterna
tives, economic analysis, and selection of the optimum 
M&R alternative. 

The pavement used in this example is a portion of a 

runway constructed in 1947 of plain jointed concrete. 
The pavement is 46 m (150 ft) wide and 841 m (2760 ft) 
long. The individual slab size is 3.8x6.1 m (12.5x20 
ft). Figure 7 shows the slab layout for the runway. 

The critical aircraft using the runway for the past eight 
years has been the DC-9 (be!o1·e that time only light-load 
aircraft operated on the runway). The pavement is ex
hibiting distress that began after the DC-9 started op
eration on the runway. The pavement engineer is con
cerned about the current pavement deterioration and the 
amount of maintenance required. 

A pavement-condition survey was performed on the 
feature in 1977. Before the actual survey, it was ob
served that most of the distress occurred within the 
central 15 m (50 ft) (i.e., in slab rows 5, 6, 7, and 8) and 
that all but a few of the tire rubber marks were contained 
within the central 22. 7 m (75 ft) (slab rows 4, 5, 6, 7, 
8, and 9). The condition of rows 1 to 3 and 10 to 12 was 
very similar, in that they exhibited only minor distress. 
Therefore, the six center rows of slabs were grouped as 
the pavement feature to be surveyed and analyzed. 

All 828 slabs in the central six slab rows of the fea
ture were surveyed by inspecting 46 sample units of 18 
slabs each (6 slabs wide by 3 slabs loug). The entire 
feature was surveyed, because it was desired to have ex
tensive information for this example. A few random 
samples from the outer three rows of slabs on both sides 
of the runway were also surveyed. A plot of the PCI 
along the runway is shown in Figure 8. A summary of 
the types of distress found in the central six slab rows 
and the calculated percentage deduct values due to load 
and climate are shown in Table 3. (The overall evalu
ation summary of this pavement is shown in Figure 3.) 

Selection of Feasible Maintenance and 
Rehabilitation Alternatives 

The PCI of the center six rows of slabs is 65. Thus, the 
feature is placed in the R-M-0 zone. The outer three 
rows on each side of the center six rows of the runway 
have a PC! of 79, which places these slabs in the R-zone. 
Again, this supports the consideration of the center six 
rows as a single feature. 

The M&R guidelines for the R-M-0 zone state that 
routine or major M&R should generally be applied to 
pavement features in this zone unless the evaluation 
shows that one or more of the condition indicators is 
rated in a high or major category or that load-associated 
distresses account for a majority of the deduct values. 

For this feature, the evaluation summary sheet (Fig
ure 3) shows the following: 

1. Load-associated distresses account for a majority 
of the deduct values, 

2. Load-carrying capacity is deficient, and 

Figure 7. Layout of runway 
feature. 
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Figure 8. PCI profile along 
runway feature. 
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Table 3. Summary of distresses occurring in center six rows of 
slabs of runway feature. 

Type of 
Cause Distress 

Load Corner break 
Longitudinal and 

transverse cracking 
Patching (>0 .46 m') 
Shattered slab 

Total 

Climate and D-cracking 
durability Joint- seal daninge 

Patching ( 0.46 m') 
Shrinkage cracking 
Joint spalling 
Corner spalling 

Total 

Other Faulting and 
settlement 

Total 

Total 

Note: 1 m2 = 10.7 ft2 • 

Deduct 
Value 

4 
22 

5 
_Jl_ 

37 

2 
12 

1 
1 
4 

..1 
23 

_i 

4 

Percentage 
Deduct 
Value 

58 

36 

__§. 

100 

3. Previous maintenance is excessive and rated as 
high. 

Therefore, as the guidelines indicate, overall M&R was 
strongly considered and, based on these considera
tions, the following alternatives were selected for 
consideration: 

1. Application of major M&R to specific distresses 
based on recommendations in Table 1 and field condi
tions, 

2. Replacement of the center six rows of slabs by 
slabs of adequate design (keel replacement), 

3. Overlaying of the entire width of the runway with 
concrete, 

4. Overlaying of the entire width of the runway with 
asphalt, and 

5. Performance of major M&R for a few years and 
then performance of either items 2, 3, or 4 above. 

Each of these was considered a feasible M&R alter-

Table 4. Economic analysis of alternatives. 

M&R Work Present 
Year Description Cost($) Worth($) 

1977 Initial 547 772 l.D 547 772 
construction 

1982 Joint sealing 25 530 0.9108 23 353 
1984 Routine 1 DOO 0.8774 877 
1985 Routine 1 000 0 .8661 866 
1986 Routine 1 000 0.8452 845 
1988 Routine and 26 530 0.8141 21 598 

joint sealing 
1990 Routine 2 000 0 .7843 1 569 
1993 Routine and 29 110 0.7415 21 585 

joint sealing 
1995 Routine 2 000 0.7143 1 429 
1998 Routine and 31 000 0.6753 20 934 

joint sealing 
Total 640 828 

Note: r1 = 8 percent and r1 - 6 percent_ 

native. Overlaying the total width was considered only 
because 46 m is the minimum allowable runway width. 
For the same reason, if the central six rows of slabs 
are replaced, the outer slabs must also be maintained 
so as to provide an acceptable operational condition. 

Each alternative has its own associated costs down
time, and personnel and equipment needs. Thu;, a 
comprehensive economic analysis is needed to aid in 
selection of the best alternative. 

Economic Analysis 

An economic analysis period of 25 years was selected. 
Table 4 shows the calculation of the total present worth 
of one of the alternatives, the application of a 4-cm (10-
in) .thick, partially bonded, no. 3 concrete overlay on 
the entire runway in 1977. The material costs used in 
the analysis were obtained from local contractors. The 
thickness designs of the overlays and reconstruction were 
determined by using Corps of Engineers design met.hods. 
Given the salvage value of the pavement as $352 560 x 
0.6267 = $220 949, its present value is then $419 774. 

Table 5 shows a summary comparison of all four M&R 
alternatives analyzed. Based on the total present worth, 
replacing the central six rows of slabs in 1977 and con
tinuing routine M&R on the outside slabs (alternative 2) 
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Table 5. Summary comparison of M&R 
alternatives. Alternative 

No. Description 

Major M&R 
Replace keel (1977) 
Overlay with portland 

cement concrete (1977) 
4 Overlay with asphalt 

cement (1977) 

is the least expensive alternative. On the other hand, 
performing major IvI&R on the central six rows of slabs 
and routine M&R on the outer slabs (alternative 1) is the 
most expensive alternative. 

It should be recognized that the economic analysis was 
based on several assumptions. Thus, the numbers shown 
in Table 5 cannot be exact. The main uncertainty lies in 
future prediction of performance. However, the analy
sis does provide a reasonable relative comparison among 
the alternatives and makes clear that a strategy of major 
M&R is not the best alternative. 

The results of the economic analysis should not be 
used as a rigid rule for the selection of the best M&R 
alternative; rather, they should be used as an aid to the 
engineer in making the selection. For example, the 
engineer may decide on an alternative other than replac
ing the keel (alte1·native 2) because of factors not con
sidered in the analysis, such as available funding, run
way downtime during construction, and elimination of the 
need for routine M&R for the outer slabs required if the 
keel is replaced. 

SUMMARY 

This paper has introduced a procedure for evaluating the 
condition of an airfield pavement that has been officially 
adopted and is being used extensively by the U.S. Air 
Force. The procedure is based on a PCI that is a score 
between 0 and 100 and based on measured types, severi
ties, and amounts of distress. The PCI agrees closely 
with the average rating (collective judgment) of experi
enced pavement engineers and correlates well with the 
need of the pavement for M&R. 

The paper has also introduced a stepwise procedure 
for evaluation of a pavement feature and guidelines for 
the selection of the optimum M&R alternative. The pro
cedure is largely dependent on the PCI and distress data. 
The guidelines are based on the results of the stepwise 
evaluation procedure and economic analysis and were 
developed based on the evaluation by many field
experienced maintenance engineers of 37 airfield pave
ments. 

The use of the above procedures and guidelines is il
lustrated for a plain-jointed-concrete runway in Illinois. 
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Pavement-Condition Ratings and 
Rehabilitation Needs 
W. A. Phang, Research and Development Division, Ministry of 

Transportation and Communications, Downsview, Ontario 

Pavement-condition surveys are used to determine the order of priority 
of rehabilitation needs, to identify problems and thus promote the use 
of more effective short-term remedial or longer-term rehabilitation alterna
tives, to allow maintenance staffs to match as closely as possible practical 
corrective and preventive treatments and ideal solutions, and to increase 
the effectiveness of maintenance and rehabilitation procedures through 
timely and cost-effective strategies determined from pavement· 
management optimization procedures. The practice of obtaining 
pavement-condition ratings through individual raters or panels allows the 
effects of human bias and judgment to affect these ratings and introduces 
inconsistencies in priority rehabilitation lists. Two states have adopted 
objective measurement procedures for determining pavement-condition 
ratings within the last decade. But despite the effects of human bias, 
there are advantages to retaining subjective assessments of distress, at 
least for maintenance and the design of rehabilitation projects. In 
Ontario, a system of uniform word descriptions of extent and severity 
of distress is used that should lead to retention of its subjective rating 
system for design and maintenance; the pavement-condition rating 
values calculated from these word descriptions should provide consis· 
tent ratings. To develop weighting values for the various types of dis-
tress and their extent and severity and the ride-rating scaling factors 
that apply to each of the five regions of the province of Ontario, the 
results of subjective pavement-condition ratings of about 6000 km 
(3720 miles) of highway were subjected to iterative best·fit analysis. 
Although there is still room for improvement, the resulting equation 
is remarkably similar to that used in the state of Washington. 

Pavement performance has been defined as the service
ability history of the pavement surface. That is, it is 
the measure over time of how well the pavement has 
served its function, which is to provide safe and com
fortable passage to persons and goods (1). 

As a pavement ages, the effects of traffic and environ
ment decrease its initial high level of serviceability. At 
some future time, then, the serviceability of the pave
ment falls from an acceptable level to an unacceptable 
level. This failure to continue to provide acceptable 
service. may stem from structural inadequacies, heavy 
overloads, problem pavement materials, climatic and/ 
or environmental effects on materials, or from combina
tions of these. At this stage, the engineer must decide 
whether to do nothing and accept the consequent lower 
level of serviceability, to prolong the life of the pave
ment by a higher level of maintenance activities, to re
habilitate it by resurfacing or some similar treatment, 
or to upgrade its structural (and h'affic) capacity by re
construction or thick overlays. To ensure that the best 
decision is made, it is essential to record the condition 
of the pavement at defined time intervals. Then, if one 
possesses sufficient knowledge of probable future be
havior, timely action may be taken to proceed with an 
appropriate treatment within the funding available. 

One of the aims of a pavement management system is 
the analysis of the most cost-effective rehabilitation 
treatment and when it should be applied to optimize the 
use of available funds (2). Pavement-condition ratings 
are an essential part oCthe process. 

In the past, assessing the condition of a pavement has 
been a task assigned to e:xperienced engineers and rating 
panels. In more recent years, systems have been de
veloped that minimize the effects of human judgment and 
bias in condition ratings because these effects lead to 
inconsistencies in the priority lists that are used in fund 
allocation. 

This paper describes the efforts in Ontario to reduce 
the effects of human bias through the use of uniform word 
descriptions for pavement distresses and the application 
of weighted values for different distresses in determining 
pavement-condition ratings. When there has been suf
ficient e:xperience in using the method, it is expected 
that the consistency of the ratings will improve and that 
the use of additional resources to monitor pavement con
ditions by the actual measurement of ride quality and dis
tresses can thus be avoided. 

EXAMPLES OF CONDITION-RATING 
SYSTEMS THAT USE 
MEASUREMENTS 

Objective pavement-condition-rating systems are ex
emplified by the slope-variance method developed at the 
American Association of State Highway Officials (AASHO) 
Road Test at Ottawa, illinois. Here, the present ser
viceability index (PSI) is a function of slope variance, 
rutting, cucldng, and patching (1), 

Because the CHLOE profilometer (which was used in 
the AASHO Road Test) is slow and requires a relatively 
large crew, in Florida the Mays ride meter, which cor
relates well with the CHLOE, is used. The ride meter 
gives the Mays meter reading (MMR) from which the 
ride rating (RR) can pe calculated by using equations that 
derive from correlations with the CHLOE PSis (slope 
vat'iance only). For example, at 48 km/h (30 mph), for 
a certain vehicle, 

RR= 95.1459-0.1792MMR (I) 

The defect reading (DR) can be calculated by using Equa
tion 2; 

DR = I 00 - sum of deduct points (2) 

where deduct points are amounts for rutting, cracking, 
and patching that are agreed on by engineers from con
struction, maintenance, design, and research and ap
plied to measurements of short representative sections; 
the final pavement rating (PR) is then given by 

PR= (RR x DR)v.. (3) 

[This method has been fully described by Smith (3).) 
In the state of Washington, a modified Portland Ce

ment Association road meter is used to measure pave
ment ride quality. This gives a reading in terms of 
counts per mile (CPM), which is used to calculate the 
ride score (Rs); 

Rs= [(CPM)'1' fey,] - l (4) 

in which different values of c are used for three different 
types of pavement to try to equalize the inherent rough
ness characteristics of each type and Rs = 0 represents 
a glass-smooth ride and Rs = 9 represents a very rough 
ride. The structural rating (SR) is then calculated by 
using Equation 5; 
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Figure 1. Form for evaluation of 
flexible pavement condition. 
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where defect values are amounts assigned to various 
states of different dish·esses for both flexible and rigid 
J?avements (.!_), and the final pavement condition rating 
(PCR) is given by 

PCR =SR[ I -(Rs/10)] y, (6) 

SUBJECTIVE RATINGS 

Rationale 

There have been extensive attempts to determine how 
well ride quality can be assessed subjectively by single 
raters or rating panels when compared with mechanically 
measured roughnesses {§.-1). Hutchinson ~) has 
pointed out rating-scale problems. However, the ad
vantage of using mechanical roughness-measuring de
vices over using raters is at present only theoretical 
because of problems with equipment that include poor re
liability, low speed of operation, the need for frequent 
calibration, speed and temperature variables, and the 
additional costs of acquisition and operation. In Ontario, 
it is still found attractive to continue the assessment of 
ride quality by raters, not only because the rater must 
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visit the highway and examine it for pavement distresses 
and other deficiencies and assess what remedial mea
sures are needed, but also because the visits can be 
scheduled at convenient times and the need for coordi
nation with roughometer schedules does not arise. 

The need for "standard nomenclature and definitions 
for pavement components and deficiencies" was partly 
answered by the :Highway Research Board special report 
issued in 1970 (9). However, this repo1·t does not p1·0-
vide sufficient detail to enable an observer (or a recip
ient of a condition report) to accu1·ately desc1·ibe (01· 
visualize from the desc1·iption) all of the defects 01· de
ficie·ncies of the pavement. Thus, in Ontario, a formal
ized procedure that has uniformly worded descriptions 
of distress manifestations has been provided by the prep
aration of two manuals (!Q_, 11) fo1• use by raters. These 
manuals contain illustrative photographs of the various 
types of distresses and provide guidelines for the use of 
descriptors of the extent of occurrence and the severity 
of the distress. As shown in Figures 1 and 2, the evalu
ation work sheets for flexible and rigid pavements, the 
distresses are first listed under main headings and these 
are then subdivided; i.e., surface distress includes fac
tors such as raveling and flushing, surface distortion or 
deformation includes such items as shoving and rutting, 
joint deficiencies are categorized, and cracking is di-
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Figure 2. Form for evaluation of rigid 
pavement condition. 
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ADDITIONAL REMARKS 

vided i11to types such as pavement edge and traverse 
(cracks are further described by characteristics such 
as size of alligator block or the spacing of transverse 
cracks). The descriptors of severity and density are 
based on a scale of zero to five. For the density of the 
extent of occurrence, the standard words used are few, 
intermittent, frequent, extensive, and throughout. For 
the severity of the distresses, the standard words are 
ve ry slight, s light , moderate , severe, and very sever e . 
Thus, for example , a dis tress may be described by the 
phrase "moderate multiple center line crack occurs fre
quently over the section. " This descr iption indica tes that 
the cracks are about 1.3-1.9 cm (0. 5-0.7 5 in) wide and 
that a multiple 'centerline crack occurs over 20-50 per
cent of the length of the section. Descriptions of condi
tion are entered on the form shown in Figure 3. 

Ontario Pavement-Condition-Rating 
Procedure 

The ride quality of the pavement is rated subjectively on 
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a riding comfort rating (RCR) scale of 0 to 10, where 10 
r epresents a perfectly smooth surface and 0 represents 
a very rough (almos t impassable) road. 

The condition of the pavement surface is described by 
using uniform word sets after a visual inspection of the 
density of occurrence and the severity of the various 
distresses. 

The pavement-condition rating (p CR) is determined 
on a scale of 0 to 100. For flexible pavements, eight 
stages in the life of typical pavement have been identi
fied by word descriptions of ride quality, distortion, and 
distress, and the range of rating numbers appropriate to 
each stage has been assigned (see Ta ble 1). The rater (s) 
compare their evaluati::ms of the RCR, the distortion, and 
the distress with the standard descriptions of the eight 
stages and then decide which stage most closely fits the 
pavement being rated and whether the pavement is closer 
to the top or the bottom of the range for the stage. The 
rater next assigns a PCR value to the rated pavement. 
Because the rater also does the pavement design work, 
this rating is influenced by his or her perception of the 
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Figure 3. Pavement-condition report. 
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need for maintenance and rehabilitation. For rigid pave
ments, a similar system is used, except that this sys
tem has only six stages (see Table 2). 

The PCR surveys are carried out in each of the five 
regions of the province of Ontario (see Figure 4) by two 
or three raters, generally in late spring and early sum
mer. One region assesses all of its pavements on an 
annual basis. The other regions make rating surveys 
on a three-year cycle. The data are kept in a central 
computerized file and can be retrieved by the use of a 
remote terminal (12). 

The procedure that is followed in examining the pave
ment is to first drive at a normal highway speed over 
the pavement and determine the ride quality and to then 
drive at a speed that does not exceed 48 km/h along the 
shoulder and observe the cracks and other distresses. 
The rater may stop occasionally to examine and mea
sure particular distresses. The rater summarizes his 
or her impressions of any uniform section within a con
tract area by placing check marks in the appropriate 
boxes of the checklist of distresses (Figures 1 and 2). 
The rater then compares the condition of the pavement 
as just described against a number of descriptions of 
typical pavement conditions that rep1·esent various stages 
in the life of a pavement (Le., column 1 of Tables 1 and 
2). This comparison allows the rater to evaluate the 

particular pavement being examined and, from column 
2 of the table, assign an appr opriate condition rating 
number (whole numbers are s~tfficiently accurate). The 
rater also sees from column 3 of the table what rehabil
itation may be needed and when it should be applied. The 
rater is thus alerted, whe1·e necessary, to the need for 
closer examination in order to make recommendations 
for remedial measures. (The rehabilitation alternatives 
listed are not all inclusive, thus leaving the way open for 
an examination of the whole range of possible rehabilita
tion strategies.) 

ALTERNATIVE PROCEDURE FOR 
DETERMINING CONDITION 
RATING 

The elements of a condition rating are ride quality and 
pavement distress. Ride quality can be measured and 
converted into a value on some convenient scale. For 
example, in Florida, a 0 to 100 ride-rating scale is used 
and, in the state of Washington, a 0 to 9 scale is used. 
In Ontario the 0 to 10 scale called the RCR is used. 
Pavement distresses are quantified in Florida by de
ducting points Ior mtting, cracking, and patching lrom 
a total of 100 and in Was hington by a similar procedure 
that, however, includes a wider variety of defects and 



is also computerized. To determine the condition rating, 
in Florida, ride quality and pavement distress are com
bined by taking the square root of their product and, in 
Washington, the defect score is multiplied by the square 

Table 1. Guide for estimation of pavement·condition rating and 
rehabilitation priority: flexible pavements. 

Pavement Condition PCR 

Poor to very poor-extensive 0-20 
severe cracking, alligatoring, 
and dishing; poor rid ability, 
very rough and uneven surface 

Poor-moderate alligatoring and 20-30 
extensive severe cracking and 
dishing, poor ridability, very 
rough and uneven surface 

Poor to fair-frequent moderate 30-40 
alligatoring and extensive mod -
erate cracking and dishing, poor 
to fair ridability, moderately 
rough and uneven surface 

Poor to fair-frequent moderate 40-50 
cracking and dishing and inter-
mittent moderate alligatoring, 
poor to fair ridability, mod-
erately rough and uneven surface 

Fair-intermittent moderate and 50-65 
frequent slight cracking and inter-
mittent slight or moderate alli-
gatoring and dishing, fair rida-
bility, slightly rough and un-
even surface 

Fairly good-frequent slight crack- 65-75 
ing, slight or very slight dishing, 
and a few areas of slight alliga-
toring; fairly good ridabllity; 
intermittent rough and uneven 
sections 

Good-frequent very slight or 75-90 
slight cracking, good ridability, 
a few slightly rough and uneven 
sections 

Excellent-only a few cracks, ex- 90-100 
cellent ridability , a few areas of 
slight distortion 

Figure 4. Regional areas 
for alternative pavement
condition-rating procedure. 

Rehabilitatfon Indicated 

Reconstruct within 2 years 

Reconstruct in 2-3 years 

Reconstruct in 3 -4 years 

Reconstruct in 4-5 years 
or resurface within 2 
years with extensive 
padding 

Resurface within 3 years 

Resurface in 3 -5 years 

Normal maintenance only 

No maintenance required 
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root of a function of the ride rating. The development 
in Ontario of an alternative method that combines pave
ment distress and ride quality in a more systematic way 
is described below. 

Currently, a method is being developed for determin
ing a numerical defect value. Tb~s is being done by us
ing various suitable weighting values for various types , 
densities, and severities of distress in a trial-and-error 

Table 2. Guide for estimation of pavement-condition rating and 
rehab ii itation priority : rigid pavements. 

Pavement Condition PCR 

Very poor-severe cracking and 0-20 
stepping, frequent badly broken 
and tilted slabs, very poor 
ridability, extremely rough and 
uneven surface throughout 

Poor-severe cracking and step- 20-40 
ping, intermittent badly broken 
or tilted slabs, poor ridability, 
very rough and uneven surface 
throughout 

Fair to poor-moderate to severe 40-50 
stepping at cracks and joints, 
fair to poor rldability, mod -
erately rough and uneven surface 
throughout, occasional blow ups, 
surface moderately polished by 
traffic 

Fair-moderate stepping at cracks 50-75 
and joints, fair ridability, 
slightly to moderately rough and 
uneven surface throughout, oc-
casional blow ups, surface 
moderately polished by traffic 

Fair to good-slight stepping at 75-90 
cracks and joints, fair to good 
ridability, intermittent slightly 
rough sections; surface slightly 
polished by traffic 

Good-little cracking between 90-100 
joints, intermittent slight step-
ping at joints, good ridability, 
satisfactory skid resistance 

16 

Rehabilitation Indicated 

Reconstruct within 2 years 

Reconstruct in 2 -3 years 

Cut relief joints if neces
sary, resurface within 2 
years 

Cut relief joints if neces
sary, resurface in 2 -5 
years 

Groove or resurface to re
store skid resistance if 
necessary, otherwise 
normal maintenance only 

Normal maintenance only, 
repair joint seals as 
necessary 

t 

U.S.A. 
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procedure that combines the distress and ride fractions 
in accordance with the following equation for the distress 
index (DI): 

DI= IOO x [a x (RCR/JO)b] x [(320 - DM)/320)c (7) 

where DM = sum of defects (obtained by summing the 
products of the sum of the density and severity weights 
multiplied by the weight for the type of distress) and has 
a probable maximum value of 320. The DI calculated by 
using Equation 7 is then compared with the PCR assigned 
by the rater. The distress weighting values and the val
ue~ nf ::. ; h; and c in F.qu~_tion 7 are changed appropri
ately to minimize the differences between the DI and 
the PCR (3). 

By using the PCRs assigned in the five 1·egions of On
tario (see Figure 3) during 1977, for 450 construction 
contracts that included more than 6000 km (3750 miles) 
of highway, it has been found that b can be conveniently 
assigned a value of %. This value is identical with that 
used in the state of Washington. 

The value of a, which is believed to represent a scal
ing factor, was found through best-fit iterations and de
viates substantially from 1.0 in three regions as shown 
below. 

Region Districts Value of a 

1 1, 2, 3, and 5 1.2 
2 4 , 6, and 7 0 .8 
3 8, 9, and 10 0.95 
4 11and13 1.0 

14, 16,and 17 0.95 
5 18 and 19 0.85 

This scaling factor represents a contraction or expansion 
of the ride scale by raters who are accustomed to riding 
on either generally smooth pavements or on a population 
of pavements that have a much wider range of roughness. 

c can be assigned a value of 1.0 for all regions, but 
the weighting values for density and severity will change 
from region to region. This is not unexpected, because 
the climatic extremes in the southwestern part of the 
province are not as great as those in the northern and 
eastern parts, although there is more freeze-thaw cycl
ing. Furthermore, the traffic in the less densely popu
lated areas in the north is lighter than that in the cen
tral and southwestern areas where the majority of the 
population is located. It is logical to expect traffic and 
weather to affect the significance or weight that is placed 
on the severity and density of various distresses. 

In summary, the trial-and-error procedure has led 
to the following results: 

1. DI= lOO(a x RCR/ lO)'h x (320 - DM)/ 320 (7a) 
2. The best values of a for each region are those 

given in the table above. 
3. The best weighting values for density and severity 

for each region are those given in Table 3. 
4. The best weighting values for the types of dis

tress are those given in Table 4. 

The correlations between the Dls calculated by using 
the values of a given above and the weighting values given 
i n Tables 2 and 3 and the subjectively assigned PCRs are 
s hown in Figul'es 5-10 (14). In all regions, U1e majodty of 
the correlations fall within live points of the 45<> line of 
equality. However, a significant number are between 
5 and 10 points away from the line, although very few 
are more than 10 away. But even these few serious dis
agreements are undesirable and, thus, further investi
gations are needed to refine the weighting values or add 
ot her paramete1·s that would reduce the disagreements 

to values of less than 10 points. 

PAVEMENT-CONDITION RATINGS IN 
REHABILITATION PROGRAMMING 

The PCRs derived subjectively according to the scheme 
outlined above reflect not only the present condition of 
the pavement but also a forecast of the time when reme
dial action will become necessary. The DI calculated 
directly from a description of the pavement condition 
will represent only the present condition. The correct 
interpretation of the DI depends on having a DI history 
for the p~rticular s ection of highw·ay that shows the i-ale 
of deterioration of the pavement and thus enables ac
curate forecasting of future conditions. This forecast
ing abil'ty should increase our ability to examine reha
bilita tion alternatives and their effectiveness at different 
times of application and result in use of more optimum 
strategies. 

A low PCR is a signal that a pavement section should 
be included on a prelimina r y p1·ogram listing for further 
consideration. T he list is divided into pr ojects that 
should be done in the next year , those for the next two 
years, and those for the next five years. At the time the 
lists are first compiled, cost estimates based on aver
age cost fi gures from past experience are als o prepared 
so as to outline and limit the size of the programs to 
within predicted funding levels. Then, as a pr oject is 
moved in priority from the five-year program to the two
year p r ogram and then to the final progr a m, the rehabil
itation designs are reexamined and r ecos ted. The choice 
of the design to be used is determined by the availability 
of funds and by factors such as regional equity, regional 
development policy, and general public acceptability. A 
certain amount of fitting is necessary to make the final 
program conform to all of the constraints and include as 
many of the more deficient projects as possible. 

The pavement-condition survey provides a sound ini
tial basis for the rehabilitation design. The structural 
deficiencies can be identified from the description of the 
distresses. For example, extensive wheel-track crack
ing is an indication of load-induced failures that may have 
been caused by fa tigue or heavy axle loads . If the past 
records show that the defect has progr essed rapidly, it 
may be necessary to upg rade the structural capacity. 
The presence of alligator failures of any mag nitude also 
indicates the need to upgrade the structural capacity. 
Severe rutting not accompanied by cracking of the asphalt 
surface may have been caused by instability of the under
lying layers (perhaps because of excess moisture) or by 
instability of the asphalt mix i tself, alt hough r utting is 
generally greater on weak pavements . Areas where such 
deficiencies are found should have overlay thicknesses 
designed after nondestructive testing with a Benkelman 
beam or a Dynaflect (9). 

Where the defects described in the rating procedure 
do not indicate the type of s tr uctura l inadequacy and 
borings along the edge of pavement or cores through the 
pavement show an adequate pavement depth, the descrip
tions can be used to indicate the type of rehabilitation 
treatment that should be used. For example, in the 
colder parts of the province, a possible rehabilitation 
treatment for a pavement that had severe transverse 
cracking throughout would be to pulverize the old asphalt 
and use the pulverized material as the base for a new 
asphalt surfacing. Another possibility would be hot-mix 
recycling of the total depth of pavement. Severe 
pavement-edge cracking would suggest to the designer 
that the overlay should be extended beyond the normal 
lane width to shift the area of softening of the base dur
ing late winter and early spring out of the range of the 
effects of wheel loads in the normal wheel path. Exten-



Table 3. Density and severity weighting factors. 

Severity 

Very 
Region Districts Slight Slight Moderate Severe 

1 1,2,3, and 5 1. 0 2.0 5.0 5.0 
2 4, 6,and7 0. 0 0. 0 0.5 2.0 
3 8, 9, and 10 0.0 0. 0 2 .0 4.0 
4 11 and 13 0.0 1. 0 2. 5 4.5 

14, 16, and 17 0.0 0.0 0.5 3.5 
5 18 and 19 0. 0 0. 0 0.5 2.0 

Table 4. Distress weighting factors. 

Pavement Distress Pavement Distress 
Manifestation Weight Manifestation 

Surface defects Cracking (continued) 
Loss of coarse aggregate 0.5 Centerline 
Raveling 0.5 Single 
Flushing 0.5 Multiple 

Surface deformation Alligator 
Rippling 0.5 Meander 
Shoving 0.5 Single 
Wheel-track rutting 3.0 Multiple 
Distortion 3.0 Pavement edge 

Cracking Single 
Longitudinal wheel track Multiple 

Single 1.0 Alligator 
Multiple 1.5 Transverse 
Alligator 3.0 Partial 

Mid lane Half 
Single 0.5 Full 
Multiple 1.0 Multiple 

Alligator 
Random 
Slippage 

Figure 5. Relationship between distress index and pavement
condition rating: re!jion 1. 
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Figure 6. Relationship between distress index and pavement
condition rating: region 2. 
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Figure 7. Relationship between distress index and pavement
condition rating: region 3. 
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Figure 8. Relationship between distress index and pavement· 
condition rating: region 4 (districts 11and13) . 
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Figure 9. Relationship between distress index and pavement
condition rating: region 4 (districts 14, 16, and 17). 
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sive joint spalling and blowups in concrete pavements 
would alert the designer to the need to create pressure 
relief joints and to the probable need to install subdrains 
before overlaying to minimize future blowups from mois -
ture expansion. 

The severity and density of deformations other than 
rutting might point out the need for frost-heave treat
ments or drainage improvements and indicate the amount 

Figure 10. Relationship between distress index and pavement
condition rating: region 5. 
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of preparatory padding or leveling that might be required 
before overlaying. 

When the condition surveys from previous years are 
available, an examination of the development and rate of 
progression of various types of distress is useful in 
assessing the effects of postponing rehabilitation treat
ment. 

CONDITION SURVEYS IN MAINTENANCE 

The use of condition surveys in maintenance activities 
is primarily to ensure safe passage of vehicles over the 
highway; the preservation of the pavement and shoulders 
must play a secondary role. The preservation and pro
longation of pavement life will, however, probably in
crease in importance in future years as a result of the 
effects of inflation on costs and of static or reduced con
struction budgets . Condition surveys for maintenance 
purposes are thus needed more to direct immediate and 
short-term corrective measures than to handle preven
tive or medium- and longe1·-term maintenance. In this 
context, Biu:tell (15) has indicated that the alphanumeric 
defect-rating system used in California, which reflects 
the extent and severity of a distress, is more relevant 
to the near-term type of maintenance action than was the 
previously used simple defect number. 

The alternatives that may be considered in mainte
nance work range from filling cracks and potholes to full
width hot-mix patching, from work that can be done by 
regular maintenance patrol crews to work that requires 
specialized equipment and trained personnel and even to 
full-scale contract work. 

It is obvious that, despite the many maintenance al
ternatives available, the selection that is suitable for 
use in correcting any particular distress condition is 
more limited. It is also clearly impractical to try to 
match the ideal corrective action and the specific dis
tress condition in all cases. Nevertheless, the effective
ness of maintenance should be improved if better match
ing is accomplished. A uniform approach to descriptions 
of pavement distress is a first step toward systematically 
improving the overall effectiveness of maintenance (16). 



The manuals of pavement-distress manifestations 
(10, 11) that contain complete descriptions of the total 
rangeof distress conditions appear to be too detailed 
for maintenance purposes. The maintenance rater is 
not attempting to trace the performance history, he or 
she is trying to determine immediate and short-term 
maintenance needs, i.e., only those distress conditions 
that he or she must do something about. Therefore, a 
simplified manual of distress manifestations is currently 
in preparation, designed specifically for condition sur
veys for maintenance needs. 

In the maintenance manual, the descriptions of any 
type of distress are restricted to the words for severity 
conditions, i.e., slight, moderate, and severe. The 
guidelines for use of these terms in maintenance-need 
surveys are similar to the guidelines for condition rating 
for rehabilitation purposes. It is not intended that the 
maintenance guidelines be used in general periodic in
spections-these guidelines will be used only as required 
to plan immediate and short-term maintenance activities. 
However, the main purpose of these guidelines is to en
sure as far as is practicable that effective maintenance 
treatments are used as a rule rather than by chance or 
good judgment. 

Condition-rating surveys for maintenance purposes 
may use the same elements as condition-rating surveys 
for rehabilitation purposes. However, because of the 
different purposes to which they are put, it is essential 
to clarify, through the use of adequate manuals, the sys
tem applicable in each case. In condition rating for re
habilitation purposes, it appears sufficient to assess de
fects in terms of weighted numbers when the purpose is 
to determine priorities, but details of distress are needed 
when the purpose is the design of a rehabilitation treat
ment. In condition surveys for maintenance purposes, 
it is important that details of the extent and severity of 
any specific distress be separated to facilitate the choice 
of the most effective maintenance treatment. 

The advantages of using word descriptions rather than 
arbitrary defect values in rating surveys are that 

1. Word descriptions are on value scales associated 
with the language itself, a language that has been learned 
early in life and is used daily by raters; 

2. The rater assesses conditions in familiar terms; 
and 

3. Word descriptions can be translated into weight
ings for condition ratings and may also serve for choos
ing appropriate maintenance treatments. 

The system used in Washington for condition rating 
has undergone several stages. The alternative system 
used in Ontario, started a few years ago, has benefited 
from previous reports from Washington. The Ontario 
system resembles the Washington system when the equa
tions that combine ride quality and distress manifesta
tions to derive a condition rating are compared. The 
similarities in the two systems then become obvious. 

Condition rating systems are a fundamental part of 
evaluating pavement performance. They will probably 
remain subjective until distresses can be measured by 
mechanized systems, a task that has not yet been suc
cessfully or effectively addressed. Meanwhile, subjec
tive condition ratings remain a convenient and relatively 
satisfactory procedure for use in assessing rehabilita
tion needs. 

It is hoped that the use of a dual condition-rating sys
tem in Ontario will serve both as a method of determin
ing the order of priority of rehabilitation needs and as 
an aid in the selection of suitable treatments. 
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Pavement Evaluation and Overlay 
Design: A Method That Combines 
Layered-Elastic Theory and 
Vibratory Nondestructive Testing 
Richard A. Weiss, Geotechnical Laboratory, U.S. Army Engineer Waterways 

Expe1~i1r1ent Statiou, Vicksburg, !v1is8it>tdppi 

A procedure has been developed for the determination of the load· 
carrying capacity and required overlay thickn 8$S of airport pavements. 
The procedure combines a laye red-elastic theoretical approach and vibra
tory nondestruct ive testing to determine the value of the Young's modu
lus of the subgrade. A computer program SUBE is used to determine 
the value of the Young's modulus of the subgrade from the measured 
dynamic response of a pavement. A computer program PAVEVAL is 
used to calculate the load-carrying capacity and required overlay thickness 
in terms of the structure of the pavement and subgrade and in terms of 
limiting strain and stress conditions. The procedure was evaluated by 
calculating the load-carrying capacity and overlay thicknesses for single
wheel and multiple-wheel loadings on rigid and flexible pavements. 

The increasing cost of pavement construction and 
rehabilitation makes it essential to have a fast and reli
able method of accurately determining the load-carrying 
capacity of a pavement and of predicting the overlay 
thickness that will be required to upgrade it. A method for 
the rapid evaluation of airport pavements has been de
veloped at the U.S. Army Engineer Waterways Experi
m ent Station (WES) for the Federal Aviation Adminis
tration. This method of pavement evaluation and overlay 
design is based on vibratory nondestructive testing 
combined with a layered-elastic theoretical formalism 
(1-6). 
- This method of pavement evaluation and overlay de

sign consists of the determination of the Young 's modulus 
of the subgrade from the dynamic response of the pave
ment as measured by vibratory nondestructive tests, 
followed by the use of layered-elastic theory and the 
predicted value of the Young's modulus of the subgrade 
for the calculatation of the allowable load-carrying 
capacity and the required overlay thickness of the pave
ment. 

The method of layered-elastic theory and vibratory 
nondestructive testing is compared with the conventional 
method for evaluating asphalt concrete (AC) pavements 
that uses the California bearing ratio (CBR) and with the 
Westergaard method for evaluating portland cement 
concrete (PCC) pavements (7). It is also compared 
with the method of pavemenC evaluation that uses a 
correlation between the strength of a pavement and the 
dynamic stiffness modulus (DSM) that can be obtained 
from vibrato ry nondestructive testing (1 ). 

The CBn and the Weste rgaard methods require 
destructive tests that measure the CBR and the coef
ficient of subgrade reaction, respectively. To circum
vent these destructive tests, a vibratory, nondestructive 
testing method for evaluating AC and PCC pavements 
was developed at WES that directly correlates the load
carrying capacity and the required overlay thickness to 
a mechanical impedance that is measured at the pave
ment surlace (the DSM). 

The DSM is calculated from data that are obtained 
by using a hydraulic vibrator developed at WES that can 
generate dynamic loads up to 71 kN [16 000 lbf(l6 kips)]a 

constant 71-kN tatic load and a constant frequency of 
15 Hz (4). The data obtained consist of curves of the 
dynamic load versus the deflection that is measured at 
the pavement surface . These dynamic -load-deflection 
curves are generally nonlinear; the DSM is the slope of 
the curve at a dvnamic load of about 62-67 kN [14 000 to 
15 000 lbf (14-15 kips)]. The measured DSM is cor
rected to that at a common pavement temperature of 
21°C (70°F), and the con·ected value of the DSM is cor
related with the load-carrying capacity and required 
overlay thickness of the pavement (!, ~). The DSM 
method is empirical and does not include the effects of 
the layered elastic structure of the pavement or of the 
interface conditions between the pavement layers . 

This method of di r ectly correlating pavement per
formanc e With vibratory, nondestructive testing data 
can be improved by combining the layered -elastic theor y 
of pavement behavior with t he pavement-impedance 
values measu1·ed by the vibr atory testing. In this way, 
the effect of the pavement structure can be considered . 
The layered-elastic model of pavement behavior re
quires that the Young's moduli and Poisson's ratios of 
the subgrade and pavement layers be known. The 
elastic moduli of the pavement layers were estimated 
by various means; the Young's modulus of the subgrade 
was obtained by vibratory nondestructive tests . 

IMPEDANCE METHOD FOR DETERMINATION 
OF YOUNG'S MODULUS OF SUBGRADE 

Measurement of Pavement Impedance 

The WES 71-kN vibrator applies to the pavement s ur
face a stat ic load of 71 kN and a dynamic load of up to 
67 kN at a frequency of 5- 100 Hz. Both loads ar e 
applied to the pavement surface through a circular 
46-cm (18-in) diamete1· baseplate. The vibrator can 
perform two types of nondestructive impedance tests: 

1. Tests that determine the dynamic deflection of 
the pavement sui•face as a function of the applied load 
at a fixed frequency (i.e ., tes ts that produce dynamic
load-deilection cm·ves) and 

2. Tests that determine the dynamic deflection as a 
function of the frequency at a fixed dynamic load (i.e., 
tests that produce frequency-response-spectrum curves). 

Only method 1 above is used in this paper to determine 
the Young's modulus of the s ubgrade. 1n general, these 
dynamic -load-deflection curves are nonlinear and a 
nonlinear dynamic theory is requi1·ed to extract the 
value of t he subgrade Yow1g's modulus from them by 
removing the extraneo'Us effects of the static a:nd dynamic 
loads developed by the vibrator on the predicted values 
of the Sltbgude Yo ung's modulus @, !). The computer 



program SUBE was developed from the nonlinear theory 
of pavement response to dynamic loads and used to de
termine the Young's modulus of the subgrade from the 
measured dynamic-load-deflection curves. 

A typical dynamic-load-deflection curve measured 
at 15 Hz is shown in Figure 1. 

Nonlinear Dynamic Theory of Pavement 
Res ponse 

In the nonlinear dynamic theory of pavement response 
that was developed to describe the dynamic-load
deflection curves and to predict the value of the Young's 
modulus of the subgrade, the dynamic response of the 
pavement surface to forced vibrations is modeled as a 
nonlinear harmonic oscillator whose equation of 
motion is 

mx+Cx+k00 x+bx3 +ex5 =Fv =Fs +F0 

where 

m = effective mass of pavement, 
x = acceleration of pavement surface, 
C = damping constant, · 
x = velocity of pavement surface, 

koo = linear spring constant, 
x = total displacement of pavement surface, 
b = third-order nonlinear coefficient, 
e = fifth-order nonlinear coefficient, 

F v = total force applied by vibrator, 
F s = static force applied by vibrator, and 
F 0 = dynamic force applied by vibrator. 

From Equation 1, the static force is 

Fs =kooXe +bx.\' +ex~ 

(I) 

(2) 

where x:. = static elastic displacement of the pavement 
surface. 

The solution of the equation of motion of the pave
ment surface is 

x=x,+~ (3) 

where ~=dynamic displacement of the pavement sur
face. Thus, the solution of Equation 1 is given by con
sidering a sum of harmonic terms, cos wt, cos 3wt, 
and cos 5wt to obtain the equivalent linear spring con -
stant: 

k = ko + (3/4)bl!e + (5/8)e11 ~4 

where 

and 

k = dynamic spring constant, 
ko = static elastic spring constant, and 

e, 'ry, h, and (4 = dimensionless parameters. 

When these substitutions are made, the solution to 
the equation of motion is 

(4) 

(5) 

S =So(! + f31 -Ji + (32 oJl 2 ) (7) 

(8) 
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where 

So = impedance at zero dynamic load, 
a1 and Ci2 = frequency-dependent coefficients related 

to the nonlinear elastic parameters b 
and e, 

ip F~/S6, 
S secant dynamic modulus (impedance), 

DSM = tangent dynamic modulus (impedance), 
and the f3J and 6l coefficients are given by 

and 

(9) 

(10) 

(11) 

( 12) 

The terms <:xii/! and C1:21Ji2 in Equations 6-8 describe the 
departure from linear of the dynamic -load-deflection 
curve. The quantities cx1 and ca are measured directly 
from these curves. 

The dynamic quantities So, oo, and cx2 can be related 
to the static elastic parameters koo, b, and e, which in 
turn are related to the Young's moduli of the pavement 
layers and the subgrade. Therefore, the shape of the 
dynamic-load-deflection curve depends on the layered
elastic structure of the pavement. For example, 

a, = - (3/4)bl!(k0 - mw 2 ) (13) 

The values of koo, b, and e can be expressed in terms 
of the elastic moduli of the pavement layers and the sub
grade and in terms of the finite depth of influence of the 
stress and strain field that is produced in the pavement 
and the subgrade by the static load of the vibrator. 

The general expressions for koo, b, and e in terms 
of the elastic structure of a pavement are rather com
plex but, for the case of a homogeneous half space, 
they simplify as follows: 

koo = 2?Ta 2 >Ir(! - vs)Gs/loO - 2vs) 

(14) 

(15) 

b = -41Ta2 'I'l2 (I -vs )Gs /15 (I - 2vs) (16) 

and 

e = 6?Ta2'I'l>(l -vs)Gs/10 (1- 2vs) (17) 

where 

(18) 

finite depth of influence of the static 
stress and strain field on the pavement 
and subgrade, 

lo, 12, and 14 coefficients of series expansion of 
finite depth of influence, 

a radius of vibrator baseplate, 
ljl volume factor for the frustum of the 

cone of stress and strain in the pave
ment, 

Vs Poisson's ratio of subgrade, and 
Gs shear modulus of subgrade. 

[More general expressions for a layered system are given 
by Weiss(~).] Therefore, it is possible to relate the 
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Figure 1. Typical dynamic-load-deflection curve for AC pavement. 
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Figure 2. Determination of modulus of subgrade from a 
measured load-deflection curve. 
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elastic structu1·e of a pavement and its subgrade to a 
dynamic-load-deflection curve as described by the 
parameters So, ex,, and <12. 

For a specific choice of the elastic moduli of the 
pavement layers (and the choice v = 0.35 for the sub
grade), the shape of the theoretically predicted dynamic
loacl-defl.ection curve depends only on the value of the 
Young's modulus of the subgrade. This value is obtained 
by requiring that th.e theoretically predicted dynamic
load-deflection curve agree with the measured dynamic
load-deflection curve. 

Dynamic Pavement-Response Computer 
Program 

The computer program SUBE is used to calculate the 
value of the Yowig's modulus of the s ubgrade from input 
data taken from the measured dynamic-load-deflection 
curves (4). Th.e pavement input pai·ameters for the 
program- include the Young's modulus, Poisson's ratio, 
and thickness of each pavement layei· and the Poisson's 
ratio of the subgrade. The input that is taken from the 
vibratory, nondestructive testing data is the DSM value 
and a point-by-point description of the measu.red 
dynamic-load-deflection curve. The program iterates 
the value of the Young 's modulus of the subgnde and 
determines the value of it that makes the theoretically 
predicted DSM va:lue agree with the measured DSM value 
so that the theoretically predicted dynamic-load
deflection curve will agree with the measured dynamic
load -defle ction curve. The procedure is outlined in 
Flgw.·e 2 for the pavement described below at 25°C 



Table 1. Young's moduli and Poisson's ratios of base and 
subbase materials. 

Material 

Crushed 
limestone 

GW 
GW-GM 
GP 
GP-GC 
SP-SM 

Black base 

Description 

Crushed Um est one 

Well-graded gravel 
GW and silty gravel 
Poorly graded gravel 
GP and clayey gravel 
Poorly graded sand and 

silty sand 
Mineral aggregate and 

bituminous material 
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Assigned Value 
of Young' s Modulus Assigned Value 
(MP a) of Poisson's Ratio 

551 0 .35 

413 0.35 
345 0.35 
276 0.35 
241 0.35 
207 0.35 

Temperature 0.30 
dependent 

Note: 1 MPa = 145 lbf/ in ' . 

Figure 3. Assumed temperature dependence of Young's modulus of AC pavements and AC base materials. 
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The Poisson's ratios of the wearing surfaces, base 
courses, and subbase courses were chosen as 11 = 0.2 
for PCC pavements, 11 = 0.3 for AC pavements and base 
materials, and 11 = 0.35 for all other base and subbase 
materials. The Poisson's r atio for all subgrade soils 
was taken to be 11 = 0.35. Reasonable estimates of the 
values of the Young's moduli of base and subbase ma
terials are given in Table 1. When the CBRs of the base 
and subbase materials are known, the Young's modulus 
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values can be estimated by using the equation E = 1500 
CBR (2, 8). 

TheYoung1 s modulus of the PCC wearillg surface of 
a rigid pavement was taken as 27 600 MPa (4 000 000 
lbt/in2

). The temperatu1·e-dependent Young's modulus 
for AC pavements and base materials was obtained from 
Figure 3 for the pavement surface temperature at the 
time of the vibratory testing. The value of the -
temperature-dependent Young's modulus is entered into 
the SUBE computer program to determine the Young's 
modulus of the subgrade. 

Laboratory Resilient-Modulus Tests 

The values of the Young's modulus of the subgrade 
predicted from the vibratory nondestructive field tests 
by using the SUBE computer program were correlated 
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with the values of the Young's modulus oi the subgrade 
determined by laboratory resilient-modulus (M.) tests. 
The laboratory resilient modulus is exp1·essed in terms 
of the applied dynamic deviator stress and the static 
confining pressui·e (9, 10). Some examples of resilient
modulus test data ( ootained from undisturbed subgrade 
soil samples taken at three selected airport pavement 
sites) are shown in Figures 4-6. 

the dynamic-load-deflection curves obtained in the field) 
of the laboratory test data gave the following theoretical 
expressions for the resilient modulus (!): 

M" = M,0 [I+ (3'1 1J/+ {3;(.p')2] 

M,, = M,0 (1 + s; ijl'+ s;(iJ!')2
] 

where The results of the laboratory resilient-modulus test 
can also be described in terms of a nonlinear harmonic 
oscillator. An analysis (similar to that used to describe M., secant resilient modulus, 

i:iyu1 e 4. Lllooriliory resiiient mociuius: Aibuquerque site l /. 
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ip' 
A 

tangent resilient modulus, 
resilient modulus at zero dynamic 
deviator stress, 
A20'VS~ , 
area of circular base of cylindrical 
soil specimen, 
dynamic deviator stress, and 

Figure 5 . Laboratory resilient modulus: Rockland site 1. 
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S~, /3 ;, and Ii; = coefficients that depend on the value 
of the static confining pressure. 

The static confining pressure can be described in 
terms of the static displacement of the cylindrical soil 
sample as follows: 

Fs =as A= k~ 0 x, + b ' (x~) 3 + e'(x~) 5 (21) 
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where x~ = axial static elastic displacement of soil sample. 

a, static confining pressure, 
koo linear elastic spring constant, 
b ' third-order nonlinear elastic coefficient of soil 

sample, 
e' fifth-order nonlinear elastic coefficient of soil 

sample, and 

The coefficients k~o, b', and e' are related to the coef
ficients So, fJ{, and {J~ that appear in the expression for 
the resilient modulus given by Equation 19 (4). There
fore, the measurement of the resilient modUius allows 
the determination of the static elastic coefficients koo, 
b', and e'. 

Figure 6. Laboratory resilient modulus: Rockland site 7. 
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The value of the Young's mcxlulus of the subgrade 
depends on the static confining pressure and has been 
found (_!] to be 

where 

Eo = Lkoo/A 

E~ = Lb'/A 

E4 = Le'/A 

(22) 

(23) 

(24) 

(25) 

and L = length of cylindrical soil sample. (This proce-
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dure for determining the Young's mcxlulus of the sub
grade from the measured resilient-mcxlulus test data is 
still under study; only preliminary numerical results are 
thus far available for comparison with the results ob
tained from field test data.) 

Numerical Values of Predicted Young's 
Modulus of Subgrade 

Laboratory soil-gradation tests were done on samples 
taken from the base, subbase, and subgrade at the three 
airport pavement sites investigated. Field measurements 
of the thicknesses and CBRs were also made on the base, 
subbase, and subgrade materials (11). The mean pave-

Figure 7. Comparison of values of Young's moduli of subgrades: computer program SUBE versus Shell formula-various 
airport sites. 
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Figure 8. Comparison of values of Young's moduli of 
subgrades: computer program SUBE versus Shell 
formula-Minneapolis-St. Paul International Airport. 
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Figure 9. Comparison of values of Young's moduli of 
subgrades: computer program SUBE versus Shell 
formula-Knox County Airport, Rockland, Maine. 
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Figure 10. Comparison of values of Young's moduli of 
subgrades: computer program SUBE versus Shell formula
Albuquerque, New Mexico, Sunport. 
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ment temperatures of the AC wearing surface were mea
sured at the time the vibratory nondestructive tests were 
conducted. From these data, the elastic constants of 
the pavement layers could be estimated. 

A simple relationship between the Young's modulus 
of the subgrade and the CBR has been derived by wave 
propagation techniques; this is given by the Shell 
formula-E, = 1500 CBR, where E, =Young's modulus 
of subgrade (8). The nonlinear dynamic theory of pave
ment response and the associated computer program 
SUBE were developed to predict values of the Young's 
modulus of the subgrade that are in reasonable agree
ment with the predictions of the Shell formula (4). 

Figures 7-10 show comparisons of the values of the 
Young's moduli of the subgrades predicted by using the 
nonlinear dynamic-response theory and the computer 
program SUBE and the values predicted by using the 
Shell formula. Figures 11 and 12 show comparisons be
tween the values of the Young's moduli of the subgrades 
determined from the laboratory resilient-modulus tests 
and predicted by the SUBE and 1500-CBR methods, re
spectively. 

LOAD-CARRYING CAPACITY AND 
REQUIRED OVERLAY THICKNESS 
OF PAVEMENTS 

PAVEVAL Computer Program 

In the context of layered-elastic theory, a pavement is 
represented as a stack of elastic layers, the subgrade 
being of infinite extent. This layered-elastic model of 
a pavement structure can be used to calculate the elastic 
stress and strain at any point in the pavement or sub
grade. Each pavement layer is characterized by a 
Poisson's ratio (v), a Young's modulus (E), and a layer 
thickness (h). The Shell BISAR computer program, 

SUBGAADE YOUNG'S MODULUS 11500 CBA) IMPal 
276 551 
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•14 •7 

bO 80 100 
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which is based on layered-elastic theory, relates the 
stress and strain in each pavement layer to the static 
load applied to the surface of a pavement. 
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The condition of failure in an AC pavement can be 
described by a limiting elastic (resilient) vertical strain 
in the top of the subgrade and a limiting tensile strain 
at the bottom of the AC pavement layer, and the con
dition of failure in a rigid pavement can be described 
by a limiting tensile stress at the bottom of the PCC 
layer {12, 13). For a given load at the pavement sur
face, the values of the stress and strain in the pave
ment and subgrade depend on the Young's moduli and 
the Poisson's ratios of the subgrade and each pavement 
layer. Therefore, if the elastic moduli of the pavement 
layers are known, it is the Young's modulus of the sub
grade that is the unknown parameter that determines 
the stress and strain in the pavement and subgrade; 
thus, this is the parameter that must be determined by 
vibratory nondestructive testing and the computer pro
gram SUBE. The procedure is outlined in Figure 13. 

The basic BISAR computer program was modified 
to include a procedure for the iteration of the surface 
load and the overlay thickness until, for AC pavements, 
the vertical strain at the top of the subgrade equals the 
limiting value of the vertical strain or the tensile strain 
at the bottom of the AC layer equals the limiting value 
of the tensile strain or, for PCC pavements, the tensile 
stress at the bottom of the PCC layer equals the limit
ing value of tensile stress. The resulting computer 
program is called PAVEVAL and was used to calculate 
the load-carrying capacity and required overlay thick
ness of a pavement {14). The aircraft characteristics 
required for the PAVEVAL computer program include 
tire contact area, load on one wheel, wheel spacings, 
and total number of main-gear wheels. 

The values of the elastic moduli of the pavement 
layers that are entered into the PA VE VAL computer 
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program were the same as those used in the computer 
program SUBE with the exception that the Young's 
modulus of AC pavements and base materials was chosen 
to have the value E = 31 000 MPa ( 450 000 lbf/in2

) in 
the PA VEV AL program for the numerical calculations 
described in this paper. This value of Young's modulus 
was obtained from Figure 3 and corresponds to an as
sumed average annual pavement temperature of 21°C, 

a value of temperature that was chosen so that the re
sults obtained by using the PA VEV AL program could be 
compared with the results obtained by using the DSM 
evaluation procedure. However, the PAVEVAL com
puter program has a greater capability for pavement
evaluation purposes because it can be used to study the 
seasonal variation of the pavement load-carrying capacity 
by using Figure 3 to select the proper seasonal value of 

Figure 11. Comparison of values of Young's moduli of subgrades: resilient-modulus measurements versus computer program 
SUBE-various airport sites. 
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seasonal temperature and moisture changes. 

Limiting Stress and Strain Conditions 

the Young's modulus of the AC pavement layers. For 
this purpose, the seasonal variation of the Young's 
moduli of the base, subbase, and subgrade must also be 
considered, such as during frost-thaw conditions. The 
seasonal variation of these Young's moduli values may 
be determined either by conducting vibratory nondestruc
tive tests during the different seasons or by extrapolat
ing laboratory-measured Young's moduli according to 

The load-carrying capacity of an AC pavement and the 
overlay thickness required for its upgrading are 
related to the limiting tensile strain at the bottom of the 
AC layer and the limiting vertical strain at the top of 

Figure 12. Comparison of values of Young's moduli of subgrades: resilient-modulus measurements versus Shell formula-various 
airport sites. 
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Figure 13. Pavement evaluation and overlay design 
by method that combines layered·elastic theory and 
vibratory nondestructive testing. 
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the subgrade; those of a rigid pavement are related to 
the limiting tensile stress at the bottom of the PCC 
layer (11, 12). The limiting value of the vertical strain 
at the top of the subgrade depends on the number of 
strain repetitions and on the Young's modulus of the 
soil in the subgrade (13). The curves in Figure 4 are 
assumed to be valid for all types of subgrade soils and 
for single- and multiple-wheel loadings. The limiting 
value of the tensile strain at the bottom of the AC layer 
is given by Barker and Brabston (13). 

When a load is applied to the surface of a rigid pave
ment, the maximum tensile stress in the PCC layer 
occurs at the bottom of this layer and cracking is ex
pected to first occur at this location. The limiting 
tensile stress is expressed in terms of the number of 
load (stress) repetitions and of the flexural strength 
of the PCC layer as follows (~: 

URL = R/ [A + B log (COV)] 

where 

R flexural strength (lbf/in2
), 

COV number of coverages, 
A 0.58901, 
B 0.35486, and 

aRL limiting value of tensile stress (lbf/in2
). 

This expression is assumed to be valid whether the 
stress in the PCC layer is produced by single-wheel 

(26) 

or by multiple-wheel loading. The lateral distribution 
of traffic was handled by using the pass-to-coverage 
ratios for individual aircraft given by Brown and 
Thompson (16). For the four types of gear configura
tions treateam this paper, the pass-to-coverage ratios 
for PCC pavement are (a) single wheel = 5.18, (b) Boeing 
727 (dual wheel) = 3. 48, (c) DC-8-63F (dual tandem 
wheels) = 3.14, and (d) DC-10-10 (dual tandem wheels) = 
3.64. Mixed traffic was not considered in this study, 
but it can easily be incorporated into the PAVEVAL com
puter program provided that the frequency distribution 
of the operating aircraft is known. 

Single- and Multiple-Wheel Loadings 

To determine the load-carrying capacity and the re
quired overlay thickness for a single wheel loading on 
a pavement surface, the stress and strain due to the 

single load is compared with the limiting stress and 
strain values in the pavement and subgrade. The load 
on one wheel is entered into the computer program 
PAVEVAL. The maximum values of the stress and 
strain in the pavement and subgrade occur directly 
beneath the single-wheel load. The allowable load and 
the overlay thickness required are determined by re
quiring that the stress and strain in the pavement 
directly under one wheel be equal to the limiting stress 
and strain values. 

Actual aircraft loadings on a pavement occur through 
two or more wheels in close proximity. Dual-wheel 
(two-wheel) and dual-wheel, tandem-wheel (four-wheel) 
confi5J.ra.tions arc commonly used. For the case of 
multiple wheels, the total strain or stress in the pave
ment beneath one wheel is affected by the presence of 
the other wheels. The maximum values of the stress 
and strain at some depth in the pavement occur at some 
point between the wheels of the gear configuration but 
are, to a good approximation, equal to the values of 
the stress and strain in the pavement beneath one of the 
wheels of a multiple-wheel configuration. The multiple
wheel calculations are done within this approximation. 
The PAVEVAL computer program (and the BISAR pro
gram on which it is based) calculates the stress and 
strain at any point in the pavement or subgrade due to 
a multiple-wheel loading and then compares them with 
their corresponding limiting values. 

Numerical Values of 
Load-Carrying Capacity and 
Required Overlay Thickness 

To validate the procedures outlined in this paper, a 
number of rigid and AC pavement structures were 
evaluated for single- and multiple-wheel loadings, and 
the load-carrying capacity and required overlay thick
ness were calculated. Then, the load-carrying capacity 
and required overlay thickness were also calculated by 
the conventional CBR and DSM methods for AC pave
ments and by the Westergaard and DSM methods for 
rigid pavements. For the calculation of required over
lay thickness, the load on one wheel was taken to be (a) 
single wheel= 158.53 kN (35 625 lbf), (b) Boeing-727 = 
182.85 kN (41 090 lbf), (c) DC-8-63F = 189.17 kN (42 510 
lbf), and (d) DC-10-10 = 288.82 kN (51 420 lbf). The 
results are shown in Figure 14. (The coefficients in 
Equation 26 were derived for U.S. customary units; 
therefore, values in Figure 14 are not given in SI units.) 

SUMMARY AND CONCLUSIONS 

The ability to determine the load-carrying capacity of a 
pavement and the overlay thickness required to upgrade 
it is of much importance to pavement engineers. A 
simple method of pavement evaluation that combines 
vibratory nondestructive field tests and a theoretical 
layered-elastic formalism was developed in an attempt 
to satisfy the needs of the pavement engineer. The 
layered-elastic-theory approach to the calculation of 
the required overlay thickness and load-carrying capacity 
of a pavement requires the value of the Young's modulus 
of the subgrade, and this value is determined by vibratory 
nondestructive testing. 

For the airfield sites considered, there was only 
fair agreement between the values of the Young's 
modulus of the subgrade predicted by the computer 
program SUBE and those predicted by the E = 1500 CBR 
method or those determined from laboratory resilient
modulus tests. The exceptionally high values of the 
Young~s modulus predicted by the SUBE program for the 
Minneapolis-St. Paul test area may be due to the pres-
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Figure 14. Comparisons of values of load-carrying capacity and required overlay thickness predicted by computer program PAVEVAL and by CBR and 
DSM methods: Albuquerque Airport. 
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ence of bedrock near the surface of the subgrade. 
The values of the load-carrying capacity and required 

overlay thickness obtained by using the PAVEVAL com
puter program for AC pavements fall in between the 
values predicted by the DSM and CBR methods. Both 
the DSM method and the layered-elastic theory method 
(PAVEVAL) predict load-bearing capacities for AC 
pavements that are somewhat lower than the values 
predicted by the CBR method. There is reasonable 
agreement among the three pavement evaluation methods 
for PCC pavements. Further study on more airfield 
pavement sites will be required before more definite 
comparisons among these three methods of pavement 
evaluation can be made. 
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Pavement Evaluation by Using 
Dynamic Deflections 
Gary W. Sharpe, Herbert F. Southgate, and Robert C. Deen, Bureau 

of Highways, Kentucky Department of Transportation, Lexington 

Dynamic test deflections were duplicated by elastic theory by using the 
Chevron N-layered computer program. Dynamic surface deflections ob
tained by using the road rater were used in conjunction with elastic 
theory to analyze pavement behavior. A procedure was developed to 
use field-measured road rater deflections for the estimation of the elastic 
modulus of the foundation material and the determination of the equiv
alent thicknesses of new material that approximate the behavior of the 
structure. The estimated moduli and the equivalent thicknesses can be 
used as inputs to design overlay thicknesses. An analysis of the deflec
tions of the first three sensors of the road rater also makes it possible to 
distinguish weaknesses in asphalt concrete layers from weaknesses in the 
supporting foundation. 

The stiffness of the foundation (subgrade) is one of the 
factors that affect the behavior of a pavement structure. 
Variations in subgrade support occur mainly as a result 
of variations in moisture content or of soil type. A sig
nificant decrease in subgrade stiffness (modulus of elas
ticity) will result in a decrease in ability to support the 
pavement structure and lead to increased distress in the 
layers of the structure. Signs of distress are rutting, 
increased roughness, and cracking (1). 

Nondestructive tests have been empirically correlated 
with field- strength tests. There has been considerable 



use of elastic theory and dynamic testing for the estima
tion of layer moduli (2-7). The equipment used includes 
the Dynaflect, the California traveling deflectometer, 
the Benkelman beam, and the road rater. Since 1971, 
road rater deflections have been under study in Kentucky, 
as indicators of the characteristics of individual layer 
components of the pavement structure. 

An estimate of subgrade strength is necessary for the 
evaluation of the overall condition of a pavement. A de
sign condition exists when there has been no loss of ef
fective thickness in any of the layers. A knowledge of 
the as- built thicknesses of the layers is necessary be
fore an evaluation of the pavement structure can be 
made. Those thicknesses should be available from con
struction or maintenance records. Generally, the pave
ment condition involves deterioration in the layers of the 
structure. This means that the individual layers are 
behaving in a way similar to a different combination of 
layer thicknesses of new-quality materials; i.e., the 
structure is behaving as an effective structure. In this 
case, it becomes necessary to estimate the layer thick
nesses of the deteriorated or effective structure. 

The analysis of deflections involves the shape of the 
deflection bowl (2, 6). When the logarithms of road rater 
deflections are plotted against the distance from the 
load, a secant line can be drawn through two points on 
the deflection bowl. The combination of the slope of 
this line and the magnitudes of the deflections is indica
tive of the types of problems in the pavement structure. 

SIMULATION OF ROAD RATER BY 
ELASTIC THEORY 

Characteristics of Road Rater 

The testing head on the Kentucky road rater consists of 
a vibrating mass that weighs 72.6 kg {160 lb) that im
pulses the pavement; the forced motion of the pavement 
is measured by velocity sensors normally located at O, 
305, 610, and 914 mm (0, 1, 2, and 3 ft) from the center 
of the test head. Frequency of the vibrator can be chosen 
from preselected frequencies of 10, 20, 25, 30, and 40 
Hz. The vibrating mass is lowered to the pavement by 
a hydraulic system. At a hydraulic pressure of 4. 82 
MPa (700 lbf/in2), the static load is 7.43 kN (1670 lbf). 

The response to the vibrating mass of the road rater 
was determined for several full-depth asphalt concrete 
(AC) pavements and conventional three-layer pavements. 
Resonant frequencies of the total pavement structure 
were usually multiples of approximately 7 Hz. The 
thickness of the AC layer appeared to cause the resonant 
frequency to shift 1 or 2 Hz at the 21 and/or 28 Hz nor
mal resonant frequencies. Resonance at these frequen
cies was indicated by oscillations of the needle of the 
meter as opposed to its normally rock-steady behavior. 
In all cases, the meter response remained steady at 25 
Hz, which thus was chosen as the reference frequency. 

At a frequency of 25 Hz and an amplitude of vibration 
of 1.52 mm (0.06 in), the road rater has a peak-to-peak 
dynamic force of 

1
2.67 kN (600 lbf). Once the dynamic 

force is set for a given frequency and amplitude, the 
other preset frequencies will vary the amplitude of the 
vibrating mass such that the dynamic force remains con
stant for all of the preselected frequencies. The com
posite loading thus consists of a static load of 7.43 kN 
and a peak-to-peak dynamic force of 2.67 kN that oscil
lates about the static load. 

Superposition Principles 

The road rater loading is transmitted to the pavement 
by means of two feet symmetrically located on either 
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side of a beam that extends ahead and carries the sen
sors . Superposition principles can be applied to the 
computation of the deflection at each sensor location. A 
combined load can be subdivided into its component 
loads. Superpositioning is applicable provided the de
formations are small and do not substantially affect the 
action of external forces. If the principles of superposi
tioning are to apply, a linear relationship between dis
placement and external force must exist or be assumed 
to exist (8-10 ). When superposition principles are ap
plied to theroad rater, the deflection that results from 
the load applied to one foot must be added to the deflec
tion that is due to the load applied by the other foot. For 
the symmetrical conditions of the road rater, deflection 
calculations need be made only for one foot and the radii 
corresponding to each sensor location. 

The dynamic loading (sine wave) of the road rater can 
be approximated by a square wave such that the maxi
mum value of the square wave is equal to l/'12 times the 
peak value of the sine wave. The peak-to-peak loadings 
of the road rater are 8.37 and 6.49 kN (1882 and 1458 
lbf ). From symmetry, the loads on each foot of the test 
head are equal to 4.19 and 3.24 kN (941 and 729 lbf). The 
dynamic deflection is defined by A101a1 = (A4.19- AJ.24) x 2 
where A4.19 and AJ.24 represent the deflections calculated 
by using the Chevron computer program and the peak 
loading conditions. 

Input Parameters for Simulation by Using 
Chevron Computer Prog1·am 

In addition to the load, the inputs required by the Chevron 
computer program include a contact pressure correspond
ing to the load; the number of layers; and the thickness, 
Young's modulus, and Poisson's ratio of each layer. The 
contact pressure of the low and high loads are input to 
maintain the correct area for each foot. The constants 
used in simulating the road rater (11) are summarized 
in Table 1. -

Reference Conditions 

The modulus of elasticity of AC varies as a function of 
frequency of loading and temperature. Conditions for 
the current Kentucky thickness-design procedures and 
the method for conducting Benkelman beam tests corre
spond to a modulus of 3.31 GPa (480 000 lbf/in2

) at 0.5 
Hz and a pavement temperature of 21°C (70°F). A ref
erence frequency of 25 Hz was selected for the road 
rater ; the corresponding AC modulus at 21°C is 8.27 GPa 
(1 200 000 lbf/in2

). 

The modulus of a granular base (Ez) is a function of 
the moduli of the confining layers, i.e., the modulus of 
the AC layer (E1) and the modulus of the subgrade (Ea). 
Estimation of the modulus of the crushed-stone layer 
(E2) can be determined from the relationship E2 = F x Ea, 
where there is an inverse linear relationship between 
log F and log E3. The ratio of Ez to E3 is equal to 2.8 at 
a California bearing ratio (CBR) of 7 and to 1 when E1 
equals E3: E1 = Ez = E3 (11)-which is the case of a 
Boussinesq semi-infinite half space. [E3s (in lbf/in2) 
can be approximated by the product of the CBR and 1500 
(11-13), a method of estimating base moduli that appears 
adequate for normal design considerations up to a CBR 
of 18-20 (11-14).] 

For a constant structure [depth of AC and depth of 
dense-graded aggregate (DGA)] and AC modulus, a 
theoretical relationship between deflection and subgrade 
modulus of elasticity can be developed from the simulated 
road rater deflections. An example of such a relation
ship is illustrated in Figure 1. There is a separate line 
for each sensor on the road rater. Figure 1 also con-
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Table 1. Input parameters for simulation of road rater. 

Input 

Poisson's ratio 
Asphalt concrete 
Granular base 
Subgrade 

Contact pressure (MPa) 
Low (3.24-kN) load 
High (4.19-kN) load 

Layer thicknesses (mm) 
Asphalt concrete 
Dense-graded aggregate 
Full-depth asphalt 

concrete 
E (GPa) 

Asphalt concrete 

Subgrade 

Value 

0.40 
0.40 
0,45 

0.183 
0 .231 

50.8, 127, 203, 279, and 356 
50.8, 203, 356, 508, and 686 
102, 152, 203, 254, 305, 356, 406, 457, 

and 508 

1.38, 2. 76, 4.14, 5.52, 6.90, 8.28, 9.66, 
11.04, 12.42, and 13.80 

0.041, 0.082, 0.123, 0.164, 0.205, 0.246, 
0.287, 0.328, 0.369, and 0.41 

Note: 1 MPa • 145 lbf/in'; 1 kN • 225 lbf; 1 mm• 0.04 in. 

tains a fourth line labeled no. 1 projection. This line 
was calculated by using the no. 2 and no. 3 deflections 
and will be discussed below. 

ADJUSTMENTS FOR NONREFERENCE 
CONDITIONS 

Moduli of Asphalt Concrete from 
Field-Test Data 

Field measurements made include road rater deflections, 
surface temperature, time of day, and frequency of vi
bration. The surface temperature, time of day, and 
mean air-temperature history for the previous five days 
are necessary to determine the temperature distribution 
by using the method developed by Southgate and Deen 
(15, 16). The five-day mean air-temperature history can 
be obtained from weather records. 

The modulus of elasticity of AC is a function of fre
quency of loading and mean pavement temperature, as 
illustrated in Figure 2 (17). Figure 2 can be used to 
develop a relationship between modulus and temperature 
for the reference frequency of 25 Hz or any other fre
quency desired, which may be representative of other 
dynamic loads. Thus, a distribution of the modulus 
through the AC layer for the reference frequency of 25 
Hz can be determined for any temperature distribution. 
For layers thinner than 152 mm (6 in), the results were 
better when the pavement modulus was taken as the 
average of the moduli on 12.7-mm (0.5-in) intervals be
ginning at the 25.4-mm (1-in) level. For asphalt thick
nesses greater than 152 mm, the most representative 
modulus appeared to be the mean of the moduli on 
25.4-mm intervals beginning at the 25.4-mm level. 

Adjustment Factors for Road 
Rater Deflections 

Because of the significant effect of temperature on the 
modulus of elasticity of AC, it was necessary to develop 
a system with which to adjust the deflection measure
ments to a reference temperature and modulus. This 
adjustment-factor system uses ratios of deflections at 
reference conditions to deflections that result from ar
rayed variables of layer thicknesses and moduli. 

For a given thickness of AC, the adjustment factors 
vary according to changes in the thickness of DGA and 
the value of E3 but these variations are minimal when 
compared with the variation in adjustment factor for 
variations in AC thicknesses. Thus, the adjustment fac
tors for all DGA thicknesses for a constant subgrade 

modulus and thickness of AC were averaged into a single 
line. Treating other thicknesses in the same manner 
produces similar relationships. Investigation of other 
subgrade moduli indicated only minor variation in 
adjustment-factor values for the same thickness of AC. 
The adjustment-factor curves shown in Figure 3a were 
produced by averaging the adjustment factors for each 
thickness of AC and across subgrade moduli. 

Two- layered pavements show similar variations in 
adjustment factor relative to E3s and AC thicknesses. 
The adjustment-factor curves shown in Figure 3b were 
produced by averaging the adjustment factors for all 
Eas and a constant thickness of AC. 

A mean pavement modulus can be found by using the 
distribution of AC moduli through the pavement. The 
necessary adjustment factor (a multiplier) required to 
bring the field deflection to a deflection at a reference 
modulus is determined by using the appropriate 
adjustment-factor chart (see Figure 3) and the mean 
pavement modulus of elasticity. 

An alternative method of presenting the adjustment 
factors shown in Figure 3 is shown in Figure 4. The 
system shown in Figure 4 adjusts the deflections to a 
specific condition-25 Hz, a mean pavement temperature 
of 21°C, and E1 = 8.27 GPa. The same method of calcu
lating ratios of deflections was used to develop Figure 4 
as was used to develop Figure 3. The only difference is 
that Figure 3 was developed on a basis of mean pavement 
modulus and Figure 4 was developed on a basis of mean 
pavement temperature. A reduction in frequency while 
holding pavement modulus constant results in a reduced 
pavement temperature. Thus, if the frequency is re
duced, the adjustment-factor curves will not shift but the 
mean pavement-temperature scale will shift according 
to the chosen frequency. Also, mean pavement tempera
ture is a function of AC thickness. The effects of AC 
thickness and subgrade modulus were averaged in the 
development of Figure 4. Figure 3 adjusts the road rater 
deflections to a reference modulus of E1 = 8.27 GPa re
gardless of the the frequency of loading. Figure 4 ad
justs the road rater deflections to a reference tempera
ture and frequency and the corresponding AC modulus 
(25 Hz, 21°C, and E1 = 8.27 GPa). 

The adjustment-factor system presented in Figures 
3 and 4 was developed by using theoretical deflection data 
corresponding to the no. 1 sensor of the road rater. A 
similar system could have also been developed by using 
deflection data corresponding to either the no. 2 or no. 3 
sensors. For comparison, adjustment factors corre
sponding to the no. 2 and no. 3 sensors were developed 
for the same conditions and by using the same method
ology. A comparison of the three different adjustment 
factors indicated an average difference of ±0.032 for the 
adjustment factors corresponding to the no. 1 and no. 2 
sensors and an average difference of ±0.048 for the no. 
1 and no. 3 sensors for a range of AC moduli of 1.38 
to 13. 79 GPa (200 000 to 2 000 000 lbf/in2

). The greatest 
differences in adjustment factors occurred at lower val
ues of moduli and thin layers of AC. For example, a 
comparison of the differences in adjustment factor s for 
moduli greate1· than 4.14 GPa (600 000 lbf/in2

) indicated 
differences of ±0.021 and ±0.037 for the no. 1 sensor 
versus the no. 2 and no. 3 sensors, respectively. Based 
on these analyses, the deflection adjustment-factor 
curves shown in Figures 3 and 4 were assumed to be 
adequate for use with the deflections of the no. 1, no . 2, 
and no. 3 sensors of the Kentucky road rater. 



Figure 1. Theoretical relationships: road rater 
deflection versus modulus of elasticity for a constant 
structure and modulus of asphalt concrete. 

Figure 2. Effect of temperature and frequency on 
dynamic modulus of elasticity. 
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Figure 3. Relationship between thickness of asphalt concrete and 
temperature adjustment factor: (a) three-layered pavements and 
(b) two-layered pavements. 
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Figure 4. Relationship between mean pavement temperature DGA THICKNESS 
end road-rater-deflec~ion adjustment factors: full-depth and INCHES 

three-layered asphalt concrete pavements at 21 °C and 25 Hz. 0 
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ROAD RATER DEFLECTION ADJUSTMENT FACTOR 

EVALUATION OF PAVEMENT 
STRUCTURE 

Describing Shape of Deflection Bowl 

An empirical evaluation of road- rater-deflection data 
involves extrapolating a straight line through the magni
tudes of the deflections of the no. 2 and no. 3 sensors 
when the logarithm of the deflection is plotted against the 
arithmetic distance from the load head. Extrapolation 
of this line to the position corresponding the no. 1 sensor 
gives the no. 1 projection (Figure 5): 

No. 1 projection = 1 or (21og no. 2 deflection) - log no. 3 deflection 1 (I) 

The slope of the semilog line (secant line), the difference 
in magnitude between the no. 1 projection and the no. 1 
sensor deflection, and tile magnitudes of all deflections 
are indicative of the shape of the deflection bowl. This 
concept can also be applied to theoretical deflections. 

Estimating Subgrade Moduli 

lC the layer thicknesses are known, relationships can be 
developed (from elastic theory) between theoretical de
flections and subgrade moduli. An example for one 
structure is shown in Figure 1. Field deClections fo1· the 

no. 2 and no. 3 sensors and their corresponding no. 1 
projections can be used as inputs in the subgrade- moduli 
estimation process to obtain three values for the sub
grade modulus. The average modulus of the subgrade is 
calculated from the three estimates. The no. 1 sensor 
is closest to the point of application of the load and is 
most indicative of the condition of the pavement slab. 
For this reason, the deflection of the no. 1 sensor is not 
used in estimating the subgrade modulus. Sensors no. 2 
and no. 3 are farther from the point of application of the 
load and are therefore more indicative of the condition 
of the foundation or supporting layers of the structure. 
The deflection of the no. 4 sensor is not used in the 
pavement evaluation process because there is little 
variability in its deflection with changes in structural 
conditions of the pavement. 

Subgrade moduli corresponding to the no. 2 and no. 3 
deflections and the no. 1 projections were estimated for 
four pavements (54 test sites). At the time of testing, 
each of th.ese test pavements was less than two years old 
and showed no visible signs of deterioration. The aver
age difference between subgrade moduli for any of the 
three predictors was 24.8 MPa (3600 lbf/in2 )with a 
standard deviation of 22.1 MPa (3200 lbf/in2

) . When 
these three estimates of subgrade modulus were aver
aged and compared with the magnitude of the subgrade 
modulus estimated from the deflection of the no. 2 sensor, 
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Figure 5. Determination of no. 1 projection from relationship 
between deflection and distance from load head: example of 
normal pavement behavior. 
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the mean difference between the average subgrade mod
ulus and the modulus estimated from the no. 2 sensor de
flection was only 4.95 MPa (718 lbf/in2

) with a standard 
deviation of 7.58 MPa (1100 lbf/in2

). By using the data 
from these four pavements and in the interest of simpli
fication of the system, the deflection of the no. 2 sensor 
was selected as the one to be used for the estimation of 
the subgrade modulus. 

The variability in estimated subgrade modulus may 
be related to the operator's ability to read the correct 
deflection on the meters of the road rater, the selection 
of the most appropriate deflection adjustment factor, and 
the accuracy of the graphical interpolations in reading 
the subgrade modulus corresponding to a given deflection . 
Some error of interpolation for the correct structure 
could also be intr oduced during the development of the 
theoretical cul'ves (Figure 1) from the matrix of condi
tions used in the road rater simulation. 

A log- log plot of the sensor no. 1 deflections against 
the estimated subgrade moduli (from sensor no. 2) should 
be made for field deflections (see Figure 6). The sensor 
no. 1 measured deflection was selected because it showed 
the greatest sensitivity to the condition of the AC layer; 
the sensor no. 2 deflections were more indicative of the 
condition of the supporting foundation. 

If the field deflections and the estimated subgrade 
moduli agree with the theor etical values for the original 
s tr ucture, the pavement is behaving as expected (Figur e 
6a ). Over a length of pavement, it is normal to have a 
range in subgrade modulus because of variations in 
moisture content and soil type . If the pavement per
formance (deflections) does not agree with the original 
theoretical structure line, the pavement is behaving as 
a thinner effective structure (see Figure 6b). 

The expression of deterioration in terms of reduced 
thickness is only one of the options available. Deteriora
tion can also be expressed in terms of reduced layer 
moduli for constant layer thicknesses. Deterioration in 
terms of reduced thicknesses was selected because of 
its adaptability to overlay design. The effective struc
ture, expressed in terms of reduced layer thicknesses 
that have properties similar to new pavement, can be 
used as an input parameter for overlay design. 

Estimating Effective Structure 

To evaluate effective structure, lines of equal deflection 

(no. 1 sensor) were drawn for a matrix of layer thick
nesses and subgrade moduli for a constant reference 
modulus of AC (E1 = 8.27 GPa) (see Figure 7). It was 
assumed that the effective structure is defined by the 
effective layer thicknesses and the modulus of the sub
grade. In Figure 7, the subgrade modulus is held con
stant. One method (18) of estimating the amount of de
terioration (percentage net worth) is shown in graphical 
form in Figure 8 in terms of percentage of residual or 
net worth versus percentage of design thickness. F igure 
8 is a modification of a concept used in Flodda . Tbere, 
it was assumed that the AC had a residual value of 50 
percent of its original value at a pavement serviceabilit~ 
index (PSi) oi 1.5. Figure 8 is based on the assumption 
of 30 percent residual value at a PSI of 1.5. A relation
ship of percentage of original AC thickness versus per
centage of the original DGA thickness was developed by 
using Figure 8 and is shown in Figure 9. 

As the thicknesses of the individual layers decrease, 
the deflection along a deterioration curve (Figure 9) in
creases. Figure 10 illustrates the relationship between 
the ratio of the deflection of a deteriorated structure to 
the deflection of the original structure (an expression of 
the degr ee of deterioration) and the deteriorated struc
ture in terms of percentage of the original thickness of 
each layer, where the modulus of the subgrade is con
stant . A sensitivity analysis was made of the ratio of 
deflections against the percentage of AC in the original 
des ign thickness as the s ubgrade modulus varied. The 
analysis s howed that , for a normal range of s ubgrade 
moduli [42- 206 MPa (6000 to 30 000 lbf/in2

) there was 
very little change. 

Procedure for Evaluating Effective 
Str uctw·e 

The effective structure is d etermined from plots of de
flection versus subgrade m odulus and of ratio of deflec
tions versus percentage of original thicknesses by the 
following procedure. 

1. Fo1· a given subgr ade modulus, determine the 
theoreti cal deflection that corresponds to the original 
structure from the plot of the deflections of s ensor no. 
1 ver s us subgrade moduli (Figure 6b ). 

2 . For the s ame subgrade modulus, detel'mine the 
deflection that corresponds to a line of equal and parallel 
offs et through t he fi eld defle ction of greatest magnitude 
(Figu1·e 6b). 

3. Use the two deflections to compute the ratio of 
the field deflection (step 2) to the theoretical deflection 
(step 1 ). 

4. Use the ratio (step 3) to determine (from Figure 
10) the percentages of effective thicknesses of the as
phalt and base layers. 

5. Multiply thes e percentages by the original layer 
thicknesses to obtain th.e effective str ucture (Figure 6b). 

6. Confirm the effective structure by us ing an i tera
tive process of computing a new mean pavement tempera
ture and modulus from the respective distributions, re
adjusting the field deflections for the new AC modulus 
(based on the thinne1· s ti·ucture ), and repeating the pro
cess of estimating the subgrade modulus . Figur e 11 il
lustrates the confirmation of the example s hown in Figure 
6b and also compai·.es tbe effective and or iginal struc
tures. The panllel line through the point oC greatest 
offset from the theoretical cleflection- subgrade-modulus 
line is a s hort- cut procedure that reduces the number of 
iterations required. Investigations (19) have shown that 
this procedure effectively reduces the iteration to one 
cycle. 



Figure 6. Relationship between no. 1 sensor deflection 
and modulus of elasticity of subgrade: (a) normal 
pavement behavior and (b) abnormal pavement 
behavior and example of determination of effective 
structure. 
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For a given pavement structure, AC modulus, and sub
grade modulus, there is a difference between the no. 1 
projection and the no. 1 sensor deflection for theoretical 
deflections (Figure 5). There will also be a difference 
between these values for field-measured deflections. 

Normally, the differences between the no. 1 projected 
deflection and the no. 1 sensor deflection for both theory 
and field measurements are similar although the dif
ference for field measurements should be greater than 
that for theoretical values. Slab deterioration is indi· 
cated when field measurements indicate a no. 1 sensor 
deflection greater than the no. 1 projection (see Figure 
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Figure 7. Example pavement-deterioration curves: contours of equal deflection of sensor no. 1 for matrix of asphalt concrete and dense11raded 
aggregate thicknesses. 
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Figure 9. Pavement-deterioration curve: relationship between 
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12a) and the difference between these values is greater 
than the difference for theoretical deflections. A foun
dation problem or lack of supporting capability is indi
cated by increased magnitudes of all field deflections 
and a no. 1 projection greater than the no. 1 sensor de
flection (Figure 12b). 

Log-log plots of no . 1 projected deflections versus 
no. 1 sensor deflections can be used to identify variations 
in pavement structure (see Figure 13 ). In these figures, 
the solid lines show the theoretical relationships of no. 1 
projected deflections and no. 1 sensor deflections for a 
constant structure and AC modulus. Subgrade moduli 
vary along the line. The points about the line represent 
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Figure 10. Relationship between ratio of deflection for 
effective behavior to deflection for theoretical original 
structure and percentage of original thicknesses remaining. 
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field-measured deflections. The variation in position of 
the theoretical line due to changes in the magnitudes of 
the deflections by ± one unit [0.254 µm (0.000 01 in )) and 
the associated change in calculated no. 1 projection is 
indicated by the two dashed lines. The zone inside these 
lines represents a normal variation due to reading the 
meters of the road rater. 

The following situations have been observed from 
limited field evaluations. 

1. Test data that lie within the zone of normal varia
tion and show relatively low deflection magnitudes: This 
type of data is indicative of new construction that consists 
of high-quality materials and had good construction con
trol. 

2. Test data that plot on the lower side of the zone 
of normal variation: This type of data is indicative of a 
pavement structure in which the subgrade has remained 
in good condition but cracking or some other problem 
has caused deterioration of the slab. 

3. Test data that plot in the higher range of the zone 
of normal variation: This type of data is indicative of 
either of two conditions- changes in type of soil with the 
pavement remaining in good condition and the layers 
acting in concert or a deteriorated slab coupled with ex-

40 
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80 
THICKNESS 

IOO 

REMAINING 

cessive water content in the subgrade and, again, the 
layers acting in concert. 

4. Test data that plot above the zone of normal varia
tion: This type of data is indicative of subgrades that 
have an excessive water content. 

The fourth condition and pattern of deflections was con
firmed by test data obtained in Huntington Beach, Cali
fornia (20). In an investigation there, road rater tests 
were performed, the pavements were cored, subgrade 
samples wer e obtained, and the moisture contents of the 
s ubgrade wer e determined. In those locations t hat had 
high water contents (pos sibly fr ee water) the difference 
between the no. 1 projected and measured deflections 
was considerably greater than the theoretical analyses 
would have indicated. One possible explanation is that 
water is a much better transmitter of sound or vibrations 
than is soil. Thus, vibrations are transmitted more 
easily and their magnitudes remain greater at a fixed 
distance from the source than those transmitted through 
normal subgrades. Therefore, the no. 2 and no. 3 sen
sors measure higher deflections for soils that have ex
cessive water than for those soils that have normal water 
contents. 
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Figure 11. Confirmation of determination of effective 
structure. 

E3 - SUBGRADE MODULUS OF ELASTICITY (PSI) 

:; 10- 1 ,----;2r-----,---4,-,---;6'-r-T-8 ,...;lor•----'2T---""T""-r4--,,--;6r--,,_:;8,...:I0~5---, 

ffi 8 
I-

~ 6 
::::i 
...J 

::? 4 

z 
0 
i= 
~ 2 
...J 
LL 
w 
0 

a:: 10' 
0 
Cf) 8 
z 
w 
Cf) 6 

ci 4 
z 

a:: 
w 
~ 2 
a:: 

0 
<l 

26 1.6 mm 

(103") 

' AC -.... 

' 
218.3 mm AC 

(8.6") 

THEORETICAL RELATIONSHIP 
E, = 8.27 GPo ( 1,200,000 PSI) 

261.6 mm AC ( 10.3") 

TEST OATE 9/29177 

LANE NO. I 

OUTSIDE 
INSIDE 

WHEEL TRACK • 
WHEEL TRACK • 

Cf) 
w 
J: 
u 

2 ~ 

z 
0 

10 ' i= 
u 

8 w 
...J 
LL 
w 

6 0 

a:: 
4 0 

Cf) 

z 
w 
Cf) 

2 
ci 
z 

0 16'-:.,,----"---'---'---'--'---'---'-'--'--::-------'---...__----'-_..__._.L-J--LI"', 
a:: 107 2 4 6 8 108 2 4 6 B 109 

0 
<l 
0 
a:: 

E3 - SUBGRADE MODULUS OF ELASTICITY (PASCALS ) 

Figure 12. Relationship between deflection and distance from load head and determination of no. 1 projection: (a) pavement that 
has a weak asphalt concrete layer and (b) pavement that has a foundation-support problem. 
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SUMMARY 

1. Dynamic deflections measured by the road rater 
have been rationally analyzed and duplicated by elastic 
theory. 
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2. Road rater deflections have been used to estimate 
in-place subgrade moduli. 

3. A system has been developed that relates the de
flection behavior of a pavem ent to its effective layer 
thicknesses of new-quality materials. These effecti ve 
layer thicknesses can be considered as representative of 
the residual structure after deterioration and used as 
inputs for overlay design. 

4. A method of analyzing road rater deflections has 
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been developed that makes it possible to identify the type 
of deterioration in the pavement structure. 
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Figure 13. Relationship between no. 1 projection and 
no. 1 sensor deflection: (a) normal pavement and 
(b) pavement that has a foundation-support problem. 
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A Rational System for Design of 
Thickness of Asphalt Concrete 

- - everlays 
Herbert F. Southgate, Gary W. Sharpe, and Robert C. Deen, Bureau of 

Highways, Kentucky Department of Transportation, Lexington 

A method for designing asphalt concrete overlays is presented that uses 
(a) the Kentucky proposed design curves, (b) an estimation of future traf
fic and the associated fatigue (five procedures are given according to type 
of information available), (c) the strength of the subgrade on the subject 
project (as determined by laboratory California bearing ratio tests or re
sults of dynamic in-place tests such as road rater measurements), and 
(d) the present condition of the existing pavement (as determined from 
dynamic in·place tests, roughness measurements, or the present service
ability index). Deterioration is expressed as reduced thicknesses of new
quality materials that produce the same measured dynamic deflection~. 

The overlay thickness required is the total thickness for the predicted 
traffic minus the effective or reduced thickness of the existing pavement. 

The method for the design of overlay thicknesses pre
sented in this paper has evolved from approximately 30 
years of experience in thickness design. The earliest 
pavement-thickness design methods used in Kentucky 
were based on 22-kN (5000-lbf) equivalent wheel loads 



(EwLs) (1). In 1973, a design procedui·e was proposed 
(2) that used 80-kN (18 000-lbf) axle loads and was sim
ilar to the procedure of the AASHO Interim Guide (3) 
(although the damage factors differed) . The design-of 
overlays (that is, the determination of required thick
nesses) requires as inputs (a) a measurement of tl1e 
load-carrying capacity of the subgrade, (b) an evaluation 
of the condition of the existing pavement, and (c) an es
timation of expected traffic and associated fatigue. 

Subgrade strength is determined by the California 
bearing ratio (CBR) test method. The CBR test pro
cedure used in Kentucky differs from the American So
ciety for Testing and Materials (ASTM) method only in 
the length of time of soaking before testing. The Ken
tucky method allows the sample to soak until swelling 
ceases and expresses the CBR values as Young's moduli 
by multiplying by 1500 (4). As expected, in-place dy
namic test procedures generally give an estimated sub
grade modulus greater than that obtained by the Kentucky 
laboratory CBR method because the in-place subgrade is 
not in the critical moisture-content state represented by 
the soaked conditions of the laboratory test. Thus, the 
overlay thickness should be determined by using the CBR 
curve equivalent to the weakest subgrade modulus ob
tained during in-place testing. 

The proper design thickness for an overlay depends 
on the condition of the existing pavement. The existing 
condition can be expressed as a reduced modulus of the 
asphalt concrete (AC) or as reduced layer thicknesses 
of new materials that have the reference moduli. The 
concept of reduced thickness is used in this procedure 
(5, 6). The overlay tblckness is that which must be 
added to the existing pavement so that there will be suf
ficient structural capacity to support the forecasted traf
fic or equivalent axle loads (EALs). 

Normally, traffic volumes are estimated in connection 
with needs studies and in the planning stages for new 
routes and for major improvements of existing routes. 
However, although the anticipated traffic volwne is an 
important consideration in the styling and geometric de
sign of a roadway, the composition of the traffic in terms 
of axle loads (and possibly lane distributions) is essen
tial for the structural design of pavements. Traffic vol
umes used for EAL computations should therefore be 
reconciled with other planning forecasts of traffic. His
torically, actual growths of traffic have usually exceeded 
forecasts. Overriding predictions of traffic volumes 
may be admissible for purposes of EAL estimates when 
properly substantiated. Moreover, the design life of the 
pavement may differ from the geometric design period. 

Basically, computation of the EALs involves forecast
ing the total number of vehicles expected on the road 
during its design life and multiplying by factors that con
vert traffic to EALs. The ideal approach would be to 
calculate and sum the yearly increments of EALs; this 
would permit including consideration of anticipated 
changes in legal weight limits, changes in styles of 
cargo haulers, and changes in routing. 

DETERMINATION OF DESIGN 
EQUIVALENT AXLE LOADS 

There are several methods of estimating the number of 
80-kN EALs. For a particular design situation, the one 
that matches the data base available should be used. 

Deacon and Deen Method 

Deacon and Deen (7) have described the development and 
testing of a predictive method (calculation of EALs) for 
rural highways in Kentucky. The problem was treated as 
tiu·ee separate but intenelated parts: (a) development 
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of a proper methodology a.nd identification of pe1·tinent 
traffic parameters, (b) identification of relevant local 
conditions that could serve as im;licators of the compo
sition and loads of the traffic stream, and (c) development 
of significant relationships between the traffic parame
ters and the local conditions. The traffic parameters se
lected as most significant were the percentages of the 
various vehicle types and the average number of EALs 
per vehicle. These were empirically related by multiple 
regression and other techniques to the set of local condi
tions, which included road type, direction of travel, 
availability and quality of alternative routes, type of ser
vice provided, traffic volume, maxi.mum allowable gross 
weight, geog1·aphical area, and season. The resultant 
methodology was judged to be sufficiently accurate, 
simple, reasonable, and usable to satisfy problem re
quirements. It is recommended for use, however, only 
when valid, long-term vehicle classification and load 
data are unavailable for the route under investigation. 
The relationships should be updated every two to five 
years to account for changes in use of vehicle types and 
changes in axle load limits. 

Similar Situations Method 

Another method of estimating EALs is by using data from 
similar facilities. Volume and classification data from 
parallel and feeder routes can be used when available. 
Where possible, the new facilities chosen as models 
should be ones for which there a1·e recorded data i·ep
resenting conditions both before· and after construction. 

Traffic and Classification Counts 

The Federal Highway Administration publishes W-4 
tables each year for each state. These tables contain 
load data by classification of vehicle. The data are 
listed by site, combined into 1·ural or urban tables, and 
then combined into total statewide values. If a weighing 
station is located near the facility being considered and 
the expected classification of traffic is approximately 
the same, the analyses should be based on that W-4 
table. Otherwise, the statewide W-4 table or one cover
ing groupings of similar sites may be more appropriate. 

Several types of analyses can be made from the W-4 
tables. The following procedure is suggested. 

1. Express the vehicle classification counts as a 
ratio: C1 = classification count + total number of vehi
cles counted, where i = vehicle classification. 

2. From the W-4 tables, calculate an average dam
age factor (DF1) for each vehicle classification by year 
by using Equation 1. 

DF; = (t N; x F )f number of weighed vehicles per classification) (I) 

where 

N = number of axles that have single axle load P, or 
tandem axle load P \ (kips), 

m =number of load categoi·ies (j) in the W-4 table, and 
F =damage factor for AC, axle configuration, and 

aXl.e load as determined from the table below. 

Axle Load 

Single 
Tandem 

F 

1.25Q41P,. 18) 

1.12541Pt · 34) 

(The coefficients in the table above were determined for 
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Table 1. Damage factors by vehicle 
classification: asphalt concrete 
pavements. 

Type of Vehicle 

Single unit: two axles, four tires 
Single unit: two axles, six tires 
Single unit: three axles 
Combination unit: three axles 
Combination unit: four axles 
Combination unit: five axles 
Automobiles and pickup trucks 

Note: 1 kN = 225 lbf. 

No. of 
Vehicles 
Weighed 

8 564 
19 058 
2 848 
4 701 

15 217 
21 673 

Total 
No. of 
80-kN 
EALS 

518.2 
5 627.6 
1 818. 7 
2 986.7 

11 434. 7 
13 583 .1 

Avg. No. 
of 80-kN 
EALS per 
Vehicle 

0.0605 
0.2953 
0.6386 
0.6353 
0. 7514 
0.6267 
0.0501 

Damage Factor 
by Year• 

M B 

0.008 310 
0.008 400 
0.042 940 
0.008 466 
0.009 622 
0.012 298 

-1.812 12 
-1.198 76 
- 2. 757 30 
- 0.834 29 
- 0.568 25 
- .0.606 87 

'Damage factor(year) = M1vear - 1959) + B (for years after 1958). 

Figure 1. Distribution of vehicle 
classifications by lane: four-lane 
facility at level of service A. 
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LANE DISTRIBUTION WITHIN VEHICLE CLASSIFICATION 

U.S. e~1stcu1:iry units onl y.) The average dan1age fac
tors for Kentucky traffic from 1958 through 1975 for 
each vehicle classification are given in Table 1. 

3. Estimate the lane distribution (LD1) for highways 
that have four or more lanes for each vehicle classifica
tion. Figure 1 shows a typical set of factors for each 
vehicle classification [s ingle unit: two axles, four tires 
(SU2A4T); s ingle unit: two axles , six tir es (SU2A6T); 
s i ngle unit: t lu·ee axles (SU3A); combination unit : Urree 
axles (C3A) ; combination unit: four axles (C4A); combi 
nation unit : five axles (C5A); and automobiles aud 
pickup trucks] for level of service A on a four-lane fa
cility (2); similar figures have been developed for other 
levels of service and six-lane facilities (!, ~. 
_ 4_.._lp_r a._ch y_e.ar ,_..calculate the..ilUlilber of- 80.-kN 
EALs by using Equation 2. 

"m 
EAL= 365 x AADT x L [Ci x DFj x LDd (2) 

i= l 

where 

AADT = annual average daily traffic and 
n0 = maximum number of vehicle classifications 

used. 

5. Add the EALs calculated in step 4 for each year 
since the pavement was opened to traffic to determine 
the total estimated EALs to date . 

6. Plot the total EALs for each year against the year 
or fit an equation to the data. 

7. Determine the design EAL. If the g1·aphical 
method was used in s tep 6, dr aw a trend l ine thr ough the 
data a nd pr oject to the design year; if an equa tion was de
veloped in s tep 6, s olve it. 

Volumes and Percentages of Trucks 

This procedure should be used to estimate the number of 
80-kN EALs when the only data available are the traffic 
volume and the percentage of trucks in the traffic stream. 

1. Obtain the volumes from hand counts, recorded 
machine-counts ,- 01• published AA-DT maps-;- -

2. Obtain the percentage of trucks from classifica
tion counts made by survey teams. 

3. From the W-4 table for a particular year, obtain 
the average number of axles per truck (APT) by using 
Equation 3. 

n 

APT = L A1 x TJET; (3) 
i = 1 

where 

A1 = number of axles for vehicle classification i, 
T 1 = number of trucks in vehicle classification i, and 

n =total number of vehicle classifications in the 
W-4 table. 



4. From the W-4 table for a particular year, obtain 
the average axle load (AAL) by using Equation 4. 

m 

AAL= l; [Nix ALi]/[Ns+ NT] 
j=I 

where 

Nl =number of axles in load category j, 
AL3 =axle load for load category j, 

m =number of load categories in the W-4 table, 
Ns = number of single axles, and 
Nr =number of tandem axles. 

(4) 

This provides only an approximation of the average axle 
load because actual axle loads may range from 8.9 to 
267 kN (2000 to 60 000 lbf) depending on the axle con
figuration and truck s tyle. 

5. Calculate the damage factor (DFAAL) for the average 
axle load by using Equation 5. 

DFAAL = 1.2504(AAL- I•) (5) 

Errors involved in using this equation are minimal com
pared with those involved in predicting traffic volumes. 

6. Obtain the lane-distribution factors from the ap
propriate portion of Table 2. 

7. Plot graphs as a function of time or fit equations 
to the data for the following parameters: volume, per
centage of trucks, APT, AAL, and lane-distribution fac-

Table 2. Lane distributions at different levels of service. 

Four-Lane 
Facility 

Level of 
Six- L3;11e Facility 

Service Level of Service 

Lane A B A 

Shoulder 95 90 28 
Center 45 
Median 5 10 27 

Figure 2. Relationship between 
AADT and vehicle-classification 
percentages. 
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tors. From the graphs or equations, obtain the data for 
missing years by interpolation and projection. 

8. Determine the EAL for each year by using Equa
tion 6. 

EAL= [(percentage automobiles x DFA) +(percentage t rucks 

x APT x DFAAdl x AADT x 365 (6) 

where DFA =damage factor for automobiles. Cumulate 
the EALs calculated for each year since opening to traf
fic plus the projections to estimate the total EALs that 
will be applied to the pavement through the design year. 

Annual Traffic Volumes 

This procedure should be used if the only data available 
are those that can be obtained from historical AADT files 
or maps. 

1. Convert the AADT values shown on the maps to 
one-way values, plot those values against the year, fit 
a smooth curve to the data, and project to the design 
year. 

2. Use Figure 2 and the estimated AADT for each 
year to obtain the percentage of each vehicle classifica
tion (C1). 

3. Obtain the average damage factor for each vehicle 
classification by using the procedure described above or 
Table 1. 

4. From the appropriate portion of Figure 1 [or, for 
other levels of service and for six-lane facilities, the 
curves given by Southgate and others (2)], obtain the 
l a.ne-disfribution factors (LD1) for each vehicle classi
fication. 

5. Calculate and cumulate the EALs by using Equa
tion 7. 

p 

l; EAL= AADTk x C; x DF; x LD; x 365 (7) 
k • I 

where 

\ 

k = year in question minus year opened to traffic and 
p = maximum year minus year opened to traffic. 
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Figure 3. Relationship between 
roughness and time. 
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6. Review the estimated total EALs for the design 
year and determine whether additional lanes or alterna
tive routes should be considered. 

Compound-Interest Equation-

If there are no volume data that seem appropriate for the 
facility under investigation, estimate the traffic volume 
by using the compound interest equation. 

AADTk = AADT1 (1 + r)P (8) 

where 

r = yearly growth factor and 
p =number of years from the beginning. 

Sum the AADTks through p years to estimate the total 
traffic over the design life. 

CRITERIA FOR OVERLAY DESIGN 

The proposed curves for thickness design (2) are the 
same as the curves for thickness design of new pave
ment-s. These-design curves are based,on elastic theory 
and permissible values of strains. The normal inputs 
into the ovru:lay design p1·ocedure are a CBR value (or 
subgrade modulus), a design or projected number of 80-
kN EALs, and the existing or equivalent crui;hed-stone
base [dense-graded aggregate (DGA)] thickness. For a 
constant DGA thickness, increasing the ratio of the AC 
thickness to the total thickness directly increases the 
AC thickness. Thus, the change in AC thickness is the 
AC overlay thickness. 

METHOD FOR OVERLAY DESIGN 

The following procedure can be used to design the thick
ness of an AC overlay to be applied to an existing AC 
pavement. 



Figure 5. Relationship between 
serviceability index and (a) present worth 
of pavement structure after beginning of 
disintegration and (b) designed fatigue life. 
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Figure 6. Relationship between percentage 
of net worth of pavement after beginning 
of disintegration and percentage of design 
thickness. 

Figure 7. Relationship between total design 
thickness and percentage of total thickness due to 
AC. 
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1. Determine the estimated number of 80-kN EALs 
(accumulated and projected) by the most appropriate 
method. 

2. Use pavement-roughness measurements (51 8) to 
estimate the present serviceability index (PSI) and use 
this in turn to estimate the residual value (present 
worth), or remaining life, of the existing pavement 
structure. There are several methods of estimating 
the roughness index (RI): (a) historical RI data can be 
compiled for each project and plotted against time to ob
tain an estimation of when the critical RI might be ex
pected [Figure 3 (.!!.)shows an example of this procedure]; 

PERCENT OF DESIGN THICKNESS 

(b) if no RI data exist for the particular pavement, RI 
tests can be made; and (c) in lieu of RI tests, a Mays ride 
meter can be used to test the pavement for roughness 
and the Mays ride meter value (x) used to obtain the ap
proximate RI value: 

RI= 2.33 X+l80 [.;; 1975 (Q)} 

RI= 3.20X + 212 [> 1976 (i)} 

(9a) 

(9b) 

3. Convert the RI values to the estimated PSI by 
using Figure 4 (~ 8). 

4. Estimate the existing pavement thicknesses from 
historical files or by using a road rater ( 5) or Dynailect 
to determine an effective structure. If the road rater or 
Dynaflect is used, go to step 7. 

5. After determining the PSI, estimate the present 
worth or residual value of the existing pavement struc
ture from Figure 5 (5, 6). 

6. Use the present worth of the pavement structure 
as determined from step 5 in Figure 6 and determine the 
adjustment factors (5) appropriate to the layers of the 
pavement system. -

7. Obtain the equivalent layer thicknesses by using 
the adjustment factors obtained in step 6 and the original 
thickness obtained in step 5 in Equation 10. 

Total equivalent thickness= (AFAc x AC thick11 ess) + t(AFoGA 

x DGA thickness) (I 0) 

where 
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Figure 8. Simplified 
thickness-design curves : 
thickness of AC layer = 
(a) 33, (b) 50, and (c) 67 
percent, respectively, of 
total pavement thickness. 
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Figure 8. Continued. 
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10' '°' REPETITIONS OF 18-KIP AASHO AXLELOADS 

Figure 9. Coal-haul special truck. 

AFAc =adjustment factor for AC and 
AFoaA =adjustment factor for DGA. 

8. Develop a design thickness curve by using the 
present-worth thickness of the DGA as the basic thick
ness (curve A of Figure 7) and determine the total thick
ness for the various AC-thickness percentages of the 
total thickness by using Equation 11. 

Total thickness= 100 x adjusted DGA thickness 
+ (100 - percentage AC of design thickness) (11) 

9. Determine the CBR design value for the subgrade 

by using a laboratory test, a soils survey, or a nonde
structive testing i ns trument such as the Dynaflect, the 
falling weight deUectomete1·, or the road rater (5). In 
Kentucky, the weakest in-place subgrade modulus value 
as determined from dynamic tests is recommended for 
designing overlay thicknesses. 

10. Use the number of EALs estimated in step 1, the 
CBR design value estimated in step 9, and Figure 8 to 
determine the design thicknesses. Plot these values 
against the AC percent of the total thickness as illus
trated by curve B in Figure 7. [Figure 8 can also be 
used to determine the design thickness for a pavement 
that uses new material (; ~).] 

11. Determine the total pavement thickness (existing 
pavement and overlay) from the intersection of curves 
A and B in Figure 7. 

12. Determine the overlay thickness by using Equa
tion 12. 

Overlay thickness = total thickness (from step 11) 

- total equivalent thickness (from step 7) 

EVALUATION OF AN OVERLAID 
PAVEMENT 

(12) 

KY-33 is an access road to an electrical generating plant 
that uses coal as fuel and water from the Kentucky River 
for cooling. Future plans call for building a facility on 
the river for unloading coal barges and transferr ing the 
coal by truck to the plant over KY-33. Such a change in 
traffic conditions will require an appropl'iate upgrading 
of the pavement structure to support the anticipated loads. 
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The following assumptions were made: 

1. The space available at the river will limit the 
siZe of trucks to single three-axle units [coal-haul 
specials (see Figure 9)]. 

2. This size and style of truck has a tandem rear 
axle, an empty loading of approximately 133.4 kN (30 000 
lbf), and a gross loading capacity of 311.4 kN (70 000 lbf). 
A typical vehicle has a front axle load of 66. 7 kN (15 000 
lbrl and a rear tandem axle load of 244. 7 kN (55 000 lbf). 
Its equivalent damage factor per trip is 22.5 EALs. 

3. The capacity of the unloading machinery will be 
limited to 6 trucks/h (48 trips/day). 

4. A barge will be located at the facility 12 5 working 
days a year. 

5. The design should last for six years. 
6. Volume of automobile traffic is considered to be 

relatively insignificant for this location. 

The calculated number of 80-kN EALs is 48 trips/day x 
125 clays/year x 6 years x 22.5 EALs/trip = 4 810 000 
EALs. 

The Kentucky road rater was used to measure the de
flections of the existing pavement. Historical records 
were searched to determine the thickness of each layer. 
Cores were taken at the test sites. Elevations were 
measured on 305-mm (12-in) intervals across the pave
ment at each test site. Surface temperature, time of 
day, frequency of testing, and road rater deflections 
were measured at each site. A compilation of the data 
recorded for one test site on KY-33 is shown in Figure 
10. In this figure, the unadjusted field measurements, 
the layer thic1messes, and the mean air temperature for 
the previous five days (which can be obtained from U.S. 
Weather Bureau records) are shaded. 

The method described by Sharpe in the previous paper 
of this Record and by Southgate (6) was used to evaluate 
the pavement. A temperature distribution for the AC 
layer was obtained by using the pavement surface tem
perature, the time of day, and the five-day mean air tem
perature. A corresponding distribution of moduli was ob
tained by using Figure 2 of Sharpe's paper. The mean 
pavement temperature and AC modulu::; were determined 
and used to select the appropriate factor to adjust the 
field-measured road rater deflections to the reference 
conditions [ 21°C (70°F), 25 Hz, and E1 = 8.27 GPa 
(1 200 000 lbf/in2

)]. The mean pavement temperature, 
mean pavement modulus, the adjustment factor, and the 
road rater deflections adjusted to the reference condi
tions are shown in the unshaded areas in Figure 10. The 
graphs of temperature and modulus against pavement 
depth (temperatw·e and modulus distributions) that were 
used to determine the mean pavement temperature and 
mean modulus are shown in Figure 11. 

The relationship between the no. 1 sensor deflection 
and the no. 1 projection is shown in Figure 12a. The 
tl!._go ·eJicaLi.:.elationshlp...bet\'l.tte.n. r.oac.Lr.ater....deflections 
and subgrade modulus of elasticity for the no. 1 and no. 
2 sensors is shown in Figure 12b. These graphs illus
trate these relationships for the layer thicknesses, as 
determined from core measurements, and the reference 
conditions. Field-measured deflections adjusted to ref
erence conditions are indicated by points. By using Fig
ure 12b and the field-measured road rater no. 2 sensor 
deflections adjusted to reference conditions, the subgrade 
modulus corresponding to the no. 2 sensor deflection can 
be determined by using the line labeled "no. 2 sensor 
theoretical relationship," and this estimated subgrade 
modulus can be used to plot the no. 1 sensor deflection. 
The relationship between the field data for no. 1 sensor 
deflections and estimated subgrade moduli can be com
pared with the theoretical relationship . If the field de-

flections and the estimated subgrade moduli agree with 
the theoretical values for the original structure, the 
pavement is performing as expected. If pavement per
formance (deflections) does not agree with the original 
theoretical structure line, the pavement is performing 
as a thinner, effective structure. The relationship be
tween the no. 1 measured (field) deflections and the cor
responding no. 1 projections shown in Figure 12a can be 
used to identify variations in the pavement structure by 
comparing field data with the theoretical relationship. 

The measured deflections and corresponding estimates 
of subgrade modulus (Figure 12b) do not ag1·ee with the 
theoretical relationship. The thinner, effective struc
ture can be determined in the following way: A parallel 
line offset to the theoretical structure line (logarithm of 
the deflection versus logarithm of the subgrade modulus) 
is drawn through the field point of greatest magnitude. 
Then, the ratio of deflection (R) for field behavi01· to that 
of theoretical behavior is calculated for a constant sub
grade modulus and this ratio is used to determine the 
effective or behavioral layer thicknesses. For the ex
ample shown in Figure 12b, the original layer thicknesses 
were determined l>y cores to be 114.5 mm (4. 5 in) of AC 
on.127 .0 mm (5.0 in) of DGA. However, the pavement 
was effectively behaving as 81 mm (3.2 in) of AC on 122 
mm (4.8 in) of DGA. 

Estimation of an effective structure is an iterative 
process. The first step involves an estimation of the 
effective structure. This step is accomplished by using 
the ratios of the deflections for field behavior to the de
flections for the theoretical structure. The second step 
involves a comparison of field behavior with the theo
retical behavior of the effective structure. This step is 
accomplished by completing a second analysis of the field 
data using the effective structure as the basis for the 
analysis. A new mean pavement temperature and modulus 
should be computed and used to determine the associated 
deflection adjustment factor. The original road rater de
flections can now be adjusted to the reference conditions 
and used to estimate subgrade moduli. Field-measured 
no. 1 sensor deflections can be plotted against the pre
dicted subgrade moduli and compared with the theoretical 
reiationship for the effective structure. The data used to 
complete the estimation of the effective structure of the 
pavement described in Figure 10 are shown in Figure 13 
and illustrated graphically in Figure 14. As Figure 14a 
indicates, all portions of the pavement structure are per
forming as expected. As can be seen from Figure 13b, 
the field deflection measurements are very nearly dupli
cated by the theoretical relationship for the effective 
structure of 81 mm of AC on 122 mm of DGA. If, for 
some reason, the field behavior does not agree with the 
theoretical behavior for the effective structure, then the 
estimation procedure is repeated until field behavior is 
duplicated by theory. 

The line offset to the theoretical deflection-subgrade 
modului;i Hne-tl1rough-the-point-of g:i·eatest-magnitude 
provides a shortcut procedure that reduces the number 
of iterations. Investigations (6) have shown that this 
shortcut can reduce the number of iterations to one. 

Approximately three months after construction of the 
overlay, the road rater was used to reevaluate the test 
site on KY-33. Elevations were taken at the same inter
vals across the pavement as before and were used to de
texmine the average overlay thickness. The average 
overlay thickness was 76 mm (3.0 inL The procedure 
described above was used to analyze the road rater test 
data. The field data used are shown in Figure 15. The 
layer thicknesses used in evaluating the after-overlay 
data consisted of the residual or effective layer thick
nesses before overlay plus the overlay thickness. The 
effective structure after overlay is 158 mm (6.2 in) of 



Figure 10. Road-rater-data sheet: site no. 1 on KY-33-
test data and analysis before overlay and assuming 
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Figure 11. Distributions of temperature and modulus 
of elasticity with depth of AC: site no. 1 on KY-33 
before overlay. 
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Figure 12. Analysis of road rater data (data from Figure 10): site no. 1 on KY-33 before overlay. 
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Figure 13. Road-rater-data sheet: site no. 1 on KY-33-
test data and analysis before overlay assuming adjusted 
effective layer thicknesses as determined in Figure 12b. 
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Figure 14. Analysis of road rater data (data from Figure 13): site no. 1 on KY-33 before overlay. 
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Figure 15. Road-rater-data sheet: site no. 1 for KY-33-
test data and analysis after overlay assuming adjusted 
effective layer thicknesses as determined in Figure 12b 
plus overlay thickness. 
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Figure 16. Distributions of temperature and modulus of 
elasticity with depth of AC: site no. 1 on KY-33 after overlay. 
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Figure 17. Analysis of road-rater-data sheet (data from Figure 15): site no. 1 on KY-33 after overlay. 
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AC on 122 mm (4.8 in) of DGA. Temperature and moduli 
distributions and the associated mean pavement tempera
ture and modulus were determined. The mean pavement 
temperature and modulus were used to determine the de
flection factor needed to adjust the field deflections to 
reference conditions. Plots of temperature and AC mod
ulus distributions are shown in Figure 16. The relation
ships between measured and projected deflections and 
subgrade moduli for both theory and field behavior are 
shown in Figure 17; the after-overlay test data shown 
in Figure 17b indicate a behavior equivalent to the ef
fective structure plus the overlay thickness. 

SUMMARY 

A system for the rational design of an AC overlay has 
been presented in a step-by-step format. Evaluation of 
one of many test sites has been presented to illustrate 
the before-and-after conditions and the agreement be
tween the test data and .the theory. 
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Overlay Design Based on Falling Weight 
Deflectometer Measurements 
R. C. Koole, Koninklijke/ Shell-Laboratorium, Amsterdam 

The technique used for measuring deflections in an asphalt pavement by 
means of a falling weight deflectometer is described in some detail. Two 
models of the deflectometer that have different force ranges have been 
developed at Koninklijke/Shell-Laboratorium, Amsterdam. The deflecto· 
meter is used for the routine evaluation of pavements. The data it pro· 
duces are of sufficient quantity and quality to serve as input for an analy
tical method of overlay design. The validity of the data and the inter
pretation method has been verified by wave-propagation measurements. 
The basic principles of the new Shell design method are outlined, with 
specific reference to the determination of overlay thicknesses. It is 
shown that the required thickness of an overlay depends on one of two 
criteria, subgrade strain and asphalt-fatigue strain, and that all designs 
must be checked to determine which of the two criteria is the limiting 
one. To illustrate this, several examples are given. Some possible re
finements to the basic overlay design procedure are discussed, such as 
the incorporation of various mix characteristics and the procedure for 
use if the type of mix to be used for the overlay differs significantly 
from that of the existing pavement. 

The economic growth of the 1950s and early 1960s was 
accompanied by rapid expansion of the existing road net
work in almost all of the countries of North America and 
western Europe. Many of the roads constructed at that 
time, however, are now nearing the end of their struc
tural design lives and in need of major repair. 

The structural strength of a pavement refers to its 
ability to limit strains to such an extent that, during its 
design life, virtually no cracking occurs in any part of 
the structure and there is no excessive permanent de
formation in the subgrade. 

Structural strength is not the only factor that deter
mines the serviceability of a road. Skid resistance and 
rut depth, for example, are also important in determin
ing the acceptability of a pavement as a riding surface. 
The recently published Shell Pavement Design Mauual (1) 
specifically recognizes that rut depth due to permanent -
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deformation of the asphalt (and the prediction thereof) is 
a separate criterion; this has been discussed in several 
other publications, for example, Van de Loo (2). This 
paper is concerned solely with structural aspects. 

First, a method is discussed that enables the road 
engineer to determine, in situ, those factors from which 
the mechanical properties of an existing pavement can be 
determined. This method is based on deflections mea
sured with an instrument known as a falling weight de
flectometer (FWD). 

Second, the way is discussed in which these mechani
cal properties can be used as a basis for a quantitative 
determination of the residual life of an existing pavement 
and of the s trengthening measu.res (in terms of overlay 
thickness) that 1nay be required for the desi.red Iuture 
service life. 

Most nondestructive techniques for testing flexible 
pavements are based on measurements of deflections of 
the pavement under a known load. Empirical techniques 
of interpretation derive overlay thicknesses more or less 
directly from the deflection amplitude. More analytical 
techniques use this amplitude to determine certain pa
rameters significant for the design life of the pavement 
(e.g., moduli of elasticity of the component layers of the 
pavement) and then use these parameters in a design 
model to calculate the thickness of overlay required. 

Falling weight deflectometers, which have been used 
at the Koninklijke/Shell-Laboratorium in Amsterdam 
over the past three years, have proved to be particularly 
suitable for the routine evaluation of pavements. At the 
same time, the information they yield about the mechani
cal properties of a pavement provides a sound basis for 
the calculation of the overlay thickness required, for 
example, by using the Shell design method. 

The technique used for interpreting the FWD mea
surements has been validated on a number of pavements 
by wave-propagation measurements with the heavy road
vibration machine, the development of which began at 
Amsterdam some 35 years ago, and with the Goodmans 
vibrator. 

Preferably, pavement properties determined by a pave
ment evaluation technique should be used in an analytical 
pavement model from which the required overlay thick
nesses for a given future design life can be quantified. 

The pavement model that provides the basis for the 
method described in the Shell Pavement Design Manual 
is a three-layer structure: an upper asphalt layer, a 
middle laye1· of eithe1· unbound or bow1d material, and 
a lower subgrade l ayer. Previous publica tions (3, 4) have 
discussed the details of the method and its pres entation 
extensively. In this paper, therefore, only a brief out
line is given of the pavement-design principles; the dis
cussion is limited to the part concerned with overlay de
sign. It is stressed that, in the three-layer design 
model, there are two criteria that may govern the de
sign-subgrade strain and asphalt strain-and an overlay
thickness design must be checked for each criterion 
separately. To illustrate this point, several examples 
are given. 

Asphalt-mix properties can dilier widely; moreover, 
the properties of the mix to be used for an overlay are 
not necessarily those of the existing pavement. Thus, 
the design method includes a procedure by which allow
ance for differing mix characteristics can be incorpo
rated in an overlay design. 

MEASURING DEFLECTIONS WITH THE 
FALLING WEIGHT DEFLECTOMETER 

The basic pr inciple of the FWD, as described by Claessen 
(5), is that of a mass falling on a footplate that is con-
1l0cted to a baseplate by a set of springs (see Figure 1). 

The peak force (F) thus exerted on the pavement is 

where 

M = mass of the falling weight (kg), 
h = drop height (m), and 
k =spring constant (N/m). 

(I) 

There are several methods of varying the magnitude 
of the maximum force. 

1. Changing the mass of the falling weight: This is 
impractical for routine investigations where many mea
surements must be made as quickly as possible to obtain 
a meaningful impression of the pavement under investi
gation rapidly. 

2. Changing the drop height: This is feasible for 
routine investigations if the design of the mechanical 
method of setting the drop height permits it. 

3. Changing the spring constant: When mechanical 
springs are used, the only way to do this is to substitute 
a set of springs that have different characteristics (which 
is not normally feasible in the course of routine investi
gations). 

Both changing the mass and changing the springs also 
affect the pulse width of the force. This means that, if 
a constant pulse width at different force levels is re
quired and the method by which the force is changed is 
by substitution of a different mass, there must also be 
a change of springs. 

It is obvious, therefore, that the most practical way 
to change the force level is to change the drop height. 

It should be noted that Equation 1 assumes a linear 
spring constant, which is not correct for rubber springs. 
However, a linear spring constant can be assumed if only 
a small range of the spring characteristic is used (see 
Figure 2). 

The Koninklijke/Shell-Laboratorium currently uses 
two automated FWDs. The first, shown in Figure 3, has 
been in use since 19'75 and drops a ruass or lGO kg from 
a height that can be varied from 0.04 to 0.40 m. The 
peak force exerted on the pavement can thus be varied 
from 15 to 48 kN, a force level representative of the 
actual wheel loads of most commercial vehicles. 

The characteristic of the set of springs has been 
chosen in such a way that a pulse width of 0.028 s is 
produced. Numerous measurements on actual pave
ments have shown that this corresponds to the pulse 
width produced by commercial traffic traveling at ap
proximately 60 to 70 km/h. 

The second, shown in Figure 4, has been developed 
and constructed recently for use on heavy pavement 
structures, e.g., airfield pavements. It drops a mass 
of 407 kg from ::i height. i;;At. hAtwAAn 0.04 and 0.40 m and 
exerts a force that varies between 40 and 125 kN at the 
same pulse width of 0.028 s. To improve its versatility, 
this FWD also has a 240-kg mass that is kept in reserve 
and, together with a set of springs with modified charac
teristics, covers a peak-force range of 23-90 kN, again 
at the 28-s pulse width. 

The same measuring technique {and i.nte1·pretation of 
results) is used for both FWDs. The effect of the force 
exerted is to deflect the pavement under and around the 
area of loading. The deflection in the center of the area 
is a function of the properties and dimensions of the 
pavement structure but, as is illustrated in Figure 5, 
tills is not sufficient for an exact interpretation because 
pavements that have entirely different deflection bowls 
and thus entirely different pavement properties can very 



well show the same deflection in the center of the area 
of loading. Therefore, in addition to the deflection at 
the center of the area of loading (110) the deflection at 
at least one other point must be measured. This point 
can be chosen arbitrarily but in routine investigations is 
usually fixed at 0.3, 0.6, 1.0, or 2.0 m, depending on 
the type of pavement structure. 

The interpretation of the measurements requires two 
deflection values: the deflection at the center of the area 
of loading and a deflection value approximately half this. 
The distance (r) from the center of the loadin~ area at 

Figure 1. Schematic representation of falling 
weight deflectometer. 

Figure 2. Spring characteristic: rubber springs of 
second falling weight deflectometer. 
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Figure 3. First falling weight deflectometer. 
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which this latter value is found must also be known. A 
sensitivity analysis has shown that the interpretation 
technique yields the most accurate results on the basis 
of these two deflections. 

The deflections are measured by velocity transducers 
(geophoues). The transducers use the inertia of a mass; 
because their 01·iginal (precleflection) position serves as 
reference, they do not require any rigid support from a 
base outside the deflection bowl. 

The deflection signals are projected on a screen in 
the instrumentation van, where they are evaluated by an 
operator for acceptability before being printed on a con
tinuous paper sheet or stored on magnetic tape for later 

Figure 4. Second falling weight deflectometer. 

Figure 5. Schematic representation of pavement 
deflection. 

Figure 6. Schematic representation of a 
pavement structure under a test load. 
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automated processing (or both). 
Every deflection measurement is accompanied by an 

indication of the location of the measuring point. The 
force level, pulse width, and asphalt temperature are 
checked at intervals and recorded. 

The force level and pulse width are measured by an 
accelerometer that can be attached to the falling mass. 
The accelerometer registers the deceleration of the mass 
after it has hit the footplate. 

The temperature of. the asphalt pavement under in
vestigation is measured at regular intervals in the course 
of the day. This is done by taking a temperature reading 
of a spike that is shot into the asphalt to a specific depth 
by using a special gun developed for building practice. 
Experiments have shown that the heat generated by in
sertion of the spike dissipates in less than one minute, 
which makes this method of measuring asphalt tempera
ture practicable for routine use. The unsatisfactory 
method of estimating the asphalt-:iayer temperature from 
a measured surface temperature is thus avoided. 

The temperature measurements are used for estimat
ing the modulus of elasticity (E) of the asphalt pavement 
from known mix characteristics; normally, the values 
obtained by this route are accurate enough. If, however, 
a higher degree of accuracy is required, the E-modulus 
of the asphalt pavement can be determined by high
fr equency (80-3000 Hz) wave-propagation measurements. 
For this purpose, both FWD carriers also contain Good
mans vibrator equipment. However, this procedure is 
rather time consuming and it is therefore not used unless 
the higher accuracy is specifically required. 

INTERPRETATION OF FALLING 
WEIGHT DEFLECTOMETER DAT A 

The pavement structure is schematized as a three-layer 
model, as shown in Figure 6. The top layer represents 
the asphalt layer, the middle layer represents the base 
materials , be they granula1· (unbound) or cementitious 
(bound), and the third layer, taken as being of infinite 
dimensions, represents the subgrade or original soil. 

The materials of which the separate layers consist 
are assumed to behave in a linear elastic \'.ray; this ha.s 
proved an acceptable assumption for tl1e (short) loading 
times in question. The layers are further characterized 
by the following properties: 

1. For the asphalt layer, an .El-value (E1 or Sm1.), a 
Poisson's ratio (vJ, and a layer thickness (h1); 

2. For the base layer, an E-value (E2), a Poisson's 
ratio (vi), and a laye1· thickness (h2); and 

3. For the subgrade layer, an E-value (E3), and a 
Po.isson's ratio (v3) (the layer thickness is taken as in
finite). 

If these values are known, the stresses and strains, 
and thus the shaJ!e of the deflection bowl of a J;!avement 
under a glven loicff6), can be calculated,- for examp-le 
by using the BISAR computer progl'am (7 , 8). 

In the interpretation of the FWD measurements, some 
of these values a.re assumed or estimated as closely as 
possible from coring or from existing records (e.g., con
struction reports). The Poisson's ratios and the layer 
thicknesses of the base layers are assumed because 
small variations in these values have little effect. The 
E-moduli of cementitious base layers can be derived 
from past experience or measurements. Actually, the 
unbound base layers will show an increasing modulus 
from the subgrade up. This range of moduli can be re
placed by an effective modulus of the total unbound base 
layer that is a function of the subgrade modulus E3: 

(2) 

where ha is in millimeters and is subject to the limits 
(2 s: 0.2 x hg· 45 s: 4). This effective modulus can only be 
used for calculation of stresses and strains in layers 
other than the unbound base layer itself. 

In the normal interpretation procedure, the E
modulus of the asphalt layer is determined fl•om the 
stiffness (E1) modulus of the asphalt mix and the tem
perature of the asphalt during the FWD measurements, 
provided that the type of mix used is known or can be es
timated very closely [for example, by using a nomo
graph given in the Shell design manual (1)]. Determin
ing the E-modulus of the asphalt layer by wave
propagation measurements is recommended only in 
cases where the greater accuracy is specifically re
quired. 

The remaining two pavement properties-the thickness 
of the asphalt layer and the subgrade modulus-can be 
calculated from the measured values of Oo/F and ·oJF 
(whe e F is in Newtons and 1io and Ii, are in 10-10 meters 
per Newton) . The value of the asphalt-layer thickness 
thus calculated is called the effective asphalt-layer thick
ness (h, .rr) because it incorporates and compensates for 
errors in the estimation of the stiffness modulus of the 
asphalt layer and/or the deterioration of the asphalt 
layer . . 

Another feasible procedure would be to use the actual 
asphalt-layer thickness (from cores or old records) and 
calculate the effective E-modulus of the asphalt layer. 
The two procedures do not differ significantly. 

It is not possible to determine the residual life of a 
pavement solely from deflection measurements. The 
reason for this is shown in Figure 7. The change in E
modulus as the number of load repetitions increases has 
been observed in laboratory fatigue tests and is corrobo
rated by deflection measurements in practice. Deflection 
values are almost constant over a long period; however, 
when the pavement approaches the end of its design life, 
the deflections increase quite sharply. It is, however, 
possible to determine the original design life, in terms 
of the number of repeated applications of a standard axle 
lo:::.d. This is the rcasoi: that thG standard F\VD practice 
is to make the measurements at points where traffic load
ing is slight (such as between the wheel tracks). 

Occasionally, a check is made by measuring the de
flections in one of the wheel tracks. If the deflection 
values measured in the wheel track are significantly 
larger than those measured between the wheel tracks, 
this is a definite indication that the pavement is approach
ing the end of its service life. 

For a len°th of road pavement, the average values of 
1io and o,/1io (Q.) are calculated (see Figure 8}, together 
with their standard deviations. Next, the 85th percentile 
value of 00 and the 55th percentile value of Q, are calcu
lated. Then, these and the known value of Ei are com-
P. ·ed vi h_a .. a.e_.r.· es .. of inte,l"px:_etation _g1·apbsJ0Lwhicb _ 
Figure 9 is an example) to determine the values of E3 
and hi. The value of h1 obtained in this way should be 
interpreted as the effective asphalt-layer thickness (h, .rr) . 

Formerly, the interpretations of all possible combi
nations of 15th and 85th percentile values of Oo and Q, 
were checked in terms of the corresponding required 
overlay thickness. However, experience has shown 
that, in nearly all structures, the 15th percentile value 
of lio in combination with the 85th percentile value of Q, 
leads to a safe overlay design. 

Interpretation graphs such as that shown in Figure 9 
are based on the results of several BISAR computer 
program calculations. 



VALIDATION AND EXAMPLES 

There have been several experiments performed with the 
FWD to check the validity of the results obtained by using 
the method of interpretation described above. Some of 
the results are shown in Figures 10 and 11, and further 
confirmation is provided by the results of a recent ex
periment (see Table 1). Constructions 1-4 were different 
sections of the same road, constructions 5 and 6 were 
located in a second road, and constructions 7 and 8 in a 
third, all situated relatively close to each other in one 
municipality. The results of the FWD measurements 
performed on these pavements are shown in Figure 12. 

For constructions 1-6, the deflections measured at a 

Figure 7. Relationship between E-modulus and number 
of load repetitions. 

,;- w 
"O "O .. .. 
x x 

:;:: :;:: 
~ 

~ ~ .. 0 .. 
~ ~ 

w ,;: 

Number of standard load repetitions 

Figure 8. Graphical representation of ll 0 and a, . 
--lio 

--0 200 
30 

0 .8 

0 .6 

O'-~~-'-~~~ ....... ~~~....._~~~ ........ ~~--'O 
0 10 20 30 40 50 

Measuring point no. 

Figure 9. Deflection interpretation chart. 

a 

1() 

Radius of FWD base -plate ' 150 mm 

Oooo' 80001!0 
h2 =300 mm 
E2 •2 .7KE 3 
E3 =100 MPs 

r •10 000 N 
u1 = v2 = v3,.0 _.3~ 

..r 2 

70mm 

~L0~~..___.__.__,_~8~8~1~0,--......JL....._.__,__._.8......_0..._,100 

8
0

, 10- 6m 

63 

distance r = 1 m from the center of the load were used 
in the interpretation. In the case of constructions 7 and 
B, the deflection bowl was wide and shallow because of 
the thick layer of hydraulically bound slag and the de
flection at r = 2 m was used. 

In these interpretations, all the base materials were 
assumed to be unbound material to keep the interpreta
tion technique simple. The particular properties of any 
bound base materials manifested themselves in terms of 
an additional asphalt-layer thickness over and above the 
actual asphalt-layer thickness. This is obvious for con
structions 1 and 4 and even more so for constructions 7 
and 8. Also, the difference in effective thickness of con
structions 7 and 8 can only partly be explained by the dif
ference in actual asphalt thickness, which means that the 
slag in the base layers of construction 7 must have 
reached a higher degree of hydraulic binding. Thus, 
it may be concluded that there is generally good con
formity between the actual pavement thicknesses and the 
derived effective asphalt-layer thickness es. 

As an additional check, low-frequency (<BO Hz) wave-

Figure 10. Comparison between subgrade modulus 
obtained from sinusoidal-wave-propagation measurements 
(EJswl and that obtained by FWD (E3Fwol measurements. 
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Figure 12. Deflection measurements made with the falling weight deflectometer: 
constructions (I-VIII). 
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Construction 

Item 2 

Thiclmess of bitumen-bound 7 14 
material (cm) 

20 

20 

lOOm ,__,, 

30 

30 

14 

40 

40 
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14 

0 
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Measuring point no. 

b 

------ 60 

--0 200 

50 60 
Measuring point no. 

6 7 8 

24 24 15 11 

Road base material -5 cm of old pavement 10 cm of blast 20 cm of crushed Sand 5 cm of crushed 5 cm of crushed 
(cracked) on 20 cm furnace slag gravel 
of crushed gravel 

Subgrade Sand Sand Sand 
h1 • ff (FWD) (cm) 12 15 13 
E, (MPa) 

FWD 120 190 150 
RVM 

propagation measurements were performed on construc
tions 7 and 8 by using the road vibration machine (RVM) 
to determine the value of Es. The values obtained in this 
way (150 MPa) correspond fairly well to those obtained 
by using the FWD technique. [The somewhat lower value 
might be eJQ)lained by the fact that the stresses induced 
by the RVM in the subgr ade are lower (by about 50 per
cent) than those indu.ced by the FWD.) 

SHELL DESIGN CHARTS 

The Shell Pavement Design Manual published in 1978 in-

cement gravel and 30 gravel and 30 
cm of blast- cm of blast-
furnace slag furnace slag 
on 50 cm of on 50 cm of 
sand sand 

Sand Sand Sand Clay and sand Clay and sand 
17.5 27.5 25 65 35 

190 163 182 194 200 
150 150 

eludes a large number of thickness-design charts that 
can be used in the design of both new pavements and 
overlays. The design model on which the charts are 
based (and consequently the model from which the over
lay thickness can be calculated) is the three-layer model 
described above. 

The failure criteria that govern the design are three
fold (see also Figure 13): 

1. The compressive strain at the surface of the sub
grade: If this strain is excessive, permanent deforma
tion will eventually occur at the top of the subgrade, re-



suiting in permanent deformation at the pavement surface 
as well. 

2. The tensile strain in the asphalt layer: The max
imum tensile strain generally occurs at the bottom of the 
asphalt layer; if this strain is excessive, cracking of the 
asphalt layer will occur. 

3. The permanent deformation within the asphalt layer: 
This may lead to rutting to such an extent that the accept
ability of the pavement as a riding surface is impaired. 

Figure 13. Pavement design model. 
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Figure 14. Standard stiffness characteristics. 
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One of the basic principles of the pavement-design 
theory on which the manual is based is that the structural 
design life of a pavement is dependent on either the 
subgrade-strain criterion or the asphalt-strain criterion. 

In determining the thickness required for an overlay, 
the subgrade-strain and the asphalt-strain criteria should 
each be considered separately; it is quite possible that 
the design criterion that did not govern the original pave
ment design will become limiting for the overlay thick
ness. Consider, for example, a structure originally 
governed by the subgrade-strain criterion. If, after a 
certain proportion of the service life has been consumed, 
an overlay is applied, the permanent deformation due to 
both asphalt and subgrade deformation will automatically 
be eliminated and the original design life will be restored. 
However, the maximum asphalt strain must also be taken 
into account. In the original pavement, this occurred at 
the bottom of the asphalt layer. After the overlay has 
been applied, it will still occur in the same place, but 
its magnitude will be less because the pavement is 
thicker. 

The level of this asphalt strain must be low enough to 
reduce the rate of consumption of the residual fatigue 
life so that the original pavement will last the future de
sign life without cracking. This can be calculated by 
using a fictitious design life in interpreting the charts. 

The design manual contains close to 300 design charts 
that were developed on the basis of the three-layer model 
of the pavement and incorporate the criteria of subgrade 
strain and asphalt strain. The permanent-deformation 
criterion is not incorporated in the charts and must be 
dealt with by a separ ate p r ocedw·e . 

In the design pl'ocedure, certain (standard) aspbalt
tnix types are used. The mix stiffness (E1 or Smr.) is 
characterized in relation to bitumen stiffness by the 
curves Sl and S2 as shown in Figure 14, and the fatigue 
behavior is standardized as Fl and F2 as shown in Fig
ure 15. Two standard grades of bitumen-hardened 50 
and 100 pen-are used; their properties are given below. 

Bitumen 

50 pen 
100pen 

T BOO pen 
(OC) 

59 
53 

Pen25 Penet ration 
(0.1 mm) Index ----
35 0 
60 0 

Thus , charts are generally given for eight different 
standai·d mix codes (all possible combinations of Sl or 
S2 with Tl or F2 and 50 or 100 pen bitumen) ; for example, 
a mix that has good stillness behavior (an E-modulus of 
Sl) and good fatigue behavior (Fl) made with 45- 60 pen 
bitumen would be represented by the mix code Sl-Fl-50. 

Other input parameters for design are subgrade mod-
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Figure 16. Axle-load conversion. 
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repetitions of a standard axle load of 80 kN. Any given 
axle spectrum can be converted into an equivalent num
ber of 80-kN standard axle loads by using the graph il
lustrated in Figure 16. Based on 80 kN = 1.00, this 
curve represents the relative damage done to the pave
ment by an axle load different from 80 kN. 

The climate is introduced as a weighted mean annual 
air temperature (w-MAAT) that can be calculated from 
the mean monthly air temperatures (MMATs) by use of 
the weighting- facto1· curve shown in Figur e 17 (chart W 
of the design manual). This weighting curve was ob-

Table 2. Determination of w-MAAT. 

MMAT, Weighting MMAT , Weighting 
Month •c Factor Month •c Fa ctor 

January 1.4 0.08 September 20.3 1.1 
February 2.2 0.09 October 14.2 0.50 
March 6.7 0.18 November 8.1 0.20 
April 12.2 0.38 December 2.8 2-:..!Q 
May 18. 1 0.82 Total 8.85 
June 22.8 1.5 
July 25.3 2. 1 Avg 0. 74 
August 23.9 1.8 

tained by using BISAR calculations for a selection of 
representative multilayer pavement structures. The 
asphalt layers of these structures were further subdi
vided to account for the stiffness gradient that results 
from a temperature gradient in an otherwise homoge
neous asphalt layer. The term "weighted" thus indicates 
that the daily and monthly temperature gradients in the 
asphalt layer in a certain climate have been taken into 
account. For example, by using the data given in Table 
2 and Figure 17, the w-MAAT for Washington, D.C., is 
found to be 17.5"" 18°C. 

There are four types of design charts (see Figure 18). 

1. Type HN (see Figure 18a): This type of chart 
shows the relationship between required asphalt thickness 
and the required thickness of the unbound base layers for 
different design lives, expressed as N. There are 128 
design charts of the type HN in the manual, covering 
w- MAATvalues of 4°C, 12°C, 20°C, a nd 28°C and sub
grade moduli of 25-200 MPa. 

2. Type HT (see Figure l8b): This type of chart 
most clearly illustrates the effect of climate on design. 
In general, a warm climate requires a thicker asphalt 
layer. However, this is not always the case; for ex
ample, when the asphalt strain is the governing criterion, 
the larger permissible asphalt strain of the warmer as
phalt (see also Figure 15) may reverse this effect. There 
are 72 charts of the type HT in the manual. 

3. Type TN (see Figure 18c) : This type of chart 
shows the effect ui climate in a different way, making 
possible, for example, the extrapolation of an empirically 
proven construction to a different climate. There are 
48 charts of the type TN in the manual. 

4. Type EN (see Figure 18d) : This type of chart is 
useful not only for extrapolating asphalt thicknesses to 
areas that have different subgrade moduli, but also for 
the determination of overlay thicknesses. There are 48 
charts of the type EN in the manual. 

In principle, all four types of chart can be used for 
both the determinat ion of overlay thicknesses and the 
design of new pavement structures. The presentation 
of a given type of information in different ways means 
tha t, whate.ver the..:foi:.m- in-which-a-pr oblem manifests 
itself, the designer should be able to find the answer in 
a reasonably direct manner. 

USE OF FALLING WEIGHT 
DEFLECTOMETER DATA 
WITH THE SHELL 
DESIGN CHARTS 

The charts most frequently used for overlay design are 
those of the type EN, which are very suitable for the 
purpose. Because the number of charts had to be limited 
for practical reasons, there are EN charts for unbound
base-layer thicknesses of 0 and 300 mm only, for cli
mates that have w-MAATs of 12°C, 20°C, and 28°C only. 
For other thicknesses of unbound-base layers and other 
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Figure 18. Example design charts: (a) type HN, (b) type HT, (cl type TN, and (d) type EN. 
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climates, therefore, charts of the type EN must be con
structed by interpolation of values read from charts of 
the type HN, HT, or TN. (The manual makes provision 
for this by supplying blank EN charts in the form of EN 
chart grids on a transparency.) 

If the value of h2 is known or can be assumed and the 
values of E3 and hi .rr of the pavement can be established, 
for example, from interpretation of the FWD measure
ments, the original design life of the pavement can be 
determined from a chart of the type EN. 

This is illustrated in Figure 19 for a climate that has 
a w-MAAT of 15°C (which means that interpolation is 
necessary). If the mix code of the asphalt of the existing 
pavement is Sl-F2-100, h2 = 200 mm, the calculated 
E3 = 40 MPa, and the calculated hi .rr = 190 mm, then the 
original design life of that pavement must have been 
2 000 000 passes of an 80-kN standard axle load. The 
number of standard axle passes to date can be calculated 
from data on the traffic intensity and axle-load distribu
tion by using the weighting factors shown in Figure 16. 
The residual life of the existing pavement can then be 
established, and it can be determined whether this re-

Subgrade modulus E3, Pa 

sidual life suffices or whether an overlay is needed to 
produce the required future service life. 

If an overlay is required, three separate calculation 
procedures are required: 

1. One for an overlay-thickness design based on the 
subgrade-strain criterion; 

2. One for an overlay-thickness design based on the 
asphalt-fatigue-strain criterion, taking into account the 
design life already consumed by the traffic to date; and 

3. One to check that the thicknesses derived by the 
first two calculations do not exceed the thickness re
quired when the existing pavement is taken as having de
teriorated to such an extent that it must be regarded as 
an addition to the unbound-base layers only. 

If the "check" thickness is found to be less than the 
larger one resulting from the first two procedures, it 
should be used because it is the most economical one, 
while still being adequate from the point of view of struc
tural strength. If it is not less, the larger thickness 
from the first two procedures should be used. 

Because subgrade strain manifests itself as a per
manent deformation that is automatically eliminated by 
any overlay thickness, no allowance need be made for 
traffic passed to date and the original design life (from 
the point of view of subgrade strain) is restored and even 
increased. But if, in the existing pavement, the asphalt 
strain was not critical, it is possible that, under certain 
combinations of design parameters, it may become cri
tic.al in the overlaid structure. The reason for this is that 
the maximum asphalt strain will occur at the underside 
of the existing asphalt pavement, both in the original and 
in the overlaid structure. In both cases, allowance 
should be made for the traffic passed to date, because 
this has consumed part of the asphalt fatigue life of the 
existing pavement. 

The way that the consumption of asphalt fatigue life 
is accounted for is by substitution of a design number 
(Nrn) for the actual number of standal'd axle-load repe
titions (N,.) to be expected in the i·equired future design 
period. The relationship between N02 and NA 2 can be 
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derived as follows: If the original total design life (on 
the basis of asphalt strain) is N0, and the number of 
standard axle-load repetitions that has occurred to date 
is NA,, the relative consumption of life is NA1/N01. The 
relative residual fatigue life is then 1 - NA1/N01. 

This relative residual fatigue life can be consumed by 
the number of future standard axle-load repetitions (NA2). 
If NA2 exceeds the absolute residual fatigue life (N01 -

NA1), it is clear that an overlay is necessru:y. However, 
in the overlaid structure, the maximum asphalt strain 
will occur in the same place as in the existing structure 
(i.e ., at the underside of the asphalt layer). If NA2 were 
used directly in the charts, the asphalt thickness ob
tained would be that for a new pavement, as though the 
existing pavement had not suffered any damage. 

For the purposes of overlay design, therefore, the 
notional design number (N02) is introduced. This design 
number can be regarded as a fictitious number of ex
pected future standard-axle-load repetitions that incor
porates an allowance for the proportion of the fatigue 
life of the existing pavement that has already been con
sumed. 

The value of N02 is derived from the known data on the 
basis that the relative consumption of fatigue life by NA2, 
expressed as NA2/N0,, is equal to the relative residual 
fatigue life (1 - NA 1/N0J Thus, 

(3) 

Subsequently, N02 is handled in the same way as N. 
Once the maximum, required, total future asphalt thick
ness is known, the overlay thickness can be obtained 
simply by subtracting the existing asphalt-layer thick
ness therefrom. 

The check calculation should be made to ensure that 
the overlay thickness thus obtained not only enables the 
pavement to carry the future traffic but also involves no 
unnecessary application of asphalt. This situation could 
arise in an overlay design governed by the asphalt-strain 
criterion in which the existing pavement is quite close to 
the end of its fatigue life, i.e., NA1 is approaching N01. 
In this case, the overlay thickness necessary to limit 
strains occurring at the underside of the existing pave
ment to such a degree that it will last out the future 
number of load repetitions may be excessively large. 

EXAMPLES OF OVERLAY DESIGN 

The procedure described above can best be explained by 
examples. 

Example 1 

Assume that FWD or wave-propagation measurements 
have shown that an existing pavement has an E3 of 60 MPa 
and an h1 err of 2 50 mm and that investigation of a core 
taken from the pavement indicates"that thel'llix code can 
be designated as Sl-F2-100, and that this is also the code 
for the type of mix to be used for the overlay. The cli
mate of the location can be represented by a w-MAAT of 
18°C. Old records indicate an h2 of approximately 
200 mm. 

Because the design manual gives specific charts of 
the type EN for w-MAATs of 4°C, 12°C, 20°C, and 2B°C 
only, it will be necessary to develop a chart of the type 
EN for a w-MAAT of 1B°C by interpolation of data given 
in charts of the type HT at a w-MAAT of 1B°C. This 
should be done for the two design criteria (subgrade 
strain and asphalt strain) separately for various design 
lives in terms of a number of standard axle passes (see 
Figw·e 20). Figure 20a shows the interpolated design 
chart that gives the required asphalt thicknesses based 

on the subgrade-strain criterion, and Figure 20b shows 
the design chart based on the asphalt-strain criterion. 

Inserting the FWD results (Es = 60 MPa and h1 err = 
2 50 mm) into Figure 20a gives point A, which indicates 
that the original design life based on the subgrade-strain 
criterion of the pavement (N1n,l was 18 000 000 standard 
80-kN axle loads. It can be calculated from traffic data 
that NA, is 15 000 000. This means that the residual life 
in terms of standard axle passes (NR,) based on the subgrade
strain criterion will be 18 000 000 - 15 000 000 = 3 000 000. 

Let it be assumed in this example that the road au
thority requires an overlay that will make the road pave
ment last for another 30 000 000 standard axle loads 
(i.e., NA2 = 30 000 000). It is obvious that the residual 
life of the existing pavement is insufficient. Point B in 
Figure 20a shows that a total asphalt thickness of h1 = 
290 mm will be required. Because there is already an 
h, .rr of 250 mm and any overlay will automatically elim
inate all ill effects of the old surface, an overlay thick
ness (ho) of 290 - 2 50 = 40 mm will be sufficient from 
the point of view of the subgrade-strain criterion. 

In the old construction, the maximum asphalt strain 
occurred at the bottom of the asphalt layer, and this will 
still be the case after the overlay has been applied. It 
must now be checked whether this asphalt strain will be
come the governing criterion during the future life of the 
pavement. For this purpose, the same FWD results are 
used in Figure 20b. This gives point C, the original as
phalt fatigue life (N01a) of 30 000 000 standard axle loads, 
which is thus not the gove1·ning criterion. Therefore, 
the residual asphalt fatigue life (NRa) will be 30 000 000 -
15 000 000 = 15 000 000 standard axle loads, which is in
sufficient for the future design period. 

Thus, a fictitious number of standard axle loads for 
the future design period (N02) must now be calculated by 
using Equation 3: N02 = N01, x NA2 + NR• = 30 000 000 X 

30 000 000 +. 15 000 000 = 60 000 000 standard axle loads. 
The asphalt thickness required for a design number of 
60 000 000 can then be determined from Figure 20b 
(point D) and is found to be 280 mm. Thus, the required 
overlay thickness from the point of view of the asphalt
strain criterion (asphalt fatigue) is 280 - 250 = 30 mm, 
which is less than that required on the basis of subgrade 
strain. This leads to the conclusion that the subgrade 
strain is the governing criterion and that the required 
overlay thickness is 40 mm. 

Because the subgrade strain remains decisive, it is 
not necessary to check the approach in which the old as
phalt layer is regarded as having deteriorated to the ex
tent that it can be taken as part of the unbound base. Had 
this check been made by using, for example, an HT 
chart, a required (overlay) thickness of more than 200 
mm would have been found, proving that the old pave
ment has a significant residual value. The overlay thick
ness required thus remains 40 mm. 

Example 2~ 

Assume that deflection measurements have shown that 
an existing pavement has an Es of 70 MPa and an h1 err of 
200 mm. This time the mix code of the existing pave
ment and the intended overlay can be designated as Sl
F2-50, and hz is again 200 mm. The climate is repre
sented by a w-MAAT of 18°C. By interpolation from HT 
or HN charts, charts of the type EN can be developed as 
shown in Figure 21. Figure 21a shows the required as
phalt thicknesses based on subgrade strain, and Figure 
21b shows those based on asphalt strain. 

Inserting the FWD data (Es = 70 MPa and h1 .rr = 200 
mm) in Figure 21a gives a value of No1s of 30 000 000 
standard axle loads. If the traffic to date is again as
sumed to be 15 000 000 standard axle passes, the re-



Figure 20. Interpolated design chart: example 1-
(a) based on subgrade·strain criterion and (b) based on 
asphalt-strain criterion. 
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Figure 21. Interpolated design chart: examples 
2 and 3-(a) based on subgrade·strain criterion 
and (b) based on asphalt-strain criterion. 
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Figure 22. Calculation of overlay thickness by using 
chart HT 58 and assuming complete failure of existing 
pavement: example 2. 
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sidual life (N1,.l is 15 000 000, which, for a required 
future life (N ... J of 40 000 000 standard axle passes , gives 
a required total asphalt thickness of 210 mm (point F) 
and hence a required overlay thickness of 210 - 200 = 
10 mm, from the point of view of the subgrade-strain 
criterion. 

Inserting the same FWD data in Figure 2lb (point G) 
gives a value of NA1a of 17 000 000 standard axle passes, 
which thus is not decisive in the design of the original 
pavement. Therefore, NRa = 17 000 000 - 15 000 000 = 
2 000 000 standard axle loads, and No2 = N013 x NA2 + 
NRa = 17 000 000 X 40 000 000 + 2 000 000 = 340 000 000 
standard axle loads. The required total asphalt thickness 
for the design number N02 = 340 000 000 can be deter
mined from point Hin Figure 2la and is 320 mm. The 
required overlay thickness from the point of view of the 
asphalt strain is thus 320 - 200 = 120 mm. This means 
that the asphalt strain becomes decisive for the overlaid 
structure, even though this was not the case in the orig
inal pavement. 

This time the checking procedure must be carried out 
to establish whether it would be more economical to con
sider the old pavement as having deteriorated to the 
point of failure and to regard the old asphalt layer as 
part of the unbound-base material. A construction that 
has 400 mm of base requires an asphalt thickness of 
more than 120 mm, as can be determined from chart HT 
58, shown in Figure 22, which is the standard chart most 
closely corresponding to the design parameters of the 
example. Apparently, it is advantageous to use the re
sidual (fatigue) life of the old pavement; the required 
minimum overlay is 120 mm . 

Example 3 

Assume, this time, an Ea of 150 MPa, an h1 .rr of 50 mm, 
an h2 of 200 mm, and a climate that has a w-MAAT of 
18°C. The interpolated EN charts used for example 2 
can again be used (Figure 21). Assume also that N.u = 
600 000 standard axle loads and that NA2 = 40 000 000 
standard axle loads. 

Inserting the FWD data (E3 = 150 MPa and h1 err = 50 
mm) into Figure 2la shows that No1s = 3 000 000 standard 
axle loads (point Kl. Thus, NR, = 3 000 000 - 600 000 = 
2 400 000 standard axle loads and, from Figure 21a, the 
required total asphalt thickness for the future design life 
is 150 mm (point L). Therefore, the required overlay 
thickness from the point of view of the subgrade-strain 
criterion is 150 - 50 = 100 mm . 

Inserting the same FWD data into Figure 2lb shows 
that Noia= 800 000 standard axle loads (point M). This 
means that NRa = N01, - NA1 = 200 000 standard axle loads. 
The fictitious design number (N02) for an NA2 of 40 000 000 
standard axle passes can be calculated as follows: N02 = 
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Figure 23. Effect of writing off existing pavement on 
overlay thickness: example 3. 
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Figure 24. Determination of effective asphalt temperature by 
using chart RT. 
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800 000 x 40 000 000 + 200 000 = 150 000 000 standard 
axle loads. This design number (Figure 2lb) means that 
a total asphalt thickness of 230 mm (point O) is required 
-and that-the -required overlay thickness from the point of 
view of the asphalt-fatigue criterion will be 230 - 50 = 
180 mm. 

Thus, the asphalt strain was the governing criterion 
in tpe original pavement and will remain so in the over
laid structure. This is self-evident because the maxi
mum strain occurs in the same place both before and 
after overlaying, i.e., at the underside of the original 
asphlat layer. In this case, therefore, the separate de
termination of the required overlay thickness from the 
point of view of subgrade strain could actually have been 
omitted. 

What remains to be done is to check whether it is ad
vantageous to regard the old pavement as having failed 
completely. If it is so regarded, the total thickness of 
the unbound base becomes 200 + 50 = 250 mm. Another 

interpolated EN chart can now be developed, this time 
for an h2 value of 250 mm. This chart (see Figure 23) 
is found, not surprisingly, to be based on the asphalt 
strain. The subgrade-strain criterion simply is not de
cisive under these circumstances. The required as
phalt thickness is 170 mm (point P). 

Hence it is economical, although not very much so, 
to write off the old pavement completely and apply an 
overlay of 170 mm, as compared with the 180 mm that 
would be needed to prevent the existing pavement from 
cracking. 

OVERLAYS OF DIFFERENT MIX 
TYPES 

There will be many cases in which the overlay will be of 
a different mix type from that used in the existing pave
ment. This does not immediately invalidate the approach 
that assumes one mix type for the entire construction, 
i.e., existing pavement and overlay together, If, for ex
ample, the difference is one of composition only, the 
combination of different grades of bitumen could very 
well produce a mix that has nearly the same stiffness 
level at the temperatures present in the pavement in the 
given climate. 

For example, a structure approximately 200 mm thick 
in a climate that has a w-MAAT of 18°C has an effective 
asphalt temperature of about 26"C (this value was ob
tained from chart RT of the manual, as shown in Figure 
24). At 26°C, a mix that has a stiffness characteristic 
82 but is made with 50 pen bitumen produces the same 
stiffness level as a mix that has a stiffness character
istic of Sl but is made with 100 pen bitumen (see Figure 
25) . 

Furthermore, if the fatigue characteristic of the over
lay mix differs from that of the existing pavement, it will 
normally be possible simply to use one fatigue character
istic because the maximum asphalt strain after the over
lay has been applied will still occur in the same place, 
i.e., at the underside of the existing pavement. For ex
ample, the thickness of an overlay of an Sl-Fl-100 mix 
on an existing pavement of an S2-F2-50 mix can be cal
culated by assuming the mix code S2-F2-50 for the en
tire construction. 

If the stiffness level of the overlay mix differs sig
nificantly (by a factor greater than 2) from that of the 
existing pavement, the necessary overlay thickness is 
first determined as described above, on the basis of the 
mix code of the existing pavement. Then, equivalency 
factors are calculated that indicate the thickness of the 
overlay mix that would be needed to replace a given 
thickness of the mix type of the existing pavement. 
Briefly, the procedure is as follows: 

Because the subgrade strain depends not only on the 
stiffness level of the pavement on top of it but rather on 
the combination of stiffness level and layer thickness of 

-the pavement; the -p1·ocedure for -calculating on the bas is 
of the subgrade-strain criterion is fairly simple and 
straightforward. 

Consider, for example, a design whereby a 50-mm 
overlay is to be laid on top of an existing pavement 180 
mm thick and assume a mix code for both of Sl-F2-100, 
so that the total depth of asphalt will be 230 mm (based 
on the subgrade-strain criterion>. The asphalt mix en
visaged for the overlay, however, has a mix code of Sl
Fl-50. For a mix of this type, the total depth required 
to limit the subgrade strain to the level given by that 
criterion will be 180 mm, which leads to the conclusion 
that 180 mm of Sl-Fl-50 replaces 230 mm of Sl-F2-100. 
The required overlay thickness of 50 mm of Sl-F2-100 
can thus be replaced by 180 x 50 + 230 = 40 mm of Sl
Fl-50. 



Figure 25. Derivation of mix stiffness from mix 
temperature by using chart M-2. 
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Again, it must be checked whether the asphalt strain 
may become the governing factor. Here the matter is 
complicated by the fact that, on the one hand, the level 
of permissible strain is governed by the combination of 
pavement thickness and stiffness level but that, on the 
other hand, it also depends on the stiffness level itself. 
Therefore, the equivalency factor must be determined 
at the same stiffness level. This can be done by com
paring the pavements at different temperatures, choos
ing these temperatures in such a way that both mixes 
have the same stiffness level and thus the same permis
sible asphalt strain. 

Let us assume that, on the basis of asphalt fatigue 
life, a total depth of 250 mm is required of a mix that 
has a code of Sl-F2-100 and the existing pavement thick
ness is 180 mm of a mix that has a code of Sl-F2-100. 
However, the mix intended for the overlay has a code of 
S 1-Fl- 50, with which the required future design life 
could be obtained by using a total asphalt depth of only 
130 mm. The effective temperature in the pavement can 
be determined from the w-MAAT and the approximate 
thickness of the existing pavement plus the overlay (Fig
ure 24). 
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Suppose that, for this particular pavement, the ef
fective pavement temperature is 22°C. As shown in 
Figure 25, the mix that has a code of Sl-F2-100 has the 
same stiffness level at 16°C as the mix that has a code 
of Sl-Fl-50 has at 22°C. The effective temperature of 
16°C in the given approximate pavement thickness cor
responds to a w-MAAT of 11°C. According to the charts, 
this gives a required total thickness of a mix coded Sl
F2-100 (at a w-MAAT of 11°C) of 220 mm (based on as
phalt fatigue). The equivalency factor is thus 220 + 250 = 
0.88, and the required overlay thickness of 250 - 180 = 
70 mm of Sl-F2-100 mix can be replaced by 0.88 x 70 ~ 
60 mm of Sl-Fl-50 mix. 

In this example, the overlay thickness based on the 
subgrade-strain criterion was decisive. It still needs to 
be checked, of course, whether the approach whereby 
the old asphalt layer is taken as having deteriorated to 
failure would give a more economical overlay thickness. 
Figure 26 illustrates that, for the circumstances of this 
example, a thickness of 130 mm of Sl-Fl-50 is required 
on top of an unbound base layer of 200 + 180 = 380 mm, 
so this is clearly not the case. 

CONCLUSIONS 

Deflection measurements made with a falling weight de
flectometer can provide the road engineer with meaning
ful data on a pavement structure. From these data, the 
state of the pavement (e.g., in terms of residual life) 
can be evaluated in an analytical way, and, if necessary, 
the structural restrengthening measures (e.g., in terms 
of overlay thickJ1ess) that should be undertaken can be 
determined. The data provided by the FWD are suffi
ciently accurate to tailor the design to the individual 
circumstances but, at the same time, are produced 
quickly enough for routine investigations. 

The charts in the Shell Pavement Design Manual can 
be used by the designer, without resort to computer 
calculations, to determine analytically the overlay thick
nesses required for a variety of circumstances and can 
even introduce a large measure of refinement if this is 
required. 
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Pavement Overlay Design 
Harvey J. Treybig, ARE Inc., Austin, Texas 

This paper presents a synopsis of a comprehensive procedure for the re
habilitation design of overlays of both flexible and rigid pavements. The 
procedure includes an evaluation of the existing pavement by using modern 
nondestructive deflection testing, condition surveys, and materials sampling 
and testing. The analytical model on which the computer method is based 
is elastic-layer theory. This model is used in both the pavement-evaluation 
and the overlay-thickness analyses. This design and evaluation analysis is 
unique for various categories of pavement condition. The final overlay 
thicknesses are selected on the basis of fatigue and rutting criteria where 
applicable. The entire procedure is automated in a series of three com
puter programs. 

This paper describes the use of a universal procedure 
for the design of pavement overlays. The detailed de
velopment of the criteria for the procedure is discussed 
and documented in several reports (1-4). 

The procedure covers flexible overlays of flexible 
pavements and both flexible and rigid overlays of rigid 
pavements. It includes both jointed and continuous rigid 
pavements and both bonded and unbonded overlays. It 
covers existing pavements that have remaining life, those 
that are substantially cracked, and those that are so 
badly deteriorated that they could be broken mechanically 
into small pieces. The procedure infers that overlay 
materials and construction specifications will not differ 
significantly from those currently used in highway con
struction. However, it does include some nonconven
tional matexiaIS testing mef.hoas. 

The comprehensive procedure provides for rehabilita
tion of existing portland cement concrete (PCC) and as
phalt concrete (AC) pavements and is divided into three 
basic steps: (a) evaluation of the existing pavement, 
(b) determination of the design inputs, and (c) overlay
thickness analysis. The procedure is illustrated in flow
chart form in Figure 1. Evaluation of the existing pave
ment is accomplished by a condition survey and deflec
tion measurements. This information enables the de
signer to distinguish among different segments of the 
existing pavement based on their condition. Each seg
ment becomes a design section and is analyzed sepa
rately. Thus, the most economical rehabilitation may 
involve varying the overlay thickness along the roadway 
according to the existing pavement condition. 

The design inputs include both past and future traffic, 
environmental considerations, and materials testing and 
analysis. The results of deflection measurements also 
serve to aid in establishing properties of the subgrade 
material. 

The overlay- thickness analysis is based on the con
cepts of failure by excessive rutting (flexible pavements) 
and by excessive fatigue cracking (rigid and flexible 
pavements). Stresses and strains in the pavement are 
computed by using linear elastic-layer theory (§_). The 
overlay life is determined by entering these stresses 
into a fatigue or rutting equation that relates stress or 
strain magnitude and repetitions to failure. The overlay 
thickness that satisfies the fatigue and rutting criteria 
is selected as the design thickness. 

The design procedure is automated in the form of 
three separate computer programs- PLOT2, TV AL2, 
and POD!. The programs require the designer to make 
only minor hand computations, and these are only aids 
in determining computer-program input data. 

GENERATION OF DESIGN
PROCEDURE INPUTS 

The design procedure requires input from the following 
three areas: deflection testing, condition surveys, and 
traffic data. 

Deflection Testing 

Deflection testing is used to measure the response of the 
in-service pavement to load. From this behavior pat
tern, areas that have equal or similar performance and 
materials properties can be determined. 

1. Type of equipment: Any type of deflection
measuring equipment (such as the Dynaflect or the road 
rater) that gives satisfactory deflection results can be 
used (6). This type of equipment lends itself to rapid 
testing; thus making it economically possible to investi
gate the pavement structure thoroughly. Deflections 
measured with a Benkleman beam and an 80- kN (18 000-
lbf) single-axle load can also be used. 
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Figure 1. Flowchart of pavement overlay design procedure. 
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2. Recommended testing conditions: The design pro
cedure is based on measurements that represent the 
time of year when the deflection values are maximum. 
It is recommended that the user measure deflections 
during this time of year. If measurements are made 
during other seasons, they must be corrected to relate 
to the worst condition. 

3. Sampling frequency and procedure: The rec om -
mended testing procedure includes determining at least 
one deflection profile along the outer wheel path of the 
existing roadway. The spacing between the measure~ 
ments should be a maximum of 30.5 m (100 ft). For 
undivided roadways, it is desirable to obtain two deflec
tion profiles, one in each outside wheel path. The mea
surements for each profile should be spaced 30.5 m 
apart, but those for the two profiles should be staggered 
to provide profile data that has 15.2-m (50-ft) spacings. 
For divided highways, deflection profiles should be ob
tained in the outside lanes of both roadways on a stag
gered basis. 

For undivided highways, the two deflection profiles 
should be combined into one that represents the entire 
width of roadway. However, for divided highways, the 
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profiles for the pavements on either side of the median 
should be considered separately. Two profiles will give 
adequate coverage of most highways . The measure• 
ments, however, should be made at locations between 
cracks or joints in a good portion of the pavement and 
at regular intervals and so documented. A suggested 
guideline for spacings for deflection tests is given below 
(1 m = 3.3 ft). 

Type of Location 

Rolling terrain 
Numerous cut-to-fill transitions 
Level with uniform grading 

Spacing (m) 

30.5 
30.5 
76.2 

In addition to the measurements for the determination 
of a deflection profile, it is also necessary to make 
measurements at the corners of a jointed concrete pave
ment (JCP ). Tlrese data are used in determining the de
gree of load transfer. Corner measurements should 
be kept separate and not included in the deflection pro
file, but should be made at the same time as the interior 
measurements. 
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Condition Surveys 

Condition-survey information should be obtained that in
cludes such items as an accurate inventory of the differ
ent types and amounts of cracking, rutting, spalling, 
joint condition, faulting, pumping, and blowups and some 
inventory of roughness. [Condition-survey techniques 
are described elsewhere (_z).] 

1. Cracking in rigid pavements: Cracking is defined 
and recorded according to the American Association of 
State Highway Officials (AASHO) definitions, i.e., class 
1, class 2, class 3, and class 4 (8). 

Class 1 includes fine cracks that are not visible under 
dry surface conditions by a person who has good vision 
and is standing at a distance of 4.6 m (15 ft). Class 2 
cracks are those that can be seen at a distance of 4. 6 m 
but exhibit only minor spalling such that the opening at 
the surface is less than 6.4 mm (0.25 in). A Class 3 
crack is defined as a crack opened or spalled at the sur
face to a width of 6.4 mm or more over a distance equal 
to at least one-half the crack length, except that any por
tion of the crack opened less than 6.4 mm at the surface 
for a distance of 0.9 m (3 ft) or more is classified sepa
rately. A class 4 crack is defined as any crack that has 
been sealed. 

2. Cracking in flexible pavements: As for rigid 
pavements, cracking is defined and recorded according 
to the AASHO definitions. Class 2 cracking (commonly 
referred to as alligator cracking) is defined as that 
which has progressed to the stage where the cracks have 
connected together to form a grid-type pattern. Class 
3 cracking is the progression from class 2 in which the 
class 2 cracks spall more severely at the edges and 
lose integrity between blocks and the segments of pave
ment surface loosen and move or rock under traffic. 

The condition surveys provide important data for ex
plaining variations in the deflection profiles and also 
differences in materials properties determined in labora
tory investigations. A comparison of the deflection pro
file and the observed distress should be considered in 
formulating the materials sampling plan. Furthermore, 
the type of cracking observed on the existing surface 
becomes a decision criterion relative to the method of 
characterization of the existing pavement and the kind 
of analysis to be performed. 

3. Rutting: The rutting measurements in wheel paths 
on existing AC surfaces are included in the condition 
survey to give (a) insight into the selection of an allow
able rut depth and (b) an estimation of the leveling up 
that will be required on the existing surface before it is 
overlaid. It is recommended that the rut depth be mea
sured every 152 m (500 ft) in both wheel paths and that 
the averages for the two wheel paths be determined for 
the same pavement lengths as the design sections estab
lished from the deflection profiles as described below. 
These measurements can be made by simple mechanical 
devices similar to those used at the AASHO Road Test. 
An alternative method is to lay a stringline or other long 
straightedge across the wheel path and measure the rut 
depth with a scale. 

4. Environmental data: If the existing pavement is 
AC, it is necessary to obtain temperature information. 
The number of days per year that the average daily 
temperature exceeds 18°C (64°F) must be determined 
for use in the rutting analysis . These data can usually 
be obtained from past weather records. 

Traffic Information 

The traffic information required for the design procedure 
is described in terms of the number of 80-kN equivalent 

single-axle loads (ESALs) determined in accordance with 
the Interim Guide for the Design of Pavement Structures 
(9). The number of load applications already experienced 
on the existing surface must be estimated. The number 
of load applications must also be projected for the antici
pated life of the over lay. 

If the traffic projection represents the total of all 
lanes for both directions of travel, the traffic must be 
distributed by direction and lane for design purposes. 
Directional distribution is normally made by assigning 
50 percent to each direction unless special conditions 
warrant some other distribution . In regard to lane dis
tribution, the outside lane is generally the controlling 
lane. If an agency has available lane-distribution factors 
for facilities that have two or more lanes in each direc
tion, these should be used. If not, the guideline below 
can be used; if there is doubt as to which factor to ap
ply, it is suggested that the more conservative range be 
used. 

Number of Lanes 
in One Direction 

2 
3 
More than 3 

Lane-Distribution 
Factor 

1.0 
0.8-1 .0 
0.4-0.6 

SELECTION OF DESIGN SECTIONS 

By using the nondestructive deflection test data, a high
way can be divided into different design sections, i.e., 
areas where the pavement responds differently to load. 

Deflection Profiles 

The deflection data obtained in the site investigations, 
excluding joint deflections, are plotted in the form of 
profiles throughout the length of the roadway as shown 
in Figure 2. Profiles from separate lanes should be 
combined according to location or station number. These 
plots can be made manually or by using the computer 
program PLOT2. 

Preliminary Design Sections 

The deflection profiles are divided into areas that have 
similar deflections. Information from the condition 
survey can be used as an additional guideline for divid
ing the profile into sections. These sections should 
also be compared with cracking surveys to show whether 
there are differences in deflection and performance of 
the pavement. Areas that have significantly different 
cross sections should be assigned different sections of 
deflection profile. 

Statistical Hypothesis Testing 

Adjacent design sections that have the same cross sec
tion should be tested to determine whether they are 
significantly different or whether they are from the 
same population of data. This can be done by using a 
standard statistical method for testing the significance 
of the difference between two samples, such as the 
hypothesis tests for equal means (10). 

The designer selects the significance level at which 
the deflection differences are to be tested; a level of 5 
percent is recommended for general use. The statis
tical test can be made either by hand or by use of the 
computer program TV AL2 (7 ). 

If two adjacent sections are not significantly different, 
they should be combined into one and that one tested 
against the next adjacent section. This procedure es
tablishes the design sections, each of which becomes 
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Figure 2. Sample deflection profile. 
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a separate design problem. 

Determination of Design Deflection 

The standard deviations of the deflections are an indi
cation of the variations that exist within the design sec
tions. The design deflection for any given roadway sec
tion is a function of the mean deflection, the variation, 
and the confidence level selected for design: 

W,= w +zSdw (I) 

where 

W. = design deflection based on Dynaflect or Benkle
man beam measurements (in), 

w = mean deflection (in), 
z = distance from mean to selected significance level 

on a normal distribution curve, and 
Sdw = standard deviation of mean deflection (in). 

(The z-values for use with Equation 1 have been deter
mined for U.S. customary units only.) 

The z-values corresponding to various design confi
dence or reliability levels are given below. 

Confidence Level 

50 
75 
90 
95 
97.5 
99 

z-Value 

0 
0.674 
1.282 
1.645 
1.960 
2.330 

MATERIALS SAMPLING AND 
TESTING 

Sampling Plan 

Normally, the design sections should be established be
fore sampling is planned. It is recommended that at 
least one boring be made in each design section and, for 
extremely long sections, more than one boring may be 
desirable. 

The borings should include cores of any paving layers 
that are intact, such as (a) existing asphalt or concrete, 
(b ) cement-stabilized materials, (c) asphalt-stabilized 
materials, or (d) other chemically treated materials. 
Any granular or gravel layers should be sampled by col
lection of augered materials from the drill hole. Un
bound materials should be sampled in sufficient quantity 
for remolding of specimens; this requires the in-place 
moisture content and the density, which are easily ob
tained if nuclear equipment is available. For materials 
where it is possible to push tubes, undisturbed samples 
should be obtained. The drill hole should be carefully 
logged so as to accurately document the layer thick 
nesses in the existing pavement structure. Normally a 
total depth of 1.5-2.1 m (5-7 ft) is sufficient for pave
ment borings. 

Asphalt Concrete and Portland 
Cement Concrete Testing 

The materials properties required for the AC are its 
Poisson's ratio and modulus of elasticity; those for the 
PCC are its Poisson's ratio, modulus of elasticity, and 
flexural strength. 

1. Modulus of elasticity: The dynamic modulus of 
elasticity of the AC material should be determined. 
Currently, there is no American Society for Testing and 
Materials standard for this test, but there are estab
lished procedures. The designer should determine the 
modulus over a range of temperatures and then use the 
modulus based on his or her selected temperature(s). 
A temperature of 21°C (7rf'F) is s uggested for design. 
Recommended procedures are given elsewhere (7). The 
modulus of elasticity for PCC can be determined accord
ing to ASTM C469, and the flexural strength can be de
termined according to ASTM C78. 

2. Poisson's ratio: Normally, tests are not per
formed for Poisson's ratio because it does not vary 
significantly. It is recommended that a value of 0.3 be 
used for AC and of 0.15 for PCC in the design analyses. 
The overlay-design computer program has default values 
of 0.3 and 0.15 built in for the Poisson's ratios of as
phalt and concrete, respectively. 
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Base-Material Testing 

The moduli of elasticity of all base and subbase mate
rials must be determined. Poisson's ratio tests are not 
necessary. Default values in the computer program are 
0.20 for stabilized bases and 0.40 for granular bases. 

1. Unbound materials: Normally, base and subbase 
materials will be disturbed samples and thus require 
recompaction. The in-place density and moisture con
tent should be determined if possible and the materials 
remolded at these values; otherwise, samples should 
be recompacted at the optimum moisture content and 
not less than 95 percent of the density corresponding to 
that moisture content as used for construction control. 
Base and subbase materials should be tested at confining 
pressures equal to the overburden pressure unless that 
is less than 6.9 kPa (1 lbf/in2

), when the tests should be 
unconfined. The tests should be performed at a deviator 
stress of 138 kPa (20 lbf/i n2

) if the total concrete thick
ness is 15 cm (6 in) or less or 69 kPa (10 lbf/in2

) if it is 
greater than 15 cm (7). 

2. Subgrade materials testing: Disturbed subgrade 
samples should be treated similar to base materials. 
Undisturbed subgrade samples should be tested at con
fining pressures equal to the overburden and over a 
range of repeated deviator stresses [e.g., 13.8- 82.7 
kPa (2-12 lbf/in2 

)] • The laboratory tests should be 
performed at a minimum of four levels of deviator 
stress; 13.8, 34.4, 55.2, ahd 82.7 (2, 5, 8, and 12 lbf/in2

) 

are recommended. A default value of 0.45 is used for 
Poisson's ratio of the subgrade. 

DESIGNATION OF OVERLAY DESIGN 
CATEGORY 

Existing Pavement Classification 

The use of the design procedure requires that each de
sign section of the existing pavement be classified into 
one of the following categories: 

1. Remaining-life PCC-a PCC pavement that is un
cracked or has class 1 or 2 cracking as defined in the 
AASHO guide, 

2. Cracked PCC-a PCC pavement that has class 3 
or 4 cracking as defined in the AASHO guide (the pro
gram can change a design section originally in category 
1 to this category if the calculated remaining life of the 
existing pavement is less than a preestablished mini
mum), 

3. Mechanically broken PCC-a PCC pavement in 
such poor condition that the designer feels it should be 
broken up to serve as a base material before overlay 
(repair or removal and replacement of the damaged por
tions may instead be used to upgrade the section to 
category 2 ), 

4. Remaining-life AC-an AC pavement that is un
cracked or shows less than 5 percent class 2 cracking, 

5. Mildly cracked AC-an AC pavement that has 
more than 5 percent class 2 cracking but less than 5 
percent class 3 cracking [if the cracked areas are re
moved and replaced to meet the conditions specified for 
category 4, then the analysis for category 4 (remaining 
life) can be used], and 

6. Severely cracked AC-an AC pavement that shows 
more than 5 percent class 3 cracking (pavements in this 
category can be upgraded to category 5 or category 4 by 
appropriate repair or removal and replacement of the 
damaged portions). 

Types of Overlay Analysis 

The category assigned to the existing pavement and the 
types of materials for the existing pavement and the 
overlay, all of which are required design inputs, deter
mine the type of overlay analysis. In addition, for 
pavement sections designated as remaining-life pave
ments, the number of 80-kN ESALs to date affects the 
internal section of the analysis in the calculation of the 
fraction of remaining life. If this fraction is less than 
a preassigned minimum, the section is no longer con
sidered to be a remaining-life case. 

A total of 18 overlay analysis types are considered: 
9 for PCC remaining-life pavements, 3 for PCC that 
has class 3 or 4 cracking, 3 for PCC that will be me
chanically broken up, 1 for AC remaining-life pavements, 
1 for mildly cracked AC, and 1 for severely cracked AC. 

If the existing pavement is a remaining-life CRCP, 
AC, bonded or unbonded jointed concrete pavement (JCP), 
and bonded or unbonded CRCP are acceptable overlays. 
If the existing pavement is a remaining-life JCP, AC, 
bonded or unbonded JCP, and unbonded CRCP are ac
ceptable overlays. If the existing pavement has class 3 
or 4 cracking or will be mechanically broken up, AC, 
unbonded JCP, and unbonded CRCP are acceptable over
lays, but bonded JCP and bonded CRCP are not. Only 
AC overlays are permitted on AC existing pavements. 
Rigid overlays over existing flexible pavements must 
be treated as new pavement designs, not as overlays. 

USE OF OVERLAY-DESIGN 
COMPUTER PROGRAM PODl 

The program PODl, described in detail elsewhere (7), 
is used to determine the overlay thickness needed to
satisfy the design criteria. For PCC existing pave
ments, only a fatigue-cracking criterion is used; for 
AC existing pavements, both fatigue and rutting criteria 
are used, and the larger of the thicknesses required by 
the two criteria is used in the final design. 

Outline of Program Operation 

PODl performs the following operations: 

1. It determines the subgrade modulus under the de
sign load from the design deflection, the measured char
acteristics of the subgrade soil, and the characteristics 
of the deflection and design loads. 

2. It computes the fraction of remaining life in the 
existing pavement from stresses in the pavement before 
overlay, when appropriate. 

3. It calculates the stress (strain for AC pavements) 
in the pavement system for the design load (an 80-kN 
ESAL) for overlay thicknesses of 7.6-30.5 cm (3-12 in). 

4. It determines the fatigue life from the stress or 
strain for each overlay thickness and the rutting life (life 
to specified rut depth) for AC pavements in categories 
5 and 6 (the rutting model is not applicable to category 4). 

5. It plots lifetimes against overlay thicknesses and 
interpolates for thicknesses corresponding to the design
lifetimes input. 

Summary of Input Information 

The information needed to determine input values for 
PODl is summarized below: 

1. The design deflection as determined by using 
PLOT2, TV AL2, and Equation 1 for the design deflec
tion; 

2. The load magnitude, tire pressure, and wheel 



configuration of the deflection-measuring device; 
3. The condition of the existing pavement surface, 

i.e., whether or not it is cracked, the type of cracking 
if present, and whether it will be mechanically broken 
before overlay; 

4. If the existing pavement is JCP, the ratio of the 
corner deflection to the interior deflection; 

5. The presence or absence of voids beneath the 
existing pavement; 

6. The number of 80-kN ESALs the pavement has 
experienced to date and the number that it is being de
signed to accept before failure; 

7. If the existing pavement is AC, the allowable rut 
depth before rutting failure is assumed and the number 
of days per year that have a mean temperature greater 
than 17° C; 

8. The material type, thickness, Poisson's ratio, 
and modulus for each layer in the existing system; 

9. For the subgrade material, the laboratory
determined deviator stresses arid corresponding modulus 
values; 

10. If the existing pavement is PCC, the flexural 
strength; 

11. The type of overlay and its modulus, Poisson's 
ratio, and flexural strength; and 

12. The type of bond breaker, if used, and its thick
ness, modulus, and Poisson's ratio. 

The program contains default values for the Poisson's 
ratio values based on material types and for bond breaker 
thickness and modulus. If the condition survey has 
shown the existing pavement to be a class 3 or 4 cracked 
PCC or one that will be mechanically broken up or a 
class 2 or 3 cracked AC, the modulus value that is input 
for the surface layer will automatically be defaulted to 
a predetermined value. 

Program PODl has been written so that the required 
data can be input in a simple, yet logical, manner. 
Problems that deal with nearly similar situations can 
be stacked by, for each problem, inputting only the di
rectives (data input cards) that contain the item that is 
changed from the first problem. For any one problem, 
the directives can appear in any order except that a 
PROBLEM directive must begin the data for every prob
lem and an END directive must follow the data for the 
last problem. 

Program Execution Information 

PODl requires appi-oximately 50 000 octal (about 21 000 
decimal )words or memory on a CDC CYBER 74 or CDC 6600 
computer and uses 8-10 s of central processing unit time 
for a complete problem for a rigid pavement. Flexible 
pavement problems may take somewhat longer, especially 
if rutting computations are involved. If the subgrade 
modulus for the first problem of several stacked together 
is applicable for the remaining problems, those remain
ing will execute in approximately 4 s each. 

No peripheral equipment is required except a card 
reader and a line printer. If the program is on a per
manent file, it can be executed from a remote terminal; 
the output is relatively compact and can be printed 
easily. 
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Pavement Evaluation and Overlay 
Design: Summary of Methods 
C. L. Monismith, Department of Civil Engineering and Institute of Transportation 

Studies, University of Calilornia, Berkeley 

Methods of pavement evaluation and overlay design are summarized 
and compared. 

A general framework for pavement maintenance and 
rehabilitation is shown in Figure 1, and Figure 2 lists a 
number of available alternatives. Maintenance refers 
to those processes-both preventive and corrective
that do not involve major alterations in the pavement 
structure. Rehabilitation encompasses the areas of 
reconstruction, overlays, and recycling and their 
combinations and can be used to restore or to improve 
the serviceability of the pavement structure. 

To assist the engineer in deciding what pavement 
maintenance or rehabilitation to do and when to perform 
it, pavement performance must be measured on a sys
tematic and continuing basis. In this performance 
evaluation, both the functional and the structural per
formance of the pavement system should be considered. 

Functional performance describes how well the pave
ment serves the user, and structural performance is 
related to its ability to sustain load (which in turn af
fects its ability to serve the user). If the pavement 
becomes too rough, for example, it will be difficult for 
the user to operate the vehicle and functional perfor
mance will be unsatisfactory. However, although these 
characteristics are related, there is currently no well
defined relationship between structural distress and 
functional performance. Thus, at present, judgment 
must be used in deciding when structural deterioration 
will lead to a level of functional performance below that 
considered reasonable by the user of the facility (which 
obviously will vary among vehicles, users, and types 
of facilities). 

For street and highway pavements, particularly, it is 
appropriate to separate the performance-evaluation 
process into two phases (Figure 1). In the first, termed 
the network-monitoring phase, condition surveys are 
used to provide a basis for segregating those pavements 
that clearly do not require maintenance or rehabilitation 
from those that may and for which further information 
is required. 

The second phase is composed of more detailed or 
diagnostic investigations that can provide the data re
quired to determine an appropriate strategy. These 
include measurements of physical condition (surface 
characteristics and structural response) and assessment 
of special problems such as drainage difficulties or 
thermal cracking. 

Vis ual condition-evaluation procedures described in 
Ur.is Record in the papers by Shahin, Darter, and Kohn 
for airfield pavements and by Phang for highway pave
ments are a necessary part of the network-monitoring 
process and can serve as a guide to the type of mainte
nance or rehabilitation to be accomplished. Also, as 
noted by Phang, these surveys can assist in the overall 
investment-programming process for maintenance and 
rehabilitation. 

The use of visual condition surveys is well established 
and should be a part of the maintenance and rehabilita
tion methodology of every organization that has re
sponsibility for pavements. 

Structural performance can be measured by a num
ber of nondestructive testing devices that have been de
veloped in recent years and are being used as a part of 
the overlay-design methodologies of many organizations. 
The majority of these devices provide some measure of 
surface deflection. The various devices currently in 
use are summarized below. 

Method by Which Organization 
Load is Applied Device by Which Used 

Slow-moving wheel Benkelman beam Asphalt Institute, College 
Park, Maryland 

Traveling California Department of 
deflectometer Transportation 

Deflectograph U. K. Transportation and 
Road Research Laboratory, 
Crowthorne, England, and 
National Institute for Trans-
port and Road Research , 
Pretoria, South Africa 

Vibratory load Light vibrators Kentucky Department of 
Road rater Transportation 
Dynaflect Utah Department of Trans-

portation, Louisiana Depart-
ment of Transportation and 
Development, and the Fed-
eral Highway Administration 
(Austin Research Engi-
neers, Inc.) 

Heavy vibrators U.S. Army Corps of Engi-
neers Waterways Experi-
ment Station 

Falling weight Falling weight Shell Research B. V., 
deflectometer Amsterdam 

There is some concern about the use of light vibratory 
loading for measuring the structural response of heavy
duty pavements. When light vibrators (e.g., Dynaflect 
and road rater) are used for such pavements, careful 
interpretation of the results is required, such as that 
incorporated in the procedure developed for the Federal 
Highway Administration by Austin Research Engineers 
(A RE) that recognizes the stress sensitivity of pavement 
materials and is described by T1·eybig in another paper 
in this Record. 

One of the purposes of structural evaluation is to 
provide data for the design of pavement overlays. 

Overlay-pavement design can be accomplished by 
using tests of representative samples of pavement com
ponents, deflection measurements at the pavement sur
face, or a combination of both. 

Figure 3 represents a general framework for over
lay designs based on deflection measurements. In this 
type of system, performance considerations are usually 
limited to a single factor (such as fatigue cracking, 
rutting, or riding comfort). Each method makes the 
assumption that, if the specific design factor being con
sidered is adequately controlled, other forms of dis
tress or performance will also be controlled. For ex
ample, it may be assumed that, if fati gue cracking is 
minimized, protection against rutting will be adequate 
and riding comfort will be satisfactory . 

As shown in Figure 3, by using deflection data and 
condition-survey information, homogeneous analysis 



Figure 1. General framework for pavement 
maintenance and rehabilitation. 

Figure 2. Maintenance and rehabilitation alternatives. 
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sections that have uniform stiffness characteristics can 
be identified for further analysis. For each of these 
sections, representative or design deflections can in 
turn be established; these are selected to represent the 
variability of in situ conditions and can be adjusted to 
a particular season of the year. Representative deflec
tions can be used to estimate the remaining life of a 
pavement, although little information is currently avail
able to establish the reliability of such predictions. 
Generally, however, these deflections are used to de
termine an overlay design by estimating future traffic 
and selecting the overlay thickness from an appropriate 
design relationship that is a function of the materials 
used in the existing pavement and the pavement deflec -
tion before overlay. These design relationships have 
usually been established on the basis of field observa
tions and reflect the reduced deflection resulting from 
the addition of the overlay. 

Although such a procedure is comparatively simple, 
it must be adequately qualified with respect to type of 
pavement. Moreover, extensive correlations are 
necessary to extrapolate to increased loading conditions, 
different materials, and different environments from 
those for which a specific procedure was developed. 

There are also a number of recently developed 
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procedures that follow in some manner the framework 
shown in Figure 4. It is believed that these procedures 
can improve the overlay-design process and minimize 
some of the deficiencies noted above. These procedures 
build on already established procedures and incorporate 
the results of recent pavement research. Nondestruc
tive pavement evaluation (for example, deflection mea
surements) and condition surveys must be made in these 
procedures. In addition, some measure of the stiffness 
properties and distress characteristics of the various 
materials constituting the specific pavement structure 
are required. 

The various procedures provide guidelines for the 
establishment of representative (analysis) sections, and 
the Shell and ARE methodologies discussed in the papers 
by Koole and Treybig, respectively, in this Record 
provide criteria based on statistical treatment of the 
deflection data. 

In the Shell procedure; the Kentucky procedure 
described in the papers by Sharpe, Southgate, and 
Deen and by Southgate, Sharpe, and Deen in this Record; 
and the U.S. Army Corps of Engineers Waterways Ex
periment Station (WES) procedure described in the paper 
by Weiss in this Record, the material characteristics 
are deduced from the deflection measurements. In the 
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Figure 3. Framework based on deflection measurements for 
overlay design. 
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WES procedure, the expression for subgrade stiffness 
is estimated from the relationship: subgrade stiffness 
(in lbf/ in2

) = 1500 x the California bearing ratio, which 
is only a very approximate relationship. For example, 
in its original development, the stiffness varied from 
750 to 3000 times the California bearing ratio. 

Of the procedures discussed in this Record, only the 
A RE method requires that in situ samples of materials 
be obtained and stiffness determinations be made in the 
laboratory. Moreover, this procedure uses both the 
deflection data and the laboratory-measured properties 
to ensure that the stiffness values obtained for the pave
ment components are reasonable. 

The other procedures deduce in some manner the 
subgrade characteristics from deflection measure
ments by using the center deflection together with some 
offset value(s). For pavements that contain granular 
layers, the Shell procedure uses the same assumption 
relative to the ratio of base to subbase stiffness as used 
in its design methodology for new pavements. The 
others attempt to determine the subgrade stiffness 
through a form of solution of the multilayer elastic 
system that uses the surface deflection. 

There is not yet adequate evidence to indicate 
that pavement properties can be ascertained from 
deflection-basin measurements. Thus, it is important 
that stiffnesses of in situ materials also be determined 
in the laboratory to permit comparisons to be developed. 
It is possible that, when such data become available, the 
technique of deducing properties from nondestructive test 
data will be proved valid but, until such evidence is 
available, laboratory testing should be an important part 
of the evaluation process. 

It is important, until more data become available, 
to measure not only the stiffness of the subgrade but 
also the stiffnesses of the other pavement layers, 
particularly untreated and treated granular bases and 
subbases. 

Various models are used to represent pavement re
sponse to load. In a number of the procedures that fol-

low the framework shown in Figure 3, e.g., the WES 
dynamic-stiffness-modulus method, thickness-selection 
procedures based on existing methods are used as a 
part of the overlay-thickness-selection process. 

In four procedures-those of Shell, WES, ARE, and 
Kentucky-the pavement is represented as a layered
elastic solid, and computer solutions such as the 
CHEVRON and BISAR programs are used to estimate 
stresses and deformations. 

In the WES procedure, there is some attempt to 
consider dynamic effects as well, which would permit 
improved estimates of material properties to be 
deduced from the dynamic vibratory measurements 
made by using the heavy vibrator. However, this ap
proach, while interesting, is not considered to be cap
able of implementation at present. 

In using the methods of overlay design illustrated in 
Figure 4, distress criteria must be established for the 
various components of the pavement structure. For 
asphalt pavements, load-associated cracking (fatigue) 
of the asphalt-treated layer is controlled by the 
magnitude of the tensile strain that is repeatedly ap
plied and rutting is controlled by limiting values of 
subgrade strain (Shell, Kentucky, WES, and A RE 
procedures), of stresses in the other layers (ARE 
procedure), and of strain in the asphalt-bound layer 
(Shell procedure). For portland cement concrete 
pavements, load-associated cracking is controlled by 
the magnitude of the repeatedly applied tensile stress. 

In the Shell and ARE procedures, remaining life can 
be estimated in existing pavements by using the linear 
summation of cycle ratios as the cumulative-damage 
hypothesis. For this analysis to be effective, however, 
good traific information is required I In addition, when 
this approach is used in designing an overlay for an 
existing pavement, one must be careful if the remaining 
life of the existing pavement approaches relatively 
small values (e.g., 10 percent or less). In this situa
tion, as demonstrated in the Shell procedure, a thinner 
overlay may result if the existing pavement is con
sidered to be part of the granular layer. 

Both the Shell and ARE procedures make provision 
for the treatment of an existing, cracked asphalt con
crete layer. In the Shell procedure, such a layer is 
treated as a part of the granular layer and, in the ARE 
procedure, different levels of stiffness modulus are as
signed that depend on the extent of cracking. 

The procedure illustrated in Figure 4 has not been 
limited to asphalt pavements in the WES and ARE 
procedures. The ARE procedure, particularly, in
cludes provision for a range of types of existing portland 
cement concrete pavements. 

Although considerable progress has been made, there 
are a number of important problems that must be solved 
in order to develop improved evaluation and overlay
design techniques. 

More effort should be directed toward developing 
comparisons between stiffness properties estimated by 
deflection or other nondestructive measuring techniques 
and laboratory-determined stiffness values. Of the 
methods compared here, only the ARE procedure uses 
laboratory tests on samples of in situ materials. 

Considerable effort should be directed toward solving 
the reflection-cracking problem in overlays. Some 
attempt has been made in the ARE procedure, this must 
be considered a very crude first attempt and, while 
noteworthy, must be used with considerable caution. 

There is a lack of performance data for overlays. 
Because this type of information requires time to ac -
cumulate, if it is not already being done, efforts should 
be directed immediately toward this aspect of per
formance evaluation. 



Figure 4. Improved framework for overlay design. 
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However, there are also many positive features in 
the overlay-design procedures discussed in this Record. 
Well-defined techniques are available for the perfor
mance of condition surveys. Guidelines are available 
for the delineation of analysis sections (Figures 3 and 
4) by using deflection measurements and statistical 
treatments of deflection area. It is evident that the 
general framework for overlay design that follows the 
format of Figure 4 and is embodied in the ARE, 
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Kentucky, and Shell procedures for highway pavements 
and in the Shell and WES procedures for airfield pave
ments will lead to improved designs. Although there 
are limitations in this methodology, the potential for 
better-engineered pavements by using this emerging 
technology has already been demonstrated. 

Publication of this paper sponsored by Committee on Pavement Re
habilitation Design and Committee on Pavement Condition Evaluation. 
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The Texas State Department of Highways and Public Transportation 
method for the design of overlays for rigid pavements described in this 
paper is a design method that consists of fatigue- and reflection·cracking 
subsystems. The fatigue-cracking subsystem considers the remaining life 
of the existing pavement, uses fatigue principles, and determines the re· 
quired overlay thickness for a specific design life. Miner's linear damage 
hypothesis is used in the process. The reflection-cracking subsystem pro· 
vides a rational way of analyzing an overlay for the possible occurrence 
of reflection cracking. This design procedure was developed by adapting 
(through evaluation, modification, improvement, and simplification) the 
recently developed Federal Highway Administration overlay-design pro
cedure for rigid pavements. The revisions include modifications to (a) 
the computer programs, (b) the input guides for the computer programs, 
and (c) the materials-characterization procedures. This procedure pro· 
vides a rational way to design a wide variety of overlays on rigid pave
ments. 

Many of the pavements in the Interstate system are ap
proaching the end of their originally programmed design 
lives. In recognition of the fact that rehabilitation and 
overlays will become increasingly important in the future, 
the Federal Highway Administrntion (FRWA) recently 
sponsored a r esearch effort (1) to develop a new method 
of overlay design. This metlwd had the following goals: 

1. To develop overlay thickness design procedures 
for rehabilitation of all common pavement types and 

2. To develop design procedures for eliminating or 
reducing reflection cracking of pavement overlays. 

Subsequently, the Texas State Department of Highways 
and Public Transportation (SDHPT), with the goal of 
developing and implementing design, construction, and 
rehabilitation methods for rigid pavements, modified 
and adapted the FHW A method for flexible and rigid 
overlays on rigid pavements for specific use in Texas (2). 

This paper highlights the main features of the result: 
ing Texas SDHPT rigid-pavement overlay-design method, 
discusses some of the interesting results of the evalua
tion of the FHWA method, touches on some of the fea
tures included in the User's Manual for the Texas 
method, and describes the usefulness of this procedure 
as a research and design tool. 

OVERVIEW OF DESIGN METHOD 

The design method discussed herein (2) is based on an 
FHW A procedure developed by ARE Inc. (2, 3). The 
FRW A method was first evaluated and then nl'odified, 
simplified, and adapted to Texas needs. The procedure, 
which is outlined in Figure 1, contains three basic steps: 

1. Evaluation of the existing pavement, 
2. Determination of the design inputs, and 
3. Overlay thickness analysis. 

Evaluation of the Existing Pavement 

The existing pavement is evaluated by a deflection sur
vey and a condition survey . The deflection-survey in
forruation is used to divide the roadway under considera
tion into design sections that will behave differently from 
one another under load and to select design deflections 
for each section. Tbe condition-survey information is 
used to classify the pavement into one of three categories: 

1. Pavements that have remaining-life potential, 
2. Pavements so severely cracked that they would not 

be considered to have remaining life, a:nd 
3. Pavements that will be mechanically broken up 

before being overlaid. 

For pavements whe1·e reflection cracking is a prob
lem, additional condition-su1·vey information is needed, 
such as differential vertical deflection and the amount 
of horizontal movement with temperature change at 
joints or cracks. 

Determination of Design Inputs 

The required design inputs include estimations of past 
and projected future traffic in terms of number of 80-kN 
[ 18 000- lbf/in 2 (18- kip)] equivalent single-axle loads 
(ESALs), environmental considerations material prop
erties, and dimensions of layers. Elastic properties of 
various pavement materials are determined in the lab
oratory. Deflection measurements and a laboratory 
determination of the resilient modulus at different levels 
of deviator stress are used to characterize the sub
grade material. Fo1· the reflection-cracking analysis, 
additional data such as creep modulus of asphalt mate
rials, thermal coefficients, and temperatw·e informa
tion are also required. 

Overlay Thickness Analysis 

The overlay thickness analysis involves two subsystems: 
(a) a fatigue-cracldng analysis and (b) a reflection
cracking analysis. 

The fatigue-cracking analysis involves the use of 
linear elastic-layer theory to characterize the subgrade 
material and to compute stresses, strains, and deflec
tions. McCullough (4) showed in 1969 that "a computer
oriented solution to iayered theory is the most appro
priate solution for overlay design." He found that the 
results of the layered- theory approach were favorably 
correlated with the results of the gene1·ally accepted 
Weste1·gaard theory over a wide t•ange of parameters 
for rigid pavements. The remaining life of th.e existing 
pavement is taken into account by using Miner's linear 



Figure 1. Flowchart of pavement rehabilitation 
procedure. Sea rt 
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damage hypothesis. The governing stresses are as
sumed to be the horizontal tensile stresses due te applied 
wheel loads; they are assumed to be at the bottom of the 
overlay for pavements that do not have remaining life 
and at the bottom of the existing pavement for pavements 
that do. Stresses computed by the linear elastic-layer 
program are taken to be interior stresses, and stress 
factors derived by using a discrete-elem ent theory pro
gram [Westergaard and Picket theory (1)) are used to 
determine the maximum stress at the cr itical point for 
a specific type of pavement-overlay combination. Con
tinuous pavements are designed for edge loading, and 
jointed pavements are designed for corner loading. Void 
factors derived by using slab theory (1) are used to ac
count for increased stresses due to voids under the 
pavement. 

The fatigue-cracking analysis is computerized by the 
program RPOD2, which can handle both asphalt concrete 
(AC) and portland cement concrete (PCC) ovel'lays on 
concrete pavements. The output of the program is the 
required overlay thickness for a specific design life. 

The reflection-cracking analysis is primarily intended 
for AC overlays on rigid pavements (5) although other 
types of overlays can be analyzed by reviewing the pro
cedure. The RFLCRI computer program provides a 
rational procedure for evaluating the susceptibility of 
an overlay to reflection cracking . At joints or cracks 
in the existing pa vement, the program computes (a) the 
horizontal tensile strain in the overlay due to thermal 
movement and (b) the vertical-load-associated shear 

strain in the overlay. These computed strain values are 
then compared with allowable maximum values. The 
p~·og1·am provides for the possible use of bond breakers, 
intermediate layers, or reinforcement in the overlay if 
these maximum criteria are violated. 

EVALUATION OF FATIGUE-CRACKING 
SUBSYSTEM 

In the process of developing the Texas SDHPT procedures 
from the FHWA procedure, various studies were conr 
ducted on the fatigue-cracking subsystem, RPODl. Sub
sequently, the revised computer program RPOD2 was 
developed for Texas SDHPT. 

Nayak and others (6 ) have conducted an extensive 
s ensitivity analysis ofthe program RPODl. Both 
fractional- factorial and single- factorial results are 
reported. The pavement conditions used in the analysis 
are described in Table 1, and the sensitivity results are 
summarized in Table 2. In general, the following were 
concluded to be important variables: 

1. The modulus of the subbase is a very important 
variable. This rather surprising result indicates one of 
the advantages of using layered theory in the analyses, 
i.e., that factors outside the slab are accounted for more 
accurately. 

2. Design deflection is another very important vari
able. The design deflection is also used to characterize 
the subgrade material. In this sensitivity study, the 
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Table 1. Description of pavement conditions for sensitivity analysis. 

Pavement Bonding 
Condition Type of Overlay Type of Existing Pavement Condition Voids Cracking Condition 

1 Continuously reinforced concrete pavement 
2 J olnted concrete pavement 

Continuously reinforced concrete pavement 
J olnted concrete pavement 

Bonded No Classes 1 and 2 
Unbonded No Classes 1 and 2 

3 Aephalt concrete pavement 
4 Continuously reinforced concrete pavement 
5 Jointed concrete pavement 
6 Continuously reinforced concrete pavement 

Continuously reinforced concrete pavement 
Continuously reinforced concrete pavement 
Conlinuouely reinforced concrete pavement 
Jol.ntcd concrete pavement 

Bonded 
Unbonded 
Unbonded 
Unbonded 

No Classes 1 and 2 
No Mechanically broken 
No Classes 1 and 2 
No Classes 1 and 2 

7 Jointed concrete pavement Jointed concrete pavement Un bonded No Classes 3 and 4 
6 Jointed concrete pavement 
9 Jointed concrete pavement 

Continuously reinforced concrete pavement 
Jointed concrete pavement 

Unbonded 
Unbonded 

Yes Classes 1 and 2 
Yes Classes 1 and 2 

Table 2. Results of sensitivity analysis. 

Pavement Condition 

Fractional
Factorial 
Experiment 

Single
Factorial 
Experiment 

Input Variable 

Modulus of subbase I 
Design deflection 2 
Thickness of surface 3 

2 4 

2 2 4 I 
1 I 2 2 

3 5 

6 

6 
5 

8 9 

2 
I 
5 

5 
2 

Modulus of surface 4 4 6 2 6 
Thickness of subbase 5 
Poisson's ratio of surface G 
Modulus of subbase times design 

deflection 
Poisson's ratio of overlay 
Modulus of overlay 
Modulus of surface times thick

ness of subbase 
Modulus of subbase times thick-

ness of base 
Modulus of bond breaker 
Poisson's ratio of bond breaker 
Thickness of bond breaker 

4 3 
4 

3 

5 3 
6 I 

5 
6 

4 
2 

3 

4 
3 

6 

3 
4 

3 
4 

stress sensitivity of the subgrade material was not a 
factor because the design load was the same as the de
flection load. The importance of the design deflection 
therefore indicates that the stress sensitivity of the sub
grade material might be an important factor (and this 
proved to be so under certain circumstances). 

3. Other variables that are important are the thick
ness and modulus of the surface layer, the modulus of 
the overlay, the thickness of the subbase, and the 
modulus and thickness of the bond breaker or stress
relieving layer, if used. 

4. The Poisson's ratios of the overlay, surface 
layer, and bond breaker are important variables in some 
instances. 

5. It can be assumed that flexural strength is an im
portant variable: In this study, concrete modulus and 
flexural strength were varied together [which is feasible 
because an increase in modulus will normally be ac
companied by an increase in flexural strength (!, 1)] and 
therefore the effect of the concrete modulus represents 
the combined effect of both variables. 

Effect of Remaining Life on Overlay 
Thickness 

The concept of using the remaining life of the existing 
pavement in designing overlays was introduced by 
McCullough in 1969 (4) and is used in the Shell method 
.for overlay design on-flexible pavements (8), the FHWA 
method for flexible pavements ~), and by -Zaniewski (10). 
The remaining- life concept is defined as follows: 

Rdx,t,J,e ,m) = I - l: (ni/N;) (x,t ,J,e,m) (!) 

where 

RL = remaining life; 
n1 = number or load applications of level i 

experienced from the beginning to time 
t; 

N1 =number of load applications of level i 
required to cause failure in simple 
loading; and 

(x, t, 1, e, m) = notation to describe the subject rela
tions as a matrix function of space, 
time, loading, environment, and ma
terials properties. 

The effect of the percentage of remaining life on the 
required overlay thickness for a 203-mm (8-in) concrete 
pavement that has a 203-mm stabilized subbase on a sub
grade is shown in Figure 2. The moduli for the concrete 
(both pavement and overlay) and for the subbase were 
taken to be 31. 7 and 3.45 GPa (4 600 000 and 500 000 lbf/ 
in2

), respectively, and Poisson 's ratios of 0.2, 0.2, and 
0.4 were assumed for the concrete, stabilized subbase, 
and subgrade, respectively. 

By varying the assumed traffic before overlay, the 
percentage of remaining life can be varied. It should be 
noted that, wben the remaining life of the exlsting pave
ment is taken into consideration, the required overlay 
thickness is significantly reduced. On the other hand, 
i! the fact that some of the life of the existing pavement 
has already been consumed by traffic is not recognized, 
the resulting overlay may be too thin. 

The remaining-life concept is used in conjunction with 
the fatigue equation: 

For PCC, 

N = 23 440 (f/a) 3·21 (2a) 

where 

N = number of 80-kN ESALs until failure, 
f = flexural strength of concrete (lbf/in2 

), and 
er =computed tensile stress due to design load (lbf/in2

). 

For AC, 

N = 9.7255 x 10-1 s (l/E)S.16267 (2b) 

where E' = computed strain due to design load (in/in). 
(The equations given in this paper are designed for U.S. 
customary units only.) 

These equations indicate that, for very low values of 
remaining life, it might be more economical to consider 
the existing pavement not to have any and the governing 
stress to be at the bottom of the overlay. For pavements 
that have remaining life, the governing stress is consid
ered to be at the bottom of the existing pavement. In the 
Texas method, there is a modification where the existing 



pavement is considered both to have remaining life and 
to not have remaining life so that the more economical 
overlay thickness can be selected. 

Effect of Subgrade Resilient Modulus on 
Overlay Thickness 

In this study, the pavement structure was the same as 
that described above except for the use of an unbonded 
overlay. The stress- relieving layer was taken to be 
50.8 mm (2 in) thick and to have an elastic modulus of 
689 MPa (100 000 lbf/in2

). Overlay thicknesses were 
determined for different subgrade resilient moduli. 
Both RPODl and manual (by using the linear elastic
layer program ELSYM5 to calculate stresses, strains, 
and deflections) calculations were made. Figure 3 
shows the relationship between overlay thickness and 
subgrade resilient modulus. It can be seen that the 
overlay thickness for an existing pavement that has re
maining life is much more sensitive to a change in sub
grade resilient modulus than is that for an existing 
pavement that does not have remaining life. Schnitter 
and others (2) have pointed out that this reduction in 
overlay thickness with increase in subgrade resilient 
modulus when the existing pavement has remaining life 
is due to the combined effects of having the governing 
stress lower down in the pavement system and the in
crease in remaining life. 

Effect of Stress Dependency of Subgrade 
Resilient Modulu.s on Over lay Thickness 

The resilient moduli of subgrade materials are generally 
stress dependent. In the Texas method, as in the FHWA 
method, the subgrade modulus is determined by a com
bination of repetitive- load triaxial testing and deflection 
measurements . 

When plotted on a log- log scale, the relationship be
tween the modulus and the deviator stress for subgrade 
soils is generally close to a straight line (1, 5, 9, 10). 
Zaniewski (10) indicates that, as the confining pressure 
increases, the resilient modulus of a subgrade material 
increases, but in such a way that individual curves for 
different confining pressures are parallel. Mathema
tically, the relationship can be expressed as follows: 

where 

(3) 

MR = resilient modulus (lbf/in2
), 

a =intercept on the subgrade-modulus axis, 
SsG = slope of the line determined by the log- log 

plot of the resilient modulus versus deviator 
stress, 

0'1 = applied vertical str ess (lbf/in2
), 

0'3 = applied horizontal s t res s (lbf/in2
), and 

C11 - C73 = deviator stress (lbf/ in2
). 

The slope (SsG) is generally negative for clayey mate
rials and positive for granular materials (2). For ma
terials that included clays, silty clays, sandy silts, 
clayey silts, and very fine-grained sand, a practical 
range for SsG was found to be between -1.2 and 0. 

Figure 4 shows the required overlay thicknesses for 
different values of SsG for the pavement structure shown 
in Figure 5. A Dynaflect design deflection of 0.014 mm 
(0.000 565 in) was used and traffic before overlay was 
kept constant on 4 million 80-kN ESALs. The overlay 
was designed for 7 million 80- kN ESALs. The results 
of this study indicate that, if the existing pavement does 
not have remaining life, the predicted overlay thickness 
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is relatively insensitive to variations in Ssa . For pave
ments that have remaining life, the variation in SsG has 
a considerable influence on overlay thickness. 

The reason for this phenomenon is that, in charac
terizing the subgrade material by using the measured 
deflection, different resilient moduli are obtained for 
materials that have different stress dependencies (Ssa). 
The more stress dependent the material, the lower the 
resilient modulus to be used with the design load (for 
negative values of SsG). This also affects the remaining 
life of the existing pavement. 

These results suggest that relatively more effort should 
be spent in characterizing the subgrade materials of pave
ments that have remaining life than of those that do not. 

Effect of Change in Stress Level in 
Subgrade, Due to the Overlay, on 
Overlay Thiclmess 

In the fatigue-cracking subsystem, the subgrade modulus 
is determined under the design load on the existing pave
ment and then used throughout the rest of the overlay
design process. The overlay, however, will reduce the 
stress level in the subgrade, which will result in a higher 
subgrade modulus, for a soil that has a negative Sso. 
This will cause the design to be conservative. This ef
fect is illustrated in Figure 6. The computer program 
used in the FHWA method (RPODl) was used to determine 
overlay thicknesses for different values of Ssa, and these 
results were compared with values obtained by manual 
calculations that included the effect of the reduction in 
subgrade stress due to the overlay. However, although 
the RPODl results are somewhat conservative as ex
pected, it was decided that the increased computer time 
an additional iteration process would require would not 
be justified. 

Asphalt Concrete Overlays on Portland 
Cement Concrete Pavements 

The RPODl computer program (1) does not include pro
vision for the design of AC overlays on PCC pavements 
that do not have remaining life. Schnitter and other s (2) 
have shown that, for these pavements, the effective -
modulus (3.45 GPa) assumed for a pavement that exhibits 
classes 3 and 4 cracking can easily be higher than the 
modulus of the overlay. The governing stress is consid
ered to be at the bottom of the overlay, which can, ac
cording to layer-theory solutions, even be in compres
sion and have significant stresses at the bottom of the 
cracked pavement. This is not an easy problem to deal 
with by using layer theory . 

In the Texas method, this problem is solved by char
acterizing the subgrade material in the normal way of 
using measured deflections and laboratory testing and 
then determine the modulus of a semi-infinite half 
space that will have the same deflection under design 
load as the existing pavement structure. The overlay is 
then designed on this half space. 

EVALUATION OF 
REFLECTION-CRACKING 
SUBSYSTEM 

The reflection-cracking subsystem was evaluated by a 
limited sensitivity analysis (2) and will not be discussed 
here. -

IMPLEMENTATION OF RESULTS 
OF EVALUATION STUDIES 

After the evaluation studies of the RPODl computer 
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Figure 2. Relationship between overlay 
thickness and remaining life of existing 
pavement. 
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program, a revised program called RPOD2 was devel
oped that includes the following modifications: 

1. RPOD2 includes the design of AC overlays on 
pavements that do not have remaining life by using the 
concept of a semi-inifinite half space that results in the 
same deflection under the design load as the existing 
pavement. 

2. RPOD2 allows for the input of values of flexural 
strength of both the erjsting pavement and the overlay 
(in RPODl only a single value could be specified). 

3. Because it is more economical under certain con
ditions to consider a pavement that has a low percentage 
of remaining life to not have any, RPOD2 considers both 
possibilities for selection of the more economical thick
ness. 

4. Because overlay thicknesses on pavements that 
do not have remaining life are less sensitive to the stress 
dependency of the subgrade modulus, RPOD2 provides 

Figure 5. Pavement structures used to study effect of SsG on overlay 
thickness. 
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E = 700 MPo 

E = 32x10 M Po 

E= 3.5xl03MPo 

a, Pavement s true tu re with stabilized subbase . 

V=0.2-

'1Bondbreaker E= 700 MPa v= o.4i 

V=0. 2 

Base E= 500 M Po V=0.2 

b. Pavement structure with granular subbase , 
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Figure 6. Comparison of predicted thicknesses: 
by RPOD1 program and by manual calculations 
that include effect of reduction in level of 
subgrade stress due to overlay. 
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an alternative way to describe the relationship between 
the laboratory-determined resilient modulus and the 
deviator stress. 

5. Because the Dynaflect is widely used in Texas for 
deflection measurements, Dynaflect loads are used as 
default values in RPOD2. 

6. RPOD2 sets limiting elastic-modulus values for 
subbases of pavements that have classes 3 and 4 cracking 
and mechanically broken up pavements because it is un
likely that, for example, a cement-stabilized base under 
a mechanically broken up pavement would be intact. 

Table 3. Input variables for program RPOD2 for different 
existing-pavement conditions. 

Pavement Condition• 

Variable A B c D 

Traffic before overlay R R 
Existing pavement 

Concrete flexural strength R R 
Condition R R R R 
Modulus R R F F 
Poisson's ratio F F F F 
Thickness R R R R 

Subbase 
Modulus R R R R 
Poisson's ratio F F F F 
Thickness R R R R 

Subgrade 
Modulus 
Poisson's ratio F F F F 
Thickness> R> R> R> R> 
Laboratory data (M, versus a) R R E E 

Design deflection R R R R 
Deflection-load magnitude F F F F 
Deflection-load positions F F F F 
Corner-to-interior stress ratio0 R' R' R' R' 
Overlay 

Modulus R R R R 
Poisson's ratio F F F F 
Concrete flexural strength R R R 
Bo!idln!(' condition R R 

Bond· b1,eaker' 
Modulus R' R R R 
Poisson's ratio F F F F 
Thickness R R R R 

Design traffic R R R R 

Note: R =required, F =fixed (can be changed by using supplement to input 
guide), and E =estimate (a good estimate of this value is sufficient). 

0 Pavement condition: A= has remaining life; B = uncracked or classes 1 and 2 
cracks, does not have remaining life; C =classes 3 and 4 cracks; D = mechani-
cally broken up, 

blf bedrock is specified. 
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The limited sensitivity analyses of the reflection
cracking program RFLCRl indicated that it gives reason
able results; therefore, no modifications were required 
to that program. 

TEXAS SDHPT USER'S MANUAL 

A step-by-step User's Manual has been provided for the 
use of the Texas State Department of Highways and Pub
lic Transportation. The manual is divided into four 
sections: 

1. Evaluation of the existing pavement, 
2. Fatigue-cracking analysis, 
3. Reflection-cracking analysis, and 
4. Selection of overlay thickness. 

Input guides for the computer programs are also pro
vided. For simplicity, several of the less sensitive 
variables required by the procedure have been assigned 
default values and need not be input. A supplement to 
the input guide provides a way to change these default 
values should the designer so desire. Such variables 
include the Poisson's ratio values, the deflection loads, 
and the positions for the deflection measuring device. 

The manual also contains 

1. An indication of the variables that are required 
for each combination of overlay and pavement (see 
Table 3), 

2. A way of determining S!G by using deflection mea
surements at two different deflection loads, and 

3. A tentative way of determining a maximum allow
able value for the repeated shear strain due to traffic 
loads used in the reflection-cracking analysis. 

IMPLEMENTATION OF TEXAS SDHPT 
OVERLAY-DESIGN PROCEDURE 

Because field verification is always an important aspect 
of a new design procedure, this procedure will be im
plemented for trial use on real overlay-design problems 
as soon as possible. This will be done by designing a 
number of overlay sections, constructing them, and then 
monitoring their performance. 

Because the procedure is computerized, it can be 
easily adapted to rigid-pavement management systems 
also (11 ). Future research will be directed toward this 
goal. -

This overlay design method can also be a useful re
search tool for parameter and sensitivity analyses and is 
currently being used by personnel of the Center for High
way Research, University of Texas at Austin, and the 
Texas SDHPT in a study to determine the most economi
cal time or condition to overlay pavements. 

It is hoped that this overlay-design procedure will 
eventually provide pavement designers in Texas with a 
sound practical method of designing structural overlays 
in all classes of rigid pavements. 

CONCLUSIONS 

In the process of adapting the FHWA procedure for the 
design of rigid pavement overlays for the Texas SDHPT, 
the FHWA method has been thoroughly evaluated. Some 
of the evaluation studies on the fatigue-cracking subsys
tem are discussed in this paper, and the following can 
be concluded: 

1. In general, the most important input variables are 
design deflection and the elastic moduli and thicknesses 
of the various layers. 

2. Taking the remaining life of the existing pavement 
into consideration reduces the required overlay thickness 
considerably. 

3. The subgrade modulus has a much larger effect 
on required overlay thicknesses for existing pavements 
that have remaining life than for those that do not. 

4. The effect of the stress dependency of the sub
grade resilient modulus is much greater for existing 
pavements that have remaining life than for pavements 
that do not. 

5. Relatively more effort should be given to the de
termination of the subgrade modulus of pavements that 
have remaining life than of pavements that do not. 

6. The effect of ignoring the reduction in the sub
grade stress due to the overlay is to make the design 
conservative for subgrades that have negative SsG values. 

7. The problem of modeling AC overlays on PCC 
pavements by using elastic-layer theory has been over
come. 
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Overlay Design Based on Visible 
Pavement Distress 
N. K. Vaswani, Virginia Highway and Transportation Research Council, 

Charlottesville 

Data collected on 111 Interstate highway projects in Virginia were ana
lyzed by using a multiregression procedure, and the rating coefficient for 
each type of distress was determined. From these coefficients, the total 
distress and the resultant maintenance rating for each pavement were 
calculated. The types of distress that were found to affect the mainte
nance rating are longitudinal cracking, alligator cracking, rutting, pushing, 
raveling, and patching. A method for designing the required thickness of 
an overlay was developed based on taking the thickness equivalency of 
an asphalt concrete overlay in Virginia as equal to 0.5 and the overlay 
thickness as a function of the ratio of the traffic, in terms of the num-
ber of 80-kN (18 000-lbf (18-kip)] equivalent loads, carried by the 
pavement before the overlay to the traffic it would carry after the over
lay, depending on the durability of the asphalt mix. This design method 
does not require the use of a deflection-measuring device. 

In Virginia, the decision to provide an overlay over a 
flexible pavement conventionally is based on a visual in
spection that does not make reference to any defined 
criterion for pavement evaluation. However, to comply 
with the Reconstruction, Rehabilitation, and Resurfacing 
Program of the Federal Highway Administration, the 
states now need procedures .by which the necessity for 
an overlay can be validated and its required thickness 
can be estimated so as to obtain federal participating 
funds. 

In Virginia and some other states, mechanistic 
methods for determining the required thicknesses for 
overlays have been developed. However, these methods 
are based on deflection data (!., ~) and their use would 
require that all districts have deflection equipment such 
as the Dynaflect available, along with a technician, for 
the collection of data. Similarly, the methods for 
quantifying total pavement distress based on rating sys
tems require the use of some technique for measuring 
distress by mechanical means. Consequently, there 
is a need for a method by which to establish a relation
ship between the total pavement distress, the accumu
lated traffic and the structural strength of the pavement 
that can be used to design overlays without the necessity 
of using pavement-deflection (or any other) measuring 
devices. 

OBJECTIVE AND SCOPE 

The objective of the investigation reported here was the 
development of a method for designing the thickness of 
overlays for flexible pavements that would be based on 

maintenance ratings of the pavements as determined by 
visual observations and sound engineering judgment. 
These overlays would be designed for the sole purpose 
of improving the structural strength of the pavement. 
Defects in the pavement surface that did not affect its 
strength would not be considered. 

As outlined in the working plan (3 ), the study was 
designed to accomplish the following tasks: 

L To develop a pavement-maintenance-rating sys
tem based on the total observed pavement distress; 

2. To develop a relationship between the maintenance 
rating, the accumulated traffic (in terms of 80-kN 
[ 18 000 lbf (18-kip )] equivalents}, and the structural 
strength of the pavement (in terms of its thickness index) 
that could be used to evaluate the performance of the 
pavement before and after the overlay; 

3. To determine the thickness equivalency of the 
overlay; and 

4. To develop a method for determining the required 
thickness of the overlay. 

PAVEMENT-MAINTENANCE-RA TING 
SYSTEM 

The pavement-maintenance-rating technique that was 
developed is based on the same principle as the ser
viceability index (SI) included in the American Associa
tion of State Highway and Officials (AASHO) Road Test 
results. The Sis of the new pavements at the AASHO 
Roar! Test varied from 3.9 to 4.5, with an average value 
of 4 .2. For the design of overlays in Virginia, it is 
proposed that a maintenance-rating factor (MR) of 100 
for a new pavement be adopted. Thus, an AASHO SI 
of 4.2 would equal an MR of 100, and an SI of 0 would 
equal an MR of 0. As distress to the pavement in
creases, factors assigned to various types and degrees 
of distress are subtracted and the MR decreases. The 
MR for a new pavement will decrease from 100 as the 
accumulated traffic, and hence the distress, increases. 

Although the pavement distress over the first few 
years that a road is open to traffic is so small that it is 
not discernible to the naked eye, it can be measured by 
a Dynaflect or a roughometer. However, measurement 
of this indiscernible distress is not necessary for the 
design of overlays. In the rating system developed, an 
SI of 3.9 or an MR of 93 [i.e., (3.9/4.2) xlOO = 93] is 
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Table 1. Interstate flexible pavement First Overlay 
d istress ratings and overlay data. 

Pavement Distress: 1974-1975 No. of 80-kN 
Serial 
No. LC AC Ru 

1 2 I 0 
2 1 3 1 
3 3 2 2 
4 3 2 2 
5 1 0 0 
6 3 3 0 
7 0 0 0 
8 2 0 0 
9 2 0 0 

10 1 0 0 
11 1 0 0 
12 3 3 3 
13 0 0 0 
14 0 0 0 
15 0 0 0 
16 0 0 0 
17 3 3 3 
18 1 0 0 
19 1 0 0 
20 0 0 0 

Note : 1 kN = 225 lbf 

considered as the maximum value of incipient visible 
distress for the following reasons: 

1. The mini'mum value of the AASHO SI for a new 
pavement was 3.9, which is equal to an MR of 93; 

Pu 

1 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
0 
0 
0 
0 

2. The rate of decrease of the MR as the traffic in
creases is constant to an MR of approximately 93 and, 
below that value, accelerates (i.e ., at an MR of 93, the 
deterioration of the pavement begins to accelerate); 

3. Statistical analysis gives higher values of cor
relation coefficients when pavements that do not have 
visible distress are assigned an MR of 93-in the 
present investigation, all pavements that did not have 
visible distress were assigned an MR of 93, irrespective 
of their age, because pavements that have MRs of 93 or 
higher are never considered for overlays. 

The types of distress that contribute to pavement 
deterioration are longitudinal cracking (LC), alligator 
cracking (AC), rutting (Ru), pushing (Pu), raveling (Ra), 
and patching (Pa). For these types, it is recommended 
that the ratings given below be adopted. 

Not Very 
Distress Severe Severe Severe 

None 0 0 0 
observed 

Rarely 2 3 
observed 

Occasionally 2 4 6 
observed 

Frequently 3 6 9 
observed 

On Interstate highways, overlays are applied while 
the distress is still not severe but, on low-traffic pri
mary roads, the distress may be rated severe or very 
severe before overlays are placed . The amount and 
severity of distress considered indicative of a need for 
an overlay will require clear specification before the 
rating system can be used by field engineers. 

In 1974-1975, McGhee carried out a survey of 111 
flexible-pavement projects on 886 km (521 miles) of the 
Interstate highway system and visually determined the 
MRs (4) shown in Table 1. A multiregression analysis 
based o n Equation 1 of these data, in which it is assumed 
that none of the distress recorded was rated as being 
severe, 

Year Equivalent Loads 
Ra MR Constructed Year (000 OOOs) 

0 88 1961 1971 1.55 
0 78 1960 1971 2.00 
0 83 1963 1977 2.72 
I 83 1963 1975 2.24 
0 93 1962 1975 2 .43 
3 78 1963 1976 2.44 
0 93 1963 1974 2 .02 
0 93 1963 1974 1.97 
0 93 1963 1969 1.09 
2 91 1963 1969 1.16 
2 91 1963 1970 1.27 
0 78 1963 1976 2 .27 
0 93 1964 1974 1.77 
0 93 1964 1973 1.57 
0 93 1964 1973 1.55 
0 91 1964 1972 1.42 
0 78 1965 1975 1.61 
0 93 1968 
0 93 1961 1969 1.36 
0 93 1962 1970 1.39 

MR = a0 + a1 (LC rating)+ a2 (AC rating)+ a3 (Ru rating) 
+ a4 (Pu rating) + as( Ra rating) + a 6 (Pa rating) 

D 

12.3 
12.3 
14.0 
13.8 
13.8 
13 .8 
13.6 
13.6 
13.8 
13 .8 
13.8 
13.8 
13.8 
13.8 
13.8 
13.8 
13.8 
15.2 
13.4 
13.4 

(I) 

gives Equation la which has a correlation coefficient of 
0 .96 and standard error of 0.39. 

MR= 92.6 - 2.4LC - 2.3AC - I .ORu - I .OPu - 0.9Ra (l a) 

Because none of the projects on the Interstate high
ways considered had any patched areas, no coefficient 
for patching was included in Equation la. Patching is 
usually provided to cover severe or very severe dis
tress, generally in the form of alligator cracking. If 
patching were considered in Equation la, the coef
ficient for it would be 2.3, the same as that for alligator 
cracking. However, patching is here classified as 
not severe and is rated only by the amount observed. 

The data given below, taken from serial no. 4 in 
Table 1, can be used to illustrate the method for de
termining the MR of a pavement. 

Type of 
Distress Amount Severity Rating 

LC Frequent Not severe 3 
AC Occasional Not severe 2 
Ru Occasional Not severe 2 
Pu None 0 
Ra Rare Not severe 1 
Pa None 0 

By using these data and Equation la, MR := 92 .6 -
(2.4 x 3) - (2 .3 x.2) - (1.0 x 2)- {1.0 x O) - (0.9 x1) -
(2.3 x O) = 77.9. None of the MRti uf lh~ 111 Inte1·state 
projects cited above were lower than 78. 

The MRs for the 111 projects were determined in 
June 1975. Pavements that had values between 78 and 
83 were overlaid in 1975 or 1976, except for a few that 
were overlaid in 1977. Thus, there is an indication 
that the rating system determined in the investigation 
is in line with field practice. However, the establish
ment of priorities based on the system might lead to 
improvements in the utilization of funds. As shown in 
Table 1, (a) one project that had an MR of 83 in 1975 
was overlaid in 1977; (b)· two projects that had MRs of 
78 in 1975 were overlaid in 1976; and (c) three projects 
that had MRs of 78, 83, and 93, respectively, were 
overlaid in 1975. If priorities had been established by 
using the rating system, the pavements that had the 
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Figure 1. Determination of number of 80-kN equivalent loads from 2 o 'o oo · O r-r-T--rTTTT-.-.,....,-r-,..,...-.....--..-..-.-..Tr.,,.-.--r-'T""""1,..,..,.--.-,......,..., 
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Table 2. Thickness equivalencies of materials used in Virginia for 
Interstate, arterial, and primary roads. 

Location Material 

a, Asphalt cqncrete 
a, Asphalt concrete 

Untreated aggregate base material (crushed or 
uncrushed, specification numbers 20, 21 , 
and 22) 

Type 1 select material directly under asphalt 
concrete mat and over good quality subbase 

a , Types 1, 2, and 3 select material 
In Piedmont area 
In Valley and Ridge area and coastal plain 

Soil cement or soil lime 
Cement-treated aggregate base directly over 

sub grade 

lower MRs would have been overlaid first. 

Thickness 
Equivalent 

1.0 
1.0 
0.35 

0.35 

o.o 
0.2 
0. 4 
0.6 

The SI limits recommended by the AASHO committee 
(5) for use in decisions as to when overlays should be 
applied were correlated with the MR system as shown 
below. 

Road Classification SI MR 

Interstate .; 3.5 .; 83 
Arterial .; 3.0 .; 71 
Primary .; 2.5 .; 60 
Low primary or " 1.5 .;36 
secondary 

Thus, it is seen that, for the Interstate highway pave
ments in Virginia that had MRs of 83 or less, overlays 
are justified. Pennsylvania has used the same ap
proach to pavement-maintenance rating (~). 
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RELATIONSHIP BETWEEN MAINTENANCE 
RATING, ACCUMULATED TRAFFIC, 
AND STRUCTURAL STRENGrH 

0 0 
0 0 

~ a. 
0 0 .... N 

The rate and amount of pavement deterioration are a 
function of the pavement strength and the accumulated 
traffic (in terms of the number of 80-kN equivalent 
loads) and can be determined by using Equation 2 (1)· 

log no. of 80-kN equivalent loads= A+ B(thickness index) 

where 

(2) 

A f(MR), a function of the maintenance rating and 
constant for a given MR value, and 

B = a constant for any given MR value. 

The number of 80-kN equivalent loads can be deter
mined from a traffic count by using Figur e 1 (8). The an
nual traffic counts are prepared by the Traffic-and Safety 
Division of the Virginia Department of Highways and 
Transportation (9). 

The thickness-index (D) is a number that shows the 
intrinsic strength of the pavement (i.e., without the 
subgrade support). It is a nondimensional quantity and 
is obtained by using Equation 3 . 

where 

h1, lb, and h3 

(3) 

thicknesses of asphalt concrete sur
face layer, base layer, and subbase 
layer, respectively, and 
strength coefficients of the layers h1, 
lb, and h:i, respectively. 

The values of a1, a2, and a3 are given in Table 2. 
Because there were no MR data for pavements in 
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Figure 2. Relationship between maintenance rating and cumulative traffic at different values of thickness index. 
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Virginia available for evaluation, the raw data from the 
AASHO Road Test pavements were used. The AASHO 
results give data on 270 projects that had different 
pavement cross sections. On each of the projects, traf
fic in terms of 80-kN equivalent loads is given for MRs 
of 83, 71, 60, 48, and 36 (SI values of 3.5, 3.0, 2.5, 
2.0, and 1.5), respectively. The D-value index of each 
project was obtained by using the strength coefficients 
given in Table 2. 

D = (l.00h1 + 0.35h2 + 0.20h3 )/2.50 

(h1, h2, and h:i are measured in centimeters), and an 
equation based on Equation 2 had the form 

(3a) 

log no. of 80-kN equivalent loads= A+ 0.5(thickness index) (2a) 

The values of A so obtained and the correlation coef
ficients (Rs) and standard errors (SEs) are summarized 
below. 

MR A R SE 

83 1.213 0.87 0.71 
71 1.582 0.92 0.49 
60 1.742 0.94 0.41 
48 1.823 0.94 0.39 
36 1.871 0.94 0.39 

,., 

Accumulated traffic (no. of 80-kN equivalent loads) 

These correlation coefficients show that an excellent 
relationship exists between the MR, the traffic, and 
the structural strength (see Figure 2). 

STRENGTH COEFFICIENT 

No MR data are available for overlaid pavements in 
Virginia; however, the AASHO Road Test gives basic 
data on 99 overlaid projects. These data have been 
evaluated and the results reported elsewhere (7). The 
evaluation showed that the strength coefficient of an 
overlay should be taken as one-half that of the asphalt 
concrete for new construction. In Virginia, the thick
ness equivalency of asphalt concrete for new con
struction is equal to 1 (as shown in Table 2). The 
strength coefficient of asphalt concrete for an overlay 
in Virginia is, therefore, 0.5. 

Of the 111 projects analyzed in the investigation, 8 
were overlaid in 1975. The average MR of these 8 
projects was 83, and the average traffic on them before 
the overlay was about 2 million 80-kN equivalent loads. 
The average thickness of the overlays on these 8 projects 
was 2.5 cm (1 in). A 2.5-cm overlay on a new pave
ment in Virginia usually lasts as long as did the pave -
ment before the overlay. Hence, it is assumed that 
these 8 pavements will be able to carry an additional 
2 million 80-kN equivalent loads before a second overlay 



Figure 4. Relationship between traffic-carrying capacity 
and overlay thickness. 
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Table 3. Traffic growth rate and accumulated traffic (assuming 5 
percent growth/year). 

Period of Period of 
Traffic Growth Accumulated Traffic Growth Accumulated 
(years) Rate Traffic (years) Rate Traffic 

1 I 365 11 1.62 5 169 
2 1.05 748 12 1. 70 5 789 
3 1.10 1 149 13 1. 78 6 438 
4 1.16 1 572 14 1.87 7 120 
5 1.22 2 017 15 1.97 7 839 
6 1.27 2 480 16 2 .07 8 595 
7 1.34 2 969 17 2 . 17 9 387 
8 l. 40 3 480 18 2.28 10 219 
9 1.47 4 016 19 2.39 11 091 

10 1.54 4 578 20 2.51 12 007 

is needed. The relationship of the MRs to the traffic 
history of the average of these 8 pavements is shown on 
an exaggerated scale in Figure 3, which shows that the 
averages of the thickness indices of these 8 pavements 
before and after the overlays were 10. 1 and 10.6, re
spectively. Thus, a 2.5-cm overlay gives a strength 
coefficient of 10.6 - 10. 1 (or 0.5). Hence, it appears 
that the conclusion reached in the evaluation of the 
overlay strength coefficient for AASHO road projects 
(1) could also be applied to overlays in Virginia. 

TIIlCKNESS OF AN OVERLAY 

By using Equation 2a, the traffic carried by an overlaid 
pavement can be calculated as 

Traffic= antilog(Aa + 0.5Da) - an tilog(Ab + 0.5Db) (4) 
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where 

Ab and Aa = constants for the MR before the overlay 
and at the end of the overlay service and 

Da and Db = thickness indices of the pavement be
fore and after the overlay. 

As described above, for a given type of highway, the 
MRs before the overlay and at the end of the overlay 
service are the same; that is, Aa =Ab. In such a case, 
Equation 4 reduces to 

Traffic after overlay = traffic before overlay 

x : antilog (0.5 (overlay thickness/2 .5) 

x thickness equivalency of overlay] - n (4a) 

(when overlay thickness is measured in centimeters) or 

Traffic after overlay /traffic before overlay = 

[antilog (0.1 x overlay thickness) - l] 

or 

Percentage increase in traffic after overlay = 

[an tilog (overlay thickness/ 10) - I ] x I 00 

(4b) 

(4c) 

Figure 4, which is based on Equation 4c, shows the 
percentage increase in the number of 80-kN equivalent 
loads versus the overlay thickness in centimeters and 
can be used to determine the required thickness of an 
overlay. This figure shows that the traffic capacities 
for overlay thicknesses of 2.5, 5.1, and 7.6 cm (1, 2, 
and 3 in) are, respectively, 78, 217, and 464 percent 
of the traffic before the overlay. 

Deflection studies carried out before and after the 
application of asphalt concrete overlays have shown that 
overlay thicknesses of 2. 5 cm or more do contribute to 
an increase in the structural strength of the pavement. 
It is therefore recommended that the overlays provided 
for increasing the structural strength of pavements be 
a minimum of 2.5 cm thick. The following method is 
recommended for designing the thickness of an overlay. 

The design for the thickness of an overlay is de
pendent on the durability of the asphalt concrete mix 
used and the way it is affected by such factors as age, 
hardening, and stripping of the asphalt. An overlay 
made from a properly placed, well-designed mix can 
perform satisfactorily for 10-15 years without surface 
rejuvenation. For determining the required thickness 
of an overlay, the use of a 12-year service life for the 
mix is recommended. The procedure for determining 
the overlay thickness is· as follows: 

1. Determine the accumulated traffic in terms of 
the number of 80-kN equivalent loads that the pavement 
has carried from the date of construction to the date of 
the proposed overlay, irrespective of any previous 
overlays. If necessary, use Figure 1 to convert the 
traffic count into 80-kN equivalent loads. 

2. Determine the accumulated traffic in terms of 
the number of 80-kN equivalent loads the pavement will 
carry in the 12 years following the overlay. 

3. From Figure 4, determine the thickness of the 
overlay for a given percentage increase in traffic after 
the overlay, taking the percentage increase as (number 
of 80-kN equivalent loads after the overlay + number of 
80-kN equivalent loads before the overlay) x 100. 

For an Interstate highway pavement that had been 
built in 1967 and had a maintenance rating of 76.5 in 
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1977 an overlay probably would be justified. The 
thickness of the overlay can be calculated as outlined 
below. 

1. (a) Determine the daily traffic in 80-kN equiv
alent loads. From the average daily traffic (ADT) volume 
records published annually, obtain the ADT for 1976 
and use these data and Figure 1 to calculate the num-
ber of 80-kN equivalent loads as shown below. 

Type of 
Vehicle 

Two axle, 6 tire 
Three axle, 10 tire 
Trailer trucks 
Buses (assume 20 

percent three-axle 
and 80 percent two
axle vehicles) 

Total 

ADT 

320 
50 

2850 
40 

No. of 80-kN 
Equivalent 
Loads 

58 
14 

2500 
6 

2578 

(In these calculations, automobiles and two-axle, four
tire vehicles are not considered because their damaging 
effect on the pavement is almost negligible.) Thus, for 
a four-lane highway, the design traffic = 2578 x0.5 x 
0.8 = one thousand thirty-one 80-kN equivalent loads, 
where the reported traffic counts include both directions 
of travel, one-half the reported traffic is assumed to 
travel in each direction, and 80 percent of the truck 
traffic is assumed to use the outside (design) lane. 
(b) Determine the accumulated traffic before the over
lay. These data can be determined f:om the traffic . 
records or estimated on the assumption that the traffic 
has increased as the rate of 5 percent/year (a widely 
accepted standard) by using Table 3, which gives the 
growth rate for each year for a 20-year period (e.g., 
the ADT after 9 years = 1.47 xADT during the first 
year) and the accumulated traffic for each year for a 
20-year period (the accumulated traffic after 9 years = 
4016 x ADT during the first year). Thus, in the above 
example, the accumulated traffic o~ the road in 1977 
(i.e., at the end of 11 years of service and before the 
overlay) =design daily traffic in 1977 x accumulated 
traffic rate .;- growth rate = 1031 x 5169 .;-1. 62 = 3.29 
million 80-kN equivalent loads. 

2. Determine the accumulated traffic after the 
overlay. From the daily traffic just before the overlay 
(i.e., 2578 equivalent loads), the traffic to be carried 
by the overlay is 2578 x accumulated traffic rate (12 
years) .;- growth rate (12 years) = 2578 x 5789 .;-1. 70 = 
8.78 million 80-kN equivalent loads. 

3. Determine the overlay thickness. The required 
overlay thickness can be determined by using Figure 4. 
The percentage increase in daily traffic to be sustained 
by the overlay is (8. 78 million 7 3 .29 million) x 100 = 
267 percent and the required overlay thickness is ap
proximately 130 mm (5.1 in). 

CONCLUSIONS 

1. A simplified method based on visual inspections can 
provide uniformity in decisions regarding the stages at 

which pavements would be overlaid in an economical 
manner. 

2. In Virginia, the thickness equivalency for an 
asphalt concrete overlay is 0.5. 

3. A method for designing the thickness of overlays 
has been developed. 
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Overlay Design Based on AASHO 
Road Test Data 
N. K. Vaswani, Virginia Highway and Transportation Research Council, 

Charlottesville 

The raw data on the 99 overlays tested at the American Association of 
State Highway Officials Road Test were evaluated . In the process, the 
raw data on the pavements that were overlaid were also evaluated. The 
relationship between the serviceability index of the pavement, the ac
cumulated traffic in terms of 80-kN [18 OOO-lbf/in2 (18·kip)) equivalent 
loads, and the thickness index of the pavement before the overlay was 
determined. This relationship was found to apply to the overlaid pave
ments also. Based on this relationship, the strength coefficient of the 
overlay was determined and a method of designing the thickness of an 
overlay was developed. This design method does not require the use of 
pavement-deflection data. 

Since 1962, the American Associat ion of State Highway 
Officials (AASHO) Road Test results (1) have provided 
the fundamental guidance for the design of pavements in 
this country. However, although the Road Test included 
studies on 99 overlays, these failed to produce conclusive 
results and, thus, the test results provide no guidance 
for the design of overlays. The conclusions from the 
study of overlays stated in part that "Attempts at math
ematical analysis designed to establish a specific rela
tionship between performance and overlay design were 
unsuccessful." But recently, the need for suitable meth
ods of designing overlay thicknesses and of predicting 
their performance has been recognized, and it has be
come imperative that the AASHO results be further in
vestigated to provide suitable guidance for the design of 
overlays. 

OBJECTIVE AND SCOPE 

The objective of this investigation was to use the raw 
data from the AASHO Road Test for the determination of 
the strength coefficient of overlays and the design of 
overlay thicknesses. The objective was met by accom
plishing the following three tasks: 

1. The development of a relationship between the 
serviceability of a pavement, the accumulated traffic, 
and the structural strength of the pavement before and 
after an overlay, 

2. The determination of the strength coefficient of 
the overlay, and 

3. The development of a method for designing the 
thickness of overlays. 

VARIABLES 

The extent and type of distress that a pavement undergoes 
depends on the traffic it carries and its structural 
strength. These three variables are discussed below. 

Distress, in the AASHO Road Test, is defined by the 
serviceability index (SI). The SI of a new pavement de
creases as the accumulation of traffic increases. The 
rate of decrease depends on the structural strength of the 
pavement; the higher the structural strength, the lower 
the rate of decrease. Traffic is defined in te1·ms of the 
number of accumulated 80-kN [ 18 000 lbf {18-kip)] equiv
alent single-axle loads. The structunl strength is de
fined in terms of the design thiclmess index (D), which 
is defined as 

(I) 

where 

h1, h2, and h3 = thicknesses of the surface layer, the 
base layer, and the subbase layer, 
respectively, and 

a1, a2, and a3 = strength coefficients of the layers h1, 
h2, and h3, respectively. 

The SI is measured by pavement roughness, cracking, 
patching, and rutting. 

RELATIONSHIP BETWEEN 
ACCUMULATED TRAFFIC 
AND D 

Before Overlay 

The AASHO Road Test report gives raw data-including 
the cross section, total traffic, and axle loads-on 270 
pavements for five values of the SI (3.5, 3.0, 2.5, 2.0, 
and 1.5l. These raw data were used to determine the 
value of D for each pavement and its accumulated traffic 
as discussed below. 

Thickness Index 

The AASHO Road Test results give the strength coeffi
cients of the materials used in the pavement sections as 
0 .44 for an asphalt concrete surface layer, 0 .14 for an 
untreated stone base, and 0.11 for an untreated material 
in the subbase. Because all of the 270 pavements tested 
in the AASHO Road Test consisted of these three ma
terials only, in this investigation, Equation 1 can be 
written as 

D = (0.44h1 + 0.14h2 + O.l lh3 )/2.5 (la) 

(when h1, h2, and h3 are measured in centimeters). 

Accumulated Traffic 

The axle-load equivalency factors given by the AASHO 
Road Test results were used to determine the 80-kN 
equivalent load for a given axle load. The accumulated 
number of 80-kN equivalent loads for each of the five Sis 
on each project were then determined by multiplying the 
accumulated number of axle-load repetitions by the axle 
load in terms of the 80-kN equivalent load. 

Linear multiregression analyses of the D-values and 
the accumulated traffic for each of the five Sis were 
carried out separately by using Equation 2. 

log no. of 80-kN equivalent loads= C + E (thickness index) (2) 

where 

C = intercept of the D-axis for a given SI and 
E = slope of the linear portion of the curve of the ac

cumulated traffic versus D for a given SI. 
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Figure 1. Relationship between 
serviceability index and cumulative 
traffic at different values of thickness 
index. 
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Figure 2. Relationship between 
thickness index and cumulative traffic 
at different values of serviceability 
index. 
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The values of C and .b: in the equations so developed and 
the correlation coefficients (Rs) of these equations are 
given below. 

SI c E R 

3.5 (N = 270) 1.140 1.128 0.88 
3.0 (N = 258) 1.702 1.063 0 .93 
2.5 (N = 239) 1.810 1.080 0 .95 
2.0 (N = 230) 1.814 1.106 0 .95 
1.5 (N = 216) 1.834 1.116 0.95 

Thus, the values of E in Equation 2 for the five Sls 
are almost identical. Therefore, its value was taken as 
its average. (i.e., 1.1) and the values of C in Equation 2 
were redetermined. 

log no. of 80-kN equivalent loads= C + I . I (thickness index) (2a) 

The values of C and the Rs and standard errors of es
timate (SEs) of the equations so developed are given 
below. 

SI c R SE 

3.5 1.27 0.88 0.69 
3.0 1.63 0.93 0.47 
2.5 1.79 0.95 0.38 
2.0 1.87 0.95 0.36 
1.5 1.92 0.95 0.36 

Figures 1 and 2 show the relationship between the SI, 
the accumulated traffic, and D throughout the life of a 



Figure 3. Relationship between 
serviceability index and C. 
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Figure 4. Example of pavement and 
overlay behavior (loop 5: AASHO Road 
Test). 
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flexible pavement. In these two figures, the values of 
the Sis were extrapolated by plotting C versus the SI as 
given in Equation 2a and shown in Figure 3. By using 
Figure 3, the value of C can be obtained for any value 
of the SI. 

After Overlay 

The AASHO Road Test results give raw data on 99 over
lay projects. From these data, the following were ob-

tained: (a) the values of the SI before the overlay, im
mediately after the overlay, and at the end of the overlay 
service and (b) the accumulated traffic before the over
lay and at the end of the service life of the overlay. The 
accumulated traffic immediately after the overlay is 
equal to the accumulated traffic immediately before the 
overlay. The three data points so obtained for ea ch 
project can be plotted in Figu1·e 1 and extrapolated par
allel to the curves given ther e and, thus , the values of 
the SI, the accumulated traffic, and D for the pavement 
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Table 1. Data on AASHO overlay projects. 

Before Overlay 

AASHO Overlay Accumulated Traffic 
Design Thickness [ 80-kN equivalent 

Loop D (cm) loads (OOOs)] SI Actual D 

5 3.04 7.5 214 0.6 3.07 
3.04 7.5 183 1.4 3.03 
3.06 7.5 281 1.2 3.18 
3.06 7.5 341 1.6 3.30 
3.04 7.5 147 0.9 2.94 
3.04 7.5 132 1.4 2.94 
3.50 7 .5 375 0.4 3.32 
3.50 7.5 385 1.5 3 .3 6 
3.48 7.5 362 0.9 3.28 
3. 48 7.5 337 1. 7 3.31 
3.92 7.5 1667 0 . 1 3.88 
3.92 7.5 975 1.4 3 .68 
3.06 7.5 161 1.5 2.98 
3 .06 7.5 170 1.1 2.96 
3.46 7.5 364 1.4 3.30 
3.46 7.5 334 1. 7 3.31 
3.90 7.5 1654 1.4 3.87 
3.50 7.5 378 1.6 3.35 
3.50 7.5 304 1.7 3.26 
3.48 7.5 370 1.3 3.30 
3.48 7.5 942 1.1 3.66 
3.48 7.5 378 1.5 3.33 
3.92 7.5 2001 0 .9 3.95 
3.46 7.5 231 1.0 3 . 11 
3.46 7.5 319 1.6 3.28 
3.90 7 .5 1852 0.8 3.93 
3.90 7.5 1544 0.6 3 .85 
3.90 8.8 1492 1.5 3.88 
3.90 7.5 1334 1.2 3.80 
3.48 7.5 994 1.0 3.68 

Mean 3.48 7.5 674 1.2 3.40 

Mean of 99 3.35 7.5 760 1.2 2.93 
projects 

Note: 1 cm = 0.4 in; 1 kN - 225 lbf. 
•so= 0.203. 'SD = 0.30. 

before and after the overlay can be determined. An ex
ample of this is shown in Figure 4. 

A study of these data for each project showed that all 
pavements behave in the manner shown by the solid line 
in Figure 4 (whicb is an example of the mean values of 
pavements on loop 5 as given in Table 1). 

In this example, the pavement had deteriorated to an 
SI of 1.2 before the overlay. Because the overlay covered 
all the observed types of distress, the Sis increased with
out a change in traffic. When an overlaid pavement is 
first opened to traffic, the rate of decrease in the SI as 
the traffic increases is constant but the duration of this 
situation depends on the thickness of the overlay. After 
some time, the reduction in the SI accelerates in the 
same manner as for a new pavement, and the curve of 
the SI versus the traffic follows the general trend shown 
for new pavements before the overlay. This behavior of 
the overlaid pavement is shown in Figure 4. 

In practice, the SI of the pavement and the accumu
lated traffic carried by the pavement before the overlay 
are known. H the additional value of D contributed by 
the overlay could be determined, the pavement behavior 
in terms of the SI versus the traffic after the overlay 
could be predicted, as shown in Figure 4. The D-value 
of the overlay can be determined if its strength coefficient 
is known. 

DETERI'vlINATION OF STRENGTH 
COEFFICIENT OF AN OVERLAY 

To determine the strength coefficient of an overlay, the 
raw data on the 99 AASHO overlay projects were used. 
The data on each of the 99 projects needed for this in
vestigation were used in their original form or after 

After Overlay 

At End of Service 

Accumulated Traffic Mean Strength 
[80-kN equivalent Coefficient 

SI loads (OOOs)] SI Actual D of Overlay 

3.23 2894 3.65 5.15 0.693 
2.97 2413 2.85 4.30 0.423 
3.20 2894 2.35 4.26 0.360 
3.27 2297 2.85 4.30 0.333 
3.83 292 2.00 3.43 0.163 
3.10 271 2.00 3 .40 0.153 
3.80 2798 2 .60 4.31 0.330 
3.80 2208 3.6 5 5.08 0.573 
3.00 2849 2 .00 4.21 0.310 
3.17 2297 2 .54 4.22 0.303 
3.40 1224 2.45 4.24 0.120 
3.10 1053 2.85 4.20 0.173 
3.60 330 2.00 3.48 0.167 
3. 75 167 1.55 3 .31 0.117 
3.50 2848 3.60 5.02 0.573 
2.90 240 2.00 3.54 0.077 
3.50 735 3.60 4.95 0.360 
3.63 2797 3.85 5.72 0.790 
3 .30 2296 2.55 4.23 0.323 
4.07 2798 3.95 . 5.93 0.877 
3.55 1053 2.50 4.10 0.147 
4.00 2798 3.10 4.50 0.390 
3.53 895 2 .15 4.20 0.083 
3.00 2894 2.55 4.27 0.387 
3.37 2257 2.20 4. 16 0.293 
3.30 1192 3.30 4.61 0.227 
2.97 882 2.95 4.30 0.150 
3.30 1283 3.15 4.50 0.207 
3.33 946 3 .45 4.60 0.267 
3.67 1005 3.60 4.85 0.390 

3.40 1696 2. 79 4.38 0.325" 

3.26 2338 2.82 3. 79 0.30' 

" 

conversion. The data showed the following: 

1. The pavements overlaid had a minimum D-value 
of 1.28, a maximum of 4.82, and an average of 3.35. The 
actual thicknesses of the pavements ranged from 12. 7 to 
53 cm (5 to 21 in). Thus, the strength-coefficient values 
used in this investigation covered a broad range of pave
ment strengths. 

2. All of the pavements had reached an SI of about 
1.5 or lower, with an average of 1.2, before they were 
overlaid. Usually, pavements-especially those that are 
heavily trafficked-are overlaid at an SI of 2. 5 or higher. 
The overlay data based on low terminal Sis will not affect 
the results of this investigation and could be applied to 
pavements that have high terminal Sis because, as shown 
in Figure 1, the traffic carried at an SI of 2. 5 is not a 
great deal more than the traffic carried at an SI of 1. 5 
or lower. 

3. Except for one case of an overlay that was 10 cm 
(4 in) thick, the overlay thickness varied from 5 to 8.9 
cm (2 to 3.5 in) and averaged 7.6 cm (3 in). The results 
of this study must therefore be assumed to be applicable 
for overlay thicknesses greater than 5 cm until further 
data are available for verification. 

The strength coefficient of an overlay can be obtained 
by using Equation 3. 

where 

~ and D. = actual D-values before and after the 
overlay, 

(3) 



Figure 5. Method for determining thickness 
index from accumulated traffic and 
serviceability index (example: loop 5-
AASHO Road Test). 
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Figure 6. Histogram of thickness equivalency values of overlays on 
AASHO overlay test pavements. 
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h =thickness of the overlay, and 
a 0 = strength coefficient for one unit thickness 

of the overlay. 

The value of ~ before the overlay may not be exactly 
the same as the design value obtained by using Equation 
la. This difference may be due to various factors such 
as subgrade support, material variations, and construc
tion techniques. Thus, in the example sh.own in Figure 4 
for the mean of values of pavements on loop 5, the mean 
design D-value of the pavements obtained by using Equa
tion la was 3.48. When plotted, the data of the SI versus 
the traffic showed that the actual value of ~was 3.40. It 
is therefore necessary that the actual value of ~ be de
termined for the design of overlays. 

The actual value of ~ can be obtained by using the 
data on the SI and U1e accumulated ti·affic as given by (a) 
Equation 2a and Figure 3, or (b) Figure 1, or (c) Figure 
2. The use of these three methods can be shown by tak
ing as an example the mean of the values on loop 5 
wherein the mean values of the SI and the accumulated 
traffic before the overlay are 1.2 and 674 thousand 80-kN 
equivalent loads. From Figure 3, the value of C for an 
SI of 1.2 is 1.92. Hence, ~in Equation 2a = Uog 674 000 -
1.92)/ 1.1 = 3.6. From Figure 1, the value of ~(as shown 
on an enlarged scale in Figure 4) is 3.4. From Figure 
2, the value of ~ (as shown on an enlarged scale in Fig
ure 5) is 3.48. 

In a similar way, the value of D. in Equation 3 can be 
determined by using Figures 1 or 2. This can be shown 
by the example of the mean of the values on loop 5, 
wherein the mean values of the SI and of the accumulated 
traffic after the service life of the overlay are 2. 79 and 
2.370 million 80-kN equivalent loads. The value of n. 
from Figure 1 (as shown on an enlarged scale in Figure 
4) is 4. 38 and that from Figure 2 <as shown on an en
larged s cale in Figure 5) is 4.34. 

By using the average va1ues of ~ and D. obtained 
from Figures 4 and 5, we obtain Di, = 3.44 and D. = 4.36 . 
The mean thickness of an overlay on loop 5 is 7. 5 cm 
(3 in). Thus, the strength coefficient of the overlay is 
(4.36 - 3.44)/3 = 0.31. 

The strength coefficients for the 99 overlay projects 
ue given in Table 1. The average value is 0 . 30 . A 
histogram of the strength coefficients of the overlays 
(see Figure 6) indicates that the population is not nor
mally distributed. If the mean value of 0.30 is adopted 
as the strength coefficient for overlays, 50 percent of 
the design projects will be satisfied. To cover a greater 
pe1·centage of projects, a value of 0.22 is i·ecommended. 
This value will cover 62 percent of the design projects 
for AASHO pavements that had been reduced to a ter
minal SI of 2. 5 or lower before an overlay was provided. 
For roads and highways for which overlays are provided 
at higher terminal indices, a strength coefficient of 0.22 
should satisfy a much larger percentage of the design 
projects. The value of 0.22 is exactly half the value of 
the strength coefficient of asphalt concrete for new pave
ments. It is, therefore, recommended that, for design 



100 

purposes, the strength coefficient for an overlay be taken 
as half the strength coefficient of asphalt conc1·ete. 

Taking the strength coefficient of an asphalt concrete 
overlay as half the value for new construction can be 
justified as follows. As a pavement ages and is traf
ficked, it becomes fattgued and we.ak. When an under
lying layer becomes weaker than the overlying one, the 
thickness equivalency of the overlying layer decreases. 
This is illustrated by the practice in Virginia of taking 
the thickness equivalency of a cement-treated aggregate 
placed directly over a raw subgrade as 0. 6 times its 
thickness equivalency when placed over a strong subbase 
or a base course. 

THICKNESS OF AN OVERLAY 

By using Equation 2a, the traffic carried by an overlaid 
pavement can be calculated as 

Traffic= antilog(C, + 1. lD,) - antilog (Cb - I.I Db) (4) 

where Cb and c. = values of C in Equation 2a before the 
overlay and at the end of the overlay service period, 
respectively. 

In the AASHO Road Test, the Sis before the overlay 
m1d at the end of the service period of the overlay were 
not the same. In practice, these values are the same, 
depending on the road classification; i.e., c. = Cb, and 
Equation 3 reduces to 

Traffic after overlay= traffic before overlay x lantilog [0.11 

x (overlay thickness/2.S) x strength coefficient of overlay) - II (Sa) 

(when overlay thickness is measured in centimeters) or 

Traffic after overlay/traffic before overlay= lantilog [0.11 x 0.22 

x (overlay thickness/2.S)J - Ii 
= [antilog (0.01 x overlay thickness) - l) 

or 

Percentage increase in traffic after overlay = 

antilog (0.01 x overlay thickness) - 1 x 100 

As shown by Vaswani in Figure 4 of the previous 

(Sb) 

(Sc) 

paper in this Record, the relatio11ship between the per
centage increase in the accumulated traffic and the over
lay thickness can be used to determine the required 
thickness of an overlay. This figure shows that the traf
fic capacities for overlay thicknesses of 2.5, 5.1, and 7.6 
cm (1, 2, and 3 in) are, respectively, 78, 217, and 464 
percent of the traffic before the overlay. 

If these percentage increases in traffic are examined 
carefully, it is seen that the percentage increase in traf
fic would be the same if the overlay were applied in 
several thin layers rather than in one thick layer. Thus, 
one 7.6- cm-thlck layer would carry the same traffic as 
three 2. 5-cm-thick layers. 

CONCLUSIONS 

1. The strength coefficient of an asphalt overlay is 
less than the strength coefficient of asphalt concrete for 
new pavements. It is recommended that, in the design 
oi overlays, the strength coefficient for an asphalt over
lay s hould be taken as half (0 .22) lhe strength coefficient 
of asphalt concrete fol' new pavements (0.44). 

2. The method for designing an overlay developed in 
this investigation could be used to determine the thick
ness of an overlay. 
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Analytical Study of Minimization of 
Reflection Cracking in Asphalt 
Concrete Overlays by Use of a 
Rubber-Asphalt Interlayer 
N. F. Coetzee and C. L. Monismith, Department of Civil Engineering and 

Institute of Transportation Studies, University of California, Berkeley 

The problem of the reflection cracking that is associated with the reha- · 
bilitation of existing cracked pavements by the application of an overlay 
is considered. A general-purpose finite-i!lement program was used to de· 
termine the stresses in the overlay at the discontinuities in the underly-

ing pavement, focusing on the effect of a rubber·asphalt stress-absorbing
membrane interlayer on these stresses. A number of variables-the thick· 
ness and stiffness of the overlay, interlayer, cracked layer, and subgrade 
as well as the crack width-were investigated for a specific load condition. 



It is shown that, under certain conditions, the inclusion of an interlayer 
membrane will significantly reduce the crack-induced stresses in the over· 
lay and, hence, by inference, the probability of reflection cracking. Most 
of the analyses were directed at traffic-load-associated stresses, but a single 
thermal-stress analysis indicated that an interlayer is effective in reducing 
these stresses also. 

Asphalt concrete (AC) overlays are widely used for the 
rehabilitation of AC and portland cement concrete (PCC) 
pavements in need of additional load-carrying capacity. 
There are many empirically and theoretically based 
methods for the design of such overlays; in general, 
these methods give thickness requirements adequate to 
provide the structural strength needed to accommodate 
anticipated traffic volumes and loadings for a projected 
design life. However, although these overlays are struc
turally functional, they are susceptible to the develop
ment of cracks caused by the reflection of cracking pat
terns in the underlying pavement. 

The mechanisms for the development of these reflec
tion cracks in overlays are not fully understood but are 
believed to be related to the transfer of high stresses to 
the underside of the overlay at discontinuities in the un
derlying pavement. An approach to relieving these 
stresses that appears ~romising is the placement of a 
thin [6.25 to 9.5-mm (~to %-in)] asphalt-rubber mem
brane of low stiffness and high deformability-a so-called 
stress-absorbing-membrane interlayer at or near the 
interface between the underlying pavement and the over
lay. Recently reported studies of the field performance 
of overlaid pavements in Arizona (1, 2) that contain one 
type of rubber-asphalt-membrane interlayer appear to 
indicate the merit of such an approach and have led to 
the proposal of testing methods for this material (3 ). 

The analytical study reported in this paper was under
taken to provide some insight as to the efficacy of such 
an approach and some guidelines for the use of these 
inter layers. 

In this study, responses were investigated of over
laid pavements with and without rubber-asphalt
membrane interlayers to surface loads representative 
of heavy truck traffic and to temperature changes at the 
pavement surface. The pavement system was repre
sented by a finite-element idealization, and the distribu
tion of stress in the overlay system in the vicinity of a 
crack in the existing pavement was examined. 

The effects were determined of a number of variables 
on the stresses resulting from a specific load applied to 
the surface of the overlay directly above the crack. The 
variables used include the following: 

1. Thickness and stiffness of the rubber-asphalt 
layer, 

2. Thickness and stiffness of the AC overlay, 
3. Stiffness of the existing cracked surfacing, and 
4. Crack width in the existing surface. 

Luther, Majidzadeh, and Chang (4) have also examined 
the stresses in the vicinity of a crack by using a 
prismatic-solid finite-element program and a fracture
mechanics approach. 

In addition, the stresses in the vicinity of the crack 
were investigated for a temperature reduction of 22"C 
(40"F) at the surface of the overlay. This problem has 
also been examined by Chang, Lytton, and Carpenter 
(5 ), who used a fracture-mechanics approach in a study 
Of pavements in west Texas. 

The rubber-asphalt membrane characterized for use 
in this study was a 78:02:20 mixture by weight of paving
grade asphalt, rubber-extender oil, and ground rubber 
blended together in a conventional distributor truck at a 
temperature of 175-20C>°C (350-45C>°F) and spray applied 
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to the surface. The ingredient imparting the membrane 
properties is the 20 percent ground rubber fraction, 
which is a dry, free-flowing blend of 40 pel'cent powdered 
reclaimed (i.e., devulcanized) rubber and 60 percent 
ground vulcanized scrap of high natural rubber content. 

PAVEMENT SYSTEM 

A schematic representation of the pavement system 
examined in this study is shown in Figure 1. The pave
ment consists of an AC overlay with or without a rubber
asphalt layer and an existing pavement consisting of a 
PCC layer, a 300-mm (12-in) thick base course, and a 
subgrade assumed to have an infinite stiffness at finite 
depth. 

The stiffness characteristics were measured for the 
rubber-asphalt material and assumed for the other ma
terials. The ranges in stiffness values and layer thick
nesses and the crack widths for the PCC layers are sum
marized below (1 MPa = 145 lbf/in2 and 1 mm = 0.04 in). 

Item Symbol 

AC 
Stiffness (MPa) Eac 
Thickness (mm) tac 

Rubber-asphalt interlayer 
Stiffness (MPa) E,. 
Thickness (mm) t,. 

PCC 
Stiffness (MPa) Epcc 
Thickness (mm) 
Crack width (mm) 

tpcc 

Base course 
Stiffness (MPa) 
Thickness (mm) 

Subgrade 
Stiffness (MPa) 
Thickness (mm) 

STIFFNESS CHARACTERISTICS OF 
RUBBER-ASPHALT MATERIAL 

Value 

690-10 300 
50-100 

6.9-138 
3.2:12.5 

6900-27 600 
100 and 200 
6.25 and 12.5 

138 
300 

34.5 and 69.0 
300and 450 

Stiffness characteristics of the rubber-asphalt material 
were determined at two modes of loading-creep and 
constant rate of strain. 

The creep tests were performed in July 1977 on a 
retained sample of the rubber- asphalt membrane placed 
on McDowell Road, west of Phoenix, in Maricopa County, 
Arizona, and obtained in March 1977. These tests gave 
stiffnesses of 52-25 MPa (7500-3600 lbf/in2

) for loading 
times representative of moving h'affic (0.02-0.05 s) at 
21°C (70°F). Based on these data, a value of 34.5 MPa 
(5000 lbf/in2

) was selected and used for the majority of 
the analyses. More recently (December 1977), the 
constant-rate- of-strain tests at 24°C (75°F) gave values 
of rubber-asphalt stiffness of 9.0-4.5 MPa (1300-650 
lbf/in2

) for the same loading time, based on the data 
plotted in Figure 2. Although a satisfactory explanation 
for the differences is not available at present, a few ad
ditional analyses were performed using stiffnesses for 
the rubber-asphalt layer as low as 6.9 MPa (1000 lbf/in2

). 

FINITE-ELEMENT ANALYSES 

The pavement structure was analyzed for traffic loads 
by using the finite-element program ANSR-1. The two
dimensional finite-element idealization of the pavement 
structure of Figure 1 is shown in Figure 3. All mate
rials are assumed to be linear elastic and isotropic; a 
planu strain condition is also assumed (for this assump
tion, the pavement and load extend to infinity in a direc
tion normal to the plane of the diagram). The actual 
mesh used to analyze the structure is not shown because 



102 

some very small elements [as small as 1.6X0.4-mm 
('/1s by 1/«iw in) were required at the crack tip in the over
lay where ve1·y high stress gradients were expected. 

Table 1 summarizes the various conditions that were 
analyzed· there were 48 computer determinations. A 
total of 106 finite elements were used for cases 1-4, and 
115 elements were used for case 5. Approximately 15 
additional computer runs were made to validate the re
sults obtained by using the ANSR-1 program. Jn these 
comparisons both a layered-elastic-system program 
(ELSYM5) and the 2P- SAP program were used. Consid
ering the various assumptions required, these compari
sons prov'ided sufficient evidence that the ANSR program 
was giving a reasonable representation of the s ituation 
analyzed. 

The output of the finite-element program allows 
plotting the stress or strain distributions throughout the 

Figure 1. Schematic representation of pavement 
structure. 

469Mi>o 
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"'he z 0,4 

Subgrode 

~9' 159• "59 •0,48 

Table 1 . Analysis conditions. 

Case 

3 

4 

Rllbher· asphoJI 
inler/oyer 

Em, tro ,lf-0 =0,35 

Modulus (MPa) 

Rubber 
AC Asphalt 

690 34.5 
690 34.5 
690 34. 5 
690 34.5 

2 070 34.5 
3 450 34.5 
5 175 34.5 
6 900 34.5 

10 350 34.5 
6 900 34.5 
6 900 34.5 
6 900 34.G 

690 6.9 
690 20. 7 
690 69.0 
690 103.5 
690 138.0 
690 34.5 

690 34.5 
690 34.5 

690 34.5 
690 34.5 

690 34.5 
690 34.5 

690 34. 5 
690 34.5 
690 34.5 
690 34.5 

PCC 

13 800 
13 800 
13 800 
13 800 
13 800 
13 800 
13 800 
13 800 
13 800 

6 900 
20 700 
27 600 
13 800 
13 800 
13 800 
13 800 
13 800 
13 800 

13 800 
13 800 

13 800 
13 800 

13 800 
13 800 

13 ·300 
13 800 
13 800 
13 800 

Note: 1 MPa = 145 lbf/ in 2
; 1 mm = 0.04 in, 

Sub-
grade 

69.0 
69.0 
69.0 
69.0 
69.0 
69.0 
69.0 
69.0 
69.0 
69.0 
69.0 
69 .0 
69 .0 
69.0 
69 .0 
69.0 
69 .0 
69.0 

34.5 
34.5 

34.5 
34 .5 

69.0 
69.0 

69.0 
69.0 
69.0 
69.0 

Figure 2. Determinations of creep compliance of rubber 
asphalt: constant strain rate tests at 21°C. 
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Figure 3. Schematic finite-element representation 
of pllVement structure. 

0,69MPa (100 psi) 

Ov1111oy 

Bose 

Sub9rode 

Thickness (mm) 
Crack 

Rubber Sub- Width 
AC Asphalt PCC grade (mm) 

50 6.25 200 300 12.5 
50 6.25 100 300 12.5 
75 6.25 200 300 12. 5 

100 6.25 200 300 12.5 
50 6.25 200 300 12. 5 
50 6.25 200 300 12.5 
50 6.25 200 300 12.5 
50 6.25 200 300 12.5 
50 6.25 200 300 12.5 
50 6.25 200 300 12 .5 
50 6.25 200 300 12.5 
bU ~.25 200 300 12.5 
50 6.25 200 300 12.5 
50 6.25 200 300 12.5 
50 6.25 200 300 12.5 
50 6.25 200 300 12.5 
50 6.25 200 300 12 . 5 
50 6.25 200 300 6.25 

50 6.25 200 300 12.5 
50 6.25 100 300 12.5 

50 6.25 200 450 12.5 
50 6.25 100 450 12.5 

50 6.25 200 450 12.5 
50 6.25 100 450 12.5 

50 3.13 200 300 12 .5 
50 3.13 100 300 12.5 
50 9.5 200 300 12.5 
50 12.5 200 300 12. 5 

50 100 



Figure 4. Effective stress distribution: case 1-a 200-mm portland cement concrete pavement (a) with a rubber-asphalt interlayer and 
(b) without a rubber-asphalt interlayer. 
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Figure 5. Shear strain distribution: case 1-a 200-mm portland cement concrete pavement (a) with a rubber-asphalt interlayer and 
(b) without a rubber-asphalt interlayer. 
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Figure 6. Position (x) at which 
crack-tip stress is determined. 

Figure 7. Effect of subgrade stiffness and thickness 
and thickness of portland cement concrete on 
effective stress at crack tip. 
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analyzed section. Figures 4 and 5, wbich represent the 
small section at the crack tip, are typical of these and 
illustrate the stress-concentrating eUect of the dis
continuity. (The finite-element prog1·am ANSR was de
signed for U.S. customary units only; therefore, values 
in Figures 4, 5, and i6 are not given in SI units.) Fig
ure 5 also begins to provide insight into the so-called 
stress-absorbing mechanism; viz., that the low-modulus 
material apparently s tores strain energy at low stress 
and high strain levels, but does not transfer the high 
strains to the AC overlay or r upture. Because of the 
difficulty of comparing plots of stress distributions, the 
l"esults of the analysis presented below, i.e., the effec
tive stresses defined according to the von Mises criterion 
as 

(I) 

a.re for a s pecific location (see Figure 6) in the overlay 
or tile i·ubber asphalt, when it is present, adjacent to 
the crack. This is the point closest to the crack tip for 
which output is available from the ANSR program. These 
stresses were selected because they were considered to 

Figure 8. Effect of overlay thickness on effective 
stress at crack tip. 
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Figure 9. Effect of interlayer thickness on the effective 
stress at crack tip. 
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be a realistic determinant for fracture (cracking) under 
the triaxial stress state existing in the overlay pavement. 

COMPUTATIONAL RESULTS 

Figures 7-14 illustrate the effects of the various condi
tions described in Table 1 on the effective stress at the 
crack tip. 

Figure 7 sbows that the effect of the rubber-asphalt 
layer is significant; the stresses in the pavement that 
contains this layer are one- sixth to one-eighth those in 



Figure 10. Effect of rubber-asphalt stiffness on 
crack-tip stress. 
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Figure 11. Effect of stiffness of asphalt concrete 
on crack-tip stress. 
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the pavement that does not contain such a layer. The 
thickness of the PCC layer has only a small effect on 
the stresses, and the effects of subgrade stiffness and 
thickness are minimal. 

Figure 8 illustrates that the thickness of the AC over
lay (toverl•,) has a significant effect on the stress at the 
crack tip in the pavement that does not have a rubber
asphalt layer, but little effect on that which does. [In 
Figure 8, interlayer thickness is constant at 6.4 mm 
(0.25 in)J An analysis of this type could be most helpful 
in assessing the trade-off between the thickness of the 
AC layer and the inclusion of the rubber-asphalt layer. 
For example, as a rough approximation for the particular 
situation represented by Figure 8, there appears to be 

Figure 12. Effect of stiffness of portland 
cement concrete on crack-tip stress. 
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Figure 13. Effect of ratio stiffness of asphalt 
concrete to stiffness of portland cement concrete on 
crack-tip stress. 

9()().--~~..-~~..-~--.~~--.~~--.--. 

Era =-34,5 MPo(5•!03 psa 1,0 ~ 6,25mm f0.25in.) 6 

lac• 50 mm ( 2 in). /pee-• ZOO mm ( Bin.) 

Crock widlh = l2.5mm (Q5in.J 800 

5 

q 

·~ ~ 
:!; 

~ .50 ~ 
~ ~ 

"" 
~ 

~ , ;;; 
~ 400 ~ c .. 

" 0 
<; 

JOO z 

100 -0- ___ ~ 

With ru/Jber-ospholl 

O '--~--''--~--'~~--'~~--'~~--'--'O 
0 ll2 0,8 1,0 

105 

a stress relief of about 0. 7 MPa (100 lbf/in2
) at the crack 

tip for each additional 25 mm (1 in) in thickness of AC. 
Because ther e is an appr oximately 3.8-MPa (550-lbf/in2

) 

diffe1·ence in s tress levels between curves (a) and (b) at 
t overJay = 57 mm (2.25 in), it would seem that the pavement 
that does not have an interlayer would require an addi
tional 140 mm (5.5 in) of AC [i.e., toverlay = 57 mm + 140 
mm = 197 mm (7. 75 in)] to achieve the same crack-tip 
stress level as 50 mm (2 in) of AC and a 6.4-mm rubber-
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Figure 14. Effect of crack width on crack-tip 
stress. 
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asphalt inter layer. It is interesting that, for this thick
ness of rubber asphalt, at least, the maximum stress in 
the AC at its interface with the rubber asphalt is about 
the same independent of overlay thickness. 

Curve (a) of Figure 9 illustrates the effect of element 
size on crack-tip stress for an overlay thickness of 57 
mm on a pavement that does not have a rubber-asphalt 
layer. The elements varied in size from 1.6X0.24 mm 
(0.0625X0.009 375 in) (an aspect ratio of 6.7:1) to 1.6X1.6 
mm, (an aspect ratio of 1: 1 ). Generally, an aspect ratio 
of 2: 1 or less is recommended because the increased 
accuracy expected from the smaller elements in the 
thinner layers will offset the effect of the less desirable 
aspect ratio. 

Curve (b) of Figure 9 shows that the crack-tip stress 
decreases as the interlayer thickness decreases. This 
is expected in this case because the total overlay thick
ness was maintained constant; a decrease in interlayer 
thickness is equal to a corresponding increase in AC 
thickness. (The effect of element size, as noted above, 
must be considered here as well.) 

As the interlayer thickness decreases, it would ap
pear reasonable that the stresses at the interface of the 
AC and the rubber asphalt should approach the stresses 
of curves (a) and (b ); i.e., the interface s tress of curve 
(d) (in rubber asphalt ) should converge with the crack
tip stress (curve b), which in fact it appears to do . 

Similarly, it would be expected that the maximum 
interface stress in the AC (curve c) would first decrease 
with decreasing interlayer thickness (increasing AC 
thickness) and then to increase rapidly as the AC layer 
approaches the high strain zone at the crack tip; i. e. , 
curves (a) and (c) should converge. From an examina
tion of Figure 9, it would appear that this may occur. 
At an interlayer thickness of 2.25 mm (0.09 in), the AC 
interface stress is larger than the crack-tip stress in 
the rubber asphalt. 

Figure 9 al s o s hows the i·esults of an analys is that 
compared stress es for 50 mm (2 in ) of AC plus 12 .5 m m 
(0. 5 in) of rubber asphalt with t hose for 44.5 m m (1.75 

Table 2. Material properties used in thermal-stress determination. 

Coefficient 
of Linear 

Modulus Poisson's Expansion Thickness 
Layer {MPa) Ratio per •c (mm) 

Asphalt concrete 690 0.3 22 .5 x 10·• 50 
Rubber asphalt 13.8 0.35 27.0 x 10·• 6 .25 
Portland cement 13 800 0.2 7.0 x 10·• 200 

concrete 
Aggregate base 138 0.4 18.0 x 10 6 300 
Subgrade 69 0.48 18.0 x 10 ·• 300 

Note: 1 MPa = 145 lbf/in2; t' C = (t' F - 32)/1.8;1 mm= 0.04 in. 

Figure 15. Temperature 
profile for 22.2°C decrease 
in tempera tu re at pavement 
surface. 
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in) AC plus 12.5 mm (0.5 in) of rubber asphalt. The 
results are essentially the same. 

Figure 10 shows that, as the modulus of the rubber 
asphalt decreases, the crack-tip stress also decreases; 
this leads, in turn, to the conclusion that the estimated 
stresses at the crack tip in the pavements that contain 
rubber asphalt given thus far are probably larger than 
those that actually occur. As pointed out in the analysis 
of the creep-test data, a rubber-asphalt-modulus value 
of 34.5 MPa is probab1l, too high; a value of 10 .3- 13.8 
MPa (1500-2000 lbf/in ) may (possibly) be more accept
able. If this is the case, then from Figure 9, it can be 
expected that the effect of the lower modulus would be 
even more significant than already shown. 

Figure 11 illustrates the effect of AC stiffness on 
crack-tip stress for a cons tant cracked- layer modulus 
of 13 800 MPa (2 000 000 lbf/ in2

). Figure 12 illustrates 
the effect of the modulus of the cracked layer at an AC 
modulus of 6900 MPa (1 000 000 lbf/in2

). Figure 13 com-
1.Jlnes lhe uala Crum Figur·es 11 an<.l 12 an<.l nur·malizes 
them by considering the ratio of the modulus of the AC 
layer to that of the cracked layer. The resulting curve 
is similar to that shown in Figure 11, and the points in 
Figure 13 appear to fit this curve well, indicating that 
this ratio is very important in determining crack-tip 
stress level, more so than the actual modulus of either 
layer. It will be noted that, the closer the modulus ratio 
is to unity, the better the performance of the overlay that 
does not have a rubber-asphalt interlayer as compared 
with the overlay that does. 

Figure 14 illustrates the effect of variation of crack 
width. This is the most difficult task to perform on the 
finite-element mesh. However, the increase in stress 
found as the crack width decreased is consistent with what 
a theoretical (fracture mechanics) approach would predict. 
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Figure 16. Horizontal stresses resulting from 22.2°C decrease in temperature at overlay pavement surface: a 200-mm portland cement concrete 
pavement (a) with a rubber-asphalt interlayer and (b) without a rubber-asphalt interlayer. 

(a) 

Notes: t°C = (t°F - 32)/1.8; 1 mm= 0.04 in. 
Stress contours given in lbf/in2 (1 lbf/in 2 = 6.89 kPa) . 
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A limited analysis was conducted by using the SAP 
program to estimate the stresses that result from tem
perature changes. The materials properties of the sys
tem examined are given in Table 2, and its temperature 
profile is s hown in Figure 15. The str ess distribu tions 
in the vicini ty of the c1·ack are illustrated in Figure 16 
for a temperatur e decrease of 22° C at the pavement sur
face at a constant AC modulus . However, as shown in 
Figure 15, this temperature change is attenuated with 
depth and, in reality, the modulus of AC is a time
dependent parameter. Thus , it is probable that the dif
ferences in stress between the two cases are not as large 
as indicated in Figure 16, although the effect of the inter
layer in reducing thermally induced stresses in the over
lay is obviously significant. 

SUMMARY 

Consideration of Figures 4, 5, and 16 shows that the 
reflection-cracking problem can, in the first stage at 
least, be directly attributed to the high stresses that will 
develop in the overlay as a result of the discontinuities in 
the cracked layer. It is suggested that the problem of 
load-associated reflection cracking should be considered 
in two stages; viz., first, attention should be directed to 
the attenuation of the high stress that occurs as a result 
of the cracks and, second, because the maximum verti
cal deflections of the overlay occur at these cracks, a 
fatigue analysis should be carried out for the overlay at 
these points after the stress-concentrating effect of the 
cracks has been nullified. 

For thermal stresses, of course, only the first stage 
is of interest. As is app arent from Figures 7-14 and 
16, a low-modulus interlayer (rubber asphalt) can sig
nificantly inhibit both load- and temperature-change-

(b) 

induced reflection cracking, particularly when the 
modulus of the proposed overlay is of the order of 0.1-
0.25 that of the cracked-layer modulus. This investiga
tion has also shown that crack width, interlayer modulus, 
and overlay thickness appear to have significant effects 
on crack-tip stress, but that the ratio of the modulus of 
the overlay to that of the cracked layer appears to be the 
major factor involved. 

It should be noted that this study has focused on 
crack-tip stress. When a rubber- asphalt interlayer is 
used, this crack-tip stress occurs in the interlayer; if 
the strength of the interlayer material is such that the 
crack-tip stress does not cause it to yield, then the 
crack- tip stresses for the cases that do not have inter
layers should be compared with the maximum stress in 
the AC layer for the case that has an interlayer. In 
general, this stress is lower than the crack-tip stress, 
as can be seen by comparing curves (b) and (c) in Figures 
8 and 9. Furthermore, because the rubber-asphalt 
modulus used for these analyses is probably too high, 
the crack-tip stresses when the interlayer is included 
are conservative (high) . 

The finite- element representation used results in high 
stresses at the lower tip of the crack, i.e., in the gran
ular base course. To simulate the yielding, further 
analyses were made in which the restraints on this ma
terial were released to such an extent that the stress in 
the base course was at an acceptable level. The effect 
of this was to marginally increase the crack-tip stresses, 
so that the values plotted can be taken to be valid. 

Finally, it should be pointed out that the analyses 
typified the interlayer as a low-modulus material ex
hibiting linear elastic behavior. Stress and strain dis
tributions (e.g., Figures 4 and 5) indicate also that the 
material should be able to withstand high strain levels 
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without rupturing. From the limited tests performed 
on the rubber asphalt, it appears to have all the desira
ble properties, an observation that is supported by re
ports (!, ~) of its successful performance in practice. 
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Attempts to Reduce Reflection Cracking 
of Bituminous Concrete Overlays on 
Portland Cement Concrete Pavements 
K. H. McGhee, Virginia Highway and Transportation Research Council, Charlottesville 

Studies of methods used in Virginia to reduce the incidence of reflection 
cracking when portland cement concrete pavements or bases are overlaid 
with asphalt concrete are reported. The methods discussed are (a) the use 
of sand to break the bond between the portlend cement concrete pave
ment and the asphalt overlay and (b) the use of a fabric that has a high 
tensile strength as.a stress-relieving layer between the asphalt layer and the 
concrete base. The studies showed that neither the sand bond breaker nor 
the high·strength fabrics are effective in reducing reflection cracking where 
differential vertical joint movements arc a significant factor. Further 
studies showed t hat high-strength fabrics can doley the onset of raflec· 
tion cracking but that such cracking will eventually develop under the ap
plication of repetitive wheel loadings. 

The transverse joints in rigid pavements commonly re
flect through bituminous concrete overlays in a short 
time. Many highway engineers believe that these re
flection cracks are detrimental to pavement riding qual
ity, and others believe that they are generators of future 
maintenance problems because they provide surface 
water ready access to subsurface pavement layers (1). 
Recent studies support this latter belief; it has been re
ported that a c1·ack only 0.9 11.u11 (0.035 in) wide wlll ad
mit 70 percent of the surface water that falls on a pave
ment sloped 1.25 percent under a 50-mm/h (2-in/h) l'ate 
of precipitation (!). 

METHODS USED 

Numerous attempts to reduce reflection cracking have 
been reported in the lite1·ature. A good summary of those 
that have been at least partially successful is given in the 
National Cooperative Htghway Research Program Synthe
sis on Pavement Rehabilitation (1). In that document, 
most of the methods attem}?ted are grouped into four 
general classifications: (a) increased thickness of the 
asphalt concrete (AC) ovel'lay, (b) special treatment of 
the existh1g PCC pavement, (c) special conside1·ation of 

the AC overlay design, and (d) treatment of joints and 
cracks. 

In Virginia, most of the methods in categories a 
through c have been rejected for economic or other rea
sons. The category d methods used in Virginia all con
sist of some method of breaking the bond or otherwise 
relieving the stress between the PCC and the bituminous 
concrete overlay. The first attempts to provide a bond 
breaker were reported by Hughes, who found that a thin 
layer of sand spread on either side of the PCC pavement 
joints before the application of a bituminous concrete 
overlay was partially successful in reducing reflection 
cracking. In his studies, an asphalt-emulsion tack coat 
was applied at a rate of 0.23-0.46 L/m2 (0.05-0.10 gal/ 
yd2

) for a distance of 225-300 mm (9-12 in) on either side 
of the transverse joints, and the class A sand sieved to 
pass a 9.5-mm (%-in) sieve was applied ove1· the tack 
coat to a thickness of approximately 6 mm ( 1/.t in). A 
59 to 9 5-kg/m2 (100 to 175-lb/yd2

) AC overlay (85-100 
penetration grade asphalt) was applied over the pavement 
surface and the sanded joints. Joint spacings were 9 m 
(30 ft). However, of the three projects tt·eated in such 
a manner, only one showed any indication of fewer re
flection cracks on the joints treated with sand. There 
was no apparent reason for any differences in perfor
mance a1nong the three projects, and nine years later, 
some of the joints still had not reflected through the best
performing project, that located on US-13. 

The next significant attempt to reduce reflection 
cracking, also reported by Hughes, involved the use of a 
nonwoven polypropylene fabric spanning the reflective 
cracks on a previously overlaid concrete pavement on 
US-460 (2). The polypropylene had a high tensile 
strength and was reported to prevent horizontal over
stressing of the overlay. Supposedly, at points of stress 
concentration such as transverse joints or cracks , the 
material would prevent reflection cracking. Again, the 



joint spacing was 9 m; the fabric was applied by using 
approximately 1.1 L/m2 (0.25 gal/yd2

) of cationic 
asphalt-emuision tack coat. The fabric was applied 
in 0.9-m (3-ft) wide strips approximately centered on 
the cracks and running lengthwise with the cracks. A 
total of 99 joints, all of which had discernible cracking 
in the previous overlay, were treated in this manner. A 
68-kg/m2 {125-lb/yd2

) AC (85-100 penetration grade as
phalt) overlay was applied after the fabric had been under 
traffic for about 12 hours. 

The performance of the fabric-treated section, like 
that of the sanded sections, was disappointing. After 
three months under traffic, many of the joints were re
flected through the second overlay (although there was 
somewhat more cracking in an adjacent section where 
no fabric had been used). 

As a result of these partially successful experiments, 
field-test studies were undertaken in 1972 to determine 
the mechanism of reflection cracking on overlays of 
jointed PCC pavements. This paper summarizes these 
studies. 

US-460 PROJECT 

Horizontal Joint Movements 

Before the second overlay on the US-460 project was 
placed, control and test sections were chosen for studies 
of horizontal joint movements. It was hoped that, by 
monitoring the horizontal hydrothermal movements of 
typical joints in both the section that had a fabric rein
forcement and a control section that did not have such a 
reinforcement, it would be possible to determine the ef
fect of such movement on the ability of the fabric to re
duce reflection cracking. Five consecutive joints in both 
the control and the test sections were selected for moni
toring. Afte:r the placement of the overlay on the control 
section and the fabric and overlay on the test section, 
gauge points were embedded in the overlay such that a 
nominal 250-mm (10-in) gauge length would span the area 
subject to reflection cracking. These gauge points were 
established at each of the 10 previously selected joints. 
Initial readings of the exact measurements between the 
gauge points were taken on August 25, 1971, the day after 
the overlay was placed. At the same time, readings 
were taken on reference (calibration) points embedded 
in the AC at places where no cracking was expected to 
occur. Thus, it would be possible to correct the mea
surements spanning the reflection cracks for the length 
change occurring in a 250-mm segment of uncracked 
pavement. A realistic measure of crack movement was 
anticipated through this adjustment. 

Readings of both the test and calibration points were 
taken at monthly intervals for 30 months subsequent to 
the overlay. During the first 3 months, reflection cracks 
developed between the gauge points at three locations in 
each section. At one location in each section, a reflec
tion crack developed outside the limits of the gauge 
points. At the end of the 30-month period, only one 
joint in each section had not reflected through the over
lay. The results of these studies are shown in Figure 1; 
a positive number on the ordinate of this figure indicates 
joint opening and a negative number indicates joint 
closure. It is apparent that the fabric-reinforced test 
section and the control section behaved in a similar 
manner; there is no evidence from these tests that the 
stress-relieving layer provided any advantage in pre
venting reflection cracking. Once the cracks had formed, 
their behavior was generally as would be expected for the 
first year and seasonal movements were clearly evident. 
However, there is no ready explanation for the strange 
behavior of the measurements after the first year. Ob-
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viously, the indication that the cracks (which were 
clearly visible) took on negative widths is ridiculous. 
It is evident that, for unknown reasons, the distances 
between the gauge points became somewhat less than the 
nominal 250 mm originally established. This anomaly 
may be related to the humping effect noted at many trans
verse reflection cracks in Virginia. In such cases, a 
gradual upheaval or accumulation of AC at the reflection 
cracks results in noticeable roughness. 

Vertical Joint Movements 

The realization that most of the reflection cracking in 
the US-460 project had occurred during the first three 
months, when the measured horizontal movements had 
been minimal, led to the consideration of other factors 
that might contribute to the cracking. Because the pave
ment showed significant evidence of joint faulting and 
pumping, it was considered probable that vertical move
ment of the joints might be such a factor. 

In April 1972, deflection tests were conducted at the 
joints on both the fabric-reinforced and the control sec
tions. The procedure for these tests is indicated in 
Figure 2. A Benkelman beam (A in Figure 2) is placed 
on the shoulder of the road with its point near the edge 
of a reflection-cracked joint or of a joint that has not re
flected through. A dump truck loaded to 80 kN (18 000 
lbf) on its rear axle is positioned on the opposite side of 
the joint. At this point (point 1, Figure 2), an initial 
beam reading is taken. The truck is then driven slowly 
across the joint, and beam readings are taken as points 
2 and 3 are traversed. The edge-deflection reading for 
point 2 (D2) indicates the deflection when the wheel load 
is directly at the joint. The c'omparison between the 
reading for point 1 (D1) and D2 indicates the load-transfer 
efficiency, and the reading for point 3 is used to ensure 
that the Benkelman beam, still located at point 2, is no 
longer within the area of influence of the wheel load. 

The results of these tests are shown below (1 mm = 
o.o4 inL 

Joints Avg. Deflection (mm) 

Section No. % o, o, o, - o, 

Fabric treated 
Cracked 57 58 0.35 0.23 0.12 
Uncracked 42 42 0.23 0.20 0.03 

Control 
Cracked 90 73 0.38 0.25 0.13 
Uncracked 34 27 0.30 0.25 0.05 

The differential joint deflection (d = D, - D1) can be in
terpreted as a function of the load-transfer capability of 
the joint; i.e., if the load transfer is 100 percent, d = 0. 

These tests were run when the overlay was approxi
mately eight months old. Traffic records show that the test 
sections sustain an average of more than 600 vehicles/day 
in the 2-axle, 6-tire-or-larger truck and bus categories. 

As shown above, the fabric-treated .section had some
what less reflection cracking than the control section 
(58 and 73 percent of joints cracked, respectively). A 
later survey (September 1974) showed 61 and 75 percent 
of joints cracked, respectively. The net joint deflection 
(D2) may have some effect on the cracking; the average 
deflections of the uncracked joints are somewhat less 
than those of the cracked joints in both the fabric-treated 
and the control sections. More descriptive, however, is 
the differential joint deflection (d); the uncracked joints 
have very low averaged-values [0 .03-0 .05 mm (0.001-
0.002 in)] but the c1·acked joints average 0.13 mm (0.005 
in) in both sections. 

An analysis of the distribution of d-values is given in 
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Figure 1. Movement of cracks with age. 1. 5 .-----,-----r------r-------..---~~---~---~---~ 
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Figure 2. Schematic of deflection·testing procedure. 
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Table 1, where cracking frequency is given as a function 
of differential deflection in increments of 0,05 mm (0.002 
in) (the smallest reading of the Benkelman beam used). 
When the differential deflection was 0 (load transfer = 
100 percent), the fabric had a marked effect on reflection 
cracking; of 20 tl'eated joints, none were cracked, al
though 4 of the 9 joints in the cont1·01 section were 
cracked. Similarly, but less dramatically, when d was 
0.05 mm, 29 and 54 percent of the fabric-treated and the 
control sections, respectively, had reflection cracks. 
Finally, when d was greater than 0.20 mm (0.008 in), all 
joints in both the control and the fabric-reinforced sec
tions had reflection cracks. 

Clearly, when joints have essentially 100 percent 
load-transfer capability, the reason for the absence of 
reflection cracking could be that the joints simply are 
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not functioning. In such a case, no stress concentrations 
or cracking would be expected. This may well explain 
the absence of cracking at the 5 untreated joints where 
the differential deflection was 0, The 4 untreated joints 
where cracking did occur may be working joints where 
load transfer is fully effective. Thus, it is likely that 
many of the 20 fabric-treated joints that were uncracked 
and had a differential deflection of 0 were working joints 
where the fabric served its intended purpose of reducing 
overlay stresses to the point that no cracking occurred. 
Conversely, it is likely that, for those joints that had 
higher differential deflections, the fabric, a thin sheet, 
could not sufficiently distribute the sheer stresses and 
was thus unable to reduce reflection cracking signifi
cantly. 

If this hypothesis is accepted, it follows that much, 
if not most, of the reflection cracking on the treated 
joints was the result of concentrations of sheer stress 
induced as wheel loads traversed the joints and caused 
differential deflections. Luther and others (3) have 
since established that reflection cracking of asphalt over
lays is due to multimodal fatigue fracture. Their paper, 
based on laboratory-model studies, states in part: 

It was observed that these [reflection] cracks propagate from the sur
r~ct! under mixed mode conditions arising from compressive bending 
stresses and high sheer stresses induced by differential vertical movement 
between the underlying rigid concrete layer. 

If, as seems to be the case, reflection cracking is 
fatigue in nature and differential vertical movements are 
a major cause, it is reasonable to assume that the rate 
of crack development will be a function of the frequency 
of wheel loadings and the ma&"nitude of the vertical move
ments (differential deflection) caused by these loadings. 
This concept seems to have been substantiated on the 
US-460 project, where, with approximately 600 heavy 
loads/day, there was a 30 percent increase in cracking be
tween April 1972 and September 1974, but the joints that 
had very low differential deflections in 1972 were still 
uncracked in 1974. 



Table 1. Cracking and differential deflection: US-460. 

Differential 
Deflection 
(mm) 

0 
0,05 
0.10 
0.15 
0 .20 

No. of Joints 
Cracked 

Fabric 
Treated Control 

0 4 
7 20 

23 35 
15 11 
12 20 

No. of Joints 
Uncracked 

Fabric 
Treated Control 

20 5 
17 17 

3 12 
2 0 
0 0 
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Percentage of 
Joints Cracked 

Fabric 
Treated Control 

0 44 
29 54 
88 74 
88 100 

100 100 

Note : 1 mm == D.04 in. 

Figure 3. Core through new overlay (top), polypropylene fabric, and 
old overlay. 

Cores 

During the September 1974 crack survey, five 100-mm 
(4-in) diameter cores were removed from the US-460 
pavement. Each core was taken at a reflection crack in 
the fabric-treated section and was located so as to inter
cept the crack approximately as a core diameter. These 
five cores were returned to the laboratory for study. 
The results of these studies are indicated in Figure 3, 
where it can be seen that the core through both AC 
layers is held together by the polypropylene fabric. 
The reflection crack is plainly visible both above and 
below the fabric. Attempts to separate the AC from the 
fabric showed that all were firmly bonded together so 
that some effort was required to remove either AC layer. 
When the AC had been removed, the fabric showed no 
evidence of damage but had a slight wrinkle that cor
responded to the location of the reflection crack. 

The observation that there were no tears or other 
signs of elongation of the fabric was taken as further 
evidence that the reflection cracking had been caused 
primarily by vertical joint movements. 

Joint Pumping 

A coincidental observation of the 1972 and 1974 surveys 
was that the polypropylene fabric spanning the transverse 

joints might also have helped to reduce pumping. At 
both times about 15 percent of the joints in the control 
section were observed, on the basis of the ejection of 
fines from the subbase or subgrade, to be pumping, but 
no cases of pumping were observed in the fabric-treated 
section during either survey. It may be conjectured that 
the fabric, which had been asphalt-impregnated during 
its manufacture and applied with a heavy tack coat of 
liquid asphalt, served as a barrier to surface water 
entering the joints and thus prevented pumping. How
ever, because joint pumping had not been a considera
tion early in the study, no data are available on the in
cidence of pumping before the fabric was applied and, 
thus, no firm conclusions can be offered on this matter. 

US-13 PROJECT: VERTICAL JOINT 
MOVEMENTS 

The apparent relationship between vertical joint move
ments and the effectiveness of the stress-relieving layer 
on the US-460 project led to speculation that such move
ments might also be significant where sand had been 
used as a bond breaker between an AC overlay and a 
jointed PCC pavement. Because, as noted above, the 
sand had been partially successful on the US-13 project, 
it was decided to conduct joint-deflection tests at that 
site. These tests were conducted, in the manner de
scribed above, in June 1972, when the test section was 
six years old. At that time, of 60 control or untreated 
joints, 100 percent exhibited reflection c1·acklng and, of 
232 sanded joints, 155 (66 percent) had such cracking. 
The results of the tests are summarized in Table 2. 

Thus, although a sand layer can be effective in re
ducing reflection cracking, the degree of this effective
ness is strongly affected by the magnitude of the differ
ential deflection. For example, after six years, the sand 
layer appears to have been 76 percent effective where 
there was no differential deflection but only 7 percent 
effective where the differential deflection was as much 
as 0.15 mm (0.006 in). 

A more recent survey of this project showed that, 
after nine years, 93. 5 percent of the sanded joints ex
hibited reflection cracking. Thus, it appears that the 
fatigue nature of reflection cracking is again shown on 
this project, where traffic volumes include an average 
of 335 vehicles/day in the 2-axle, 6-tire-or-larger truck 
and bus categories. 

1-95 PROJECT 

As a result of the studies described above, which indi
cated that stress-relieving layers could be effective in 
delaying reflection cracking where differential vertical 
joint movements were minimized, several test sections 
were placed on a segment of 1-95 under construction in 
northern Virginia in July 1972. This project, called the 
Mixing Bowl, is a part of the multilane highway network 
near the Pentagon and has a composite pavement over
lying a very rigid foundation. The pavement design 
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Table 2. Cracking and differential deflection : US-13. 
No . of Joint s 
Cracked 

Diffe rential 
De fl ection Sa nd 
(m m) Treated Cont r ol 

o 4 1 
0 .05 58 15 
0 .10 66 28 
0 .15 27 14 

No. of J oi nts 
Uncracked 

Sand 
Treated Control 

13 0 
43 0 
19 0 

2 0 

Percentage of 
Joints Cracked 

Sand 
Treated Control 

24 100 
57 100 
77 100 
93 100 

Note: 1mm=0 04 in 

Table 3. Fabric-reinforced cracks available for study: 
September 1975. 

No. o[ Cracks 

Date Polypropylene Nylon 
Site Location Overlaid Treated Treated Control 

VA-27: 9/ 18/ 72 22 0 0 
northbound lane 

I-95: 9/18/72 25 25 8 
southbound lane 

1-95: 10/ 31 / 72 .Jl. .Jl. 29 
southbound lane 

Total 

Figure 4. Core through bituminous layers and polypropylene fabric: 
1-95 project. 

features are described below (1 kg/m = 1.85 lb/yd and 
1 mm = 0.04 in). 

Pavement Feature 

Surface 

Binder 

Base 
Subbase 

Material 

54-kg/m2 bituminous 
concrete 

136-kg/m2 bituminous 
concrete 

Plain PCC 
Cement·stabil ized 

material 

Thickness (mm) 

13 

19 

200 
200 

It was expected that the extremely rigid base and sub-

47 25 37 

Figure 5. Core through bituminous layers and nylon fabric: 1-95 project. 

base layers would reduce vertical joint motions to a 
minimum so that the provision of a stress-relieving 
layer between the bituminous concrete layer and the PCC 
base would reduce the incidence of reflection of the 
shrinkage cracks in the concrete base. Plans called 
for the installation of two fabric stress-relieving ma
terials, each on approximately 100 shrinkage cracks. 

The details of the installation have been r eported by 
McGhee a nd Hughes (4), and s ome of the more important 
features are s ummariZed below along with the res ults of 
three years of performance studies. 

Materials and Application 

The materials aPPlied were (a) an asphalt-impregnated, 
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Table 4. Cracking by lane: site 2-
September 1975. 

Cracks Refl ected 

Polypropylene Treated Nylon Treated Control 

Land Percentage Function A .. 

Acceleration 
Traffic 71 5 of~ 
Middle 55 5 of 9 
Passing 33 3 of 9 

Percentage 

83 
67 
60 

Function A" 

5 of 6 
6 of 9 
6 of 10 

Percentage Function A .. 

100 8 of 8 

•Function A= number of reflection cracks as function of total number of treated cracks in PCC base. 

nonwoven polypropylene fabric and (b) a nonwoven, spun
bonded nylon. After the concrete base was old enough to 
develop shrinkage cracks [which occurred at approxi
mately 9-m (30-ft) intervals] but before the -application 
of bituminous concrete layers, the cracks were located 
for installation of stress-relieving materials with respect 
to permanent reference points on the roadway or median. 
Before· the materials were placed, each crack was tacked 
for its full length [a 3.6-m (12-ft) lane width] and for 
0.45 m (18 in) on either side with a,pproximately 1.1 L/ m 2 

(0.25 gal/yd 2
) of cationic asphalt emulsion. After the 

tack had cured for 1-3 h, the fabric was broomed into 
place to ensure good adhesion; the polypropylene appeared 
to absorb the tack better and to adhere more uniformly to 
the base course than did the nylon. 

Because of numerous problems, many of the fabric
treated cracks were not suitable for evaluation by the 
time the bituminous concrete layers had been placed. 
Since the overlay was placed, many of the treated cracks 
have been under traffic volumes of more than 40 000 
vehicles/day, and no evaluation has been possible. The 
result is that at present only two test sections and one 
control (no fabric) section are available for evaluation. 
The results are summarized in Table 3. 

Results 

Periodic surveys of the three test sites showed an early 
difference in the number of reflection cracks. For ex
ample, in February 1973, when little traffic had used the 
sites, there were O, 5, and 16 reflection cracks detected 
in the binder course on sites 1, 2, and 3, respectively. 
Thus, there was a clear indication that the fabric on 
sites 1 and 2 was being effective in reducing the inci
dence of reflection cracking at an early age of the over
lay. In April 1973, soon after the final surface had been 
applied, no cracks could be detected in any of the three 
sections, and no significant cracking developed in the 
surface course during the summer of 1973. However, 
during the winter of 1973/ 74, when hydrothermal pave
ment movements could be expected to be most conducive 
to reflection cracking,, numerous cracks began to de
velop in the control section and in site 2. It also became 
clear during this period that new cracks were developing 
in the unreinforced concrete base and were, in turn, be
ing reflected through the AC surface. As a result, by 
July 1974, there were 32 reflection cracks in the control 
section (site 3) and 45 cracks in site 2, many of which 
were newly developed at the base-course level. At the 
same time, there were only 2 cracks in site 1. 

Also, in July 1974, deflection measurements were 
made. Similar to the results for the US-460 project 
described above, the average differential deflection on 
visible cracks was 0.05 mm. 

Cores removed from site 2 during July 1974 showed 
results similar to those described above for the US-460 
project. For both the polypropylene- and the nylon
fabric-treated cracks, the cores showed that the cracks 
were directly above cracks in the PCC base and that the 
fabric was still intact and showed no signs of distress 
(see Figures 4 and 5), 

Final surveys of the cracking on the 1-9 5 project were 
conducted in September 1975. Again, there were a num
ber of cracks that had developed in the base concrete and 
reflected through the bituminous layers after the instal
lation of the test sections. However, as shown in the 
table below, which is based on the original cracking in 
the three test sites, both fabrics were somewhat effec
tive in at least delaying the onset of reflection cracking. 

Site 

1 
2 
3 

Traffic (vehicles 
per day) 

Large 
Trucks 

Total and Buses 

19 000 270 
42 500 3050 
42 500 3050 

Percentage of Cracks Reflected 

Polypropylene Nylon 
Treated Treated Control 

41 
52 68 100 

90 

There is also some evidence that the polypropylene was 
more effective than the nylon. The traffic characteris
tics given above are indicative of the service conditions 
but cannot be used to establish a relationship between 
traffic volume and reflection cracking. Although site 1 
had been subjected to the indicated traffic for most of 
the 3-year period, because of construction-related de
tours, sites 2 and 3 had had only sporadic traffic. 

However, the effects of traffic volume and fatigue on 
the rate of development of the reflection cracking are 
shown in a detailed study of site 2. The frequency of re
flection cracking is greatest in the lanes subject to the 
most traffic, particularly trucks [see Table 4 (where 
the outermost lane has been designated as the accelera
tion lane, the second as the traffic lane, the third as the 
middle lane, and the innermost as the passing lane)]. 
Clearly truck traffic will be heaviest on the acceleration 
and traffic lanes. On this site, there was a marked de
crease in reflection cracking on the lanes where there 
would be less truck traffic. There was also a significant 
difference in cracking between the polypropylene- and the 
nylon-fabric-treated cracks, although there is no ex
planation for this differ ence. Finally, all of the un
treated cracks in the acceleration (control) lane have 
reflected through. 

CONCLUSIONS 

The following conclusions appear to be warranted from 
the studies reported above. 

1. Neither sand as a bond breaker nor high-strength 
fabrics as stress-relieving layers are effective in re
ducing reflection cracking where vertical joint move
ment (differential deflection) is a significant factor. 

2. At differential deflections greater than approxi
mately 0.05 mm (0.002 in), reflection cracks from very 
early. Such cracking is delayed at lower differential de
flections but will occur as the magnitude and frequency 
of wheel loadings increase. 

3. When placed to span the joints in a PCC pavement 
or the cracks in a PCC base and then covered with an 
AC overlay, both asphalt-impregnated, nonwoven poly-
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propylene and nonwoven, spun-bonded nylon fabrics can 
sustain the formation of reflection cracking in the over
laying layer without being damaged themselves. 

4. An asphalt-impregnated, nonwoven polypropylene 
fabric spanning the joints in a PCC pavement and placed 
between the pavement and an asphalt overlay can be ef
fective in reducing the infiltration of surface water to 
pavement sublayers. There is some evidence that pave
ment pumping may be reduced by this method. 

5. Both asphalt-impregnated, nonwoven polypropy
lene and nonwoven, spun-bonded nylon fabrics can delay 
the formation of reflection cracking. There is strong 
evidence, however, that such cracking is fatigue in na
ture and will eventually develop under the application of 
repetitive wheel loadings. 
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