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Asphalt Pavement Evaluation Using
Fuzzy Sets

D. J. Errox eun C. H. JueNc

A new method of asphalt pavement evaluation using fuzzy sets
is proposed. The purpose is to provide a simple, cotrsistent,
cost-effective procedure for pavement evaluation. Consistent
pâvement evaluation is ¡reeded for adequate pavement main-
tenance. The large turnover pending in the pavement engi-
neering field over the next fïve years will leave many pavement
agencies without adequate experlise to evaluate their pavement
systems. A computer prograrn, Fuzzy Evaluatio¡r of Asphalt
Pavement Systems (FEAPS), is presented to facilitate the method.
The program uses the fuzzy weighted average operation to
combine distress ratings for five different types of pavement
distress (roughness, alligator cracks, transverse cracks, lon-
gitudinal cracks, rutting). A, fuzzy set representing the pave-
ment condition is produced. This final fuzzy set can be trans-
lated to a natural language descriptor. A nerv function for
cornparing the final fuzzy sets is described, allowing ranking
of the pavements. rtrith FBAPS, the user can change the pave-
ment rveights reflecting the local expert opinions to allorv for
differences of interpretation of local pavement distress types.

Asphalt pavement maintenance is a very important issue fac-
ing the state and local highway engineer today (1, 2). Proper
rnaintenance requires proper pavement evaluation. Unfor-
tunately, the wicle variety of pavement types, loading con-
ditions, and soil types rnakes pavement evaluation a complex
task. Current effective pavement evaluation methods lequire
the services of a highly trained and experienced expelt, which
entails significant costs in time and money. The methods pro-
posed by Shahin and Kohn (3) and the U.S. Department of
Transportation (4) are examples which, while effective, are
also time-consuming, expensive, and often unsuitable for many
agencies responsible for pavement maintenance and repair.
This paper proposes a new evaluation procedure that reduces
the need for an expert to pelform the pavement evaluation.
The procedure uses the experience of past experts and f.uzzy

arithmetic. Fuzzy sets, introduced by Zadeh (5), fuzzy arith-
metic, and luzzy logic have been applied to many areas of
engineering problems where the inputs are vague or ill-defined
(6-9). A recent National Science Foundation workshop at
Purdue University examined areas in civil engineering where
fuzzy sets could be applied and included pavement evaluation
as one of those areas (ó).

Many large highway structul'es in the U.S. are reaching the
end of their design lives and thus are requiring ¡nore main-
tenance. The problem is exacerbated by the anticipated retire-
¡nent in the near future of large numbers of experienced pave-
ment engineers and experts (10- l2). Many of these engineers

D. J. Elton, Civil Engineering Department Auburn University,
Ala. 36849. C. H. Juang, Civil Engineering Departrnent, Clemson
University, Clemson, S.C.

were hired by highway departments at the start of the National
System of Interstate and Defense Highways, which was cre-
ated by the Federal-Aid Highway Act of 1956. Because the
interstate system has grown slowly, hiring and turnover rates
have been low. Consequently, few new pavement engineers
have been available to become expert at pavelnent evaluation.
The low turnover in these positions has led to low job demand,
and many universities have removed pavement engineering
fi'om their curricula. Finally, the dropping enrollments in civil
engineering curricula at universities have reduced the supply
of potential pavement engineers (13). These factors accen-
tuate the need for a consistent and simple pavement evalu-
ation procedure that reduces the need for an expert. The
procedure proposed here does not lequire an expert.

Pavement evaluation schemes are very local in character
and can vary even from county to county. Only local knowl-
edge of the relative irnportance of such factors as soil type,
weather, asphalt types, significance of distress types, and sea-
sonal variations and magnitudes of pavement loadings is use-
ful at a given location. Therefore, pavement evaluation pro-
cedures must be tailored to every locale.

The combination of these factors has created an impending
crisis in pavement engineering. In order to avert the crisis, a

method of preserving the knowledge of pavement evaluation
experts must be found and implemented.

A procedure employing luzzy logic can be a great aid in
solving this problem. The procedure presented herein can
capture local knowledge about the importance of various forms
of pavement distress in the fonn of weights for distress types.
This knowledge is stored in a computer program and can be
recalled. Each type of pavement distress is rated for severity,
which is represented as a fuzzy set and then combined with
the severity of other distress types, using fuzzy arithmetic to
produce the pavernent rating. The procedure for capturing
knowledge and manipulating it is explained below.

METHODOLOGY

Use of Fuzzy Sets

Fuzzy set theory can account for the uncel'tainty associated
with the evaluation of engineering parameters. There is con-
siderable uncertainty in pavement evaluation, as is evidenced
by the unclear terms used to describe pavement condition.
For exarnple, such general terms as "real bad," "poor," "good,"
and "excellent" are often used, and a range of pavement
conditions is associated with each descriptor. Fuzzy sets describe
that range well.
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In conventional mathematics, a single numerical rating rnight
be assigned to each descriptive term. This number might rep-
resent the mean value, for example, when in reality some
range of values might all be classified with that same number.
Fuzzy sets can be used to describe this uncertainty. Rather
than assigning a single number to represent the pavernent
rating, afuzzy set is used. This is a set of numbers that describe
the "degree of belonging" or "support" QQ to each level of
rating to which the particular pavement belongs. In this study,
a computer program performs fuzzy operations on the lin-
guistic assessments of the pavement condition to produce the
pavement rating.

Pavement Evaluation

Five forms of visual distress of asphalt pavements were selected
for this study: rutting, longitudinal cracks, transverse cracks,
alligator cracks, and roughness. All are indicators of structural
distress. Although safety conditions are also important in eval-
uating pavements and could be included in the procedure
proposed herein, they were not included, for the sake of
brevity and clarity. A more complete list of pavement distress
is given by the Asphalt Institute (15) and Turner et al. (16).

The various forms of distress were weighted to reflect their
relative importance, and the weights were determined through
the collection of expert knowledge. Several experienced experts
in asphalt pavement analysis were interviewed for this study,
in order to ascertain the importance of particular distress
types. The experts used natural language terrns, such as "not
important" or "very important," which reflected the fuzziness
associated with pavernent evaluation. Each distress type was
given a weight, shown in table 1, that reflects the experience
of the local experts and was incorporated in the Fuzzy Eval-
uation of Asphalt Pavement Systems (FEAPS) progra¡n.
However, the user can easily change the weights to accorn-
modate his or her own experience. The weights reflect the
differing importance of the same distress in different locales.
For example, where the soils are very susceptible to pumping,
small cracks in the pavement assume more significance. Sim-
ilarly, where the soils are very susceptible to the formation
of ice lenses, cracks allowing infiltration might have more
significance than in soils where ice lenses do not form. This
feature of the procedure allows for important local variations
in soil types, weather, asphalt types, significance of distress
types, and seasonal variations and magnitudes of pavement
loadings to be incorporated in the methodology. Such flexi-
bility makes FEAPS very versatile.

It is important to note that the results obtained are a direct

TABLE 1 WEIGHT SCALE FOR PAVEMENT
DISTRESS

0i stress

Ruttl ng

Longitudinal cracks

Transverse cnacks

A1 l lgator cracks

Roughness

l'le i ght

important

moderately important

not important

extremely impontant

very important
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function of the experts chosen to assign weights. While agree-
ment in the selection of experts is not likely to be unanimous,
some measure of expertise can be applied to aid in the selec-
tion of experts. Unfortunately, the profession still awaits a

perfect rnethod to select and evaluate experts.
The pavement rating is assigned based on visual criteria

established by the agency conducting the survey. A trained
individual is required to identify the kind and degree of dis-
tress. The training for this task can be done in a short period
of time, whereas the training to understand the significance
of distress may take years and is expert knowledge. The com-
puter program described herein provides the pavement eval-
uation, a much more difficult task than distress evaluation.

Once the linguistic ratings are obtained, they are entered
into the computer program. The ratings are represented inter-
nally by fuzzy sets. The overall rating of the pavement is

determined from the fuzzy weighted average described below
and defined in equation 1 by Schmucker (17) as

)R, * lV,R= 
>w,

where

(1)

R : the f.uzzy set that represents the overall rating of the
pavement,

R¿ : the f.uzzy set that represents the linguistic rating of a
particular distress l, and

W¡ = the ltzzy set that represents the weight (or relative
importance) of a particular distress l, as compared to
other distress.

The five major distress types have varying importance. The
weight of each type is shown in table '1.'|he f.uzzy sets rep-
resenting each weight are given in table 2. Note that the weight
indicates the relative importance of one distress type com-
pared to the others. The weight is not an absolute scale. Thus,
the table does not, for example, imply that transverse cracks
are absolutely "not important."

The shape of the membership functions shown in figure I
(as indicated by the fuzzy set) has been shown to have little
effect on the finzy weighted average operation used in this
study (18). Figure 1 shows that the relative importance of
each distress ranges from 1. to 9, with 9 representing the domain
element of greatest importance. "Support" values, which
express membership, range from 0.0 to 1.0. Thus, for exam-
ple, in table 2 the weight "not important" is fully supported
(1.0) at domain element 1 and also partially supported (0.5)
at domain element 2. No support (0.0) is indicated at domain
elements 3 and above, indicating that there is no high level
importance associated with the rating "not important."

TABLE 2 WEIGHTS USED TO EVALUATE PAVEMENT
DISTRESS

t{eight Symbol Fuzzy Set Representation

not important A {1.0/1, 0.5/2, 0/3}

moderately important B t0/1, 0.5/2, 1.0/3,0.5/4,0/51

important C {0/3, 0.5/4, I.0/5,0.5/6,0/7}

very important D l0/5, 0.5/6, 1.0/7 , 0.5/8, 0/9]

extremely important E l0/7,0.5/8, 1.0/9)
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ratings have been obtained, equation L can be used to cal-
culate the final fuzzy set which represents the overall pave-
ment rating.

Several pavements can be rated with this method, and their
final results compared, resulting in a ranking of pavements
for use in maintenance strategies. This cornparison is a rational
way to establish the repair priority of each pavement, based
on structural evaluation of the pavement. The comparison is
facilitated by the establishment of a distress index, explained
below.

DISTRESS INDEX FOR COMPARISON OF
PAVEMENTS

Pavements can be compared using a ranking index based on
the fuzzy sets representing the pavement condition. This index
is a quantitative measure of pavement distress. The ranking
index, here called the distress index (DI), can also be used
as an al¡solute measure of the pavement condition, based on
local criteria.

The proposed distress index is based on a model proposed
by Juang and Kalidindi (19). Referring to Figure la, the dis-
tress index is

DI= Ar--AR+C

where

D1 = distress index,
An = alrea to the right of the membership function which

characterized the final fuzzy set,
A,- = area to the left of the membership function which

characterized the final fuzzy set, and
C = a constant, equal to the area enclosed by the

universe.

The distress index value ranges from 0.0 to 1.0. A low index
indicates better pavement condition, while a high index indi-
cates worse condition. For example, pavements with overall
ratings represented by luzzy sets E and ,I, given in figure 1b,
are readily compared as follows:

¿ = {013,0.5/4, 1.015,0.516,017lr

For E,

?-2raDr=:-6--2=0.50

J = {0/5, 1.0t6,0.5t7,0t81

For,I,

DI=4'5 =r?+8 =0.66
2(8)

Thus, the pavement represented by fuzzy set ,I is in worse
condition than the pavement represented by fuzzy set E.

The distress index can be translated back into the natural
language rating, if desired, by assigning natural language
descriptions to "standard" fuzzy sets representing different
pavement conditions. The DI for each of these fuzzy sets is
calculated, and the D/ of the pavement under consideration
is cornpared to the DI of the standard. Table 4 gives standard
fuzzy sets that rnight be assigned the natural language descrip-
tions shown there.

34 5 6 7I
domoin elemenl

(o)

t.o

o.5

o
t2345678

domoin elemenl

$)
FIGURE I (a) Model of the distress index. (b)
Comparison of fuzzy sets for the distress index
calculation.

As mentioned above, the rating of the evaluated pavement
was expressed in linguistic terms. Because rating of the pave-
ment by individuals is very subjective, use of linguistic terms
appears to be more natural and appropriate than use of single
numeric values. Consequently, fuzzy set representations of
these linguistic ratings have been used in the proposed eval-
uation procedure. Table 3 gives the f.uzzy sets corresponding
to the linguistic rating grades usecl in this study. The domain
ele¡nents for these rating grades range frorn I to 9, with 9
rcpresenting the domain element of greatest severity. As before,
"support" values, which express rnembership, range frorn 0.C
to 1.0. Thus, for example, in table 3, the rating "slight', is
unsupported (0.0) at domain element 1, partially supported
(0.5) at domain element 2, fully supported (1.0) at domain
element 3, partially supported (0.5) at domain elernent 4, and
unsupported (0.0) at domain element 5. No support (0.0) is
indicated at domain elements 5 and above, indicating that
there is no high level severity associated with the rating "slight."

Tables 1.,2, and 3 represent the opinion of the experts used
in this study. Other fuzzy sets could be used in the computer
program to describe the pavement rating and weights, as
desired. Once these opinions are in place, and the pavements

TABLE 3 RATINC SCALE: QUALITATIVE RATING OF
THE DISTRESS

Ratinq Grade Symbol Fuzzy Set Representation

none A {1.0/1, 0.5/2,0/3}

slight

si gni fi cant

8 {o/1, 0.5/2, r.0/3,0.5/4,0/5}

c {0/3, 0.5/4, L.0/5, 0.5/6,0/7j

0.5/8, 0/9isevere D {O/5, 0.5/6, I.0/7,

extremely severe E f0/7,0.5/8, 1.0/9)

9

.9Ê
at

o.ô
Eo
Ê

(2)
2C
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TABLE 4 NATURAL LANCUAGETRANSLATION OFTHE
DISTRESS INDEX (D1)

Final Evaluation

Descri ptor

no distress

moderate dlstress

di stress

severe distress

total distness

l<i,j<n\
Lastly, fuzzy division is defined as

XtY = {min [¡(,), y(j)] I (itj) ;1. = i, j = n]

Fuzzy set DI

{1.0/1, 0.5/2,0/31

Ío/r, 0.5/2, t.o/3, 0.5/4,

{0/3, 0.5/4 , r.o/5, 0.5/6,

l0/5, 0.5/6, r.0/7, 0.5/8,

l0/7 , 0.5/8, L.0/91

(4)

(s)

0.06

o/51 0.25

o/7\ o.50

0/ei 0.7s

0.94

FUZZY WEIGHTED AVERAGE

"fhe fuzzy weighted average (FWA) operation is defined in
equation 1. The summation, multiplication, and division in
equation I are fuzzy arithmetic operations and are defined
by Schmucker (17) as follows:

First, let

X={x(i) I ¡;t-i-n\
Y:{v(j) I j;t'j'n\
where i, j and ,? are integers, and x(l) and y(i) are rnembership
functions that characterize luzzy sets X and Y respectively.
Then, fuzzy addition is defined as

x + Y = {min ['(¡), y0)] I (¡ + i) ;

t=i,j=n\ (3)

Thefuzzy summation is simply fuzzy addition repeated. Fuzzy
multiplication is defined as

X * Y : {min [¡(,), y(r)] I (¡ . r) ;

where

z(i): *1¡¡¡^ax[.r(i), l< i<n) (7)

Fuzzy normalization was used in this study.

COMPUTER PROGRAM

Created to perform the pavernent evaluation, the FEAPS
program was written in FORTRAN 77 and, using the
WATFORTT compiler (21), runs on IBM PC and IBM-com-
patible microcomputers.

The simplified flowchart for the program is shown in fig-
ure 2. The first part of the program accepts information from
the user. The program then allows the user to tailor the eval-
uation by assigning linguistic weights to the five different dis-
tress types, based on his or her experience. The user can also

The implementation of fuzzy addition and multiplication is

straightforward;fuzzy division, however, is less so. For many
applications, the Clements algorithm may be sufficient to solve
this problem. Mullarkey and Fenves (20) consider this algo-
rithm to be the best f.or fuzzy division.

The Clements algorithm involves two assumptions: (1) any
division (i/i) not resulting in an integer is deleted, and (2)
any division resulting in a quotient greater than ¿ is discarded.

Another concern in the implementation of equation 1 is
whether the fuzzy "nor¡nalization" should be conducted after
each f.uzzy operation (addition, multiplication, or division).
Earlier studies (17, 20) have indicated that more reasonable
results can be obtained with normalization than without nor-
malization. Fuzzy normalization is defined by Schmucker (17)
as follows. Let

z = NoR [x]
then

Z={z(i)li;L<i<nl

lnlormollon Acqulslllon

Throuqh User lnlerloce

lnlcrnol Fuzzy Scl Rcprcscnlollon

of Collccled lnformolion

Compulollon ol Dlslress lndex

(6) FIGURE 2 General florvchart for FDAPS.
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TABLE 5 CASE STUDY 1: FOUR PAVEMENT RATINGS

0i stress

Rutti ng

Longitudinal cracks

Transverse cracks

Alligator cracks

Roughness

Distress Index

Pavement

2341

B

c

D

B

B

ccD
BCC
EBC
CEE
BCD

0.32 0.43 0.60 0.74

a NoTE: pavement ratings made according to the folìowing scale -
A - none
B - slight
C - significant
D - severe
E - extremely severe

select default weights embodied in the program, which are
expressed in linguistic terms (or phrases) for ease of use.
Similarly, the rating of any pavement evaluated according to
each of the distress criteria is expressed in linguistic terms.

The second part of the program translates the input lin-
guistic expressions into fuzzy sets. Once the required data are
input and translated into fuzzy sets, the FWA operation is
performed. The result is a final fuzzy set that represents the
pavement rating.

Finally, the distress index ofthe finalfuzzy set is calculated,
and this process is repeated for each pavement evaluated. The
pavement with the lowest D1 is in the best condition.

CASE STUDIBS

The procedure explained above was evaluated by selecting
and rating four pavements. The default weights shown in table
1 and the rating scale shown in table 3 were used.

Case I

Four pavements are shown in table 5: each exhibited a dif-
ferent combination of distress. Pavements with different degrees
of distress were chosen to show how the proposed procedure
could be used to differentiate among them. Pavement 1 ratings
intuitively indicate good condition. In particular, the small
amount of alligator cracks indicates good condition. Visual
inspection of the ratings for pavements 2, 3, and 4 indicates
that the condition of these pavements decreases with increas-
ing pavement number.

Evaluation using FEAPS was performed. The D1 for each
is shown in table 5. As expected, pavement I is in the best
condition (lowest D1), while pavement 4 is in the worst con-
dition (highest D/). Pavements 2 and 3 are arranged in order
of decreasing condition.

Case 2

Four more pavements are shown in table 6, each again exhib-
iting a different combination of distress. Intuitively, pavement

8 is in better condition than pavement 5, the only difference
between the two being the lower rating given for alligator
cracks for pavement 5. Pavement 6 is in worse condition than
pavement 5, since all the ratings for pavement 6 are less than
or equal to the rating for pavement 5, except for the alligator
cracks. Although pavement 6 has a better rating for alligator
cracks than pavement 5, the overall rating is less, because of
the lower ratings for several other distresses (particularly
roughness, which is heavily weighted). The FEAPS evaluation
ranks the pavements 8,7, 5, and 6 from best to worst, as

indicated by their respective distress indices.
Pavements 2 and 7 had very similar distress indices. How-

ever, they had different amounts of distress. Although pave-
ment 2 had a much better rating for longitudinal cracks (which
were weighted as "moderately important"), it had a slightly
lower rating for alligator cl'acks (which were weighted as "very
important"). This heavy weight resulted in the lower overall
rating. The similarity in D/ with pavement 7 indicates that
FEAPS was able to weight longitudinal and alligator cracks
properly. Pavements 1 and 8 have different amounts of trans-
verse cracks and roughness distress, but similar distress indices.
This indicates that FEAPS was able to weight these types of
distress properly.

CONCLUSION

A computer program for the structural evaluation of asphalt
pavements has been presented that captures the knowledge
of experts and puts it in a htzzy framework. The pavement
ratings, also represented by fvzy sets, are used as program
input. The knowledge and the ratings are combined using the
fuzzy weighted averaging technique in the computer program
FEAPS to produce a fuzzy set that represents ttre þàïemènt
condition. The program provides a consistent, reliable, and
facile method of evaluating pavements. As such, it provides
a tool that many pavement agencies-especially those with
limited resources-can use to reduce the impact of the loss
of expertise during the next few years.
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TABLE 6 CASE STUDY 2: FOUR PAVEMENTRATINGS

Di stress

Rutti ng

Longitudinaì cracks

Transverse cracks

Al l igator cracks

Roughness

Distress Index

5

B

c

A

E

c
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Measuring Pavement Deflections Near a
Super-Heavy Overload

W. A. Noxns

Effects on in-service pavements from super-heavy overloads
weighing over 21000,000 pounds are investigated. A field study
was performed in which a crack survey was conducted, pave-
ment deflections were measured using a Dynaflect before and
after overload transport, and several insfruments were deployed
to measure surface deflection when the overload traversed the
pavement. The field study also characterized materials, deter-
mined dimensions of structural layers, and measured wheel
loads applied to the pavement. Measured deflections are com-
pared to predictions that are based on models used for flexible
pavement design. Results of crack surveys show no change in
the visible condition of the pavement after transporting the
overloads. Dynaflect measurements after transport were
approximately equal to pavement deflections measured before
hauling the overloads. In-transit deflection measurements show
that a r'big basin" results from widely distributed trailer axle/
tire loads. Deflections from tractor tires were not substantially
different from those caused by trailer tires. Measured in-transit
deflections agree reasonably well with maximum displacement
predicted using elastic layer models.

Historical data from California's Department of Transpor-
tation (CALTRANS), which is responsible for evaluating per-
mit and variance requests, indicate that variances are being
requested for heavier loads each year. Since 1982, permits
and variances for overweight loads jumped 57o/o, ftom ap-
proximately thirty-seven thousand to sixty-one thousand. A
conspicuous increase is the number of permits approved for
super-heavy overloads, which typically exceed 300,000 pounds
gross vehicle weight (GVW). Only one permit was approved
in 1983; nearly twenty were granted in 1987.

California's continuing industrial and population growth
promises an increasing number of heavier loads. One reason
for this trend is a lower cost associated with foreign manu-
facture of large components, such as chemical reactor vessels,
power genelators and electrical transformers. However, when
large components are not fabricated on site, costs and logistics
of transporting these parts become very important. When
public roads are used, a crucial constraint in transporting these
loads is the physical limitation of highway structures, such as

inadequate bridge strength (/).
Effects of super-heavy overloads on pavement deserve

investigation. In California, as in other states, typical over-
loads are limited to no more than structural load limits estab-
lished for bridges and overcrossings on a route. These limits,
which generally use GVW, number of axles, and axle spacing
as criteria, are based on structural analysis and load equiva-

State of California Department of Transportation, Division of
Construction, Office of Transportation Laboratory, 5900 Folsom
Boulevard, Sacrarnento, Calif. 95819.

lencies. When loads slightly exceed the criteria, engineering
judgment is generally invoked to set a safe load limit. How-
ever, when no structures are traversed and GVW greatly
exceeds previously permitted loads, an accurate procedure
for routine evaluation is not available, and engineering expe-
rience is limited.

A field study and computer modeling analysis were con-
ducted to investigate effects of super-heavy overloads on
pavements. The goals of the investigation were to determine
if any observable damage was caused by overloads; to check
for invisible pavement damage; to measure pavement deflec-
tions near the loads in transit; and to compare in-transit
deflections to predictions from mechanistic models.

BACKGROUND

In the spring of 1987, variances were requested to haul the
two heaviest loads ever moved on a California state highway.
Transporting these overloads on a state highway provided an

opportunity to study in-place pavement response and short-
term damage. They were to be transported on State Route
213, from the Port of Los Angeles to a refinery in Torrance,
California (see figure 1). Route 213 is a four-lane, urban,
principal arterial with peak hour traffic volume from 1,150 to
1.,850 vehicles, and an annual average daily traffic (ADT)
ranging from 19,400 to 31,000 vehicles (2).

The GVW of each load was estimated at 2,100,000 pounds,
composed of 1,600,000 pounds from a chemical reactor vessel

and approximately 500,000 pounds trailer tare. The reactors
could not be transported by rail because they exceeded weight
and width limits. Figure 2 shows dimensions and typical con-
figuration ofeach reactor, trailers, and tractors. Table L shows
trailer and tractor tire specifications. A total of 384 tires sup-
ported each reactor, using 24 axle lines and 16 tires per axle
line. Each trailer shown in figure 2 was composed of four
German-made Goldhofer trailers interconnected. These trail-
ers have steerable axles and hydraulic suspensions that can
be adjusted to maintain a balanced load during transport.
Tractor GVIV was approximately 110,000 pounds, composed
of 62,000 pounds unladen weight and approximately 49,000
pounds from added counterweights.

Before granting variances, a reliable procedure was sought
to predict pavement damage from these overloads. A liter-
ature search revealed that a Highway Research Board task
force developed guidelines and recommended evaluation pro-
cedures in the early 1970s (3). It was recognized at that tirne
that methods were not available for engineers to predict accu-
rately the destructive effects of overloads on pavement. Con-
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FIGURE I Location map for transporl of overloads.

'12 AXLES x 16 l2 AXLES x 16 WHEELS

FIGURE 2 Overload confìguration and dimensions.

cerns about the accuracy of predictive techniques remain to
the present day.

The task force recommended a mechanistic procedure that
was used subsequently in several studies @-6). The mecha-
nistic approach uses computer models and elastic layer theory
to predict the allowable number of 18 kip equivalent axle load
(EAL) applications on a structural section. The task force
presented stress/strain limits to estimate the number of EALs
that would cause failure by cracking and rutting. However,
the task force warned that "it is . . . difficult to specify allow-
able values for stress or strain since these data are not as yet

2 AXLES
x 4 WHÊELS

24.s',

2 AXLES
x 4 WHEELS

readily avallable from experience" (3). The task force's uncer-
tainty remains justified because stress/strain response and fail-
ure of pavements under super-heavy overloads are still not
known completely.

FIELD STUDY

Methodology

Concern about the uncertainties of the mechanistic approach
led to a field study in which pavement response was investi-

l*-J
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lABLE I TRAILER AND TRACTOR TIRE SPECIFICATIONS

Average Loadl Ti re Contact2

Per Tire, lbs. Size Area. sq.in.

Contact Ti re

Pnessure. osi Pnessure- osi

Trai I er

Tractor

5,500

I 5 ,000

8.25 x 15

18.00 x 25 70

92

49

60

306

I Avenage trailer tine loads from second reactor were approximatel.y 12% higher.

2 Area shown has tread area of 15% (assuned) aìready deducted. Total area is

estimated using fieìd measunements of static contact perimeter.

gated. Observable damage was recorded by conducting a vis-
ual crack survey before and after passage of the reactors on
Route 213. Comparing crack records would show visible dis-
tress caused by each reactor. Invisible damage was investi-
gated by measuring pavement deflections using a Dynaflect
before and after each reactol'was transported along the route.
Reduced structural strength of the highway would be inferred
if Dynaflect deflections increased significantly after trans-
porting the reactors.

To define existing structural sections along the route, dis-
trict staff extracted cores a few days before the reactors were
moved. Cores and a visual survey of the route we|e used to
select roadway sections for before-ancl-after evaluation of
pavernent condition, as well to choose level test sites for in-
transit measurements.

The most innovative aspect of the field study was rnea-
surement of pavement deflection near the outer trailer tires
as each reactor passed sensors located on the surface. To
neasure i¡r-transit deflections, a seismometel', accelel'ometel',
and displacernent tracker were deployed at test sites on Route
213. Deflections from trailers and tractors were also measured
at the Port of Los Angeles. A seis¡nometer was used in all
field tests. The accelerorneter and optron recorded deflections
from reactor 2 only. No routine, mobile, and nondestructive
procedures are available for measuring pavement displace-
ment under these circumstances. Instrumenting a pavement
section with linear variable differential transducers was con-
sidered, but time and funding constraints precluded their use.
In fact, deflection was chosen as the measure of pavetnent
response because instrumenting pavement sections with strain
gauges was not feasible. Pavement deflections from an over-
load were measured by Mahoney (5) using Benkelman beams
in a tandem configuratiou. The outside beam measured
deflections at the fulcrum of the inside bearn, which nteasured
deflections near the trailer tires. This was done to compensate
for the extraordinarily large deflection basin expected under
all the closely spaced, heavily loaded trailer tires. Altemative
methods were sought that could detect the trailer's "big basin"
and that would provide a permanent record of deflections as

the pavement was loaded and unloaded.
Only one instrument was used successfully when the first

reactor was moved. A seismometer, that is, a velocity trans-
ducer, was evaluated at Translab, and it showed that it could
sense pavement displacernerìt at freque¡ìcies expected frorn

each trailer axle. A seismometer offered the distinct advan-
tage of using the center of the earth as a reference point
instead of measuring differential displacement from some fixed
point nearby. Considering all constraints, it was the only readily
available instrument to measure deflections from the first
reactor. Several other methods were suggested, such as dis-
placement transducers, optical precision levels, and laser
transits, but none satisfied all constraints.

The seismometer used in the field study is a Kinemetrics
model SS-1. Its practical minimum frequency response is 0.25
Hz. Its resonant frequency is 0.5 Hz, overshoot ratio is 0.05,
and the damping factor is 0.70. Its use requires calibration
factors that were determined at Transl-ab. Correction factors
for near-resonant vibrations were provided by the manufac-
turer. The seis¡no¡neter was linked to a Kinemetrics SC-l
signal conditioner, then to a Clevite brush 16-2300-00 oscil-
lograph. Damping calibrations were performed prior to field
measurements and seismorneter calibration factors were ver-
ified at Translab after the first reactor was moved. This sys-
tem has a long history of stability and sensitivity in vibration
studies conducted previously by CALTRANS personnel.

Figure 3 shows a plan view of the seismometer, event marker,
and tire, as well as other instruments that were used when
the second reactor was transported. A tire-triggered event
marker was placed next to the seismometer to correlate load-
ing with displacement and to check speed (i.e., frequency) of
load.

The seismometer's trace of velocity with respect to time
provides a record of zero-to-peak vertical particle velocity as

the surface of the pavement near the tires is displaced. Dis-
placement and velocity are related as shorvn below based on
sinusoidal loading:

vD=- (1)
Iry

where

¿ = peak-to-peak particle displacement,
V : zero-to-peak particle velocity, and

"f 
: the frequency of sensor excitation.

Sorne limitations are inherent in this approach. Axles may
excite the seismometer below threshold so that the sensor
does not detect some displacement. This appeared to be pos-
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FIGURE 3 Plan schematic of instrumentation used i¡¡ fïeld studies.
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were not detected by the seismometer. This concern was rein-
forced by the substantially higher model predictions (described
below). These factors made it important to find instruments
that were more sensitive or that could measure deflections
directly.

When the second reactor was moved, two more instrument
were used: a piezoelectric accelerometer and an electro-opti-
cal displacement tracker. Figure 3 shows how these instru-
ments were deployed at the test site.

The accelerometer is a model 8318 piezoelectric sensor
manufactured by Brüel and Kjaer (B&K) Instruments, Inc.
Frequency response for the accelerometer is 0.1 FIz to 1 kHz.
Deflections from the accelerometer were recorded on a B&K
7005 tape recorder. Frequency response on the tape recorder
is 0 to 12.5 kHz. Recorded data were subsequently evaluated
on a B&K dual channel signal analyzer,type2034. Frequency
range of the analyzer is 0 to 25.6 kHz.

A trace of pavement surface acceleration with respect to
time provides a record of zero-to-peak vertical particle accel-
eration as the surface is displaced. Displacement and accel-

sible but could not be determined without knowing the fre-
quency of loading and the extent of deflections near the trailer
tires. For example, the idealized pavement response shown
in figure 4 compares one long duration, low frequency load/
unload cycle under an overload to typically higher frequency
axle loads from a legal-sized truck (5). A deflection trace for
an overload is composed of repetitious displacements, which
are caused by individual axle loads. These displacements are
superimposed on a lower frequency cycle, which induces larger
deflections than those from individual axles. These larger
deflections form a "big basin" under the trailer. A seismom-
eter was expected to detect deflections from individual axles;
however, its ability to measure a "big basin" was uncertain.
Another limitation is that deflections determined from the
seismometer are relative displacements that are not neces-
sarily additive. In addition, only one sensor detected data in
the deflection basin. More seismometers would have been
deployed had they been available.

After the first reactor was moved, there was considerable
concern that substantial deflections due to the "big basin"
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FIGURE 4 ldealized pavement response for super-heavy trailer and a typical
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eration are related as shown below based
loading:

n- A
" - 2r2f2

on sinusoidal

where

¿ : peak-to-peak particle displacement,
A = zero-to-peak particle acceleration, and

,f: the frequency of sensor excitation.

The electro-optical displacement tracker, or optron, con-
sists of a model 805M optical head and model 501 control
unit, manufactured by Optron Corporation, Woodbridge,
Connnecticut. The optron is used for production and testing
by companies such as IBM, Xerox, Ford, and General Motors.
It has been used for.research at the National Aeronautic and
Space Administration, Rutgers University, the University of
Southeln California, and by the U.S. armed forces.

Frequency response of the optron is from DC to 25 kHz.
Changeable lenses allow measuring displacements with the
optical head as close as 2.6 inches or as remote as 704 feet
from the target. Resolution of displacement is 0.0008 inch
(0.8 mils) at 11 feet, which was the distance used during this
field study. The optron was linked, via other instruments
shown in figure 3, to a Kinemetrics SC-1 signal conditioner,
then to a Clevite brush 16-2300-00 oscillograph.

Optron displacement trackers follow the motion of a dís-
continuity in the irnage of a rnoving object, which in this study
was a black-over-white rectangular target attached to the seis-
mometer. The irnage of the target is focused on the photo-
cathode of an image dissector tube in the optical head (see

figure 5). Electrons are emitted from each point of the pho-
tocathode in proportion to the image's light intensity. The
resultir.rg electron image is refocused on a plate with a srnall
aperture. Electrons traversing the aperture form a signal cur'-
rent propoÌtional to the intensity at the corresponding point
of the target. The signal is amplified and is used by a patented
servo loop to keep the electron image of the target centered
on the dissector aperture. As the optical target image moves,
the servo control changes the current in deflecting coils so

that the electron image returns to its initial position. The
deflection current required to recenter the electron image
corresponds to displacement of the target.

The optron offers several advantages, including direct
measure¡nent of displacement and capability of measuring

MOTION
OF

IMAGE

OPTICAL IMAGE
ON PHOTOCATHODE

FIGURE 5 Components of optron optical head.

ll

DC, eliminating concerns about frequency response. It there-
fore has the best chance of recording displacements due to a
"big basin." The optron can document pavement response
during loading and unloading, providing evidence of plastic
deformation if it did not rebound to its preloaded level. The
target, which is expendable, can be placed closer to a tire
than an expensive accelerometer or seismometer. Using the
optron does have disadvantages: it is sensitive to light inten-
sity, and the displacement record ceases if the light beam from
the target is broken. Calibration of the sensitive optron can
be difficult and should be performed at the test site.

In addition to measuring deflections on the highway as the
reactors passed, pavement deflections were measured using
the seismometer at the Port of Los Angeles before the second
reactor was moved. Measurements were recorded near the
trailer as it was hauled past the seismometer. Later, the trailer
was detached and only the tractor passed close to the
seismometer.

The purpose of measurements at the port was to compare
deflections near the trailer with those near the tractor. Terrel
and Mahoney (4) used mechanistic procedures to conclude
that high tractor tire loads could be more damaging than tire
loads from a trailer. It was hoped that measurements at the
port would provide a rough comparison of pavement deflec-
tions under tl'actor and trailer tires.

Data Analysis

For reactor 1, a site to measure pavement response during
the move was chosen at post mile (PM) 2.28. The structural
section at this site is 0.4 foot asphalt concrete (AC) pavement,
1.3 feet untreated aggregate base, over damp silty clay. Peak
hour traffic volume is 1,150 and annual ADT is 19,400 vehicles
(2). California's Pavement Management System (PMS) con-
tains condition survey clata that were collected in 1985 along
this section of Route 21,3.The PMS indicates that a maximum
of.75o/o of one wheel path and 8Vo of both wheel paths exhib-
ited alligator cracks. The 1985 survey also showed minor
bleeding and no ruts greater than % inch.

The condition survey showed no discernible difference in
the pavement surface after the first reactor passecl. The survey
was done the afternoon before and the morning after the
reactor was moved. Dynaflect measurements show substan-
tially the sarne deflections before and after the reactor was

APERTURE

OUTPUT CURRENT
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MULTIPLIER

o''3å03EHo"'l 
,l5r,'""-;*":N'"ï"o

!llsffittl--



t2

moved. Figure 6 shows sensor 1 deflections measured at PM
2.23-2.53. Before moving the reactor, deflections were mea-
sured when air temperature was 65oF and pavement temper-
ature was estimated at 65'F under clear skies. These condi-
tions are typical at the site during the spring (7). Deflections
were later measured when air temperature was 70oF and pave-
ment temperature was estimated at 90"F under sunny skies.
Deflections were con'ected for differences in temperature using
the American Association of State Highway and Transpor-
tation Officials design guide for 1986 (8). Mean daily tem-
peratures for the preceding five days were obtained from the
Long Beach airport.

Deflections were measured at PM 2.23-2.53,2.80-3.10,
and 5.88-6.18 in the early morning before the reactor was

transported. Deflections were measured again at the same

sites in the late morning after the reactor was moved. Dyna-
flect measurements were recorded by a driver as another tech-
nician walked alongside to paint spots on the pavernent where
sensor 1 deflection was measured, After the reactor was moved,
the walking technician spotted the Dynaflect to assure sensor
1 measurements were recorded on the same spots.

Results of the condition survey and Dynaflect measure-
ments indicate that either no short-term damage occurred or
else damage was not detectable using these methods. In addi-
tion, pavement response during loading is unknown. The third
component of the field study, measuring in-transit deflections,
provides this useful information.

The seismometer successfully measured deflections as the
first reactor passed the test site. Table 2 summarizes pertinent
data from in-transit measurements. The first trailer passed at
a constant distance from the seismometer. The second trailer
veered substantially more than the first, which seemed unfor-
tunate initially. However, deflections closer to the tires were

TRANSPOII,TATION RESEARCII RECORD t t9(¡

measured as a result. The frequency at which the individual
trailer axles/tires passed was well above the minimum detect-
able by the seismometer. Air temperature was approxirnately
65'F and pavement temperature was estimated to be 75'F.
The event was recorded on videotape for later verification of
distances and speeds during the trailer's pa.ssage.

Pavement deflection data were studied to examine how
displacement varied with dista¡rce and to estimate displace-
ment under the outer trailer tires. Deflection data and a least-
squares regression line are shown in figule 7. Pave¡nent
deflection under the outer trailer wheel is estimated to be 29
mils, although adjustrnents of the regression line within the
confidence limits would alter this value. Figure 7 shows 95o/o

confidence limits as dotted lines above arrd below the regres-
sion line. The correlation coefficient is significant at a 99o/o

confidence interval using a two-tail test (9).
The seismometer velocity trace is depicted in figure 8. The

abscissa shows the number of seconds since the recorder was
turned on. Figure 8 shows a scale for peak vertical velocity
also. Axle 9 on the second trailer caused a deflection that was
unreadable. Axle 11 grazed the seismometer, which is why
the trace jumped off scale. A subsequent check of the seis-
mo¡neter's calibration indicated no significant change.

The seisrnometer trace generally agrees with the pattern of
deflections expected from individual axles shown for an over-
load trailer in figure 4. The repetitious velocity shifts in fig-
ure 8 correspond to deflections induced by individual axles.
The seismometer data do not indicate additional deflection
expected from a "big basin," however. Assuming that such
a basin did in fact exist, the rate of pavement displace-
ment probably occurred below the detection level of the
seismometer.

For reactor 2, a site was chosen at PM 5.90 to measure
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FIGURE 6 Sensor I Dynaflect deflections before and after moving
reactor l.
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TABLE 2 SUMMARY OF IN.TRANSIT SEISMOMETER MEASUREMENTS

Di stance,

feet

Deflection, Average

miìs Vehi cì e

Frequency of

Loading, Hz

Ranqe Mean Ranqe Mean Soeed. moh Ranqe Mean

REACTOR #1

(Pt4 2.28)

lst Trailer

2nd Trailen

REACTOR #2

(PM s.e0)

lst Trai I er

2nd Trai ì er'

REACTOR #2

(Port)

Run I -

lst Tnaiìer

2nd Trai ler

Run2-

lst Trailer

2nd Trai ler

Tractor **

Front Axle

Rear Axle

2.0

1.00.2

2.0

0.6

1.6 - 2.3 1.9

6.5 - 24.5 12.7

3.8

3.8

0.98 - 1.12 1.06

0.82 - 1.19 1.07

0.80 - 0.90 0.84

0.90 - 1.00 0.96

0.50 0.50

0.50 0.50

2.50 2.50

1.14 - 1.39 1.28

0.89 - 2.50 1.50

0.72 - t.39 0.99

3.0 2.8

3.2 2.8

?.0 1 .3

2,0 1.0

* 2.0

2.0

3.9 3.5

3.0 1.3

2.5 -

2.3 -

0.5 -

0.4 -

1.1 0.6 3.0

1.3 0.6 3.4

0 .8 4.4

6.4 4.6

3.7

3.7

1,2

1.8

3.2 -

0.8 -

0.5 -

1.4 -

- 2.3

- 3.7

1.3

9.3

1.9

2.7

1.8

2.r

2.7 - 5.2

2.7 - 5.2

3.6

3.6

0.20 - 2.0

0.3 - 3.8

* Average wheel ìoad on trailer was approximateìy 6,200 lbs/tire.
** Average wheel load on axle I was approximately 12,800 lbs/tire. For axìe 2, avenage load was

16,000 I bs/ti re.

pavement response during passage of the reactor. The struc-
tural section at this site is 0.2 feet AC, 0.65 feet portland
cement concrete pavement (PCCP), over fine, brown silty
sand. Traffic at the site is typical for this route, peak hour
traffic volume is apptoximately 1,200, and annual ADT is
estimated at20,400 vehicles (2). The PMS contains condition
survey data that were collected in 1985 along this section of
Route 213 and indicates that 1,6Vo of one wheel path and 60/o

ofboth wheel paths showed alligator cracks. The 1985 survey
also showed localized bleeding and no ruts greater than 3/q

inch.
As before, the pavement condition survey showed no dis-

cernible difference in the pavement surface from transporting
the second reactor. The survey was done the morning before
and the morning after reactor 2 was moved. Dynaflect mea-

surements again show similar deflections before and after
reactor 2 passed. Figure 9 shows sensor 1 deflections measured
at PM 5.92- 6.22. DynafTect defl ections measured before hauling
the reactor were recorded when the air temperature was 80oF
and pavement temperature was 85oF under clear skies. Deflec-
tions measured after the reactor passed were taken when the
air temperature was 65oF and pavernent temperature was 69oF

under hazy skies. Again, these are typical spring conditions
at the site (7). Deflections again were adjusted for differences
in temperature (8). A wider difference between before and
after deflections is partially attributable to a more complex
response of overlaid PCCP to temperature changes. In addi-
tion, joints and cracks that were not visible in the underlying
PCCP may have affected deflections.

Deflections were measured midday before reactor 2 was
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FIGURE 8 Seismometer yelocity trâce.

moved and the morning after. Detlections were measured at

PM 5.40-5.70, 5.92-6.22, and 7.00-7.30. Unlike the first
study, Dynaflect measurements were taken by only one tech-
nician. He judged from the driver's seat how close sensor 1

was to its previous locations. This probably caused some of
the difference between before-and-after measurements men-

tioned above.
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45 50 55 60 65

TIME, seconds

As was the case with the condition survey and Dynaflect
results for the first reactor, either no short-term damage
occurred or damage was not detectable by these means.

All instruments successfully measured deflections from the
second reactor, Table 2 shows pertinent in-transit data for
reactor 2. Frequency of tire load application varied from 0.80
to 0.90 Hz, which is above the minimum frequency detectable
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FIGURE 7 Pavement surface deflections near outer trailer tires for
reactor 1.
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by the seismometer and accelerometer. Air temperature was
approximately 65'F and pavement temperature was measured
at 70'F when the reactor passed.

The optron deflection trace shown in figure 10 provides
evidence of a "big basin." Displacernents inferred from seis-
mometer velocities are depicted superimposed on the optron
trace, assuming that it represents mean deflection. Optron
dcllections were typically three to four times the displacement
detected by the seismometer. The ratio of optron/seismom-
eter measurements is important to discussions presented later
in this paper. The optron trace clearly shows a slow displace-
ment occurring during three to four seconds as the first trailer
axle approached the target; no deflection is evident based on
the seismometer trace during this time. After the last axle
passed, the seismometer almost immediately returned to zero,
although the optron shows that rebounding continued for nearly
eight seconds. The optron trace shows that the target returned
to its initial position.

Preliminary analysis of accelerometer data showed general
agreement with the optron in detecting the "big basin." These
data are being studied further. The accelerometer data also
show some higher frequency vibrations. It was concluded that
the accelerometer bounced slightly on the pavement as the
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FIGURE 9 Sensor I Dynaflect deflection before and after moving
reactor 2.

6.12

tractor and trailers passed, probably because ofits light weight
(470 grams). Displacements due to these vibrations were fil-
tered in computing deflections.

Pavement deflections again were studied as a function of
distance from tires. Least-squares regression did not show the
good correlation that was seen for the first reactor. Poor
correlation is likely caused by the consistent remoteness of
the trailer wheels from the sensors and by dissimilar response
of the AC overlay and PCCP layers. Unobserved joints and
cracks probably also contributed to this response. Peak deflec-
tion was not estimated for this test site.

To compare effects from tractor tires to those from trailer
tires, deflections were recorded near berth 131 at the Port of
Los Angeles. The structural section where deflections were
measured is 9 inches AC over 8 inches untreated aggregate
base on compacted silty sandy clay (10). No surface cracking
or rutting was evident in the test area. Air temperature during
the test was approxirnately 75oF, and pavement temperature
was estimated to be 100oF.

The seismometer successfully measured deflections from
trailer and tractors at the port. Deflection data from the trail-
ers and tractors are shown in table 2. Deflections and distances
were well-distributed during run 2 and are the basis of the
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FIGURE l0 Optron displacement showing superimposed deflections from seismometer trace.
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regression line shown.in figure 11 . For run 1 , consistent deflec-
tion levels resulted from the minor change in distance from
the tires to the sensor. In addition, frequency of axle loadings
was near the seismometer's resonant frequency. Therefore,
these data were not included in the least-squares regression
analysis and are not shown in figure 11. The tractor made
several passes at roughly equal speeds. Figure 11 shows deflec-
tions and distances from the tractor tires. Unfortunately, trac-
tor tires came no closer than 2.7 feet to the sensor because

of concerns about hitting the seismometer.
Figure 11 provides a rough comparison of deflections that

resulted from trailer and tractor tires. It also shows a regres-
sion line and95Vo confidence limits for deflections from trailer
tires. Most of the tractor-induced deflections fall close to the
regression line for displacements from the trailers. A least-
squares regression line is not shown for the tractor data because

of the few number of deflections measured at a limited range
of distances.

The trend in deflection shown in figure 11 is similar to that
in figure 7. Deflections are close to those from reactor 1.

Pavement deflection under the outer trailer wheel is estimated
to be 18 mils. Oncê again, adjustments of the regression line
within the confidence limits would alter this value substan-
tially. The correlation coefficient is significant at a99o/o con-
fidence interval using a two-tail test (9).

Deflections from tractor tires are not substantially higher
than displacements from trailer tires at the distances mea-
sured. Figure 11 shows that deflections from the tractor's rear
axle were higher than for the front. The rear axle was about

TRANS PO RTATI O N R ES EARC H Ia ECO R D I lg(t

25o/o heavier because the counterweight was carried toward
the back of the tractor. Figure 11 also shows that most of the
deflections from the tractor's rear axle are significantly higher
than displacements from trailer wheels. Based on seismom-
eter data, deflections close to the tractor tires could be inferred
to be several times higher than those measured close to trailer
wheels. However, it is believed that deflections from tractor
wheels were not significantly higher. In fact, peak deflections
may be very close, if seismometer deflections from the trailer
are increased by a factor of three to four. This increase is

based on the ratio of optron/seismometer measurements dis-

cussecl previously and assumes that seismometer measure-
ments of tractor-induced deflections do not need adjustment.
Similar deflections for tractors and trailers are likely due to
the fact that, even though tractor wheel loads were two to
three times as heavy as trailer tires, lower contact pressures
(from larger contact area-see table 1) occur under the tt'ac-
tor tires. Levels of stress, strain, and shear induced by trailer
and tractor tires remain unknown but should be investigated.

MECHANISTIC MODELING

Model predictions that were used initially to evaluate the
variance request were subsequently compared to measured
deflections. In this way, measurements served as a verification
database. Field verification of model predictions could even-
tually yield a sufficiently accurate mechanistically-based pro-
cedure for routine evaluation of variance requests.

X .TRACTOR. FRONT AXLE
6 -rn¡croR- REARAxLE

a-lz.dee0.e1'

DISTANCE, (feet)

FIGURE ll Pavement surface deflections near outer tires of trailer
and tractor.
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TABLE 3 INPUTS USED FOR COMPUTER MODELS

Layer Thickness

l-AcP 5u

2-8ase 5u

3-8ase 5u

4-Base 5u

5-Subgrade ø

Measurements recorded when the first reactor was moved
were compared to predictions from elastic layer computer
models. Computer modeling was not done for the second
reactor, because a computer model for rigid pavement was
not available. Deflections measured at the Port of Los Ange-
les were not modeled due to substantial uncertainty about
material properties used in the test area (10). Model predic-

Resilient Modulus, ksi

Best Case Worst Case

I,000

35

30

tions were used to set seismometer signal attenuation prior
to the field study and are presented here for a comparison to
subsequent seismometer and optron measurements.

Predictions were obtained using ELSYMS and BISAR com-
puter models, which rely on elastic layer theory and simpli-
fying assumptions to calculate primary response (11, 12).

Structural section geometry was characterized using data from

t7

Poi ssons

Ratio

0.40

0.3s

0.35

0.35

0.35

Wheel Load

500

25

20

15

4

25

10

Load: 5,500 lbs/tire

Contact Area: 55 inZ

Contact Pressure: 100 psi

06121824
DISTANCE , (inch)

FIGURE 12 Predicted, measured, and adjusted pavement surface
deflections near outer traller tires for reactor 1.
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cores. Load inputs were based on information from the trans-
porter. Best- and worst-case scenarios were developed using
estimated materials properties (6, I3). Table 3 shows in-
puts used for model predictions. Figure 12 shows measured
data and predicted deflections under best- and worst-case
scenarios.

Generally poor correlation in magnitude of predicted-to-
measured deflections is shown in figure 12, although the gra-
dient of deflections is similar for measurements and predic-
tions. A likely reason for systematic overprediction is incor-
rect characterization of materials propegies and conditions
(such as resilient modulus, moisture content, and density,
among others).

Another reason for poor correlation is that the seismometer
detected only localized deflections caused by each passing axle
and missed the "big basin" deflection. For example, when
the second reactor was moved, the optron recorded deflec-
tions that typically were three to four times higher than those
detected by the seismo¡neter. The optron's sensitivity to direct
displacement allowed it to record slow loading and rebound-
ing that the seismometer could not detect. The "adjusted"
deflection line shown in figure 12 results if a factor of three
is multiplied times the seismometer regression line. This
"adjusted" line represents an estimate of deflections that the
optron likely would have measured. It nearly intersects the
best case line at the ordinate axis, where the maximum deflec-
tion occurs.

A more accurate determination of the ratio of optron dis-
placement to seismometer deflection is not possible with these
data, but three appears to be a reasonable minimum. Detec-
tion of displacement by the seismometer should have been
very similar for both reactors since load frequency for both
reactors was approxirnately 1 Hz, which is well above the
minimum frequency detectable by the seismometer. In addi-
tion, air and pavement surface temperatures were nearly iden-
tical when each reactor passed by. It is unclear, however, how
the PCCP at the second site influences this ratio.

CONCLUSIONS

1.. Results from the condition surveys do not show any
discernible short-term damage to the pavement after the reac-
tors were moved. Damage may have occurred that is simply
not detectable by these means.

2. Measurements from the Dynaflect reveal that pavement
deflections are not perceptibly different from those recorded
before the reactors traversed Route 213.

3. Deflections measured near the tires must be evaluated
in light of the instruments used to detect them. Seismometer
deflections provide a good estimate of localized deflections
due to individual axles. Howevèr, optron-data show a "big
basin" under the trailers that the seisrnometer did not detect.
The accelerometer appears to have detected this basin also.
Optron deflections were a minimum of three times the dis-
placements detected by the seismometer.

4. Deflections from the tractor tires were not substan-
tially different from those caused by trailer tires. However,
the optron was not available to verify or augment these
measurements.

5. Mechanistic models yielded conservative estilnates of
seismometer deflections. Predicted maximum deflection is close
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to measured deflection when seismometer data ale adjusted
by a factor of three, which is the ratio of optron/seismometer
measurements.

RECOMMENDATIONS

1. Condition surveys should be
effects from overloads but should

used to evaluate visible
not be the sole basis of

investigating damage.
2. A Dynaflect or other nondestructive instrument should

be used to detect invisible damage. Backcalculation of layer
moduli should be further studied for evaluating changes in
material conditions after passage of super-heavy overloads.
Laboratory and field analyses (such as resilient modulus,
moisture content, and density, a¡nong others) should be a

part of future investigations.
3. Further research will be conducted to compare instru-

ments used for in-transit measurements. A seismometer should
not be used for loads that move as slowly as those described
herein. Use of an accelerometer and optron should be further
investigated for measuring deflections induced by slow mov-
ing loads. The optron will be correlated to seismometer response
and used for further pavernent research.

4. Accelerated pavement failure due to.excessive stresses
and strains from super-heavy overloads should be investi-
gated. Better understanding of failure mechanisms from such
overloads ultimately will improve the accuracy of mechanistic-
based predictions,
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Some Approaches in Treatitg Automatically
Collected Data on Rutting
C. A. LnmhTcnnN

New methods of collecting data on pavement rutting have ena-
bled a more extensive use of this distress for pavement main'
tenance. However, rut depth is merely an indicator of road
rideability and does not itself provide enough information on
the cause of pavement rutting. A statistical analysis of longi'
tudinal variation of rut depth may indicate whether a certain
layer is deformed, conrpacted or abraded. Traffic and envi-
ronmental data seem to be needed for feasible analyses. Meas'
urements repeated three times a year or more will certainly
indicate if rutting can be attributed to studded tire wear, and
one may also infer from these measurements when deformation
during hot days occurs. Deeplying deformations may be related
to wet seasons or freeze-tharv cycles. Finally, by comparing
certain properties of transversal profiles, such as how wide
and how far apart the wheel tracks are, one tnay have a good
basis for taking the right maintenance actions as the distress
itself reflects the cause of it. In order to do so, it is imperative
that the resolution be adequate both transversally and longi'
tudinally. If this is tlte case, the profile evaluation method
seems to be most appropriate when climate, subgrader pave'
ment and traflic data are scarce.

An appropriately designed, constructed, and maintained road
will eventually wear down due to climate and traffic. This
ageing can be recognized in flexible roads as fatigue cracking
and pavement rutting. In a very generic way, one may con-
sider the former distress typical for asphalt concretes with
hard binders and, consequently, one associates rutting with
soft binders.

Pavement rutting usually refers either to deformation or
compaction by heavy wheel loads in one or more layers. Abra-
sion by studded tires is often included in this definition, largely
because the adverse effect on traffic seems similar, that is,

one may quantify the maximum rut depth as a term in the
serviceability index (PSI), In this context, rutting will refer
to the phenomenon of longitudinal depression of the road
surface, whatever its cause.

However, the cause of rutting is not unimportant. Different
causes will most certainly engender different maintenance
actions. Furthermore, assuming that the tnaximum depths are

the same, ruts caused by compaction of a deep-lying layer
are not as severe for traffic as are deformation ruts near the
surface. Ruts from studded tire wear may be very difficult to
master, because they are often narrow and have steep edges.

The extra wear and tear on pavements and tires inherent in

Royal Institute of Technology, Department of Highway Engi-
neering, 5-100 44 Stockhohn, Srveden.

such ruts make repair actions feasible when they are shallower
than the other causes of rutting.

Over the years, rut depth has been considered in assessing

the quality of road sections and whether to take maintenance
actions. îypically, a rut Yz inch deep would yield routine
maintenance, and a rut 3/q To I inch deep would rencler an

overlay. Some confusion prevails regarding the definition of
the depth. In the AASHO road test, for instance, a rather
short (4 foot) straightedge was used. By increasing the base

(length of the straightedge), up to 30o/o greater depths may
be recorded (/). The accuracy and frequency of measurernents
may also affect the result. It is evident, however, that manual
measurements are extremely tedious and that rut depth is of
little significance in the PSI formula as long as it is fairly
moderate. Therefore, a visual estimate is often considered
sufficient for rating purposes, especially where relatively hard
binders are used and rutting is of little or no significance.

In regions where softer binders are used, typically where
great temperature differences occur, rutting may be the dom-
inating distless, as well as a good indicator of the state of the
road, In sections with much studded tire tiaffic, ruts develop
which are directly related to the number of passing studded
tires. Low-volume roads with thin asphalt-bound layers are
also susceptible to rutting. Carefully estimating the extent,
severity, and type ofrutting for these road categories is essen-

tial to sound pavement management.
In the wake of tedious manual measurements, various types

of equipment have been developed, many of which are elec-
tromechanical. Ultrasonics, interferometers, and lasers have
recently been used either to obtain a reliable profile (standing
still) or to acquire data at high speeds on entire roadnets.
Much of the data can be stored and treated in ways that make
it possible to judge road distress more delicately than as a
mere value of maximum depth within a profile.

It is important to deterrnine the initial cause of a lut. In
some cases, this may be sirnple, especially if construction,
maintenance, climate, and traffic data are known. However,
in most cases, different factors combine to cause ruts, making
a mathematical model desirable that contains all possible
combinations.

This modeling provides several options that use the param-
eter depth. Depth, as such, is often considered the third
dimension, with length and width the first and second dimen-
sions. Time is generally denoted as the fourth dimension.
Relating these dimensions to depth may indicate the type of
distress. Using all four dimensions might provide feasible
guidelines for further maintenance strategies.
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VARIATION OF MAXIMUM RUT DEPTH
ALONG A SECTION

The variation of rut depth along the road (i.e., along the third
and first dimensions) can be utilized in an analysis because
studded tire wear is lengthwise more uniform thän are defor-
mations, at least when no excessive traction, side, or braking
forces are applied. Pavement deformation is a much more
temperature-dependant variable, and therefore variation is
likely to occur due to shadows and different materials in the
road structure.

Because materials also vary lengthwise, a good record is
required of what is in the road. If rutting results from defor-
mations lying deep in the structure, a thin asphalt pavement
might sustain a certain degree of deformation and then crack,
giving way to even more deformation. A frequency graph of
rut depths may show two rnaxima, one for the uncracked
portion and one for the parts with thoroughly propagated
cracks. If the process is allowed to continue, the asphalt layer
will crack in all directions, a typical fatigue crack pattern will
occur, and the bound layer will no longer be able to provide
load distribution support to the underlying layers. In such
cases, a third group of ruts may be agglomerated around a
still deeper value, which is illustrated in figure 1. In this par-
ticular case, maximum depths were measured every meter
over a 100 m section of road with no apparent variation of
subgrade and pavement properties. A millimeter precision of
classes and a moving average of three measurements is pre-

sented in the figure. Thus, the influence of macrostructure is
suppressed.

A different example from a high-volume road is shown in
figure 2. In this case the bound layers were roughly a foot
(300 mm) thick together, and no cracking was evident. Con-
sequently, the rut depth does not vary greatly, even though
the average is as high as an inch (25 mm).

The differences in thickness in the examples above may be
detected statistically by calculating the second, third and fourth
moments of distribution. A low-volume road having a thin
pavement yields high variance and skewness values but a low
kurtosis. A high-volume road having a more symmetrical dis-
tribution is less skewed. It is understood that these quantities
may also be useful in determining a criterion for overlay and
routine maintenance, especially for thin pavements.

In the above examples, measurements were carried out
manually along every meter of the sections. With automati-
cally collected data, the sampling rate could be more frequent.
It is not known if a higher sampling rate would improve the
statistical data or if a lower resolution could be permitted
without deteriorating it. An appropriate rate can be deter-
mined by autocorrelating various sample rates.

TIME.RELATED RELATIONSHIPS

A growth history can be obtained by relating rut depth to
time. Classically, a new road will be aftercompacted by traffic,

20 30 40 50 60 70 8u
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FIGURE I Frequency diagram of rut depth: low volume road.

depth [nm]

FIGURE 2 Frequency diagram of rut depth: studded tire wear.
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FIGURE 3 Classical rut growth.

that is, both granular and bound layers will be densified.
Therefore, depths of Va to Va inch develop relatively quickly,
then the process slows. As ageing occurs, the asphalt layer
becomes more brittle and susceptible to cracking. The cracked
asphalt-bound layer cannot provide an adequte load distrib-
ution on the granular courses, and growth accelerates (see

figure 3). Ruts caused by studded tire wear, however, are
directly related to the number of studded tires passing the
section, as illustrated in figure 4. This type of wear is even
more apparent if measurements are made at least twice a year,
before and after each stud season, which is the concept illus-
trated in figure 5. Figure 6, on the other hand, illustrates
deformation caused by heavy loads and high temperatures.
In a similar way, compaction and/or deformation of deeper-

lying layers may be detected if rutting is recorded before and

after a wet season. Figures 3 through 6 illustrate well-known
concepts in rut growth. In reality, however, a combination of
causes often makes it difficult to appraise the growth satis-
factorily. Therefore, determining the causes by evaluating rut
growth will require repeated measurements and a good back-
log of previously-known relationships.
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MEASURING THE RUTS TRANSVERSALLY

The profile transversal to the direction of travel represents

the second and third dimensions. It contains information on
the width of the ruts and on how far separated they are'
Deformation is usually caused by heavy loads in vehicles whose

tire configuration differs from passenger cars with studs. By
carefully evaluating the profile, one may draw conclusions

from this fact and act accordingly. This is probably the best

way to trace the cause of ruts when earlier information on

the state of the road is poor and when the pavement and

underground materials are scarcely known.
Commercial vehicles are wider than passenger cars, there'

fore the outer distance from tire wall to tire wall is much

greater. However, as implied by load, most trucks have dual
tires on each side. The inner distance from tire to tire is

therefore about the same as for passenger cars. To determine
which vehicle category caused the ruts, the mean distance

between tires can be measured. It can be assumed that a rut
will be deepest in the center if it was due to the same type
of vehicle. The vehicles passing the section' however, are

0

ge¿¡r5

FIGURE 4 Studded tire rvear growth.
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randomly distributed transversally over the lane. Thus, pro-
vided the section is passed by the same type of vehicle, one
may determine the gauge by measuring the distance between
the bottom points of the ruts. However, if the section is traf-
ficked by various types of vehicles (as it is in most cases),
using this distance would not suffice. For example, the wear-
ing course may be deformed primarily by heavy traffic. In
those ruts, studded tires wear down a few millimeters of the
surface. Then, by taking the maximum-to-maximum depth

rffiår
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FIGURE 5 Studded tire wear growth: monthly measurements.

distance between the ruts, studded tire wear will be indicated,
albeit the deformation dominates.

A measurement based on worn or depressed areas may
provide a better indication of the cause. This is done by deter-
mining the distance transversal to the direction oftravel between
the points where each rut profile area is divided in two equal
halves. Thus, the distance between ruts can be determined
based on the deformed or worn profile area of each rut, as

shown in figure 7.

15
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FIGURE 6 Deformation growth: monthly measurements.

Êl=Ê2,R3=Ê4

FIGURE 7 Deänition of rut gauge.



t\
24

Another indicator of vehicle category is the width of the
ruts. Naturally, ruts from heavy vehicles are wider because
of their wheel configuration. Examples are shown in figure
8, which is taken from a lane dominated by passenger cars,
and figure 9, which is a profile from a lane with slow and
heavy traffic. The difference between these extremes is obvious.
For most cases, however, it may be more difficult to discern
the dominating cause. Often the road is repaired with mate-
rials whose properties differ from the original materials, often

1.0 2.o
dist*re [m]

FIGURE I Profile of studded tire wear.

1.0
dist*re [m]

FIGURE 9 Profile of deformation.
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three lanes are made into four, and so forth. In such cases,
the width of the ruts may complement the gauge mark deter-
minations. The rut width can be determined as the gauge
distance. A certain portion of the rutted (abraded) area around
the middle of the rut can be considered (see figure 10). A
studded tire rut is much narrower than a deformation rut of
the same profile area; deep-lying deformations are even wider.

Widespread use of super single tires also affects these mea-
surements. The ruts resulting from this category of vehicles

trml

10

-30

-40

3.0

3.02.O

Êl=82=Ê3=F4

FIGURE 10 Delinition of rut width.
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are probably narrower than the standal'd dual-wheel load con-
figuration and even wider than those from studded passenger
cars. The distance between ruts, however, is greater than for
any other vehicle category.

Quantifying these measures presents a method of deter-
mining ¡'ut cause without necessarily having data on traffic,
road, and climate. Width and gauge can easily be determined
by measuring systems currently in use, since the algorithms
are very simple. However, readings must be taken sufficiently
close transversally in order to obtain a profile detailed enough
to trace the nal'row studded tire rut. Examples of measure-
ments are shown in tables 1 and 2. The first example is a
section from a fast, leftmost lane dominated by passenger
cars. The second is from a section where traffic often is con-
gested, and thus the influence from heavy vehicles is larger.
(Corresponding graphs are shown in figures 8 and 9, respec-
tively.) The examples are excerpted from an unpublished study
on wheel track rutting on valious pavement types in the city
of Stockholm. Roughly one hundred profiles were analyzed
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in the study, most of them from high volume roads. In order
to validate these concepts, further research is needed under
controlled conditions, employing a wide range of traffic com-
positions, as well as construction types and climate conditions.

CONCLUSION

New methods of collecting data on pavement rutting have
enabled a more extensive use of this important distress cat-
egory in pavement management. Rutting, as such, may be
caused by several factors and combinations thereof. A simple
maximum value of a transverse profile, known as rut depth,
is merely an indicator of road rideability and will not provide
information on the cause of rutting.

Rutting data must be treated statistically to see if the var-
iation of depths follows a known rule for a certain reason.
The reasons, as well as traffic data, must be known, or it will
be difficult to differentiate studded tire wear from shallow

TABLE 1 CHARACTERISTICS OF A PROFILE FROM A SECTION WITH
MUCH STUDDED TIRE WEAR

Iaeasured profile at BlN, Left Lare at ÛIrfl<sdal Febuaryz 1984

Distarpe,lrm]: LOO 2@ 3O0 4OO 50O 600 7æ 80O 90O1O0O

Depttr,lrm]: 0 O O 2 3 6 10 L2 L7 30

Dj-starre, [¡nn]: l"L0o 1200 1300 L4OO 1500 L6OO L700 l-80O L90O 2000

Depth, [¡¡m]: 39 26 L5 L0 6 3 O O O 0

Distarpe,[rm]: 2L0O 22C0 23Co 24æ 25æ

Depth, [nm]: 3 10 1.6 29 35

Distance, [rm]: 31@ 3200 3300 3400 35OO

Depth,[rm]: 6 3 O O 0

I€ft Rut: LZg a#

Rfght Rr¡t: L77 crr?

l{orn/Depressed Area, Ilotal: 356 crìrF

zffi 27æ 2800 2900 3000

28r.8L487

ülorn/DePressed Area,

l{orn/Depressed Area,

Widttr of lêft Rut:

Ulldth of Rlght Rr.rt:

Dlstance beü.reen ruts:

29 o¡rt

31 crn

146 c¡n
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TABLE 2 CHARACTERISTICS OF A PROFILE FROM A SECTION WITH
SLOW TRAFFIC

tiþasr¡red ¡roftLe at 275't1, Rlght larn at BrqmEplan, July 1984

Dtstarpe, [rm]:

ln¡rth, [rm]:

100 2æ 300 400 500 600 7æ 800

2479L2L41619
900 1000

20 2L

Distarpe,l¡rm]: 1100 1200 1300 1400 1500 1600 1700 18OO 1900 2000

oe¡Ètr,[rm]: 18 16 12 9 4 3 1 0 4 9

Distance,[rm]: 2100 22æ 2ffi 2M 2W 26æ 27æ 2800 2900 3000

Peptt¡, [¡rm]: L4 18 2L 22 2L 18 L2 8 2 0

lbrn/Depæssed Àrea,

l,trorn/De¡ressed Anea,

lþrn/Dep¡essed À¡¡ea,

$Ildth of lêft Rt¡t:

t{ldth of Rtght Rut:

Dtsbarpe bet¡¡eer¡ n¡ts:

Iêft Rut: L87 crrtz

Rtght Rt¡t: L49 crct2

Tìotal: 336 c¡n2

5O crr

36 c¡tt

149 c¡tt

asphalt layer deformation, since both causes have small lon-
gitudinal variations.

Measurements repeated preferably three times a year or
more will indicate with certainty if the rutting can be attrib-
uted to studded tire wear. If pavement temperatures are known,
one may also conclude when deformation in hot wedther occurs

and thus obtain criteria for restraining loads for certain pave-

ment temperatures. Deep-lying deformations may be related
to wet seasons or freeze-thaw cycles.

Finally, comparing certain properties of transversal pro-
files, such as how wide and how far apart wheel tracks are,
one may have a firm basis for taking the right actions as the
distress iiself reflects the cause of it. In order to do so, i:oth
transversal and longitudinal resolution must be adequate. Pro-

vided that these criteria are fulfilled, this evaluation method
seems to be most appropriate when climate, subgrade, pave-

ment, and traffic data are scarce.
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Field Survey Equipment and Data Analysis
for Highway Rehabilitation Plannirg
H. Teune, W. P. Krrennsxr, AND M. OHervre

Highway systems are deteriorating at a rapid rate due to
increased traflic loads and severe climatic conditions. In order
to keep these highways in good condition, maintenance and
repair strategies mr¡st be based on the precise understanding
of pavement conditions. Visual observations of pavement dis-
tress by trainecl engineers is the most cornmon practice for
monitoring and evaluating pavement surface conditions. Since
pavement management needs are great, alternative methods
of data collection and evaluation arc needed to manage the
data rapidly and accurately. In response to this need, the Jap-
anese were among the first to develop high-speed photographic
methods that succcssfirlly measure cracking and rutting. The
Japanese were also successful in the development of field equip-
¡nent for longitudinal profile surveys made rvith a three-laser
sensor system. In a parallel effort, the development ofan over-
all Road Sr¡rface (Pavement) Condition Evaluation Systern for
Japan rvas begun in 1975. The application system rvas com-
bined rvith the field hardware to form an integrated system of
pavement performance modeling. In this paper, a typical appli-
cation of the road surface condition survey and data reduction
in Japan is discr¡ssed. An exarnple of actual use of the high-
speed photographic rccorders for sr¡rface distress antl the lon-
gitudinal profile rneasuring device rvith threc laser se¡rsors is
prcsented.

Many pavement systems are deteriorating at a rapid rate due
to increased traffic loacls and severe climatic conditions. High-
way agencies are now facing reduced budgets and a shortage
of experienced engineering staff. The combination of these
trends can create difficult operating requirements for the high-
way agency. Within the past few years, many of these agencies
have begun to irnplernent pavement rnanagement sys-
tems (PMS) to help orgarize and manage their highway
infrastructure.

Most PMS require that a centralized database be estab-
lished as a repository for all information pertaining to the
highway systern. This database is then used to provide infor'-
mation which is used to improve manageme¡ìt of the highway
network. Data such as geometric design inforrnation, accident
statistics, construction costs, and maintenance records can l¡e
found in the database. All of this information is important to
the agency; however, some specialized data are more specific
for PMS, including pavement condition surveys, rut depth
measurernents, longitudinal roughness, skid measurements,
deflections, and drainage.

H. Taura, Department of Engineering, Tokai University, Kan-
agawa Pref., Japan. W. P. Kilareski, The Pennsylvania Trans-
portation Institute, The Pennsylvania State University, Univer-
sity Park, Pa. M. Ohama, PASCO USA Inc., l-J Frasetto Way,
Lincoln Park, N.J. 07035.

Considering the size and geographic distribution of highway
networks, it can be seen that data collection and management
can become an enormous task for a typical highway agency.
This paper discusses equipment which is available to collect
PMS data at normal highway speeds. The paper also discusses
a decision-analysis process which can be used to assess net-
work- and project-level PMS needs. At this time, only rutting,
longitudinal roughness, and surface conditions lend them-
selves to high-speed data collection techniques. Skid resisr
ance, drainage, and other paralneters such as deflections do
not lend themselves to continuous data collection methods.
Consequently, they will not be addressed in this paper.

The equipment and data analysis techniques that ale
described in this paper were developed in Japan. Feasibility
studies and the design of the equipment began in the early
1970s. The system description in this paper is a summary of
the state of the art of the Japanese pavement management
system. Concepts, equipment, and algorithms are applicable,
however, to any PMS.

PAVEMENT SURFACE CONDITION SURVBY
EQUIPMENT AND DATA REDUCTION

Field Survey Equiprnent

The field survey equipment is mounted on a single-survey
vehicle chassis. A major component of the data collection
system is an automatic, photographic recording system which
is used for surface distress measurernents. Distress types such
as cracking, patching, joint deterioration, and potholes can
be measured with continuous photo equipment. Other photo
instrurnentation (pulse) is used to measure rut depths. Non-
contact sensors are used to measul'e longitudinal roughness.
The complete field survey systent is shown, in schematic form,
in figure 1. Since all of the measurement equiprnent is mounted
on a single vehicle chassis, the data collection can be done at
normal highway speeds. This is an advantage since the data
collection does not interfere with traffic flow. The data col-
lection is also much safer than manual data collection, which
often requires that a rater walk along the pavement or drive
at slow speecls.

Surface Distress rvith Photographic Recorder

The surface distress of the pavement is measured with a high-
speed photographic system. The recording system utilizes a

35-mm slit camera that continuously photographs the pave-
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FIGURE I Outline of field survey and data reduction
procedure.
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ment surface. Pavement widths of up to 16 feet can be pho-
tographed in a single pass. This enables a travel lane and a

shoulder to be filmed at the same time. A single roll of film
can capture approximately 37 miles of pavement for analysis.

The operating principle and configuration of the system are

shown in figures 2 and 3.

As can be seen in figure 2, an image, which is the size of
the slit, is formed on the film as the object is projected on
the film by the lens. The film speed is synchronized with the
vehicle speed so that a continuous photograph can be recorded.
The photo becomes an actual record of the condition of the
pavement surface. This type of record is very useful to the
highway engineer and administrator, because it can be used

to create digital information pertaining to the distress. The
photo also becomes a historical recol'd of the pavement con-
dition. Pavement deterioration over time can be seen with a

series of plots.
The surface distress measurements are made at night, because

the pavement surface must be illuminated to maintain a high
degree of photographic detail. Because the lighting is constant
(no shadows, for example), the various distress types can be

easily detçrmined from the photos. A typical photograph of
a highway section is shown in figure 4.

Surface Distress Data Processing

The exposed film is processed by an automatic film processor

which develops, fixes, washes, and dries the film in one unit.

Itiln lcüllrg speql

Vobxfvlt- 

-

l)
liquatlon (l)

lkrving spcsl of objecl

l)lstânco helve(nr lens and object

ll)cal lcilgth

FIGURE 2 Operating principle of photographic recorder for surface distress.

Vob :
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[:

35nfl sl lt câncrâ

llovlng objecLlve

35ßlll sl i L cânerâ

Dlstrll[tor

Tracklng vheel

FIGURE 3 Configuration of high-speed photographic recorder for surface distress.
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FIGURB 4 Part of continuous photo taken by
high-speed photographic rccorder for surface
distress.
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The 35-mm filrn is then in negative form, but it can be easily
developed on positive paper if needed. After the film is in
negative form, pavement cracking can be digitized.

Quantification of the cracking is performed by a grid-cell
method based on the images of ten magnification. The grids
can be imposed on the negative film as shown in figure 5.

Digitized data can then be used to develop a cracking ratio.
The cracking ratio (percent) and cracking index (in2) are
quantified by the following formulas:

Asphalt Pavement

Cracking Ratio : Crack Ratio (percent)

+ Patching Ratio (percent)

Crack Ratio (percent) =

Patching Ratio (percent)

Crack Area (yd2)

Observed Area (yd'?)

Area of Patching (yd'?): 
Observed Arca (yd1

Centent Concrete Pavemenl

Cracking Indcx (in./ycl'z) = ('lotal l-cngth of Linear Crack

+ Arca of Patching x 100/1.0 ft)

+ Obscrvcd ALca (ydr)

Rut Depth rvith Photographic Record

Rut depth surveys can also be carried out at normal highway
speeds with photoglaphic techniques. The system is designed
to identify photographically the sectional plofile of the pave-
ment with a 35-mm pulse carnera. The pulse camera is mounted
on the front of the vehicle and operates as shown in figule 6.

The carnera photographs hailline optical bars which are pro-
jected onto the pavement sulface. The camera shuttel' and
hairline projector are synchronized according to the distance
covered by the vehicle.

In this projection transformation method, a straight dark
line is projected at an angle of26"33'. Since the pulse camera
is mounted vertically, the distortions of the photograph line
are the rutting in the pavement. The opelating principle of
the rut depth measurernents is presented in figure 7.

Rut Depth Data Processing

The film taken with the pulse camera is developed by an

automatic film processor. A typical rut depth photo is shown
in figure 8. The rutting can have several definitions, depending
on the agency preference, as shown in figure 9. The rut depth
photos are enlargecl to ten times the negative size and then
digitized. The cornplete sequence for the digitizing of the rut
depth information is presented in figure 10.

Longitudinal Roughness Using Laser Sensors

Pavement longitudinal loughness is measured with three non-
contact laser sensors. This enables a continuous record of the

"; i:r-:i, r

.'fi!.r
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FIGURE 5 Measurement of cracking area by mesh method.
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longitudinal profile. The roughness measurement is also made
at normal highway speeds.

The operating principle of the roughness measuring system
is shown in figure 11. The three laser sensors are installed on
the vehicle 4.9 feet apart in the longitudinal direction. The
operation configuration is presented in figure 12. As can be

seen, the encoder detects the distance traveled and conveys
a signal to the input/output (I/O) controller to generate basic
signals for equal interval data acquisition. Each time a certain
interval is covered, the I/O controller ahd the system con-
troller are activated to permit differential measurement from
the noncontact laser sensor'. The differential measurements
are then processed. An example of the roughness data is

FIGURE ó Operating principle of high-speed photographic recorder for rutting.

llairllne

Projcctor

FTGURE ? Configuration of high-speed photographic recorder for rutting.
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shown in figure 13. Longitudinal data are recorded on mag-

netic tape, which is then edited. The longitudinal roughness

is represented by the standard deviations for the unit pavement
sections.

Application System for Pavement Surface Condition
Data

The application system is designed to provide necessary infor-
mation for the effective implementation of pavement main-
tenance and rehabilitation programs. The analysis system effi-
ciently and effectively applies the road surface condition data
to the schedule of lepair and rehabilitation treattnents. It

pulse cârera
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control ler
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Distrlbuter
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consists of the three parts which are explained further in the
following sections in terms of concept, methodology, and
present status of application.

Pavement Condition Evaluation System

In the past, many evaluation formulas were often based on
regression analysis. AASHO road test design equations and
the Japanese construction ministry evaluation formula are all
based upon field experiments and statistical analysis. The
regression type of analysis requires a large number of sample
highway sections that are selected and evaluated for pavement
conditions. Ultimately, the engineer expects to use the eval-
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FIGURE I Example of photo taken by high-speed photographic recorder for rutting.

uation formulas to predict performance of the pavement sys-
tem. Consequently, a relationship must be established to relate
the subjective rater evaluations to the mechanical measure-
ments of rutting, cracking, and roughness.

A long-term study was conducted in Japan to determine
the relationship between the rater and the data collected with
the equipment described above. Pavement evaluations were
visually made to rate overall pavement conditions in five cat-
egories (4, B, C, D, and E) with five numerical values (5,
4,3,2, and 1). In general, these methods attempt to establish
relationships between the evaluation values and the data
obtained with the survey vehicle.

The first question concerning the relationship was whether
human judgment is discriminative enough to distinguish among
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FIGURE 9 Definition of rutting volume (rut depth).

FIGURE f0 Film and data analYzer.
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as rnany as five levels of condition. The study involved the
one-pair comparison method, the Hayashi method, and the
multidiscriminant analysis. It was concluded that the multi-
discriminant analysis approach was the most rational method.
It was determined that it is beyond human capability to dis-
criminate rationally among five categories. Therefore, it was
decided to use three levels for condition surveys.

This final selection of three levels was based upon a Jap-
anese study involving fifty asphaltic, concrete pavement sec-
tions, which was used to form the basis for the development
of evaluation formulas and predictive models in Japan. A
panel of twenty-one expert highway engineers visually rated
the pavements and ranked them into five categories. The same
pavements were then evaluated with the equipment for rut-
tirrg, cracking, and roughness. The data were studied with the
multidiscriminant method. As is shown in figure 14, groups
C, D, and E overlapped and were indistinguishable from each
other. Therefore, in this study, it appeared more reasonable
to combine C, D, and E into one group, F. This resulted in
the formation of the three groups: A, B, and F.

Development of Perlbrmance Precliction Evaluation
For¡nula

In the development of accurate, overall evaluation formulas,
the reliability of visual observation by pavement ratios is a
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FIGURE ll Operating principle of measurement.
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critical factor. Consequently, there was a need to examine
tne reliability of individual evaluation data. Individual visual
evaluation ratings were compared in terrns of correlation ratios.
The ratings of inspectors with an exceptionally small ratio
were deleted since they were considered unreliable.

In the next step, these visual ratings were related to the
survey data on cracking, rutting, and longitudinal roughness
by discriminant analysis (as discussed earlier). The relation-
ship was then expressed as a polynomial. The formula, thus
developed by discriminant analysis, was then compared with
the one based on regression analysis. It was found that the
multidiscriminant method performed better in matching visual
ratings with manual data.

Example of Overall Evaluation Formula Development

Thirty-nine asphalt conc¡'ete pavement sections were studied
in Switzerland during an investigation of the Japanese system.
Eleven raters visually surveyed the pavement for overall con-
dition rating. Subsequently, the pavernent was surveyed with
the equipment for cracking, rutting, and longituclinal lough-
ness. The following formulas were developed from the dis-
criminant analysis:

Asphalt Concrete Pavement

EVA : 5 - 0.0489X1 - 0.0279X2

- 0.1257X3 - 0.0532X4

PCC Concrete Pavement

EVA : 5 - 0.1306X1, - 0.0378X2

- 0.29t5X3 - 0.2229X4

where

EVA = General evaluation rating,
Xi = Cracking (percent),
X2 = Rufting (mm),
X3 = Longitudinal roughness (mm), and
X4 = Pothole (percent).

Visual ratings by individual inspectors were compared by
correlation ratios, as shown in table l. It can be seen that

CRT Displây

lìloppy Disketl

Prlnter

Câssetle ilagnellc

Tape $l

Câssette Nâgnetlc

lape $2

inspectors 5 and t had exceptiorrally low ratio values. These
ratings were determined to be biased and were, therefore,
deleted.

In the next step, the data from the remaining eight inspec-

tors were used for a discrirninant analysis. A discriminative
distribution of the data is seen in figure 15. The data were
found to be distributed distinctly among A, B, and C.

The rates of matching (rates of samples whose categori-
zation of visual evaluation ratings matches those of the eval-
uation formula) were sought and compared with the rates of
matching obtained from the same data using an evaluation
formula based on regression analysis. The results show that
the rates of matching are higher for the evaluation formula
based on discriminant analysis (66.7Vo) than for the formula
based on regression analysis (60.2Vo).

Road Surface Condition Forecast System Model

To develop a forecast formula, road surface condition data
values as they relate to the factors that are accountable to
them were theoretically classified. The relationships, how-
ever, are actually extremely complex and almost impossible
to explain (as discussed above). Therefore, an attempt was

made to approximate a relationship by building a mathemat-
ical model that was simple but accurate enough to be appli-
cable in a practical manner.

The model was constructed in the following manner.
Assuming an arbitrarily chosen road section, l, with a poten-
tial for deterioration, D,, and that the load it receives for the
first year, cr, results in cracking, Ç,, their relationships are

expressed as

C,, : u¡D¡

and similarly,

C, = urorD, for the second Year

C,¡ = a¡. . c2c,D, for the i year

and further,

C,i*, = 0¡+r0¡. . . 0'2arD,

therefore,

C,j*t = u¡*rCi¡
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FIGURE 12 Confîguration of longitrrdinal profile measuring device.
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FIGIJRE 13 longitudinal profile surveyed by three laser sensors.
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TABLE 1 VISUAL EVALUATION DATA CORRELATION RATIO MATRIX

NO I 2 3 4 6 7 B 10

l- 1.000 O.BBO 0.779 0.863 0.5 9 O.B9B 0.908 0.797 0.5 3 0.690

2 0.870 l. 000 0.7 43 0.891 0.6 I 0.817 0.870 0.847 0.5 3 0.833

3 0.7 49 0.733 1.000 0.767 0.4 5 0.569 0. 834 0.852 0.5 7 0 .646

4 0.872 0 .920 0.842 1.000 0.5 5 0.870 0.910 0 .847 0.4 5 0.720

-â----qrl-1- o:{+1- -0:-4 50- ^J-ac_ -1î'O H.6.8 0-Å44- -0ï586 1

6 O. BB9 O.BlB 0.683 0.871 0.4 4 t.000 0.857 0.705 0.4 0 0.714
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Coefficient d represents such factors as pavement structure,

traffic volume, years in service, and surface deterioration. Of
these factors, it can be assumed that traffic volume is' in
general terms, proportional to the number of years the road

has been in service and the detelioration as represented by

cracking.
The coefficient û was expressed by a two-dimensional matrix

of pavement structure, years in service' and cracking rate'

Foiecast values obtained from this table were examined, and

results showed that forecast values projected three years into

the future were good enough for practical application. Sim-

ilarly, forecast forrnulas were developed for rutting and lon-

gitudinal roughness.
ln 1977, 423 pavement sections were surveyed in Japan'

and a matrix was developed for coefficient a with respect to
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cracking (tables 2 and 3). The values illustrated in tables 2

and 3 were used to forecast cracking rates for 1979' ln 1979,

the same road sections were surveyed, and the survey results

were compared with the forecast values, as shown in table 4.

The results show a close relationship, which is acceptable for
practical application. The accuracy of the forecast formula
was tested several more times with similar results.

Application of Forecast Formula

When the field survey of road surface conditions involves

extensive lengths of pavements, in many cases, the entire
roadway cannot be analyzed at one time due to budgetary
constraints. In such cases, the entire road length can be equally

TABLE 2 COEFFICIEN'I o: ASPHALT PAVEMENT

\crack
\ ttl

Year\ 0.0-0.9 r.. 0-9. 9 1.0.0-19.9 20 .0-29 .9 30. 0-

1

2

3

A

5

6

7

B

9

10

1t

I2

13

L4

15

16

).7

1B

19

20

4 .37

4.t2

4.06

4.01

3.9s

3.89

3.84

3.78

3.72

3 .67

3.61

3. 55

3.49

3.44

3.38

3 .32

3.26

3.20

3. 1s

3. 09

t.94

I .92

1.89

1. 86

1.84

1. 81

r..78

J..76

1.73

1.70

I .67

1.65

r..63

1..60

1.58

1.5s

t.52

1..49

1..47

t .44

1.38

r..36

1.3s

1.33

1.31

t.29

1.27

1.25

1, .23

t.2r
r..20

1.18

l..L6

r..14

I.t2
1.10

r..07

1.05

1.04

1".03

1.31

I .29

1, .28

1.26

J..24

I .22

I .2).

1.19

1.t7

1.15

1.r.3

1. L2

1-.L0

1.08

1.06

1.05
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1, .02

7 .27

L.2s

t.23

I .21

1.20

l..L8

1.16

L. r.4

1.13

1. L1

1. 09

1.08

1. 06

1.04

1.02

1.01



TABLE 3 COEFFICIENTo: CEMENT PAVEMENT

\crack\rt
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I
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I
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20

3. ?0
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3.67
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3.62
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3.53

3.51
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7.62
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1.59
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I .22

L.22
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t .20
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1.19

1.16

1.18
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1.16

1.1s
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1.18
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r..17
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1.t6

1.16
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1.15

1.14

1.14
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1.12
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1 .11

1 .11
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1.10
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1.14

1.14
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1.13

L. t2
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1.11.

1.1.0

1. 10
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TABLE 4 ACCURACY ANALYSIS OF CRACKING FORECAST

(Àsphalt Pavement)

Cracking
rtem rate
everage (Ï)

Standard devi-
ation of error (d)

6lx
Sampling size

5.0-14. 9 25.0-34.9 3s.0-

8. 0s

2.84

0.35

L79

Ls.0-24.9

18.64

2.87

0.15

30

29.15 40. 39

4.87 3.45

0.I7 0.09

L2 L4

(Concrete Pavement)

Rutting
Item
Average (x)

Standard devi-
ation of error (¡l)

6t¡
Sanpling síze

5.0-r.4.9 25.0-34.9 35. 0

30. 65 38. 83

1. 32 3. 68

0. 04 0. 09

24 18

8. 5s

2.59

0. 30

66

7s.0-24.9

17.04

1.. 84

0. 11
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TABLE 5 LIST OF SECTIONS TO BE REPAIRED

SRsoRDPHCR[.

NO
1

NO

ROUTE NA¡48
ROUTE 16

CP NÀI,TE DIS. KP

(GUIDE LINE )=1 L=300m/500m)

DEF EVA

10
10
I
L

6
7
7

13
I
7
7
1
t-

KPl51
KP151
KPl46
KPL46
KPL49
KP149
KPl49
KP152
kP14 6
KPl4 9
KP149
KP146
KPl46

r.0 0
600

0
2000

500
110 0
1600

200
500
600
100

1500
1000

500
s94
500
502
583
500
s08
500
500
500
s00
500
500

7 .2 0.02
1.6 0.00
0.5 0.00
0.6 0.10
0.1 0.00
0.1 0.08
0.8 0.14
1.1 0.02
0. 4 0.03
0.2 0.00
0.s 0.02
0.0 0.00
0.1 0.02

16 3.7L 0.39
23 2.8s 0.6?
24 3.35 0.29
1.6 3.L4 0.32
16 L,20 0.6s
22 3.02 0.48
19 3. 38 0. 08
2L 2.29 0. B1
L7 2.83 0.31
18 2.69 0. 82
19 2.38 0.24
13 L.64 0.50
9 2.34 0.87

1.54 3.75
0.82 3.86
0.73 3. 68
0.77 4.77
1.61 4.38
L.19 4.00
1. 41 4 .00
0. 46 4.08
0.31 4.L4
2.05 4.L4
0. 60 4.L4
0. s0 4.43
0. 87 4.45

100 6
100 6
100 6
100 6
100 6
L00 5
100 5
100 5
100 5
100 5
100 5
100 5
60 3
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FIGURE f7 Cumulative frequency diagram.

divided into three parts, so that surveying can be conducted
on one part while forecasting is done on the remaining two-
thirds. Thus, the entire length of the road is constantly and
conveniently monitored in one way or another.

In order for the highway agency to make the best use of
the limited funds available each year for pavement mainte-
nance and repairing, it is important for it to determine effi-
ciently and effectively the locations of highway sections which
require maintenance. The methodology used to identify such

39

locations consists of (1) identifying from the pavement surface
condition data those sections of the road that require main-
tenance and repair; (2) establishing priority for each of the
road sections on the basis of overall evaluation data; and
(3) combining both of these techniques, which results in the
selection of the road sections for which maintenance and repair
will be conducted.

In order to facilitate this procedure, pavement performance
charts (figure 16) can be developed. Cumulative frequency
diagrams from overall evaluation data (figure 17), a list of
sections to be repaired, and a tabulation of overall evaluation
data (table 5) can also be developed.

CONCLUSION

Based upon this study, the following conclusions can be made:

1. It is possible to photograph a continuous section of pave-
ment using a 35-mm slit camera. The photographs can be
digitized and a surface condition survey can be obtained from
the photos.

2. A pulse camera can be used to measule rut depths in a
pavement. The data can be digitized from the photos.

3. The surface condition slit camera and the pulse camera
can be mounted on a single vehicle with laser sensors so that
rutting, surface condition, and roughness can be measured at
highway speeds with one vehicle.

4. Visual conditions survey data can be related to field
measurements with a multidiscriminant analysis method. The
data can then be used to develop prediction formulas f<rr
pavement rehabilitation and repair scheduling.

Publication of this paper sponsored by Committee on Pavement
Monitoring, Evaluation, and Data Storage .
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Comparison of Methods and Equipment To
Conduct Pavement Distress Surveys

K. R. Brxsor.r, G. E. Etruus, W. UpprN, AND W. R. HupsoN

Selected distress survey methods and equipment, representing
a range in automation, rvere tested and evaluate¡|. The follow-
ing methods and devices were included in the testing: manual
mapping; detailed visual surveys using manual recording and
automatic data logging; and the PASCO ROADRECON' Groupe
Examen Routier Photographic (GERPHO), Automatic Road
Analyzer (ARAN), and Laser Road Surface Tester (RST) high-
speed survey vehicles. Field tests were conducted on flexible'
rigid, and composite pavements exhibiting a range of pavement
distresses. The distress survey nethods and equipment tvere
evaluated based on their performance and capabilities in the
fïeld. The study concludes that, at present, the GERPHO and
PASCO ROADRECON can be used for both netrvork level
and project level distress surveys altd are well suited for pave-
ment research studies. The ARAN and Laser RST are rec-
ommended for consideration in network-level surveys. It is also
recommended that automatic data loggers be used when man-
ual distress surveys are conducted.

The Strategic Highway Research Progratn (SHRP) will plo-
duce results in the areas of pavement design, construction,
and rehabilitation. One phase of this program is entitled "Long-
Term Pavement Performance" (LTPP) and will involve the
collection of uniform evaluation and performance data on

numerous pavement sections throughout the United States.

The Federal Highway Administration initiatecl the study
Pavement Condition Monitoring Methods and Equipment to
assist in this effort by providing a better understanding of the
procedures and devices tltat are used to evaluate pavements.

Although the study was initiated to aid in the SHIìP-LTPP
program, the results that were produced are of great value to
state highway agencies and other agencies in their project-
and network-level pavement managelnent. This paper
documents inforrnation pertaining to the study in which selec-

ted distress survey methods and devices were tested and

evaluated (1).

INTRODUCTION

Pavement distress surveys, or condition surveys, are an irnpor-
tant part of any pavement performance study or management

systern. They are used to quantify the condition of a pavement
by classifying the amount and exte¡rt of distress present at a

K. R. Benson and G. E. Elkins, ARE Inc. Engineering Con-
sultants,2600 Dellana Lane, Austin, Tex.78746. W. Uddin, Cen-
ter for Transportation Research, The University of Texas at Aus-
tin, 3208 Red River Street, Suite 200, Austin, Tex. 78705. W.
R. Hudson, Department of Civil Engineeling, The University of
Texas at Austin, ECJ 6-100, Austin, Tex.,78712.

given time. The information collected from distress surveys

can be used to document the performance of a pavement and

can help determine appropriate rehabilitation alternatives.
Distress surveys have been traditionally performed by raters

who walk or drive along the road and classify the distlesses

based on their visual observations, The distresses are recorded
on data forms and the inforrnation is later reduced in the
office. This type of manual procedule is slow, labor-intensive,
and subject to transcription errors. Consistency between clas-

sification and quantification of the distresses can also be a

problem.
Methods have been clevised by various agencies to stand-

ardize distress classifications and to speed up the process by
automating the recording, reduction, processing. and storage

of the data. Condition survey manuals which define distress

classifications using pictures and detailed descriptions have

been developed to minimize interpretation differences among
raters. So¡ne procedures employ detailed measuretnents of
the distress to minimize quantification errors. Small, hand-
held computers and data loggets have been used to improve
efficiency in recording and transferring the data from field to
office. Vehicles which take photographs or other visual images

of the pavement to be later interpreted in the office were
developed to speed the field data collection time and provide
a permanent visual record of the actual pavement condition.
Other survey vehicles carry on-board microcompute¡'s for
manual entry, recording, and storage of the data directly in
the field. In addition, a new class ofcondition survey vehicles

is emerging which uses objective measut'es of the pavement
surface to classify and quantify different types of distress.

The type and extent of condition survey performecl depend
upon its intended use. Condition surveys for network-level
screening of sections may need only a windshield survey of
the pavement in whiclt only a few distresses are rated. At the
other end of the spectrum are the detailed condition surveys
needed for research studies such as SFIRP-LTPP. This type
of survey attempts to classify and quantify precisely all dis-

tresses and other features of a pavement which may influence
its perforrnance. The required level of effort and cost to con-

duct these different types of condition surveys varies with the
intensity of the data collection effort.

EQUIPMENT SELECTED FOR FIELD TESTING

To study improved metlìods of conducting distress surveys, a
variety of distress survey procedures employing different lev-
els of ar.¡tomation were selected for field testing. The base

level of distress survey metltods was manual mapping of the
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distress on the pavement section. The next level was using a
detailed visual survey in which the distresses were recorded
on data sheets. A detailed visual survey was also conducted
using an automated data logger. The next level of automation
was using photographic survey vehicles in which the film was

interpreted in the office. Two other survey vehicles, which
combined the use of on-board computers to record data and
objective measures to detect and quantify certain types of
distresses, were also investigated in this study. The distress
survey methods and devices selected for the field testing were
as follows:

o Manual mapping
o Detailed visual survey, manual recording
o Detailed visual survey, automated data logging
o PASCO ROADRECON survey vehicle, featuring pho-

tographic equipment and laser height sensors
o GERPHO survey vehicle, featuring photographic

equipment
. Automatic Road Analyzer (ARAN) survey vehicle, fea-

turing video equipment, ultrasonic height sensors, and on-
board cornputer

. Laser Road Surface Tester (RST) survey vehicle, fea-
turing laser height sensors and on-board computer

4l

DESCRIPTION OF SELECTED METHODS AND
EQUIPMENT

A description of each of the distress survey procedures and
devices selected for field testing is presented below.

Manual Mapping

The manual mapping method used for field testing consisted
of a rater walking the pavernent section and manually drawing
a map showing the type and exact location of all distresses
present on the section. This procedure is similar to the one
used at the AASHO road test (2). The severity level of each
distress was identified and lecorded on the map. The mapping
form shown in figure 1 was used to record the distresses. All
distresses were identified and measured according to the
standards found in the Highway Pavement Distress ldentifi-
cation Manual (3).

Detailed Visual Survey

The PAVER and Concrete Pavement Evaluation System
(COPES) methods of conducting condition surveys were
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selected as representative detailed visual distress survey meth-
ods. PAVER is a pavement evaluation system developed by
the U.S. Army Construction Engineering Research Labora-
tory (4). The detailed condition survey procedure employed
by the PAVER system was used for the flexible, composite,
and jointed reinforced concrete pavement sections in the field
study. The COPES distress survey method was used to rate
the continuously reinforced concrete pavement (CRCP) sec-

tions, since PAVER was not developed for CRCP. COPES
was developed in an NCHRP study (5) for evaluation of plain
jointed, jointed reinforced, and continuously reinforced con-
crete pavement.

Automated Data Logger

The detailed distress survey using a field data logger was
performed using a battery-operated Epson HX-20 portable
computer programmed by ARE Inc. to record distress and
section information. The interactive program prompts the rater
for input of the severity and extent of each previously defined
distress category. The information is stored on a computer-
encoded microcassette. This allows the information to be
downloaded in the office, using hardwired connections between
computers and a communications program. Paper tapes that
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are produced in the field as the information is recorded serve
as a backup. The automatic data logging keyboard is shown
in figure 2.

Flexible pavement sections were rated using a procedure
developed for the Rhode Island Department of Transporta-
tion by ARE Inc. (ó), since the Epson was already pro-
grammed for this procedure. The distress categories were
similar to those used in the PAVER system. The distress
categories from the COPES method were used for the rigid
pavement sections.

PASCO ROADRECON Systems

PASCO Corporation of Japan developed the continuous
pavement surface photographing device (ROADRECON-70)
in the late 1960s (/). The first operational survey vehicle was
produced in i970. Cracking, patching, and other distresses
are recorded using the ROADRECON-70. The vehicle trav-
els at speeds between 3 and 53 mph (5 and 85 kmph). A
continuous photographic record of the pavement surface is
made using a 35-mm slit camera. The system synchronizes
film feed speed and camera aperture with the speed of the
vehicle in order to equalize image density and photographic
reduction. Road width of up to 16 feet (5 m) can be filmed.
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FIGURE 2 Epson HX-20 keyboard used for automatic distress data logging.
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Photographing is performed at night using on-boarcl lights.
The lights are set at an angle to the road surface so that
shadows are produced at cracks and other defects in the
surface, making interpretation easier. Interpretations of the
distresses are made by a technician viewing the developed 35-
mm film enlarged ten times on the ROADRECON film dig-
itizer. A grid pattern is overlaid on the film to aid in quan-
tification of the distress for input into a computer database.
The ROADRECON-70 survey vehicle and other systems used
for the field testing are illustrated in figure 3.

Rut depth surveys can be carried out at speeds up to 50
mph (80 kmph) using the ROADRECON-7S system (/). A
pulse camera mounted on the vehicle photographs hairline
optical bars projected onto the road. The camera shutter and
hairline projector are synchronized according to the distance
covered by the projection vehicle, so the system is able to
create a photographic record of rutting at variable distance
intervals. The film is projected onto a digitizing table and
traced with a computer "mouse," enabling the wave patterns
to be processed into a transverse profile of the pavement
surface.

Longitudinal roughness can be measured with the ROAD-
RECON-77 by means of a tracking wheel, differential trans-
former, and an accelerometer. Longitudinal profile measure-
ments can be made with this device at speeds up to 38 mph
(60 kmph) (7). The data are stored on magnetic cassette tapes
and plotted on a strip chart. Roughness is expressed as the
standard deviation of the pavement profile measurements.

Ha¡r Lin€ Proioclol

lllum¡nat¡on3
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A high-speed automatic longitudinal profile and rutting sur-
vey device (ROADRECON-85B) was developed to measure
longitudinal profile and estimate rutting at speeds up to 50
mph (80 kmph) (7). Three laser sensors, mounted on the rear
bumper, are used to measure the longitudinal profile in the
center of the vehicle and in both wheel paths. The data are
recorded on magnetic tape and/or a paper chart.

GERPHO System

The Groupe Exarnen Routier Photographic (GERPHO) sys-
tem, developed in France by the Ministere des Transports,
employs a survey vehicle to take continuous 35-mm photo-
graphs of the pavement surface (8). The GERPHO has been
used extensively in France since 1972. It has also been used
to a limited extent in several other countries, including Spain,
Portugal, and Tunisia (9). This system is similar to the PASCO
ROADRECON-70.

The GERPHO system consists of a 35-mm continuously
running (strip film) camera, mounted on a van, with a light
source that illuminates the pavement, as illustrated in fig-
ure 4. The pavement surveys are conducted at night to allow
for uniform lighting conditions. The camera is fitted with a

14.5-mm lens with an aperture of F-3.5. The picture covers
a width of pavement of 15 feet (a.6 m). The film and light
source are controlled as a function of vehicle speed. The

Safely llluminalbî

FIGURE 3 Schematic illustrating components of PASCO ROADRECON systerns (Z).
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FIGURE 4 Schematic illustrating principles of GERPHO's automated photographic systenr (8).

GERPHO systern takes a continuous image of the pavement
surface at speeds up to 40 mph (60 kmph).

The interpretation of distresses from the negative films is

done using a viewing table and data storage operating station.
The distress data is directly entered into a microcomputer,
using a keyboard equipped with a special template of distress
codes. The microcomputer, special keyboard, CRT, and printer
form the operating station.

Automatic Road Analyzer

The Automatic Road Analyzer (ARAN) vehicle is produced
by Highway Products International, Inc. of Paris, Ontario,
Canada. An ARAN Model III unit was used in the field
testing (figure 5). The ARAN measures rut depth and trans-
verse profile with ultrasonic sensors and ride/roughness qual-
ity with an accelerometer on the rear axle. The ARAN also
takes a video picture of the road right-of-way through the
windshield and the pavement surface with a shutteled video
camera (in which the shutter takes thirty stills per second)
behind the vehicle, and uses an on-board microprocessor to
record distress data (/0). Seven ultrasonic sensors on 12-inch
(305-mm) centers, mounted in a front bumper rut bar, are
reported by the manufacturer to measul'e the distance to the
pavement surface with one millimeter precision at operating
speeds up to 55 mph (90 kmph). Additional sensors and bar
extensions can be used to extend the rut bar to a width of 10,

L'1., or L2 feet (3.1, 3.4, or 3.7 m). A calibration sensor is used

to compensate for changes in air density due to temperature

(o.o I t') x (o 90')
RECIANGUTAN

orAPltnAM

variation. Microprocessor-controlled, plug-in keyboards, with
built-in liquid crystal displays, automate the collection and
recording process. Dual keyboards have the capacity to han-
dle up to twenty distresses with three severity categories.

Laser Road Surface Tester

The Laser Road Surface Tester (RST) was developed by the
Swedish road and traffic research institute and has been used

in Sweden for about three years (1/). The Laser RST can

reportedly measure clack depths and widths, rut depths, lon-
gitudinal profile from which roughness is cornputed, macro-
texture, cross profile, and distance. A "windshield" condition
survey can also be performed by one of the operators to
identify types of cracking and other distresses. The device

used in the field tests has eleven bumper-mounted laser range
finders and an accelerometer to measure the transverse road
profile and detect cracks while traveling at speeds of 18 to 55

mph (30 to 80 krnph) (personal communication, \V. Uddin,
Sept. 1986). A pulse tLansducer, mounted on the wheel hub,
measures the distance traveled by the unit. Seven of the lasers
pulse at 16kHz and are used for the lut depth measurements.

Four of the lasers pulse at 32kHz and are usecl for measure-

ment of rut depth and cracking. Two of these lasers are used

for macrotexture and longitudinal profile measurements. These

lasers have a reported accuracy of 0.01 inches (0.26 mm). An
on-board microcomputer integrates the sensor signals with
the accelerometer and distance transducer, averages the data
into rnanageable sections, and provides the processed data in

CAMENA
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FIGURE 5 Sche¡natic illustrating components of the ARAN (I0).

real time. Eight three-position toggle switches are used to rate
types of cracking and otlìer distresses. An illustration of the
Laser RST is provided in figure 6.

DESCRIPTTON OF FIELD TEST SECTIONS

Test sections were selected to represent rigid, flexible, and
composite (flexible overlay on a portland cement concrete
pavement) types of pavernent structure exhibiting good, mod-
erate, and poor levels of distress. Potential locations were
surveyed by members of the study staff and classified, based
on subjective opinion, into the three distress-level categories.
Twenty-five pavement sections, located in the central Texas
area to minirnize travel time, were selected.

Each test section was 1,000 feet (305 m) long. The sections
were divided and marked at 100-foot (30.5-m) intervals. All
of the sections were located on in-sewice trafficked roads.
Two of the sections were located on the inside lane; the rest
of the test sections on multilane highways were located in the
outside lane.

In order to obtain meaningful results from the surveys,
experienced raters and trained equipment operators were used

for each procedure. The manual mapping, detailed condition
surveys (PAVER and COPES), and detailed condition sur-
veys using the data loggel were performed by ARE Inc. per-
sonnel who had expelience in performing the type of survey
conducted. The surveys performed with the instrumented sur-

gffâcEotgtË8{¡R rìo
lqbdr

loÊùd2

ßrrEo flsl

vey vehicles used the operating configuration, standard test
procedure, and equipment operators which the manufacturer
or technical representative considered to be most appropriate.

"Repeat" and "replicate" measurements were performed
on a subset of the test sections. Repeat measurements were
taken immediately after the initial survey was completed.
Replicate measurements were taken three to four days after
the initial survey, and the section ¡tumbers were changed in
an effort to reduce bias from the previous measurements made

on the sections.
It was initially planned to conduct side-by-side tests of all

the devices. Due to scheduling difficulties and time con-
straints, the field surveys were instead performed at different
times over a three-month period. The test sections were mon-
itored on a regular basis by the study staff to detect any

significant changes in the distresses present on the sections or
any maintenance to the section which would change its char-
acteristics. No significant changes were observed during the
testing period.

EVALUATION OF THE SELECTED DEVICES

Comparative evaluation of the manual methods and the
instrumented survey vehicles was made from several per-
spectives: (1) availability of a permanent record of the pave-

ment surface, (2) evaluation and comparison based on the
analysis of the surface distress and rutting data collected dur-
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FIGURE ó Schematic illustrating components of the Laser RST.

ing the field tests, (3) instrumentation evaluation and com-
parison of the performance based on hands-on experience and
field tests, and (4) cost-effectiveness. Table 1 presents the
criteria used for comparison and ranking of the selected
methods.

Permanent Record of Pavement Surface

An image of pavement surface serves as a useful permanent
record of pavement surface features. It facilitates fast and
easy checking of the data without having to make a return
visit to the field. Side-by-side comparisons of the images of
a pavement surface, obtained during distress surveys per-
formed at different times, allow investigation of the devel-
opment of distresses. This is especially useful for long-term
pavement performance research studies.

The detailed visual surveys and Laser RST do not create
images of the pavement surface, Their output consists of num-
bers indicating the severity and extent of the observed dis-
tresses and characteristics of the pavement surface. Future
investigations of the historical development of distress on a
pavement section have no recourse but to rely on these ratings
and measurements. Thus, these methods were rated "Very
Poor" in terms of a permanent record of the pavement
surface.

Reliability

The manual mapping method produces detailed maps pre-
pared in the field. For reliability, this method was rated "Fair"

LASER supporr
beam

otslance recorder Accelerometer

because of the subjective nature of identifying distress types
and severity, as well as inherent variation due to human fac-
tors. The GERPHO and PASCO ROADRECON-7O develop
images from 35-mm film. Because this film, in the undevel-
oped state, is subject to loss due to improper handling and
exposure, these devices were rated "Good" (rather than "Very
Good") in terms of reliability. The ARAN video image can
be viewed while it is being made and any problems can be
detected immediately. Due to this feature, its reliability was
rated "Very Good."

Field Productivity

Manual mapping is the most time-consuming and laborious
method and was ranked "Very Poor" in field productivity.
PASCO, GERPHO, and ARAN all use objective procedures
at relatively high speeds to produce an image of the pavement
surface and were rated "Very Good."

Usefulness

PASCO's and GERPHO's films are very sharp and were judged
adequate for interpretation of distresses. The photographs
from the PASCO device were slightly clearer than those from
the GERPHO, although both were very acceptable. The use-
fulness of both of these devices' photographs of the pavernent
surface were rated "Very Good." The video images produced
by the ARAN were judged "Poor" and not adequate for
interpretation of all types of pavement distress. Its usefulness
was ranked "Poor."
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The usefulness of the manually prepared maps was judged
"Fair," because of the subjective nature of the distress inter-
pretations and the possibility that pavement features are not
recorded which appear insignificant, but which may become
important at a later date.

Field Data Collection, Processing, Interpretation,
and Summary

Criteria in this category include level of automation, accuracy
of surface distress data, quality of rut depth data, repeata-
bility, ease of processing, and ease of interpretation of
outputs.

Level of Automation

Autornation is a primary consideration for cost-effective dis-
tress survey procedures. Mapping is not an automated method
and was rated "Very Poor." In detailed manual visual survey
methods, field data collection, processing, and interpretation
are done manually, although the data can be input into the
computer and used to generate reports. Therefore, they were
ranked "Poor." The automated data logger was given a "Fair"

47

TABLE 1 A SUMMARY OF COMPARISON AND RANKING OF THE SELEC'TED
METHODS

rating, due to the reduction in time and cost to transfer the
field data to an office computer for processing. The GER-
PHO, PASCO, and ARAN instrumented vehicles were rated
"Good" because data collection is automated, but further
processing of the field data is required in the office. The
automation of the Laser RSTwas rated "Very Good" because
all of the information collected with this device is processed
in the field with the on-board computer.

Accuracy of Surface Distress Data

Accuracy of the distress survey data was defined as how close
the reported distress data corresponded to the distresses actually
on the test sections. The "truth" was taken as the ratings from
the three manual methods when they were âll in agreement.
Where conflicts in the data from the manual methods existed,
return trips to those sites were made by the members of the
study team to resolve the conflicts.

No single method was found to be totally correct for all
sections. The manual mapping method yielded results that
approximated what the truth was judged to be and was given
a "Good" rating. The information from the GERPHO was
also in close agreement with the observed distresses and given
a "Good" rating. The fornr of distresses reported from the
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PASCO ROADRECON-7O were somewhat difficult to directly
compare, but was judged to be of "'Good" accuracy. The
accuracy of the detailed visual surveys was judged "Fair,"
even though the surveys were used, in part, to hélp define
the actual conditions. As might be expected, the accuracy of
the surface distress information collected through the wind-
shield of the ARAN and Laser RST were not as accurate as

the other methods and was judged "Poor."

Qualiry of Rut Depth Data

Quality of the rut depth measurements was based on the
accuracy of the measurement and the amount of detail pro-
vided for the transvelse profile. Accuracy of the rut depth
measurements was determined by comparison against trans-
verse rut profiles manually measured with a 1O-foot (3-m)
straightedge. The amount of detail was judged "Good" if both
a transverse profile and maximum rut depth were produced.

Since the GERPHO does not measure rut depth, it was

rated "Very Poor" in this category. The manual rnapping
method was rated "Very Good" because the l0-foot (3-m)
straightedge was considered as a part of this technique.

Since the PASCO ROADRECON-7S rut depth measure-
ments corresponded very well with the straightedge meas-
urements, and detailed transverse profiles were produced, it
was rated "Very Good."

The maximum rut depth measurements made with the ARAN
and Laser RST were less than those measured with the
straightedge. However, due to differences in measurement
intervals, the accuracy of these rut depths could not be directly
evaluated against the straightedge ¡neasurernents. Although
the ARAN measured a transverse profile using sensors spaced
at l-foot (0.3-m) intervals, only the maximum rut depth was

reported. The Laser RST gave the average and stanclard
deviation of the depth measurements made with each laser,
which gives some information on the transverse profile shape,
but did not give profiles for each measurelnent made. Since
the Laser RST made approximately 3,000 measurements on
each section, if transverse profiles were produced the arnount
of information would lre overwhelming. Based on these con-

siderations, the ARAN and Laser RST quality of rut depth
measurements were rated "Good."

The accuracy and detail provided with the detailed visual
surveys were rated "Fair." Some discrepancies were found in
both the extent and severity of rutting reported by these meth-
ods. These survey techniques are not designed to produce
information on the transverse profile of the pavement.

Repeatability

This criterion is related to the differences between the reported
distresses from initial surveys and from surveys performed
immediately follorving or several days later. The PASCO
measurements showed excellent agreement betrveen initial
and repeat measurements and was therefore ranked "Very
Good." The distresses from the GERPHO photographs were
not interpreted for the repeat measurements. Since the repeat
photographs of the test sections made with the GERPHO
were judged by the study staff to be equal in quality to the

initial photographs, the repeatability of this device was also
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rated "Vely Good." The rut depth rneasulements made with
the ARAN and Laser RST had "Good" repeatability. How-
ever, significant differences were found in the ratings of the
othersurface distresses. Since rut depth is only one distress

category, these two devices were rated "Fair" in overall
repeatability.

Detailed survey methods showed discrepancies between
raters, but repeat measurements with the same rating team
yielded "Fair" repeatability. The repeatability of the manual
mapping technique was rated "Goocl."

Ease of Processing

The ease of processing the raw data is rated based on the
required background and training for the technician(s) and

the complexity involved in the processing, The lower the
requirements for operator training and the less cornplex the
process, the higher the rating. These ratings are relative to
each other and shor¡ld not be considered as an absolute meas-

ure, that is, a method rated as "Poor" was judged to require
more operator training and be more complex than one with
a "Fair" rating. Mapping was rated "Good" even though it
is laborious and time-consuming. It is a straightforward proc-
ess requiring technicians to summalize, from the prepared
maps, the distresses which have been intelpreted in the field.
The ease of processing the GERPHO photographs was rated
"Fair" because a technician trained to interpret the photo-
graphs with keyboard skills is lequired.

The PASCO techniques were rated "PooL" overall in the

ease of processing because of the complexity of the procedures

and the following requirements for technicians: that they operate

a digitizing computer for rut depth measurements, that they
be trained for interpretation of the distlesses frorn the pho-
tographs, and that they have keyboard skills for entry of the
interpreted data into a computer. Because the technicians who
process the raw data from the ARAN and Laser RST are not
requiled to interpret the distresses, the ease of processing was

rated "Good." The ease of processing the data from the detailed
condition survey was also rated "Good." Although keyboard
entry skills are required to enter the data into the co¡nputer,
the technicians processing the data are not required to inter-
pret distresses. The automated data logger was rated as "Fair"
because it was slightly more cornplex due to the need to have

the technician transfer the field data to the office computer
plior to final processing.

Ease of Interpretation of Outputs

The case of interpreting the repofts or final output from each

method was rated according to how easy it was to understand
the outputs. All of the manual methods and GERPHO were
ranked "Very Good" because the reports were given in terms
of severity and extent of distresses in clearly distinguishable
categories. The reports from the PASCO ROADRECON
device were only rated as "Good," prirnarily because they
were produced on an output fortnat printed in Japanese and

because cracking, patching, and potholes were grouped into
one category. It should be noted that a user agency should
be able to reformat reports into its desired format, using the

ROADRECON equipment. The ARAN and Laser RST
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devices were ranked "Fair" because interpretation of their
output was complex and not straightforward. The manuals
and written procedures which accompanied their reports were
also found to be complex and required more effort to under-
stand than the other methods.

Operating Restrictions

The three criteria in this category are summarized in table 1

and discussed below.

Environmental Effects

No method can be used during all weather co¡ìditions, or at
all times of the day and night. All methods are rated "Good"
except ARAN, which was rated "Fair" due to the problems
caused by the rain with the ultrasonic sensors during field
tests.

Traffic Interference

Traffic interference during distress surveys affects the quality
and quantity of distress data. None of the foul instrurnented
survey vehicles interrupts traffic, poses hazards, or requires
lane closure or other t¡'affic controls for routine use. These
were ranked "Very Good." All manual methods are subject
to potential conflicts with traffic becat¡se of the presence of
the rating team taking measurements on the side of the road
or in the traffic lane. Therefore, the manual mapping and
visual condition survey methods were ranked "Very Poor."

Operating Speed

The operating speed is related to productivity and cost-effec-
tiveness of the complete system. Labor-intensive methods
(mapping and manually-recorded detail survey) were ranked
"Very Poor'," followed by the automated data loggers, which
was somewhat faster but rated "Poor" in comparison to the
instrumented survey vehicles. The instrumented survey vehi-
cles were all rated "Very Good."

Equipment Durability and Robustness

Equipment durability and robustness are important consid-
erations for the long-terrn performance of a device. The man-
ual mapping and detailed visual distress survey methods use
equipment that is not subject to breakdow¡rs ol'that requires
little maintenance and were, therefore, rated as having "Very
Good" equipment durability and robustness. The GERPHO
and PASCO ROADRECON devices, which also rated "Very
Good," have a long history of use in their respective countries
and performed without problems during the field tests. The
ARAN device tested in this study had two malfunctions during
the testing period that were corrected without great delay.
Although it was a new machine which had not had all of the
"bugs" worked out, it was assigned a "Good" reliability rating
in comparison to the other methods. The Laser RST was also
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given a "Good" rating is equipment reliability and robustness,
because the instrumentation involved with the use of lasers
and interfaces with the on-board computers could be subject
to more potential problems than the equipment rated as "Very
Good."

Cost-Effectiveness

Cost-effectiveness involves costs associated with several
parameters: field productivity, operating crew size, office data
plocessing time, manpower requirements, and usefulness of
data. Cost analyses based on these criteria (1) resulted in the
GERPHO and Laser RST ranked "Very Good," followed by
the other two instrumented survey vehicles. The automated
data logger was rated "Fair." The manual recording of visual
survey method and rnanual mapping were ranked "Poor" and
"Very Poor," respectively.

CONCLUSIONS

Distress surveys for pavement management purposes are con-
ducted at two levels, network- and project-level evaluations.
Network-level evaluations are conducted over a road or high-
way network to determine its condition and establish priorities
for improvements to the sections competing for limited fund-
ing. Project-level evaluations are conducted to provide infor-
mation with which to design specific improvements or "4R"
measures (resurfacing, rehabilitation, restoration, and recon-
struction). There is a wide variation in the type and appli-
cation of distress surveys for network- and project-level eval-
uations. A great deal depends on the magnitude of the network,
the type of pavement structures, the type of agency, and the
available funding.

The PASCO and GERPHO photographic survey vehicles
can be used for both network-level and project-level distress
surveys. The GERPHO and PASCO devices are also well
suited as high-speed distress survey devices for research stud-
ies. They are capable of covering extensive networks in a

relatively short time. Either sum¡nary or detailed distress
information can be interpreted from the photographs as desired.
Photographs taken over time can yield useful information on
the development of distress to update distress prediction models.
The additional rut depth and roughness measurement equip-
ment contained on the PASCO vehicle gives it additional
utility for both network- and projectJevel surveys. While these
vehicles provide the basis for good quality distress informa-
tion, the costs associated with film development, office inter-
pretation, and film storage may offset their advantages for
some agencies. Although a permanent visual record of a pave-
ment surface has many advantages, these lecords may not be
necessary for a network-level pavement management system.

The other two distress survey vehicles investigated in this
study, the ARAN and Laser RST, lend themselves to net-
work-level distress surveys. They both supplement wind-
shield-type distress ratings with rneasurements of rutting and
roughness. They are capable of covering networks in a rela-
tively short time. Since the distress information and pavement
surface measurements are recorded on on-board microcom-
puters, the turnaround time on completion and assembly of
the processed information is relatively short.
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The video cameras on the ARAN provide additional infor-
mation that may be useful to an agency. The through-the-
windshield view of the road environment provides informa-
tion useful for inventory purposes. Although the image of the
pavement surface from the shuttered video camera was not
adequate for interpretation of all distresses, it does provide
a record of major distresses, such as potholes, that can be
useful to the engineer in the office as a check on questionable
ratings, or to investigate a section of road that is of interest,
prior to making a field trip.

Manual surveys are the traditional approach to distress sur-
veys. Automated data loggers are more cost-effective than
manual recording, and thus it is recommended that an agency
performing manual surveys use an automated data logger to
record the distress survey information in the field and for
transfer to an office computer. Because manual mapping is
laborious and time-consuming in the field, as well as during
office data reduction, it is not recommended for network- or
project-level distress surveys for pavement management
purposes.
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Effect of Reflected Waves in SASW
Testing of Pavements

J. C. Sunu, K. H. Sroron II, eNo J. M. Ronssnr

The Spectral.Analysis-of-Surface-Waves (SASW) method is a
rapidly developing in situ seismic method for nondestructively
determining Youngts modulus profiles of pavement sites. The
method is based on the generation and measurement of surface
waves (Rayleigh waves). Due to the complex theoretical solu-
tion of surface wave propagation in pavements, a multilayered
half space with infinite lateral extent has been assumed in the
analytical solutions of SASW testing. In addition, only plane
surface waves were considered. The existence of direci and
reflected body waves and any reflected surface waves, although
known to occur in pavements, was neglected in the analyticãl
solutions. To understand the impact ofreflected surface rvaves
and direct and reflected body rvaves in SAS\{ testing, a sim-
plified analytical model was developed. Reflecting boirndaries
such as edges orjoints ofa pavement system or the horizontal
interfaces between pavement layers were considered. To exam-
ine the validity of the model, field tests on a jointed concrete
pavement were performed. The results show that reflected
surface waves cause fluctuations to occur in the field data
(dispersion curves) which rvould otherwise be a smooth func-
tion ifonly direct surface rvaves tvere present. Direct and reflected
body waves also create a similar result but to a much lesser
extent. Reflected SV-waves (shear waves rvith vertical particle
motion) exhibit the most influence of all direct and rãflected
body rvaves, rvith the effect more important at wavelengths
longer than the pavement surface layer. The adverse effecl of
reflections can be minimized by properly orienting the test
array (line passing between the source and receivers) in the
field with respect tojoints, edges, and cracks in the pavement.
For instance, when a vertical rellecting boundary such as a
joint is oriented perpendicularly to the SASW array, the adverse
effect of reflections can be ntinimize¡l and nearly eliminated
by placing the source between the reflecting boundary and the
receivers. When a vertical reflecting boundary such as the
pavement edge is near the zone of testing, the effect of reflec-
tions can be greatly minimized by orienting the array parallel
to and near (about 0.1 fimes the receiver spacing) the edge.

Nearly all nondestructive testing of pavements involves stress
wave propagation. Due to the complex nature of stress wave
propagation in pavements, most analytical moclels are based
on the assumption that the seismic waves propagate in a lay-
ered half space with no additional boundaries or interfaces.
As a result, reflected surface and body waves created by
boundaries in the real finite system are not inclucled in these
solutions. In fact, whenever a pavement system is tested using
a stress wave propagation method, such as the Spectral-Anal-
ysis-of-Surface-Waves (SASW) method, reflected waves from

J. C. Sheu, Dames & Moore, 221 Main Street, San Francisco,
Calif. 94105. K. H. Stokoe II and J. M. Roesset, Geotechnical
Engineering, The University of Texas at Austin, Austin, Tex.
78712.

discontinuities such as edges, joints, or cracks are inevitably
generated. The key reflecting boundaries are nearly always
those in the top layer, such as the concrete layer in a rigid
pavement.

The existence of reflected surface waves is not considered
in the analytical model used to analyze (invert) SASW dis-
persion curves (/-3). Therefore, it is important to investigate
how and to what extent reflected waves influence field results
(dispersion culves) so that possible errors created by neglect-
ing their existence al'e not accidentally overlooked. It may
then be possible either to avoid or reduce the influence of
reflected waves by adjusting the field test proceclure and/or
in-house data reduction process.

In addition, only plane surface waves are assumed to exist
in the inversion process used in the SASW method (1-3).
However, when the test is carried out in the field, surface
waves are generated by applying a point load (impact) on the
surface. As a result, body waves (compression and shear) are
generated simultaneously with the surface waves. These body
waves may propagate directly from the source to the receivers
(direct body waves), or they may be reflected, just like surface
waves, by discontinuities in the system and then reach the
receivers (reflected body waves). The effect of direct and
reflected body waves on the dispersion curve is not known
and needs to be studied. Sanchez-Salinero et al. (4) initiated
a formulation which incorporates all waves in the system.
However, more work is necessary before this formulation can
be easily used and parametric studies can be performed.

A mathematical model which is capable of simulating the
effect of direct and reflected body waves and reflected surface
waves on dispersion curves in presented herein. Use of this
model is first explained with a simple example involving sur-
face waves reflected from the edge of a concrete pavement.
To evaluate further the validity of this approach, modeled
dispersion curves are compared to actual dispersion curves
measured in the field for various locations of pavement joints
and edges relative to the general location and orientation of
the source and receivers used in SASW testing. Confidence
in this model is established with these comparisons, and the
model is further used to predict the behavior of dispersion
curves for other conditions of interest, such as for the influ-
ence of direct and reflected body waves and for multiple
reflections of body and surface waves.

BACKGROUND OF SASW METHOD

The SASW method is an in situ seismic method which is used
for near-surface profiling of pavement sites. The general
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arrangement of the source, receivers (vertical sensors), and

recording equipment is shown schematically in figure 1. The
source is a transient vertical impact, often delivered by a hand-

held hammer, which generates a group of surface waves with
various frequencies. The surface waves travel along the sur-
face in all directions from the source. Two vertical receivers,

either geophones or accelerometers, are placed on the surface
in a linear array and are used to monitor the propagation of
surface wave energy, By analyzing the phase of the cross
power spectrum determined between the two Leceivers, sur-

face wave velocities are determined over the range of fre-
quencies genelated. The shear wave velocity profile is then
obtained from the surface wave velocities, and finally the
Young's modulus profile is determined (1-4).

Since the stiffness of a pavement site varies with depth, the
velocity of the surface wave becomes a function of wavelength
(or frequency). The variation of surface wave velocity with
respect to wavelength (frequency) is called a dispersion curve.
This dispersive characteristic of Rayleigh (surface) waves is
the basis upon which the SASW method is founded. This
dispersion curve can be considered the "raw data" collected
in the field. The purpose of this paper is to show how joints,
edges, and other discontinuities in the pavement systern affect
the field dispersion curve.

The dispersion curve only represents the relation between
surface wave velocity and wavelength. When the medium
consists of layers with different stiffnesses (in terms of shear
wave velocities or elastic moduli), the relationship between
the elastic modulus profile and the field dispersion curve
becomes quite complex (4, 5). As a result, development of
the modulus profile from a measured dispersion curve is one

of the key steps in the SASW method. This process, by which
the modulus profile is back-calculated from the corresponding
field dispersion curve, is called inversion of the dispersiort
curve (or in short, inversion). However, this aspect of the
SASW method (inverting) is not addressed herein because

the effects of reflections are more directly seen in the raw
data, the measured dispersion curve.

Mass Storage
(O¡sk Or¡vsr)

FIGURE I Field arrangement of
source, receivers, and recording
equipment for typical SASIV testing.
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SIMPLIFIED MATHEMATICAL MODEL

No theoretically complete solution yet exists for wave prop-

agation with vertical, horizontal, and oblique boundaries in

a layered system such as a pavement which involves all seismic

waves (ó, 7). In an attempt to simulate wave propagation
problems associated with such kinds of systems, a sirnplified
mathematical model was developed. This simplified modeling

technique assumes that a true dispersion curve derived solely
from direct surface waves is known. The dispersion curve
which includes the effects of reflected and/or other direct
waves is calculated based on the true dispersion curve by

simply adding the influence of any reflected and/or additional
direct waves to the true dispersion curve as outlined below.

Imagine that a vertical forcing function is applied at a point
on the surface of a layered system, and a pure sine wave with
a frequency, /6, is generated. Two receivers are attached to
the surface of the layered system and aligned with the point
source to form a linear array (straight line connects source

and all receivers) as in SASW testing. The receivers are used

to track vertical surface motion. Direct surface waves prop-
agate along the surface in all dilections from the source. In
addition, reflected waves are created due to the existence of
discontinuities in the layered system. As a result, surface (ver-

tical) motion detected by the two receivers is a combination
of direct (surface and/or body) waves and reflected (surface

and/or body) waves.
Schematic representations of the time records of each receiver

are shown in figure 2, Suppose time signals detected by the

two receivers after the surface is excited by this point-forcing
function are represerìted by g(r) and /r(t), respectively. Then
g(t) and h(t) can be expressed by

8(Ð = ì 
a,,,sin2rfn(t - t,,,) (1)

hØ:4arosin2rfo(t - tr,,) (2)

in which ar,, and az.r ate amplitudes of various wave arrivals

measured by the first and second Leceivets, respectively, and

tro and t2,t are the times of the various wave arrivals at the

first and second receivers, respectively. The definitions of a's

and f's are shown schematically in figure 3. In the above and

following equations, the subscripts are used to denote a spe-

cific wave arrival at a particular receiver. The first subscript
is used to demote the receiver nutnber, and the second sub-

script is used to denote the number of the wave arrival. For
example, a23 represents the amplitude recorded by the second

receiver of the third wave arrival (which could be a direct or
reflected wave).

Let G(/) and H(/) be the Fourier transforms of g(l) and

å(t), respectively. The transforms can then be expressed as

G(î) = \or,,"*p(-i2r f¡trr) forf : ¡n (3a)

c(f) :0
and

rorf*fu (3b)

H(f) : )arnexp(-i2rfotr,,) for/=6 (4a)

H(f) = 0 rorf * fn (4b)

The cross power spectrum, Gr*, for this pair of time signals
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is defined as

G.= G* x H (5)

in which G* denotes the cornplex conjugate of G. The phase
of the cross power spectrum at flequency,fo, ö(,fo), is

l> > a.,roro sin 2 n fn(tro - tro)1ô(,r.)=r^"-'lffil rol
))

This phase is the key varial¡le used to calculate wave
velocity.

In a real SASW test, a wide range of frequencies is gen-
erated simultaneously by applying a vertical impact on the
surface of the system. As a result, each arrival is no longer a

single-frequency arrival but contains a certain range of fre-
quencies. Since equations 1 through 6 were derived with the
consideration of only a single frequency, the following mod-
ifications are made so that they can be applied to the multiple-
frequency condition. Assume while /¡ varies over a range of
frequencies generated by the vertical impact, values of c,r,
ezq, trp, 12q vaty accordingly. Let Ar, Aro, Tro, and Ir., be
the amplitude and time functions of frequency at receivers 1

FIGURE 3 Representation of amplitudes (¿'s)
and arrival times (l's) for two single-wave arrivals
at each receiver.
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Ampl¡tude
Recsiver

(s(t))

þ-irïjj --rl-------r 
Rerrected waves

FIGURE 2 Representation of time domain records received by each
receiver in SASW testing illustrating combined direct and reflected
(packets of e'ergy) waves.

at
I

and 2, respectively.
AS

A',(f) = atp(f) +

Arr(f) = aro(f') +

arr(fr) + a,r(fr) +

aro(fr) + arn(fr) +

Therefore, the functions can be written

(7)

(8)

(e)

(10)

0(/):

..""-,r

t

Troff) : tr,(fr) + t,r(f) + \r(fr) +

Trn(f) = tro(f) + hn(fr) + trn(fr) +

in which the notations for each subscript of Îs and A's, as

well as ,'s and a's, are the same as previously defined and
frequencies fr, fr, fr, and so forth are the desired modeling
frequencies. Hence, equation 6 can be rewritten as

22 r,r(Ð,qr,,(f) sin2¡ flT,r(f) - Tr,,(f))

22 A,,,(f) Ar,,(f) cos2¡ fÍT,r(f) - Tr"(Ðl

Each A, with two subscripts, is a series of amplitudes which
are a function of frequency and correspond to the particular
arrival denoted by the subscripts. The absolute value of A
actually represents the amplitude of the linear spectrum for
this particular arrival. Each T, with two subscripts, is a series
of travel times which are a function of frequency and corre-
spond to the particular arrival denoted by the subscripts. It
is necessary to note that the connotation of "arrival" used in
equation 6 is somewhat different than that used in equation
11. In equation 6, each "arrival" has energy at only one fre-
quency. On the other hand, in equation 11, each "arrival"
represents a packet of energy containing a range of frequen-
cies. Since equation 6 is a special case ofequation 11 and the
latter was used for all studies, the second connotation of
"arrival," namely a packet of energy over a range of fre-
quencies, is used herein.

It is important to notice that both 7-s and A's are functions
of frequency, and each arrival has its own T and A. Since T
is directly related to the arrival times of different frequencies
forming the arrival of a particular packet of energy, dispersive
characteristics (that is, waves corresponding to different fre-
quencies traveling at different velocities) of this particular

Ì
( 11)

Tatt

Arrival 2

J
Arrivat ¡

I
î
412



54

arrival can be accurately modeled by using the proper travel
time in "T" for each frequency. In addition, since the arrival
of each packet of energy has its own ?, waves with different
dispersive characteristics can be analyzed together; that is to
say, each arrival could have its own dispersion curve. A typical
need of modeling waves with more than one type of dispersive
characteristic is in the case when combined surface wave and

body wave effects are considered. Examples of this type of
modeling are illustrated in the following sections.

The amplitude of the linear spectrum, A, for the arrival of
each impulse (packet of energy) is sirnply a measure of the
amplitudes of the different frequencies transmitted by this
packet ofenergy. Therefore, the value ofá is directly related
to the damping characteristics and reflection coefficients of
the system being tested. Due to the fact that the arrival of
each impulse has its own .4, amplitudes of different frequen-
cies which attenuate at different rates can be modeled by using
different ratios of amplitudes between different arrivals of the
impulse at different frequencies.

In the present inversion process in SASW testing, it is assumed

that only plane surface waves exist (a-ó). As a lesult, it is

implicitly assumed that only one surface wave arrival is detected
by the receivers. Let ?rt and 12' be the arrival times of this

TRANSPORTA'ilON RESEARCH RECORD I 196

direct surface wave at each receiver. The corresponding phase

of the cross power spectrum, 0(f), can be expressed as

0(/):2nf[T',(f) - r,'ff)l (r2)

Equation 12 is just a special case of equation 11 with p and

q both equal to 1. Also notice that in equation 11, it is not
necessary to have Trr, Trr,.A,r, and A, associated with the
arrival of the direct surface wave. In fact, arrivals in equation
11 can be considered in any random order. However, to avoid
any possible confusion, Trr, Trr,^A,,, and A^ are used to
represent only direct surface wave arrivals for all discussions

presented hereafter.
The problem faced in typical SASW testing in terms of

reflections is now clear. In the field, measured phases of cross

power spectra are in the fashion of equation 11, but during
the in-house inversion stage, the phases of cross power spectra

are assumed to be in the fashion of equation 12. The difference
between these two equations is the errot introduced by waves

other than the direct surface wave. As such, it is possible to
study the influence of reflected and direct waves on field
dispersion curves by using equations 11 and 12, as shown in
the following sections.

a. Plan View

b. Cross Section A-A

Note: Not to Scale

FIGURE 4 Plan and cross-sectional views of BRC pavement facility.

F¡xed Concrete Slab 12.5 lt Access

i fr Compacted Soil

Nalural Ground
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FIGURE 5 Material profile at DRC pavement facility.

FIELD TESTING

To investigate the validity of the simplified mathematical model,
field tests were perforrned. All field data referred to in this
work are from tests perfonned on the jointed concrete pave-
ment at the research facility at Balcones Research Center
(BRC), The University of Texas at Austin. This research
facility was designed fol the study of nondestructive pavement
evaluation devices such as the SASW, Dynaflect, and falling
weight deflectometer clevices (8). A schematic of the BRC
facility is shown in figure 4, and the material profile at the
facility is presented in figure 5.

A Hewlett Packard model 35624 dynamic signal analyzer
was used in the field for data collection, mainly phases of the
cross power spectrum and coherence functions (3, 9, l0).
Different types of accelerometers and geophones were used
to monitor motions on the pavement surface. Most field data,
however, were collected using PCB model 308802 accelero¡n-
eters as motio¡r rnonitoring devices. Field data (phases of cross
power spectra) were transferred to a MASSCOMP model
MC5500 minicomputer through a general-purpose interface
bus for further processing. With the MASSCOMP computer,
the user is able to filter out low quality and questionable phase
information acquired in the field, calculate the dispersion curves
frorn the filtered phase information, average the dispersion
curves from different receiver spacings to find the final (aver-
aged) dispersion curves, and perform other miscellaneous
plotting and numerical manipulations.

SIMPLE EXAMPLE

A simple exarnple is given here to illustrate the use of the
equations ancl procedures outlined above. This exarnple models
a field test performed at the BRC facility on January 3, 1986.
The test was performed on the north end of the fixed concrete
slab. A detailed layout of this test is shown in figure 6. Three
nearby reflecting boundaries are denoted as A, B, and C, as

shown in figure 6. Receivers were placed with a 40-foot (122
crn) spacing between them, and each one was 4 feet (I22 cm)
away from the nearest reflecting boundary. The source was
placed at the edge of reflecting boundary A. The existence
of reflecting boundary C was neglected in this example.

FIGURE 6 Detailed layout of SASW
testing used in modeling examPle.

As soon as a pulse is generated with the source, this pulse
stalts to travel from the source to receiver 1 and then receiver
2 and finally reaches reflecting boundary B. Before this pulse
reaches reflecting boundary B, it is considered as a direct
surface wave. After the pulse reaches reflecting boundary B,
it will reflect back and ne considered a t'eflected surface wave
from now on. The reflected pulse will travel past receiver 2
and then receiver 1 and finally reach reflectil.rg boundary A.
It will then be reflected by boundary A and head towards
reflecting boundary B. The pulse will eventually be bounced
back and forth by reflecting boundaries A and B until all
energy is dissipated. Typical field time records for this site
are shown in figure 1. ^lhe reflected surface waves detected
by each receiver can easily be identified and are indicated by

@ nettectø wave cr€ated by Boundary A

@ Rettect"o wavo creatod by Eoundary B

Timo, Ssc

FIGURD 7 Typical time record illustrating the
influence of reflected surface waves for test
arrangement shown in figure 6.
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Wavelenglh. tl

FIGURE 8 Comparison of field (measured)
dispersion curve rvith the dispersion curve
('(true") for no reflections for the test
arrangement in figure 6.

the arrows shown in the figure . (Of course, there are more
reflections than those indicated, but those indicated are the
key reflections.)

To simplify this example, the effect of reflecting boundary
C is neglected, and only the first reflected surface wave from
boundary B is considered. THe measured (field) dispersion
curve is shown by the solid line in figure 8. The "true" dis-
persion curve for this case should look like the smooth, dashed

line drawn through the dispersion curve in figule 8. (The

"true" dispersion curve is the dispersion curve for only direct
surface waves in a layeled systetn with infinite horizontal
extent.) From figure 6, the distances that a direct pulse travels
from the source to receivers I and2 are 4 and 8 feet (122 and

244 cm), respectively. Since the "true" dispersion curve is
known (figure 8), ?,,(.f), Tr,(/) and "true" phase correspond-
ing to each frequency can be calculated. The "true" phase

derived from this "true" dispersion curve is shown in figure
9a, and the corresponding "true" dispersion curve (which has

been shown in figure 8) is shown in figure 9b.
Notice that although there is a significant wave velocity

change in the dispersion curve shown in figure 9b at a wave-

length of about 1.5 feet (46 cm), the change is barely observ-

able in the phase of the cross power spectrurn (corresponding
to figure 9a when the frequency is smaller than about 4000

Hz).
From figure 6, the first reflected pulse detected by receiver

1 is the one which travels from the source to reflecting bound-
ary B and then back to receiver 1. The distance oftravel for
this pulse is 20 feet (6.1 m). By the same token, the first
reflected pulse detected by receiver 2 is the one which travels
from the source to reflecting boundary B and then back to
receiver 2. The distance of travel for this pulse is 16 feet
(4.9 rn). Based on this information and by assuming that
reflected surface waves have the same dispersive character-
istics (same dispersion curve shown in figure 9b) as direct
surface waves, it is possible to calculate Ttr(f) and Trr(f) at
all frequencies for both reflected waves.

Reflecting boundary B represents a free boundary at the
edge of the concrete pavement. Therefore, reflected waves

should have displacements in phase with direct waves. (All
A's should have the same sign.) The amplitudes for each pulse

detected by receiver L, Art(f) and Arr(f), are assumed to be
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Frequency,Hz

Phase of Cross Power Spectrum for 4-fl Receiver Spacinging

40001,,"' , ' ' ' ',',,0.5 r ---1--t* ro
Wavelength, tt

b. Dispersion Curve Associated wilh Phase Shown Above

FIGURE 9 (a) "True" phase of the cross power
spectrum and (b) corresponding "truc" dispersion curve
for test arrangerrrent shown in figure 6 (only direct
surface wave).

1.0 and 0.36, respectively. The amplitudes detected by receiver

2, Arr(f) and Ar'(f), are assumed to be 0.9 and 0.4, respec-

tively. The relative magnitudes of the amplitudes used for the

direct and reflected surface waves are more or less in the same

order as shown in figure 7. However, it is not correct to use

the exact amplitudes measured from the tirne records shown

in figure 7, because reflected waves tend to overlap with the

direct waves and with other reflected waves. As a result, their
real arnplitudes are distorted. All needed information is com-
plete at this point, and the modeled dispersion can be cal-

culated by using equation 11.

Comparison of the modeled and measured phases of the

cross power spectrum is shown in figure 10. Colnparison of
the modeled and field dispersion curves in shown in fig-
ure 11. These two cornparisons indicated that equation l1 is

quite capable of modeling the fluctuations (ripples) that appear

in the field data. The amplitudes and locations of the modeled
ripples are so¡newhat different, but are close to the field data.

The similarity of modeled and field data give strong support
to the modeling process discussed earlier. It also seems that
even though the lack of knowledge about amplitudes of all
arrivals led to crude estimates of .21's ill equatiort 1 1 , the model
still generated a dispersion curve which is similar to the field
data.

It is also interesting to note that all ripples in the modeled
phase (figure 10) have very similar amplitudes, but the arnpli-
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FIGURE f0 Comparison of field and modeled
phases of cross power spectra for test arrangement
in figure 6.

tudes of the ripples in the dispersion curve (figure 11) have
an increasing trend as wavelength increases. This same phe-
nomenon is found in the field data. In fact, experience indi-
cates that this phenomenon commonly exists in most field
data. This is due to the fact that when the phase of the cross
power spectruln is translated to the dispersion curve, any
disturbance in the high frequency range, which corresponds
to the short wavelength range, is deamplified. Any disturb-
ance in the low frequency range, on the other hand, corre-
sponds to the long wavelength range and is amplified, As a
result, disturbances in the low frequency range cause more
problems than disturbances in the high frequency range. In
terms of sampling depth, short wavelengths sample shallow
depths. Therefore, material properties sampled at shallow

wavetength, ft

FIGURE f l Comparison of field and modeled dispersion
curves for test arrangement in ligure 6.
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depths are less sensitive to disturbances caused by reflected
surface or body waves. This material sarnpling character¡stic
of the SASW method results in the method being very accu-
rate for measurement of near-surface material properties, such
as in the pavement surface layer (/1).

REFLECTED SURFACE WAVES

The study of reflected surface waves was divided into three
rnajor subjects: (1) the effect of reflected surface waves from
a vertical reflecting boundary oriented perpendicularly to the
source/receiver array, (2) the effect of reflected surface wave
from a vertical reflecting boundary oriented parallel to the
source/receiver array, and (3) the effect of the distance between
a vertical reflecting boundary and the source/receiver array.
Model and experimental studies were performed on all sub-
jects, with the exception that a model study was not performed
on the effect of distance between the source/receiver array
and a vertical reflecting boundary oriented perpendicularly
to this array. This latter problem is directly related to damping
(not geometry) in the system and is outside the scope of the
simplified mathematical model.

Typical results for the effects of cases 1, and2 cited above
are shown in figures 12 and 1,3. First, consider the field dis-
persion curves shown in figures 12 and 73. These curves con-
sist of a basic smooth curve upon which ripples ol'fluctuations
are imposed. In the range of wavelengths shorter than about
0.5 foot (15 cm), this basic curve can be approximated by a
horizontal line with an average wave velocity of about 7800
fps (2377 m/s). This average surface wave velocity correctly
represents the stiffness of the concrete layer (modulus equal
to 5.4 x 106 psi) and shows that the field data should
be "smoothed" to eliminate the effect of surface wave
reflections.

Plan View ol
Field Arrangement:

Wavelength, ft

FIGURE 12 Comparison of tield and modeled
dispersion curves for surface rvaves reflected from a
vertical boundary; receivers placed between source and
reflecting boundary.
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Plan View of
Field Arrangement:

i.0 ít 1.0 ftl+_+l<-rl
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FIGURE f3 Comparison of lield and modeled dispersion
curves for surface waves reflected from a vertical
boundary; test array oriented parallel to rellecting
boundary.

Modeled dispersion curves, shown ln figures 1,2 and L3,
closely describe the main ripples (fluctuations) present in the
field data. It is clear that reflections impose ripples or fluc-
tuations onto the dispelsion curves. Although not all peaks
and tl'oughs overlap for l¡oth curves, the modeled dispersion
curve shows the significant characteristics of the fluctuations.
Since only one kind of reflected wave with only one reflection
is considered in this model, minor discrepancies between the
mocleled and field data are possibly due to other reflected
waves which are not considered in this first approximation
model. In addition, uncertainties in estimating amplitudes and
times (á's and T's) also introduce some elrors into the mod-
eled dispersion curves. However, it is clear that the model is

reproducing the general trend a¡rd major fluctuations in the
field curve. More importantly, the model shows that fluctua-
tions in the field data should be smoothed to represent the
theoretical assumption of a multilayerecl half space with infi-
nite lateral extent.

The model shows that the effects of reflected surface waves
from a reflection boundary oriented perpendicularly to the
source/receiver array are minimized by placing the source
between the boundary and the receivers. When this config-
uration is used, reflected surface waves travel in the same
direction as the direct surface waves, and both the direct and
reflected waves can be combined and treated as one direct
wave of longer duration. This combination is not possible
when the direct and reflected surface waves travel in opposite
directions, as occurred in the testing illustrated in figure 12.

Field verification of the beneficial effect of orienting the

testing array so that reflected and direct surface waves prop-
agate in the same direction is shown in figure 14. Upon com-
parison of the field dispersion curves shown in figures 12 and
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Plan View of
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FIGURE 14 Field dispersion curve for surface
wave reflected from a vertical boundary; source
placed between receivers and reflecting boundary.

14, especially in the range of wavelengths from about 0'35 to

0.75 foot (It to 23 cm), one can see that the amplitudes of
the ripples in figure 14 are much smaller than in the case

illustrated in figure 12. This result occurs because, for the

case shown in figure 12, the reflected surface waves are prop-

agating in the opposite direction to the direct surface waves.

Hence, there is an adverse effect on the dispelsion curve in

figure 1.2. In the case shown in figure 14, the reflected surface

waves are propagating in the same direction as the direct
surface waves, and essentially no interfelence occurs.

The model and experimental studies involving the effect of
reflected surface waves from vertical boundaries oriented par-

allel to the test array also showed that the adverse impact of
reflected waves could be minimized by proper placement of
the array. As the center line of the SASW array is moved

away from the pavement edge, reflected surface waves are

increasingly out of phase with respect to direct waves and,

hence, have a more adverse effect on the dispersion curves.

However, at the same time, the amplitudes of reflected waves

decrease with increasing distance from the boundary which
reduces the adverse effect on the dispersion curves. The com-
bination of these two effects makes the choice of the best

center line location of the array relative to the pavement edge

not completely straightforward. Suppose that the source/

receiver spacing is defined as D, as shown in figure 15, and

the distance between the array and the parallel bounclary is

k x D. The field and modeled data lead to the conclusion
that there are two possible ranges for /c which result in min-

imizing the effect of reflected surface waves. These ranges for
k can be expressed as
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FIGURE 15 Normalized scale illustrating array/
boundary configuration for the test array
oriented parallel to the reftecting boundary.

Either of these criteria will result in making the influence
of reflected surface waves relatively small and can be used as
a guide for locating the test array.

DIRECT AND REFLECTED BODY 1VAVES

Surface impacts, generally from hammers or drop weights,
are used to generate surface waves in SASW testing. In addi-
tion to generating surface waves, surface impacts also gen-
erate unwanted body waves. These body waves reach the
receivers either directly or through reflections. problems arise
from the fact that body waves propagate with different veloc-
ities and have different dispersive characteristics than surface
waves. As a result, body waves can alter the measured dis-
persion curve adversely,

The adverse impact of body waves on the dispersion curve
is expected to be less than the effect of reflected surface waves
just shown. This expectation is based on the fact that the
energy generated by a vertically oscillating source on the sur-
face of a homogeneous half space is distributed as follows
(12): 670/o in Rayleigh (surface) waves, 260/o in shear waves
(S-waves), and 7o/o in compression waves (p-waves). It is
clear, therefore, that body waves carry only a small portion
of the total energy generated by a surface irnpact. Further-
more, geo¡netrical damping for body waves in much higher
than for surface waves, which means that the negative impact
from body waves is further diminished.

There are instances when the boundary which reflects body
waves (such as the bottom of the pavement surface layer) is
much closer to the test array than the boundary which reflects
surface waves, Under these conditions, reflected body waves
may become important, and their influence on dispersion curves
needs investigation. The effects of body waves on dispersion

FIGURE f 6 Generation of reflected body waves from
bottom of concrete slab.

curves have not been evaluated in the past. Therefore, studies
were conducted with the simplified mathematical model in an
atternpt to identify their influence, to evaluate the severity of
their influence, and to provide guidelines for r.educing tireir
adverse effects on dispersion curves.

The generation of reflected body waves from the bottom
of the pavement surface layer is shown schematically in figure
16. Three kinds of body waves commonly exist in a pavement
system: P-waves, SH-waves, and SV-waves. Since both the
direction of the impacts and the direction of the receivers are
oriented vertically in SASW testing, particle motions in the
vertical direction are usually dominant and are best measured.
As a result, the influences of direct SV-waves, reflected SV-
waves, and reflected P-waves are of the greatest concern.
However, in this study, reflected SV-waves were found to be
the most important, so only these results are presented herein.

Ray paths of shear waves used in the model simulation are
shown in figure 17. Only one reflecting boundary is considered
in this study, which is the bottom of the top concrete pavement
layer. Because this interface represents a location bf signifi-
cant stiffness change, a fair amount of energy will be reflected
by-this interface. (An interface with a large stiffness change
reflects more energy than an interface with a small stiffneis
change.) In addition, this interface usually is much closer to
the source and receivers than other reflecting boundaries.
Therefore, this reflecting boundary was selected for study.

LocetionsSource

1-0 0.0 1.0 2.0 3.0 4.0 5.0

Distance lrom Rece¡vsr l, ft

FIGURE f7 Ray paths assumed for body waves reflected from l¡ottom
of concrete pavement.
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FIGURE l8 Modeled dispersion curves for shear waves
reflected from bottom of concrete pavement; fixed receivers
spacing of I foot and various source-to-receiver distances.

The modeled dispersion curves are shown in figure 18. The
amplitudes, ..4, used for direct surface waves at receivers 1

and 2 are 1.0 and 0.9, respectively, and for reflected shear
waves are 0.15 and 0.12, respectively. These amplitudes are
used without any change for all cases, so that the effect of
source/receiver distance can be more easily identified. Since
shear (body) waves attenuate at a much faster rate than sur-
face waves, their effect on the dispersion curves will decrease
as the source/receiver distance increases. Therefore, the effect
of reflected waves is somewhat overestimated for larger source/
receiver spacings in the model.

The modeled dispersion curves shown in figure 18 dem-
onstrate that, as the source/receiver spacing increases, fluc-
tuations in the dispersion curve decrease. In addition, the
shear wave has more influence in the long wavelength range
(greater than about 0.7 foot, or 21 cm) than in the short
wavelength range. For wavelengths of less than about 0.5 foot
(15 cm), the effect is negligible. Since surface waves with
wavelengths less than 0.5 foot (15 cm) sample basically the
top concrete layer, reflected shear waves barely affect the
measurement of material stiffness in the concrete layer', an

important observation.
The effects of the direct compression and shear waves, as

well as reflected compression waves, were much less than that
shown in figure 18, and, therefore, are not shown here. A
relative comparison of the effect on dispersion curves of
reflected body waves versus reflected surface waves is illus-
trated in figure 19. The effect ofbody waves reflections, shown
in figure t9a, is not nearly as important as the effect of a

single surface wave reflection (for the case of a reflected sur-
face wave propagating in the opposite direction to the direct
surface wave) which is imposed on the body wave reflections
in figure 19b. As such, one can see that reflected surface waves
can cause the bulk of the fluctuations in the measured dis-
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persion curves in these tests. Body waves only contribute more
at wavelengths greater than the concrete slab thickness.

SUMMARY AND CONCLUSIONS

Seismic wave propagation methods, such as the SASW method,
have proven through the years to be powerful methods for
assessing moduli profiles. The nondestructive and easy-to-

apply nature of the SASW method has made this technique
attractive to engineers. Significant theoretical and practical
advances in the SASW method have occurred in the past few
years, and this method is rapidly becoming an important method

for nondestructive testing of pavement systems.
An investigation of the adverse effects of reflected surface

waves and direct and reflected body waves on field dispersion
curves, the "raw data" of the SASW method, is presented.

A simplified mathematical model to account for these effects
is given. Field measurements were performed at the rigid
pavement facility at Balcones Research Center to compare
with the model. The usefulness of the model is confirmed by

the good agreement between modeled and field dispersion
curves. In the past, it was a puzzle to determine if the fluc-
tuations in dispersion curves were really caused by fluctua-
tions in the material properties or whether there were some

other explanations. In this study, it is found that the reflected
waves can impose ripples (fluctuations) onto the "true" dis-
persion curves. If the effect of reflected waves on the dis-
persion curves is removed, the dispersion curve is basically a

smooth curve. At most pavement sites, the dispersion curve
corresponding to short wavelengths (about equal to the thick-
ness of the top layer and less) is very flat and close to a straight
line, which indicates that the material property in the top
pavement layer is usually very uniform.

Based on both model and field studies, it is concluded that
the adverse effects from reflected surface waves upon dis-
persion curves can be reduced by proper arrangement of the

source and receiver relative to the boundary. In the case when

the vertical reflecting boundary is oriented perpendicularly to
the test array, the adverse effect of reflected waves can be

reduced to a minimum by placing the source between the
reflecting boundary and the receivers. In the case when the
reflecting boundaly is oriented parallel to the test array, it is

better to have the test array located either very close to the
reflecting boundary, so that reflected surface waves are vely
much in phase with the direct surface waves, or as far as

possible from the reflecting boundary, so that the amplitudes
or reflected surface waves are relatively low compared to the
direct surface waves.

Direct and reflected body waves were also studied with the
analytical model. Reflected body waves are more important
than direct body waves in the top pavement layer and result
from reflections at the interfaces at the top and bottom of
this layer. As shown in this study, body waves also cause

fluctuations in the field dispersion curve, but to a much lesser
extent than reflected surface waves.
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Pavement Condition Diagnosis Based on
Multisensor Data

K. Masnn, B. BneoEMEyER, eNo R. Lrrrr,nrrnrp

High-speed sensors have developed rapidly in recent years,
and numerous such sensors can be operated frorn highway
speed vehicles. This sensing technology can now provide pave-
ment condition and performance information far beyond rvhat
is currently exploited in pavement management. Data from
these sensors, coupled with established knowledge of pavement
behavior, can be used to infer causes of pavement conditions
and to predict performance. Knowledge of cause can also be
used to select appropriate maintenance strategies. This paper
demonstrates how the mechanisms of flexible pavernent dete-
rioration can be inferred from the data obtained from a "suite"
ofpavement sensors. Included are data on subsurface moduli,
asphalt thickness, and subgrade moisture, none of which are
currently measured with high-speed sensors. The paper goes

on to show how the subsurface moduli can be computed from
continuous data describing rut depth and fatigue cracks, both
of which are measurable with current technology. Finally, the
computation of asphalt thickness and subgrade moisture con-
tent from continuous radar profiles is described. Thus, a com-
plete data set for explaining pavement condition and predicting
future perfornance can nory be provided by high-speed sen-
sors. What remains is to integrate these sensor data into cur-
rent pavement management systems.

During the past fifteen to twenty years, sevel'al pavement
managernent systems have been developed and implernented
in the United States, Canada, Euro¡re, and Austlalia. These
syste¡ns are quite diverse in the concepts and analytic approaches
which they use to address equally diverse sets of pavement
management decisions. In all of these systerns, however,
maintenance and lehabilitation management decisions are based
on measures of the condition and pelforrnance of the
pavement.

Pave¡nent conditions are routinely surveyed for four distinct
aspects: surface distress, longitudinal profile, structural
response, and skid resistance. A variety of instrurnents is
utilized to obtain measures of these four featules, and the
readings from these instruments are converted into various
performance indices. These aggregate indices, such as the
paverne¡rt condition index (PCI) are then used as a basis for
maintenance rnanagement decisions. These condition and
performance indices, although simple and widely used, aggre-
gate away much of the inforrnation available from condition
sensors and, more irnportantly, fail to explain the basic behav-
ior of the pavement.

K. Maser', INFRASENSE, Inc., 19-R Blookline Street, Carn-
bridge, Mass. 02139. B. Braderneyel and R. Littlefield, Massa-
chusetts Institute of Technology, TT Massachusetts Avenue, Cam-
bridge, Mass. 02139.

Concurrent with the emergence of pavement ¡nanagement
systems has been an explosion in technologies of high-speed
sensing. While these technologies have originated in areas
such as geophysics, remote sensing, nondestructive testing,
and factory automation, they are now expanding into the
dornains of civil engineering. Many such technologies have
been and are being developed for high-speed surveying of
pavement condition. Examples of such developments are
acoustic, laser, and optical strobe techniques for continuous
measurement of transverse pLofile (1); automated detection
and quantification of cracking and surface clistress using opti-
cal techniques and image processing (2); and sensing of pave-
ment layer thickness, subsulface moisture, and voids using
ground penetrating radar (3). All of these technologies can
be implernented from highway speed vehicles, thus pelrnitting
frequent and comprehensive surveys of pavement condition.

With this rapid development of high-speed sensors, it is

now clear that the current generation of pavement tnanage-
ment systems is based on outdated measurelnent technology.
Thus, these systems are incapable of fully utilizing the infor-
mation that is available from these new and emelging sensor
systems. Now that the full potential of these sensors is begin-
ning to emerge, it is tirne to reconsider their impact on pave-
ment marìagement. The cunent reliance on indices noted above
is an example of a practice which lirnits the full potential of
the managernent systern. Since these indices (for exarnple,
PSI and PCI) do not explain patterns ancl causes, they cannot
serve to project future performance, nor can they suggest the
appropriate maintenance.

The approach developed in this paper is to pursue a mol'e
diagnostic description of the pavement, which goes beyond
the simple index. As discussed in the next section, such a

description is now possible with the great deal of infor'¡nation
provided by high-speed sensors.

BACKGROUND

The pavernent conditions measured by sensors are all rnani-
festatio¡rs of some behavior of the pavement. For exarnple,
rutting comes fro¡n accu¡nulated plastic deforrnation; rough-
ness from spatial variations in rutting, frost heaves, and sur-
face distress; cracking from accu¡nulated strain producing
fatigue; and so on. Pavement behavior has been studied for
many years, and many of these cause-effect relationships are
well established. Therefore, if enough manifestations can be
picked up by sensors, it should be possible to infer the basic
mechanisms which are consistent with the ¡nanifestations that
are sensed.
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Knowledge of pavement behavior is extensive. For exam-
ple, it is known that excessive deformation of the pavement
surface is a common manifestation of distress in flexible (asphalt)
pavement systems. Permanent deformation, in the form of
wheel path ruts, results either from shear failure, usually in
the asphalt layer, or from consolidation in one or more of the
glanular pavement layers. The presence of water in either the
granular layers or the subgrade acts to l'educe internal friction
and, hence, to lower resistance to consolidation, particularly
during periods of spring thaw. Cracking is another major
manifestation of distress in flexible pavements. Extensive
cracking contributes to loss of subgrade suppol't and swelling
by permitting moisture to directly infiltrate the pavement
stl'ucture. Fatigue cracking involves fracture of the asphalt
material under repetitive loads at stress levels considerably
below the ultimate tensile strength of the mix. Asphalt mod-
ulus is strongly temperature-dependent, leading to a material
which exhibits high levels of strain and plastic behavior in the
summer, and which behaves in a more elastic and brittle man-
ner in the winter. As such, susceptibility to fatigue cracking
is greatest during the spring and fall, when the material is less
brittle but the strains are considerably greater than in the
winter months.

Much of the qualitative knowledge described above has
been formalized in a quantitative manner. For example,
empirical models have been developed to predict the per-
formance of pavement over time based on certain pavement
parameters (4). More complex rnodels have been developed
to represent the changes in pavement structural propeÌties by
season or as a function of pavement age or condition. These
models can include the preventive and restorative impacts of
a hierarchy of potential maintenance and rehabilitation activ-
ities (5). Mechanistic models employing either continuum
¡nechanics or finite element methods have been developed to
incorporate elaborate materials/traffic/environment interac-
tions on the stresses, strains, and deforrnations within the
pavement structure. These are utilized in conjunction with
empirical relations to predict the damage manifestations
resulting from these stress/strain/deformation histories (ó).

Most of the knowledge desclibed above has been applied
to new design rather than to conclition assessment, diagnosis,
and maintenance management. The aim of this paper is to
show how it can be employed to interpret the data fro¡n sen-
sors, and thus to serve as a basis for pavement management.
The following section describes how the data from a suite of
sensors can be used to infer pavement properties and causes
of observed conditions.

DIAGNOSIS FROM SENSORS

Figure 1 shows data obtained from a suite of sensors on a

hypothetical stretch of flexil¡le pavement. In this data set, the
definitions and sources of data are as follows:

SZ represents slope valiance and is obtained from a sliding
window of profile data (200 feet long, for example), using a
cornmercially available pavement profilorneter (1).

RD represents rut depth and is derived from transverse
profile as obtained by one of the devices mentioned earlier.

CR is density of fatigue (alligator) cracking and is derived
from crack sensing devices rnentioned earlier as a running
average of the percentage of length cracked.
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E is asphalt modulus, which currently cannot be contin-
uously measured from a high-speed sensing device. Spatial
variations in E" can be inferred from RD and CR, as described
later in this paper.

E" is the combined base and suþgrade modulus, which also
cannot be continuously measured, but whose spatial varia-
tions can also be inferred from S/ and CR.

å" is asphalt thickness, which can be continuously rneasured
using ground penetrating radar. h" is an irnportant variable
in explaining RD and CR, and in predicting ð..

MC is moisfure content in the subgrade, whose variations
can be continuously monitored using ground penetrating radar.
MC is useful in explaining variations in 8".

Figure 1 thus represents a suite of direct and indirect sensor
data which can be used to explain flexible pavement condi-
tions. For example, locations where SV correlates with rapid
fluctuations in rRD suggest that the rnechanisms causing rut-
ting are dominating the pavement profile (and perforrnance).
Where high values of SIz do not col'relate with fluctuations
in RD, the profile is dominated by other mechanisms, such
as differential settlement and frost heaves. This latter con-
clusion can be reinforced by correlating fluctuations in E" and
MC. Where high RD is correlated with low hn, one can infer
that the rutting is due to deformation in the asphalt. Where
this correlation does not exist, the source of rutting is in the
deformation of the base and subgrade. This latter conclusion
can be reinforced by correlating leductions in 8,. Where high
CR is correlated with low E" and high E , one can infer that
the cracking of the asphalt is due to excessive asphalt strains
due to a weak base and subgrade. Where high CR is correlated
with high 8,, one ca¡r infer that the cracking in the asphalt is
due to its brittleness, related to inadequacy of the mix.

RD

CRK

E a

E

L
ll

MC

DISTANCE ALONG PAVEI"IENT

FIGURE I Pavement sensor data.

SV
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The inferences discussed above provide valuable informa-
tion for maintenance management. The understanding of the
mechanisms producing the observed behavior can lead to the
choice of the appropriate model for predicting performance.
The explanation of cause can lead to the proper selection of
maintenance techniques. For example, if the source of fatigue
cracking is known to be weakness in the subgrade, then it
would make no sense simply to resurface the road, since the
new surface will soon crack as well.

The simultaneous use of multiple sensor data, as discussed
above, can be implemented for pavement management in the
foreseeable future. Before this can happen, however, certain
tasks, like those described below, must be completed.

Completion of the Sensor Picture

Some of the data in figure 1 are not currently available. Based
on their current research and development status, automated
crack sensing devices should be available within the next two
years. Existing radar equipment now exists for continuous
monitoring of asphalt thickness, and finalizing this capability
for routine field application remains to be accomplished.
Monitoring of changes in subsurface moisture content is an
inherent radar capability which has already been demon-
strated for asphalt-overlaid bridge decks (21, 22). Some fur-
ther demonstration of this capability will be required for asphalt
pavements, as discussed later in this paper. Finally, a capa-
bility for continuous monitoring of asphalt and subgrade rnod-
ulus has been explored, but this capability does not appear
realizable in the foreseeable future. As noted earlier, these
properties can be inferred from rut depth and cracking.

Incorporation of Sensor Information into Pavement
Management

Once the sensor picture of figure 1 is complete and available,
mechanisms for utilizing the information must be incorpo-
rated into pavement management systems. These mechanisms
will include adaptation of performance predictions to knowl-
edge of current conditions and their causes, as well as spec-
ifying maintenance appropriate to the existing and projected
conditions.

The work described in the remainder of this paper focuses
on the completion of the sensor picture for flexible pavements.
The computation of E. and E" from rut depth and cracking
will first be discussed, and an algorithm along with numerical
results will be presented. This will be followed by a discussion
of ground penetrating radar, including its capability for sensing

asphalt thickness and base and subgrade moisture content.

MODULI DETERMINATION FROM RUTTING AND
CRACKING DATA

It was assumed in this study that sensor data would be avail-
able describing rut depth and fatigue cracking of asphalt pave-
ments. Rut depth (inches or mm) is reported at regular dis-
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tance intervals (e.g., every foot or 10 feet). Fatigue cracking,
which assumes a characteristic alligator pattern in its advanced
stages, is (assumed to be) reported as "Yes" or "No" values
at similar distance intervals. No measure of the severity of
the cracking is being considered at this time. The cracking
sensor reports the percentage of cracked area over a pavement
length of interest.

The method for rnoduli determination utilizing these two
sensor inputs can be summarized as follows: (a) formulate
quantitative relationships which can predict rutting and crack-
ing based on design, loading, and environmental parameters;
and (b) using the measured rutting and cracking values, invert
the quantitative relationships formulated above to determine
the underlying pavement moduli.

The quantitative relationships for predicting rutting and
cracking are described below.

Rutting

Rutting of asphalt pavements can be attributed plimarily to
plastic deformation, if the rutting occt¡rs in the shear/consol-
idation mode (7). In this formulation, the cumulative per-
manent deformation A of a material specimen subjected to a
series of N repeated, identical load pulses is logarithmically
proportional to the peak elastic deformation ô produced by
any given load pulse, which is assumed to remain constant.

6 : põN" (1)

where

A = the permanent deformation of the rnaterial after N
load cycles,

ô = the peak elastic deformation of the material in a

load cycle, assumed independent of N,
N = the number of applied load cycles, and

þ, a = materials properties related to compactibility.

The rnaterials parameters p and c are known to depend on
the stress state, load duration, temperature, and moisture
content (8-10). Subsequent research (11, 12) indicates that
the permanent deformation properties of asphalt concrete are
primarily a function of modulus; those of granular layers are
dependent on stress state, while those of subgrade soils depend
on moisture content.

The permanent deformation parameters for the pavement
structure as a whole have been determined in previous research
by regression analysis of the permanent deformations as a

function of the number of loads applied to the pavement
structure. Analyses of numerous sections from the AASHTO
road test results have shown that system p values range between
0.25 and 0.50 for a spectrum of seasonal conditions and axle
loads, while system c values are typically between 0.25 and
0.30 (13, 14).

The peak elastic deformation of the pavement structure can
be computed mechanistically from the load footprint param-
eters, layer thicknesses, and layer moduli and Poisson's ratios
using elastic layer theory. A simplified relation (15) is

3pa'
ô--

2KE(a2 + Z2)tt2
(2)
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where

ô : the peak elastic deformation of the pavement surface,
p : the average footprint contact pressure,
a : the radius of the footprint (assumed circular),
K : the fraction of total elastic deformation contributed

by the subgrade (typically 0.7 to 0.8 in the AASHTO
sections analyzed in the research cited above),

ð : the subgrade modulus of elasticity, and
Z : "equivalent" subgrade depth based on Odemark's

method (15) for equivalencing the deflection of a mul-
tilayer elastic half space to that of a homogeneous half
space, and is a function of all the layer thicknesses
and moduli.

Si¡lce the amount of rutting occurring in a given season will
depend on the amount of consolidation present at the start
of the season, the seasonal traffic, and the seasonal pavement
properties, an iterated prediction methodology can be applied
to account for the discontinuities across seasonal boundaries.
This methodology results in the end-of-season rutting for each
season, and, hence, provides the total rutting at any given
time by combining the contributions of all previous seaso¡ts.

Fatigue Cracking

Fatigue cracking is phenomenologically understood through
the empirical validation of Miner's hypothesis. This relation
is represented as (1ó)

VoC = 2lLosD (D > 1) (3)

where o/oC is the percentage of wheelpath area cracked and
D is Miner's fatigue index.

By Miner's criterion, the fatigue index is defined as
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where

e = the maximum tensile strain,
p = the average footprint contact pressure,
a = the radius of the footprint (assumed circular),
E : the subgrade modulus of elasticity, and
H : an "equivalent" depth based on equivalencing the

maximum tensile strain in a multilayer, elastic half
space to the strain in a homogenous half space, and
is a function of all the layer thicknesses and moduli.

The prediction of fatigue cracking also incorporates the
seasonal variation in pavement properties. These are partic-
ularly significant, since asphalt modulus can increase by an
order of magnitude from summer to winter, while subgrade
properties are also changing.

From a measurement perspective, observation of fatigue
cracking is related to the fact that the pavement at that loca-
tion has exceeded its fatigue life. The cracking model reported
herein computes peak seasonal strain at the bottom of the
asphalt layer for each sampled point in the surveyed section.
Average seasonal asphalt ¡noduli are determined from an
empirical modulus-temperature relation. Local values of
subgrade modulus are determined from the average modulus
and the statistics of the rutting sensor. The local values of the
granular layer moduli (base and subbase) are determined from
an empirical relation between granular modulus, and granular
thickness and subgrade modulus.

A seasonal value of the "brittleness" coefficient K, can be
determined as a function of asphalt modulus. The relationship
used in this work was regressed from laboratory test data, as

shown in figure 2. The coefficient K, was found to be related
to K, as follows:

Kz : 1.859 - 0.241LogK, (7)

where K, and Ç are as given in equation 5.
The probability of cracking at any location is determined

from the following bounded approximation to equation 3,
valid for all D > 0:

Prob (crack) : r'"(i #) (8)

where

D = Miner's damage index (see equation 4),
a = 0.217, and
b = 0.266.

Finally, the estimated percent of cracked pavement area is

determined by summing the probability of cracking over all
locations, and dividing by the total number of sampled points.

Inversion Algorithm

The relationships presented above can be used to predict
pavement rutting and cracking, given pavement material
properties and loading and environmental parameters. Since
the objective here is to predict pavement moduli from meas-
urements of rutting and cracking, an iterative algorithm has
been developed to invert these relationships. The function of
this algorithm is to compute local average values (at reference

o,:2r1,
where

(4)

D¡ = the fatigue index at the end of season j,
n¡ = the number of load applications in season I, and
N, = the number of loads to failure in season i.

The number of loads to failure at a given strain level and
environment is empirically known from laboratory tests (7)
to be

l! - 6,.-r: (5)

where

N : the number of loads to failure in the laboratory,
e : the applied tensile strain, and

Kr, Kz : brittleness materials properties.

The maximum tensile strain in the pavement structure is
assumed to occur at the bottom of the asphalt layer. This
strain can be mechanistically computed from the load foot-
print parameters, layer thicknesses, and layer moduli, using
elastic layer theory. A simplified relation, based on the work
of Odernark (15), is

3pa2H
t-

4E(a2 + ÍP)ttz
(6)
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FIGURE 2 Fatigue coeff¡c¡ent K¡ as a function of asphalt modulus.
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thesis. Figure 5 shows a typical result ofsuch an analysis. The
entries in the body of the figure are the subgrade modulus
(the upper value in each cell) and asphalt modulus (the lower
value) computed by the inversion of the algorithm. These
computations were made for various combinations of initial
subgrade and asphalt moduli, and cumulative traffic loads
(M). The values used in the synthesis were 5,000 psi, 500,000
psi, and 1,000,000 axle loads, respectively. The results show
convergence to within +20o/o of. the col'rect moduli values for
a fairly wide spread of input assumptions.

As can be see¡r in the figure, the results are considerably
irnproved if the traffic estimate is correct (N = 1 million).
However, even in such cases, both moduli tend to be slightly
underestimated. This is partly due to the fact that the variance
of the observed rutting is not being used in the calculation of
the subgrade modulus, which results in an underesti¡nate of
the mean modulus in order to account for modulus variation.
Inclusion of this effect (a slight modification of equation 1)
would raise the computed moduli values.

The moduli also tend to be underestimated because all
variation in the rutting observations is assurned to be repre-
sented by local variation in the subgrade modulus. Thus, any
variation in asphalt modulus or thickness or base thickness
will be reflected in a reduced estimation of the subgrade mod-
ulus. However, given the current quantitative understanding
of pavement damage, information from additional sensors is
required in order to resolve the causes of variation in the
observed distress patterns.

Discussion of Results

The above results show that local average values of E" and

Q can be computed from measured rut depth and cracking.
This is exactly the information identified in figure 1. It is clear
that the accuracy of this prediction is sensitive to a number
of assumptions, such as the nurnber of axle loads, climatic
changes, and various numerical constants and parameters.
Most of these assumed values (e.9., traffic) are constant over
a given stretch of pavement. Since our objective is to correlate
spatial changes in E" and 4 with such changes in other sensor

K
L

environmental conditions) of the asphalt and subgrade rnoduli
which reproduce the observed behavior.

A flow chart of the inversion algorithm is shown in Fig-
ure 3. The iterative process is initiated by having the user
assume values for the reference subgrade tnodulus, 8", and
the reference asphalt modulus, E . The rut depths and percent
cracking are then computed and compared with the sensor
data. The reference moduli values are then adjusted to force
the computed and measured rutting and cracking into greater
coincidence. This process continues until the computed and
measured values are within some small tolerance (2o/o, for
example), at which point the algorithm is assumed to have
converged. The following section describes nurnerical exper-
iments carried out using this algorithm.

Computational Experiments

The algorithrnic approach described above was tested on syn-
thesized pavement data. The algorithm, when applied to syn-
thetic data, should yield the properties which were assumed
in the synthesis. If it does not, then there is a problem with
the algorithm.

The synthesis generates random values of asphalt thickness
and modulus, base course thickness, and subgrade modulus,
at l.-foot intervals. The values are determined from a second-
order, autoregressive process, which requires a mean value,
standard deviation or, and two correlation coefficients pr, p2

for each parameter. Figure 4 shows typical results from this
synthesis, together with the sensitivity of these results to changes
in standard deviation and correlation coefficients. The syn-
thesized pavement data were then utilized to generate rutting
and cracking "measurements" using the quantitative models
described earlier. The synthesized rutting and cracking values
were used as simulated sensor data, to serve as input to the
inversion algorithm.

The testing of the inversion algorithm on these data began
by using pavement properties known to be incorrect (i.e.,
different from those used in the synthesis), computing pave-
ment properties using the algorithm, and comparing the
resultant properties with those assumed in the pavement syn-
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data, absolute accuracy is not important. An incorrect
assumption will displace the entire curve of figure 1 up or
down, but it will not affect the variations.

GROUND-PENETRATING RADAR FOR
DETERMINATION OF ASPHALT THICKNESS
AND SUBGRADE MOISTURE

Ground-penetrating radar is the electromagnetic analog to
ultrasound. In radar, short pulses of electromagnetic energy
are emitted from an antenna. These pulses penetrate materials
which act as dielectrics (e.g., rock, soil, concrete, and asphalt).
Dielectric discontinuities in these materials, such as material
interfaces and metal inclusions, produce echoes which are
received at the antenna. The pattern of echoes, referred to
as the waveform, is produced by successive arrivals of echoes

from different interfaces. Thus, the waveform contains infor-
mation regarding the location of interfaces, the nature of the
material contrast at the interface, and the properties of the
material layers. Radar has been applied to the determination
of thicknesses and subsurface properties in concrete pave-
ments (3) and bridge decks (17, 18). The basic principle under-
lying its application to asphalt pavements is illustrated in fig-
ure 6. Here it is seen that the principal components of the
waveform are the reflection from the top of the asphalt, the
reflection from the asphalt/base boundary, and the reflection
from the base/subgrade boundary. The intensity of these
reflections will be proportional to the strength of the contrast
in dielectric properties between layers.

Asphalt Thickness

Asphalt thickness can be computed from the time difference
betrveen points á and C(tn) shown in Figure 6, and from
the velocity of the electromagnetic wave in asphalt, 7". The

ïinìe(ns. )

fladar
þvefo_Ij¡

PaYe¡ìent
CroIs SðcEon

FIGURE 6 Radar model for Pavement.

velocity, Vo, can be cornputed as

V. = 1..81 t/ e,,(inches/nanosecond)

where en is the dielectric permittivity of asphalt. The dielectric
permittivity can be estimated using the flat plate reflection
test (/9) on the asphalt of interest. Measurements by one of
the authors yield values of e" ranging from 5.0 to 6.0, witlt
associate I/" ranging from 4.8 to 5.3 in./ns. Since fr. is the
round-trip travel time of the pulse in the asphalt layer, the
thickness can be computed as

h. : Votnrl2

Figure 7 shows typical field data collected on a newly con-
structed 9-inch thick asphalt pavement. In the data set illus-
trated, fifty waveforrns were generated for each second of
vehicle travel, which, at 30 mph, yields approximately one

waveform per foot of pavernent. The waveforms shown in
figure 7 represent a subsample of these data at 5-foot intervals'
Note the sensitivity of t^c to gradual changes in å. at this
sampling scale.

Subgrade Moisture

The response of radar to a layered mediu¡n can be predicted
analytically if one knows the thickness, dielectric pennittivity
(e) and conductivity (o) of each layer. Such a model has been

developed for bridge decks (18) and applied to pavements
(20).Litilefield has computed the dielectric properties of the
subgrade e, and o" as a function of moisture content, and has

studied the radar response versus subgrade moisture content.
Figure 8 shows a typical result of this work. The amplitude
of the reflection from the top of the subgracle is plotted versus

moisture content of the subgrade. Note that the relationship
is strong, suggesting that this poltion of the radar waveform
can be used to infer spatial variations in moisture content.

The relationship described above has been successfully used

to detect moisture under the asphalt overlay of reinforced-
concrete bridge decks (2/). Its adaptation to asphalt pave-

ments is straightforward, but will requile consideration of the
nor¡nal variation in subgrade material properties.

Vo I tage
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CONCLUSIONS

This paper has described the level of information that state-
of-the-art sensors can provide to pavement management. This
level of information is far greater than that being considered
by the current generation of pavement management systems.
In addition, the nature of the sensor data is different from
that which is currently utilized by pavement management sys-
tems. A suite of high-speed sensor data representing slope
variance, rut depth, cracking, asphalt and subgrade moduli,
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asphalt thickness, and subgrade moisture content has been
described as a basis for explaining the condition and predicting
the performance ofasphalt pavement. It has been shown that
the two moduli, while not continuously measurable directly,
can be inferred from rut depth, cracking, and asphalt thick-
ness. Also, it has been shown that spatial variations in asphalt
thickness and subgrade moisture content can be determined
using ground-penetrating radar. Thus, the sensor suite described
above can be completed using highway speed survey vehicles.
What remains now is to complete the development of the
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cracking and moisture sensors and to develop means for incor-
porating all these data into the pavement managernent
process.
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Three-Dimensional Analysis of Slab on
Stress-Dependent Foundation

A. M. IoeNNrnns AND J. P. DoNNELLY

Research described in this paper constitutes the final stage of
a multicomponent project, which examined current comput-
erized analysis techniques for slabs on grade. For a more real-
istic representation of a pavement system, an existing three-
dimensional finite element program (GEOSYS) was modified.
This can be used to analyze flexible or rigid pavements, thereby
validating conclusions reached on the basis of conventional
two-dimensional analysis. In the first part of this study, many
runs were conducted to develop user guidelines for the fruitful
utilization of the GEOSYS model. Effects considered included,
among others, mesh fineness, vertical and lateral subgrade
extent, boundary conditions, and stress extrapolation from
computer results. Practical applications of the three-dimen-
sional approach are presented in the second part of the paper.
The three fundamental loading conditions, namely, the inte'
rior, edge, and corner ofa slab resting on a stress-dependent,
elastic, solid foundation are examined. Two typical single-wheel
and multiwheel U.S. Air Force aircraft (F-15 and C-l4l) are
considered. An iterative scheme is introduced to account for
subgrade stress dependence, and the effect ofstress softening,
typical of cohesive soils, is evaluated and discussed. Results
from this program are compared to those from conventional
two-dimensional analyses, employing finite element, finite dif-
ference, and numerical integration techniques.

In a recent report for the U.S, Air Force Office of Scientific
Research (/), an exhaustive examination was presented of
existing tools that may be applied to the analysis of slab-on-
grade pavement systems, within the context of two-dimen-
sional plate theory. Findings from this research clearly indi-
cated that no current procedure can model fully the behavior
of a slab of finite size, supported by a stress-dependent co-
hesive subgrade extending beyond the slab edges. In a follow-
up study (2), an existing three-dimensional finite element model
(GEOSYS) was adapted to provide a more realistic repre-
sentation of a pavement system. The model can be used to
establish baseline structural response data for flexible or rigid
pavements, representative of complex boundary and foun-
dation support conditions, thereby validating and reinforcing
conclusions drawn on the basis of two-dimensional analysis.

Results from more than one hundred three-dimensional,
finite element runs from that study examining a slab on grade
are interpreted and discussed in this paper. In the first part,
guidelines for the fruitful utilization of the GEOSYS model
are developed, to account for such effects as the sensitivity
of the model to mesh fineness, vertical and lateral subgrade

A. M. Ioannides, Department of Civil Engineering, University
of Illinois, 208 N. Romine St., Urbana, Ill. 61801. J. P. Donnelly,
rüiss, Janney and Elstner Associates, 330 Pfingsten Road, North-
brook, Ill. 60062.

extent, boundary conditions, and so forth. Investigations for
both interior and edge loading conditions have been con-
ducted (2). Only the former are discussed in this part, how-
ever, because they have been found to be adequately
representative.

In the remainder of the paper, an examination is presented
of a slab on grade (rigid pavement) subjected to the three
fundamental loading conditions, that is, interior, edge, and
corner, using typical single-wheel and multiwheel U.S. Air
Force aircraft. An iterative scheme is introduced to account
for subgrade stress dependence. The effect of stress softening,
typical of cohesive soils, is evaluated and discussed.

GEOSYS PACKAGE

GEOSYS was originally developed in the early 1970s by a

group of engineers, members of the technical staff of Agba-
bian Associates, in El Segundo, California (3). For the pur-
pose of this study, the linear, isoparametric, three-dimen-
sional hexahedral brick element was employed. This has eight
nodes with three degrees of freedom per node (the displace-
ments in each of the x,y, and z directions). The subgrade is
modeled as an elastic solid foundation. A typical input file
for GEOSYS consists of several hundred lines, each formatted
according to a strict pattern. Since data for different slab-on-
grade analysis runs are generally similar in structure, a pre-
processor, called "GEZIN" (GEOSYS Easy lNput), was coded
early in this study. This automatically prepares the data in
the required format. Input for GEZIN includes fewer than
ten data cards, the format of which is similar to the one used
for ILLI-SLAB (1). Thus, data preparation is reduced to an
almost trivial task, and the probability of errors during this
stage is practically eliminated. Several post-processing pro-
grams were also coded during this investigation to assist inter-
pretation of computer results. These postprocessors are used
in conjunction with an iterative scheme introduced to account
for the stress-dependent behavior of fine-grained soils.

SELECTION OF STRESS EXTRAPOLATION
METHOD

The problem of a slab on grade may be investigated in three
dimensions using a finite element mesh similar that shown in
Figure 1. The slab rests on a cube of soil, carved out of the
Boussinesq half space and maintained intact by the assump-
tion of boundary conditions on the four vertical sides and on
the base. Taking advantage of symmetry, where it exists,
allows only a portion of the system to be modeled.
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FIGURE I Typical threc-dimensional finite element mesh.

For the linear solid (brick) element employed, displace-
ments are calculated at each of the eight nodal points, but
stresses (and strains) are determined only at the centroid of
the element. It is, therefore, often necessary to extrapolate
from calculated values to obtain the required stresses at the
critical locations. Results frorn several runs suggested that
orthogonal linear extrapolation (employing four known stresses
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in each determination) should be used in analyzing bending
stress results (2). This method may also be used with subgrade
stress data. IVhen the stress state is known to be axisymmetric,
for example, subgrade stress due to an interior load, diagonal
linear extrapolation (employing three known stresses in each
determination) is also appropriate.

VERTICAL AND LATERAL SUBGRADE EXTENT

Several runs were performed to determine the depth to which
the subgrade should be modeled, as well as the size of the
soil cube in the horizontal direction, so that boundary effects
are eliminated, and computer storage required remains within
the available limits. A typical plot of maximum responses
obtained is shown in Figure 2. It is observed that both max-
imum bending and subgrade stresses (o, and q,) converge to
a constant value fairly quickly. Increasing the subgrade depth,
Z, beyond 20 to 25 feet (or five to seven times the radius of
relative stiffness, /,) will have no effect on these stresses.

The behavior of deflection, however, requires more atten-
tion. Maximum deflection, ô,, increases with subgrade depth
as expected, but does not converge to a constant value, even
for a depth of35 ft (9 /"). This is due to the presence oflateral
boundaries at a finite distance, X, from the slab edges. As a

result, vertical strains in the subgrade reach a level where they
remain constant, rather than decrease as in a truly semi-infi-
nite elastic solid, since they are not allowed to be distributed
beyond the model boundaries. Further investigations revealed
that the depth at which vertical strain decreases to a constant
value, as well as this value itself, are both influenced by the
lateral extent of the subgrade (2). Therefore, for a given
lateral subgrade extent, the finite element model will over-
estimate vertical deformation, if the subgrade extends verti-
cally beyond the constant vertical strain depth, 2",". Although
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this is influenced by the lateral extent of the subgrade, a

subgrade depth of about 40 ft (10 /") may be used as a typical
value. A lateral extent between 25 and 35 ft (or 7-9 I") is

recommended.

BOUNDARY CONDITIONS

In order to examine the behavior of the two main types of
lateral boundaries (i.e., free or on rollers), deflection basins
from four runs are compared in Figure 3. These confirm that
the system response is more sensitive to the boundary con-
ditions used when the lateral boundaries are closer to the
load. Furthermore, maximum cleflection, ô,, was once again
affected much more significantly than the other two maximum
responses, o¡and q, (2). Based on these results, neither bound-
ary condition appears to have an advantage over the other.
Consideration of radial strains in the surface subgrade layer,
however, led to the adoption ofroller-type lateral boundaries.
The bottom boundary is also assumed to be on rollers, so that
elements can move laterally and distribute their load by
deforming.

VERTICAL DIVISION OF SLAB AND SUBGRADE

Results indicated that although there is a slight improvement
in accuracy as the number of layers used in modeling the
pavement slab increases, adequately reliable maximum
responses can be determined even using only two slab layers
(2).

Additional analyses lecl to the following conclusions with
respect to the subgrade. The soil cube may be divided into
three portions in the vertical direction. The upper portion
should extend from 0 to 4 feet (0 to 1 /") and should co¡rsist
of layers not more than 1 to 2 feet thick (0.25 to 0.5 /.). The
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middle portion should extend from 4 to 15 feet (1 to 4 /") or
half the constant vertical strain depth, 2""", if known, and
should be divided into at least two layers. Finally, the lower
portion should cover the remainder of the soil cube and may
be divided into one or more layers.

HORIZONTAL SLAB AND SUBGRADE MESH
FINENESS AND ELEMENT ASPECT RATIO

Three series of GEOSYS runs were conducted to examine
the influence of horizontal slab mesh fineness on the response
of the three-dimensional slab on grade. The trends observed
in Figure 4 are similar to those noted in earlier two-dimen-
sional finite element studies (1, 4), inasmuch as all three max-
imum responses converge from below. Deflection and subgrade
stress appear to be less sensitive to horizontal mesh fineness,
and adequate accuracy may be expected as the mesh fineness
ratio (2alh) of the (short) side length of the finite element
(plan view) to the slab thickness approaches the value of 0.8.
This is similar to the value determined from the two-dimen-
sional studies. Bending stress appears to be more sensitive
to this effect, requiring values of (2alh) less than 0.8 for
convergence.

It was also found that the solution generally deteriorates
as the maximum slab element aspect ratio, cn,"", increases.
This is defined as the ratio of the element's long side, 2å, to
its short side,2a (in plan view). The impact of this factor is

limited if cr.n* is kept below 4.
The overriding importance of mesh fineness was first iden-

tified and quantified in previous University of Illinois studies,
using two-dimensional models (I , 4).A major conclusion
reached was that a more stringent mesh fineness criterion is

required under the loaded area than elsewhere in the finite
element mesh (5). This counterbalances the approximation
involved in discretizing applied distributed loads. A corollary
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TABLE 1 INVESTIGATION OF INTERIOR LOADING: F-ls swl-

SOLUTION
61 qi ot

miLstpsitpsl

GEOSYS-3D (Cycle 1)

ILLI - SI^A,B- 2D

CLOSED-FORì,I

32.L5

37 .26

35.92

104

100

s.031 L04 609.55 96

s.099 106 697.L8 110

4.832 L00 636 .63 1-00

Notes:

E - 4x106 psi p-0.L5 h-BÍn.
Es - 7682 psi ('SOFT') ps - 0.45 te - 33.10 in.

Slabr L5 ft x l-5 f.t (L/le - 5.44)
Load: 30 kips @ 355 psÍ, converted co 4 work equivalent loads

(c - 9.193 tn.)

-GEOSYS Mesh (Double symmetry - slab exËends becween underlined
coordinates) :

x-coordinates: 0; 30; 35; 36.5; 38;39;40;4L 4L75;42.5 f.c
y-coordinates: 42.5; 12.5; 7.5; 6; 4.5; 3.5; 2.5; 1.5; 0.75; 0 ft
z-coordlnates:0.6;0.3;0; -0.5; -1.0; -2.5; -6.5; -17.5; -40 fr

In slab: (2alh)r1r,-1 .L25; y-2.0; ar"*:2.0; (c/2a)-0.5LL.

-411 responses are at interÍor of sl_ab, under load:
61 : at top of sLab;
ql : at surface of subgrade, by dÍagonal excrapolation;
ol i at boctorn of slab, by orthogonaL extrapolacion of ox

values.

-ILLI-SIAB-2D: (2a/h) - 0.75; square elements.
CLOSED-FORM: Equations by Losberg (l-3), for infinire slab.

2 l3l4l 5l617l8
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of this, which has seriòus implications with respect to recent
efforts to model non-uniform pressure distributions (6, 7),
may be stated as follows: in view of the conversion of external
distributed loads into nodal components (which inevitably
leads to at least some approximation, especially in the case

of partially loaded elements), refinement of the applied pres-

sure distribution, for the purpose of simulating observed

deviations from simplistic uniformity, without due consider-
ation and reciprocal improvement of mesh fineness, will
be self-defeating, leading only to an illusion of improved
accuracy.

Based on additional results obtained (2), it is recommended
that the lateral extent of the subgrade beyond the slab edges,

X, be divided into two elements, one 4 feet in size near the
slab (1 /.) and another 26 feet for the remainder (7 /").

PRACTICAL APPLICATIONS

In the analyses presented in the remainder of this paper, the
following two fundamental questions are addressed:

1.. How do three-dimensional analysis results compare with
those from two-dimensional programs, such as ILLI-SLAB
(1, 4), FIDIES (8), H51ES (9, /), CFES (5), and others? A
corollary to this is whether three-dimensional finite element
analysis is necessary, and what the implications of its results

are on the routine application of two-dimensional models.

2. How important is the effect of introducing stress-
dependent resilient subgrade behavior? This effect was found
earlier to depend on the placement and severity of the applied
loads, using the two-dimensional resilient subgrade in
rLLr-sLAB (10).

Simplified versions of the curves of subgrade resilient mod-
ulus, E^, versus repeated deviator stress, o¿r, developed by

I

0

I

100
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Thompson and Robnett (11), are incorporated into the three-
dirnensional GEOSYS analysis to account for subgrade stress

dependence. This is achieved through an iterative procedure
implemented by a postprocessor, a program that receives as

input results from GEOSYS. This iterative procedure is sim-
ilar to that used for two-dimensional ILLI-SLAB analysis (12,

10). The modified Eo versus op relation for the "soft" subgrade

as employed in this study is shown in Figure 5. The deviator
stress was defined in this case as the maximum difference
between the three principal stresses determined by GEOSYS.
Based on the o¿ level, the subgrade elements are classified

into seven groups, and an average Eo is assigned to each.

FINITE ELEMENT MODEL FOR SINGLE.WHEEL
INTERIOR LOADING

In a previous study, it was shown that subgrade stress depend-
ence is not important when slab-on-grade pavetnents are loaded

by a single tire print at the interior (/0). To magnify any

subgrade stress dependence effects, this study considered a

relatively high load on a thin slab (8 inches thick), resting on
the "soft" subgrade. The load applied at the interiol is an F-

1.5 single-wheel load (SWL) of 30 kips at 355 psi. Other per-
tinent information for this case is given in Table 1. This table
also presents the maximum responses from GEOSYS, ILLI-
SLAB, and the closed-form solutions (13). In view of sym-

metry, only one-quartel of the system needs to be modeled.

Effect of Subgrade Stress Dependence

A good indicator of the effect of subgrade stress dependence

is the number of elements exceeding the 2 psi limit in or,
below which constant modulus behavior is assumed. For this
GEOSYS run, only 5 out of 54 subgrade elements (or 9 per-
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FIGURE 5 Simplified E vs. o¿ retation for "soft" subgrade as used in GEOSYS.
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cent) had a oD above 2 psi. The range of oD values in these
elements was 2.059 to2,270 psi, with an average of 2.135 psi.
The five overstressed elements (which in a subsequent iter-
ation would change subgrade group) were located in the upper
2.5 f.eet of the subgrade, underneath the applied load. The
updated Eo value for these would be 7,533 psi, a decrease of
less than 2 percent from the initial7,682 psi assurned for the
constant, low-stress foundation modulus. It is evident that
additional runs would not be very useful, since such a small
change cannot be expected to affect the system significantly.

Comparison with Two-Dimensional Results

In Table 1., maximum interior deflection, subgrade and bend-
ing stress (ô¡, Q,, o,) from the three-dimensional GEOSYS run
are compared to those from a similar two-dimensional ILLI-
SLAB run. Values predicted by the closed-form solutions (/3)
are also tabulated. The ILLI-SLAB run employed a rather
fine mesh. One-quarter of the slab was divided into225 square
elements, compared to only 49 elements used in the GEOSYS
model. According to the results of extensive investigations
using ILLI-SLAB (1, 4), such a fine mesh is necessary for
results of adequate accuracy. The coarseness of the GEOSYS
mesh is considered to be the prime source of the discrepancy
between the finite element results and the closed-form solu-
tions. The investigations conducted in the first part of this
study indicate that only about 5 percent of this discrepancy
may be attributed to an overall mesh fineness effect. The
remainder is probably due to the fact that the mesh near the
load needs to be even finer than elsewhere. In the mesh used,
the load only partially covered the central element; this leacls
to some loss of accuracy when the applied load is converted
to four work equivalent nodal loads.

The necessity for a¡t even finer mesh under the load than
elsewhere was confirmed in a previous study (5). This addi-
tional ¡nesh fineness requirement over the area of applied
load can also explain the high ILLI-SLAB results. All three
responses may be expected to converge from above as the
tire-print is subdivided into more elements. This assertion is
reinforced by preliminary results obtained using the CRAY
X-MP|Z  supercomputer (14). Both GEOSYS and ILLI-SLAB
results are also affected by the finite size of the slab in these
analyses (compared to the infinite slab assumed in the closed-
form solutions). This factor may partially explain why ILLI-
SLAB ôi and qi are higher than the corresponding closed-form
solutions, since these responses converge from above as slab
size increases (4, 5, B). Bending stress, howevel', converges
from below, so the relatively high o, obtained by ILLI-SLAB
cannot be attributed to the slab size factor. The primary source
of this discrepancy, therefore, is the mesh fineness effect related
to the size of the loaded area.

EDGE LOAD CASE

In this investigation, an F-15 SWL is applied to a relatively
thin slab on a weak subgrade. The same slab-and-subgrade
system used for interior loading is retained here for co¡npar-
ison. The pertinent characteristics of this system have been
presented in Table 1. The finite element mesh was modified
appropriately, accorcling to the recommendations formulated
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in the first part of this investigation. Bending stresses devel-
oping in such a slab would be excessive in practice and are
only considered here so that the effect of subgrade stress
dependence is magnified.

Convergence Criteria

The iterative scheme introduced above may be used to account
for the stress-dependent behavior of the subgrade. Figure 6
shows maximum responses for each of five cycles performed
for the single-wheel edge loading case, normalized with respect
to the corresponding average values from the second and third
iterations. A uniform E, of 7,682 psi is assumed in the first
iteration, and its results correspond to those from a conven-
tional linear elastic analysis. It is observed that the maximum
responses oscillate about a value to which, presumably, they
would eventually converge, if enough cycles were conducted.
The amplitude of oscillation becomes progressively smaller
as more cycles are perforrned.

The oscillation between maximum responses from the fourth
and fifth iterations is only of the order -r2 percent. This
indicates that for most practical purposes, five cycles are more
than adequate to achieve convergence. Furthermore, the
average of the values of maximum responses obtained from
the second and third iterations consistently give an estimate
within -+2 percent of the projected converged values. It is,
therefore, recommended that three iterations be performed
and that the average of the responses from the second and
thircl cycles be adopted.

Effect of Subgrade Stress Depenelence

A direct way to evaluate the effect of subgrade stress depend-
ence for the F-i5 SWL at the slab edge is to compare the
maximum responses from the first iteration (which correspond
to those from a conventional linear elastic analysis using a
uniform, low o, soil modulus) to the average of those from

FIGURE 6 Maxinum responses normalized w¡th respect to
average of second and third iterations.
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the second and third iterations. Such a comparison shows in
this case that maximum deflection and bending stress increase

by 10 percent and 8 percent, respectively. This change is

comparable to that observed with the two-dimensional Ko
model in ILLI-SLAB (10, 12). On the other hand, maximum
subgrade stress appears to be much more sensitive to stress

dependence, decreasing by about 23 percent. It will be shown
below that this is largely due to the development of high
subgrade stress concentrations near the loaded edge. Subse-
quent iterations redistribute these stresses, thereby modeling
local yielding, which would occur in a real soil subjected to
these high stresses.

Results from this study indicate that the overall behavior
of the slab is quite similar for the constant modulus ancl the

stress-dependent subgrades. Furthermore, the differences in
behavior that do exist, occur in and around the location of
the subgrade elements with decreased resilient moduli. Only
about 8 percent of all the subgrade elements experience a

decrease in Eo. These elements are located in the upper 6.5

feet of the subgrade. Additional bending stress and deflection
accumulate in elements in and under the slab as more itera-
tions are performed, due to the decrease in subgrade support.
The surface deflection basin observed after five iterations
is, therefore, deeper than the one obtained after the first
iteration.

A different phenomenon is observed beyond the slab, in
the subgrade adjacent to the loaded edge. There, the cycle 5
profile is generally shallower than the cycle 1 profile. In addi-
tion, deflection of the stress-dependent subgrade (cycle 5) is
reduced to 50 percent of the maximt¡m value within only 6
inches from the loaded slab edge. The structural contribution
of the subgrade beyond the slab is less significant for the stress-

dependent model than for the constant modulus subgrade.
Therefore, it can be seen that stress dependence tends to move

the elastic solid model toward the direction of the dense liquid
idealization, in which the contribution of the subgrade adja-
cent to the slab edges is altogether neglected.

Comparison with Two-Dimensional Results

Results obtained using GEOSYS may be compared to those

from a number of two-dimensional models available, in order
to establish the relative adequacy of the two approaches. In
this section, results from programs FIDIES (8), H51ES (1,

9), and ILLI-SLAB ({ will be considered. FIDIES is a two-
dimensional finite difference solution, employing square ele-

ments throughout the slab. The external loads are converted
to point loads, applied at the center of each element. Responses

are calculated at these points alone. Thus, an extrapolation,
similar to that used with GEOSYS results, is necessary to
obtain the edge responses. H5lES may only be used to cal-

culate maximum bending stress at the edge, but its results are

akin to a closed-form solution. Thus, they are not a function
of user-specified parameters, such as mesh fineness, a¡rd ele-

ment aspect ratio. These considerations can be crucial in the
case of programs such as FIDIES and ILL,I-SLAB. On the

other hand, the latter two programs can account for the finite
size of the slab and can determine the sparial distribution of
all three responses, rather than just the maximum value of
one of them.

Table 2 presents results obtained using these prograrns. The
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grid employed in the FIDIES run consisted of 441 square
elements (no symmetry capability exists in FIDIES at this
time). Previous studies (1, 8, 15) suggest that this grid may

be slightly coarse, but it is dictated by computer memory
limitations. In any case, the approximation involved in rep-
resenting the applied load as a point load, located a few inches
from the edge, is the overriding consideration here. Unfor-
tunately, this approximation cannot be avoided. The ILLI-
SLAB run was conducted using a mesh found to produce
results of adequate accuracy (15). The other results are nor-
malized in Table 2 with respect to the ILLI-SLAB responses.

The value of o" from ILLI-SLAB is about 11 percent higher
than the closed-form solution from H51ES. This discrepancy

cannot be explained by reference either to an inadequate mesh

fineness or to the small slab size, since increasing these param-
eters would tend to increase the ILLI-SLAB value of o". A
similar discrepancy was observed with the dense liquid foun-
dation as well, and was related to the size of the loaded area'
For the (c//") value of 0.28 used, the discrepancy was 10 per-
cent (1), which is close to that observed here. Prelirninary
results using the CRAY X-MP|24 (/4) indicate that this dis-

crepancy disappears when the mesh under the loaded area is

refined further.
On the other hand, FIDIES values of õ" and o, are higher

than the corresponding ILLI-SLAB ones, while q" is lower.
Again, overall gt'id fineness and slab size considerations can-

not explain the discrepancy observed. It is considered that
the rnajor sources of this are the conversion of the external
load to a point load acting at the center of an edge eletnent,
and the extrapolation involved in obtaining the values in Table
2 from the FIDIES output.

In Table 2, GEOSYS results from the first cycle are also
presented. Comparison with those from ILLI-SLAB suggests

that three-dimensional analysis gives q" and o" values that are

lower than those from ILLI-SLAB by about 60 percent and

30 percent, respectively. Maximum edge deflections are in
relatively better agreement, the ILLI-SLAB value being only
9 percent higher than the corresponding one from GEOSYS'
Part ofthese discrepancies (5 to 10 percent) may be attributed
to the coarse mesh used with GEOSYS. The rernainder of
the discrepancy is probably due to the fact that both GEOSYS
ou and q" are extrapolated from calculated values at the cen-

troid of each brick element. This is particularly important in
the case of subgrade stresses. The contour plot of subgrade
stresses in Figure 7 indicates that high subgrade stl'esses occur
in a narrow zone along the loaded edge. Such a drastic increase

in subgrade stress right at the edge of the slab has also been

observed under interior loading (5), and is similar in nature
to the infinite reactions predicted by Boussinesq's theory at

the edge of a rigid punch. The linear extrapolation used to
determine q" from GEOSYS results is unable to reproduce
the high stress gradients in this area.

In the narrow region immediately adjacent to the loadecl
edge, local yielding of the soil will occur. Thus, the theoretical
value of the subgrade stress at the physical edge of the slab
may not be of practical significance. A more meaningful value
may be the subgrade stress developed a few inches inside from
the edge, for example, at a distance of.0.21". A previous study
showed that this value is relatively insensitive to mesh fineness
(5). Additional iterations have the effect of redistributing the
stress away from highly stressed elements. Thus, introducing
subgrade stress dependence enables the user to model local



TABLE 2 COMPARISON OF TWO- AND THREE-DIMENSIONAL SOLUTIONS: F-15
EDGE SWL

SOLUTION

mils psi

oe9e6e

Psf

GEosYs-3D (cycle 1)

FIDIES-2D (Linear extrap. )

FIDIES-2D (Quadr. extrap. )

H51ES

ILLI -sl"A,B-2D (23xi.3 Mesh)

60.32 91

73.2L il.1

73.6L L11

66.09 100

24.63 42

30.93 s3

3s.36 60

58.84 1"00

826.0 70

1 s18. L L29

L60s. I 136

1055.9 89

1180.8 100

Notes:

-For slab and subgrade charaeteristlcs, see Table 1,

-GEOSYS Mesh (Syrnnetry about x-axls employed - slab extends
betv¡een underllned coordínates) :

x-coordinates: 0; 18.5; 37; 4L; 45; 47; 48; 49; 49.5; 50; 50.9375;
51.875; 53.750; 55.625; 57.5; 6O; 62.5; 65; 95 tt

y-coordlnates: 42.5; L2.5; 7.5; 5.625; 3.75; 1.875; 0 fr
z-coordinates: Lá; 0.3; 0; -0.5; -L.0; -2.5; -6.7; -L9.27; -40 ft.
In slab: (2aþ)¡¡yn-2.8L; y-2.0; amax-2.0; (c/2a)-0.20.

FIDIES mesh: (Â/h) - 1.07; 2].x2]- square elements;
ILLI-SLAB nesh (symmetry abour x-axls ernployed):

(23x13) : (2alh)r1rr-0.575; X-3.0; cr"*-2.18;
H51ES: 50 points used co deflne ourline of applied load.

-A1L responses at intersectlon of loaded edge and centerline of load:
6" : at top of slab;
gs : at surface of subgrade, by orthogonal extrapolation;
oe i at botcom of slab, by orthogonal extrapolation

of o.,, values.
FIDIES resülts extrapolated uslng 2 (llnear) or 3 (qüadratic)
eLemencs along the slab centerline;
No extrapolatlon fs lnvolved in ILLI-SI,AB and H51ES resuLrs.

Conlour lntorvol: lps¡

,,\.1. ',ltii..

FIGURE 7 Surface subgrâde stress contours from GEOSYS under slab: constant modulus subgrade (cycle l).
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yielding that would occur in a real subgrade. Notwithstanding
the differences in their maximum responses, ILLI-SLAB and
GEOSYS produce similar response distributions outside the
critical edge region. The plots in Figure 8 reinforce the validity
of the comments made above.

Similar conclusions were also reached from an investigation
of multiwheel edge loading (MWL), using one landing gear

from a C-1.41 aircraft. The effect of accounting for subgrade
stress dependence is quite significant in this case. Maximum
deflection increases by about 30 percent, and maximum bend-
ing stress by more than 20 percent. On the other hand, max-
imum subgrade stress decreases by more than 30 percent.
Furthermore, the extent of the region of reduced resilient
moduli obtained with the C-141 load is much larger compared
to the F-15 case. The subgrade stress distributions in Figure
9 indicate that comparing only the maximum q" values from
the two- and three-dimensional models may be misleading.
The overall system responses are much closer to each other

TRANSPORTATION RESEARCH RECORD 1 196

maximum values would suggest. This is
fine meshes are used.

than the individual
especially true when

CORNER LOAD CASE

To complete the series of three-dimensional investigations
using GEOSYS, the corner loading condition is examined in
this section, with an F-15 single-wheel load. Unfortunately,
the lack of symmetry along either of the two major coordinate
axes of the slab dictates the use of a full mesh in the finite
element idealization. This results in prolonged execution times
(in excess of 12 CPU hours on the HARRIS 800-2 virtual
memory computer), even using a rather coarse mesh, which
gives rise to less accurate results. General trends, however,
may still be observed and these can be useful despite any
limitations in the accuracy of individual response values.
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FIGURE 8 Comparison of GEOSYS and ILLI-SLAB surface subgrade stress distributiorrs

for F-15 edge SWL' under slab.
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Effect of Subgrade Stress Dependence

Table 3 presents a summary of maximum responses obtained
form three iterations perforrned for this case. Maximum
deflection, ô", and subgrade stress, qc, occur at the corner of
the slab. On the other hand, maximum (tensile) bending stress,
oc, occurs at the top of the slab, some distance from the
corner. Preliminary results using ILLI-SLAB (15) suggest that
a slab resting on an elastic solid also develops a high tensile
bending stress at the bottorn fiber under the load. This cannot
be confirmed at this time using GEOSYS, however, since a
much finer mesh would be required.

Subsequent iterations in Table 3lead to a maximum deflec-
tion that is almost 20 percent higher than the value obtained
from cycle 1. Similarly, an increase of more than i0 percent
is observed in the maximum bending stress developing in the
slab. On the other hand, a dramatic decrease in the value of
the maximum subgrade stress predicted by the first iteration
is obtained as subgrade stress dependence is considered. This

rll
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I rao in. I

FIGURE 9 Comparison of GBOSYS and ILLI-SLAB surface subgrade stress distributions
for C-l4l edge MWL, under slab.
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reflects the redistribution of high subgrade stresses concen-
trated at the slab edges, observed earlier. Local yielding of
soil in the corner region prevents these high stresses from
developing, and this is accounted for by the iterative proce-
dure used with GEOSYS. The maximum subgrade stress
occurring at the slab corner itself, therefore, may not be a
meaningful response. The subgrade stress developing under
the center of the load, q"*, for example, may be a more
realistic indication of subgrade response. This will be sub-
stantially lower than the value at the corner and, therefore,
less sensitive to stress dependence. The oscillation of q.x in
Table 3 is of smaller amplitude than that of q. itself.

It is interesting to observe that about 20 percent of the
subgrade elements are affected by stress dependence, com-
pared to only 8 percent for the F-15 edge load. Subgrade
stress dependence is predictably a more serious consideration
under corner than under edge loacling. The high values of oD
are limited to the upper 5.5 feet of the subgrade, below which
o, is less than 2 psi.
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TABLE 3 EFFECT OF SUBGRADE STRESS DEPENDENCE: F-15 CORNER SwL

ITERATION
psl ps1

oc9c9c6c

mils psi

1

2

3

Avg. 2-3

72.42 100

87.67 L2L

82.99 lls

85.33 1l_B

42.93 L00

28.L6 66

22.16 52

25.2L

3r.27 100 3L2.L 100

19.95 64 358. s LLs

L9.86 64 343. I lLo

19.81 64 3s0.8 LLz

Notes:

¡ = 4x106 psi p
Es : 7682 psi ('SOFT') ps

Slab: 15 fc x L5 ft (L/0e) - 3.63
Load: 30 kips @ 355 psi, converted

Comparison with Two-Dimensional Results

In view of the relatively coarse mesh employed in the GEO-
SYS runs, considerable discrepancies exist between three- and
two-dimensional responses. GEOSYS gives a õ" which is about
10 percent lower than the one predicted by ILLI-SLAB using
a fine mesh, Differences in o" and qc are even higher (+10
percent and -70 percent, respectively). According to the
criteria developed above, GEOSYS results may be expected
to be too low by less than 5 percent. Possible causes of the
remainder of the gap between the two- and three-dimensional
results were identified above as the coarseness of the GEO-
SYS mesh in the area of the load and the extrapolation involved
in obtaining maximum stress values from the GEOSYS out-
put. The latter is more important in the case of subgrade
stress, in view of the high stress gradients existing near loaded
slab edges and corners.

Figure 10 shows the distribution of subgrade stresses pre-
dicted by ILLI-SLAB and GEOSYS. These confirm that the

: 0.1-5 h - L2 in.
: 0.45 Le - 49.64 in.

to four work equivalent loads

two models are in good agreement, except in a region about
8 inches wide (or 0.2 l") along the slab edges. Pronounced
subgrade stress gradients develop very close to the edges of
the slab under all three fundamental loading conditions.

DISCUSSION AND CONCLUSIONS

Three-dimensional finite element analysis is shown in this
paper to be a feasible and viable tool in pavemerìt studies.
Although this sophisticated numerical technique is unlikely
to become a routine procedure in the near future, results
presented herein indicate that it is possible to use a three-
dimensional model to account for subgrade stress depend-
ence, soil yielding, among other factors, as well as to accom-
modate rnultiwheel gears situated anywhere on the pavement
surface. The GEOSYS model described is currently the only
program that can be employed for analyzing both rigid and
flexible pavements. Thus, it will be indispensable in future

(c : 9.193 in.)

-Mesh (Slab extends betrveen underlÍned coordinates):
x-coordinates : 0; 27.5; 29.167; 30; 30.833; 32.5; 35; 40; 45;

60 ft
y-coordinares : 60; 45; 40; 35; 32.5; 30.833; 30; 29.L67; 27.5;

0fr
z-coordinaces:1; 0.5; 0; -0.5; -1; -2.5; -6.5; -L7.5;40 ft

In slab: (2alh)*1r.,-0.833; þ1 .0; c*"*-6 .O; (c/2a)-O .92.

-LocaËion and method of excrapolatlon of responses:
6" : ac slab corner, ât top of the slab;
o. : tension at tsop of slab, at some distance frorn corner:

oc: oL, from values of oy, oyt rayt excrapolated co the cop'
uslng linear orthogonal extrapblatibn;

qc : compresslve, at surface of subgrade under corner of slab:
extrapolated up to surface of subgrade from values under

. corner reglon of slab, uslng linear orthogonal extrapolation.
q.* : cornpressive, at surface of subgrade, aË x-5 in', y-5 in. from

corner, under slab, extrapolated llke q".



Ioannides and Donnelly
83

Horizonlol Dislonce, x (in.)

80 90

ILLI-SLAB(l2xlzl r y=9.2in.
GEOSYS
Y:5in'

r30 r40

ILLI-SLAB
(l2x12), y: Oin.

=tt
Õ.

(t

at
att
(¡)
L

C,
(l,
:ct
o
oll
-o:t
U)

---Y = 9.2 in.

-;-y=5.Oirì. +xLY=0in.

F'IGURB l0 Comparison of GDOSYS and ILLI-SLAB surface subgrade stress disrnourions tor
F-15 corner SWL, under slab.

efforts to establish the elusive "unified" approach and to develop
a generalized mechanistic design procedure.

A most significant conclusion reached, however, is that the
three-dimensional investigations reinforce the validity and
desirability of conventional two-dimensional analysis. In view
of the relatively limited amount of three-dimensional results
generated during this investigation, the accuracy ofthese r.esults
was often assessed by reference to the corresponding two-
dimensional values. Where these disagreed, probable causes
were considered and were usually found to be due to the
coarse three-dimensional mesh used in these analyses.

This is not to deny the desirability of three-dimensional
analysis as a means of checking and validating two-dimen-
sional results. It does suggest, however, that for a meaningful
utilization of the much more complex and demanding three-
dimensional approach, adequate computer resources must be
available. The rapid advances of computer technology in gen-
eral, and the introduction of supercomputers in particular,
provide reasons for optimism in this respect. Results from
this study will be invaluable when considering the implemen-
tation of such a model on the mammoth machines anticipated
in the near future.

From a more practical viewpoint, this study has shown that
subgrade stress dependence may sometimes be important,
primarily when considering heavy edge and corner loads.
Subgrade stress dependence affects the maximum subgrade
stl'ess to a much greater extent than the maximum deflection

or bending stress. When the load becomes more severe, for
example, when it is placed near a corner rather than near an
edge, the difference between the first and last iterations becomes
much greater. These conclusions are similar to those reached
using the two-dimensional Ko model (10, 12).
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Verification of Backcalculation of
Pavement Moduli
S. W. Lnn, J. P. ManoNEy, AND N. C. JacxsoN

This paper introduces a backcalculation computer program
which can be used to estimate the elastic modulus for each
pavement layer. This microcomputer program, EVERCALC,
is based on the Chevron N-layer elastic analysis computer pro-
gram anel was developed primarily for flexible pavement anal-
ysis and falling rveight deflectometer (FIVD) data. The pro-
gram is capable of estimating the elastic modulus for each layer
of a pavement structure (up to a maximum of three layers)
directly from surface deflection measurements. Further, the
stress sensitivity coefficients for r¡nstabilized layers (both base
and subgrade) are estimated, as well as a "standard,t asphalt
concrete modulus analogous to a laboratory condition. Results
from EVERCALC were verified in two ways. The first approach
was to compare theoretical and backcalculated moduli for a
range of three layer pavements. These comparisons shorved
modest differences âmong the moduli (about 87o for asphalt
concrete, 6lo lor base course, and less thanL%o for the subgrade
soils). The second verification approach was to cornpare back-
calculated and laboratory moduli based on FWD tests and field
material sampling, along with appropriate laboratory testing.
In general, the differences in moduli are significantly less than
the "natural" variation of these materials within a relatively
short pavement segmenl. (Pavement segrnents rvere originally
selected for their apparent uniformity.)

The need to evaluate in situ pavement properties, such as
layer moduli, is readily apparent to pavement engineers. The
evolution of pavement structural characterization by use of
both mechanistic analysis and nondestructive testing equip-
ment, such as the falling weight deflectometer (FWD), has
resulted in new pavement analysis tools.

This paper introduces a backcalculation computer program
which can be used to estimate the elastic modulus for each
pavement layer. This microcomputer program, EVERCALC,
is based on the Chevron N-layer elastic analysis computer
program. EVERCALC was developed primarily for flexible
pavement analysis and the FWD. The program is capable of
estimating the elastic rnodulus for each layer of a pavement
structure (up to a maximum of three layers) directly from
surface deflection measurements. Further, the stress sensitiv-
ity coefficients for unstabilized layers (both base and subgrade)
are estimated, as well as a "standard" asphalt concrete mod-
ulus analogous to a laboratory condition. Comparisons of
EVERCALC solutions to both theoretical and laboratory
conditions are shown in an attempt to verify the backcalcu-
lation process. It is important to note that the backcalculation

S. W. Lee and J. P. Mahoney, University of Washington, l2l
More Hall, FX-10, Seattle, Wash. 98195. N. C. Jackson, Wash-
ington State Department of Transportation, Transportation
Building, Olympia, Wash. 98504.

results presented in this paper were obtained in a ,,produc-

tion" mode, i.e., the program was limited to a maximum of
three iterations or alJVo cumulative error. (This will be more
fully explained later.)

NONDESTRUCTIVE TESTING

Of the various nondestructive testing (NDT) devices avail-
able, the FWD was chosen as the primary focus of the reported
work. There are a nu¡nber of reasons for this. First, the FWD
is the primary deflection measuring instrument used by the
Washington State Department of Trarrsporration (WSDOT).
Second, it can provide variable and large impulse loadings to
the pavement surface which to some degree simulate actual
truck traffic.

\Vith the FÏVD (Dynatest model 8000), a transient impulse
load is applied through a set of rubber cushions, which results
in a load pulse of 25 to 30 milliseconds. The pavement deflec-
tions are measured at up to seven locations with velocity
transducers (1 ,2). As with any NDT device, the FWD has a
few (but generally minor) drawbacks. For example, the depth
to a "rigid layer" in a pavement rnay affect the deflection
basin and, hence, the backcalculation analysis (3). Further,
the accelerations of the FWD load and moving wheel loads
are different. (The FWD is higher.) Thus, the inertia of the
pavement mass may play an important role for the FWD,
while it is negligible for the moving wheel (4, 5).

Overall, the FWD has been shown to be a powerful, if not
the best, NDT device currently available (6, 7).

CHARACTERISTICS OF PAVEMENT MATERIALS

General

A "typical" flexible pavement system consists of layers of
both bituminous bound (asphalt concrete) and unbound (base
and subgrade) materials. The treatments performed on these
materials in the backcalculation process will be described in
this section.

Asphalt Concrete

The stiffness of asphalt concrete is a function of numerous
parameters, two of the most important being temperature and
load duration (8). Based rnostly on laboratory resilient moduli
data for WSDOT class B asphalt concrete rnixtures (tradi-
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tional, dense mixes), the following regression relationship was

obtained (9):

log E". = 6.4721 - 1.4736 x 10-4(T)'?

where

Eu" = modulus of asphalt concrete (psi), and

f = pavement temperature ("F).

Thus, this straightforward relationship can be used to adjust
a "backcalculated" modulus at a given field tempelature to
any other temperature (presumably to some "standard" tem-
perature, such as 77"F). This adjustment is made by multi-
plying the backcalculated modulus by the ratio of the moduli
at the desired (or standard) temperature and the field tem-
perature (pavement temperature at the time of F WD testing).

The effect of different load durations for asphalt concrete
mixtures is accounted for by use of an equation developed
for the Asphalt Institute (10). This is necessary if one wishes

to view backcalculated asphalt concrete moduli in terms of
the "traditional" laboratory values, since the durations of
laboratory load pulses are generally at the 4 level of 100

milliseconds and FWD load pulses closer to 25 to 30 milli-
seconds. Using normal WSDOT asphalt concrete mixture
parameters, the differences in load durations (FWD vs' lab-
oratory) and the Asphalt Institute relationship, the following
regression equation was developed:

R = 0.791 + 0.00813 (r)
where

R = ratio of FWD to laboratory moduli, and

f = pavernent temperature ('F) duling FWD testing.

This relationship adjusts the "field" backcalculated asphalt

concl'ete modulus by rnultiplying the backcalculated ¡nodulus
by 1/R.

Clearly, pavement temperature is a significant factor for
asphalt concrete stiffness. In the described backcalculation
procedure, the pavement temperature at the titne of FWD
testing is required. To determine the pavelnent temperature,
one can either measure it directly (which is time consurning)

or use an approximate computational technique for estima-

tion. Southgate and Deen's method (11) was chosen for the
latter technique. Their procedure requires the pavement sur-

face ternperatule, the previous five-day mean temperature,
and pavement thickness to estimate the temperature at mid-
depth in the asphalt concrete layer.

Base and Subgrade

The rnodulus of unbound (or unstabilized) rnaterials is a func-

tion of numerous factors, such as degree of saturatiotr, den-

sity, gradation, stress level, and load dulation and frequency.
Thus, most unbound base materials and subgrade soils exhibit
a direct relationship between modulus and stress state (8).

This relationship is generally as follows:

Ea = KIO)K'

and

E, : Kr(oo)Ko

where
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Er, : elastic (or resilient) modulus for base

materials and/or coarse-grained soils (psi),

4 : elastic (or resilient) modulus for fine-
grained soils (psi),

O : bulk stress (psi),
o¿ = deviator stress (psi), and

Kr, Kr, Kt, Ko = regression coefficients.

If varying load levels are obtained with the FWD at a spe-

cific pavement location, backcalculated moduli and associated

stress states can be estimated and the K values obtained by

sirnple linear regression.

EVERCALC

EVERCALC is a mechanistic-based pavement analysis corn-
puter program based on the Chevron N-layer program. This
microcomputer program (which runs on an IBM AT or com-
patible computer) uses an iterative procedure of matching the

measured surface deflections with the theoretical surface

deflections calculated from assumed elastic moduli. The pro-
gram produces a solution when the summation of the absolute

values of the discrepancies between the measured and theo-

retical surface deflections falls within a preset allowable tol-
erance (generally l0o/o). Lower tolerance levels will produce

more accurate solutions; however, the l0o/o tolerance results

in modest computer run time (about 5 tninutes for a three-

layer pavement case). The program is primarily for the anal-

ysis of flexible pavement using FWD deflection tneasure-

ments. The acquired input data for this program are six sur-

face deflection measurements at the offsets of 0, 8, 12, 24,

36, and 48 inches from the center of the load (refer to Figure

1), pavement layer thicknesses, and appropriate telnperature

data.
The prograrn is capable of evaluating a flexible pavement

structure containing up to three layers' Tlte program can be

run with or without a "rigid base." The program estimates

the initial "seed" rnoduli and perforrns backcalculation of the

elastic modulus for each pavement layer. It also determines

the stress sensitivity coefficients (K values) for the base mate-

rials and subgrade soil when the FWD data for at least two

loacl levels are available at a given point. Further, the asphalt
concrete moduli are adjusted to WSDOT laboratory standard

conditions (77"F temperature and 100-millisecond load

duration).
The seed moduli are estimated using internal regressions,

which are algorithms developed using regression between
pavernent layer moduli, load, and various kinds of deflection
basin parameters (12).

Priol'studies have found that the Chevron N-layer cotnputer
program has a colnputational et'ror in calculated pavement

surface deflection as comparecl with those calculated by BISAR
(13, l4). The problem appears to be tnore severe near the

applied load and is exacerbatecl if a Ligid base is used' To
examine these surface deflection diffel'ences between Chev-

ron N-layel and BISAR, surface deflections were calculated
(without rigid base) by both cornputer programs for the fol-
lowing cases using an 11.8-inch diameter circular load area.

(see Table 1).
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FIGURE I Present configuration of I{SDOT FWD.

TABLE 1 COMPARISON OF CHEVRON N-LAYER AND BISAR
CALCULATIONS OF SURFACE DEFLECTION DIFFERENCES

Asph¡lt Cotrcrctc

Base

Subgrade

Lo¡d lcvels (lb)

Stiffaess (ksi):
Thickncss (in):
Poisson's ¡atio:

Stiffncss (ksi):
Thickncss (in):
Poisson's rst¡o:

Stiffness (ksi):
Thickness (in):
Poi¡son's ratio:

9,000 ¡nd 15,000

5 t5
semi-infinite
0.45

50
6
0.35

¡0
12
0.40

500 t,000
l2

20 40
21

The average surface deflection and associated standard
deviation differences for 216 cases are shown in Table 2.

Further, the maximum deflection difference wasï.2Vo directly
under the load (8"" = 1,000 ksi, åu" = L}in., Eu = 40 ksi,
hv: 24 in., Quue = 5 ksi), with only L2of the2l.6 cases over
SVo. Generally, the largest differences (2.0Vo or more) were
for the thick, higher stiffness surfaces on lower stiffness
subgrades.

The basic conclusion drawn from the above information is
that the Chevron N-layer program is adequate for backcal-
culation of typical moduli for flexible pavements (given nor-
mally used convergence errors). However, backcalculation
programs based on the Chevron N-layer should not be used
on rigid pavements at this time.

ACCURACY OF BACKCALCULATION
SOLUTIONS

A number of concerns about backcalculation of elastic moduli
can be raised. These can include (1) nonunique solutions, (2)
requirement for equivalent moduli for a limited number of
layers (three or four), (3) differences between backcalculated
and laboratory obtained elastic moduli, and (4) selection of
the optimum number and location of surface deflection
measurements,

Nonunique solutions simply mean that if different initial
seed moduli are used, then different backcalculated moduli
result in a final solution. The equivalent moduli problem arises
from the fact that a limited number of pavement layers can

TABLE 2 AVERAGE SURFACE DEFLECTION AND ASSOCIATED
STANDARD DEVIATION DIFFERENCES FOR 216 CASES

Statistics

Mc¡a (9ó)

Std. Dev. (9ô)

Rad¡al Offscr (¡n.)
ott221t648
r.r 0.4 0.2 0.0 o.t 0.r1.1 0.6 0.3 0.r 0.t o.t
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be used in the backcafculation process (in part limited by the

number of measured surface deflections, computer run time,
and theory associated with modeling complex materials). Thus,
one must obtain (for example) a single modulus value for the

asphalt concrete materials even though such a layer may be

composed of different asphalt concrete mixtures, lifts, and

hence moduli. Finally, backcalculated and laboratoly moduli
must show at least modest agreement in order for pavement

engineers to become more confident in backcalculation
procedures.

When the seed moduli are accurately estimated, the back-
calculation process will produce solutions with less error in

fewer iterations, thus minimizing the nonuniqueness problem.

The seed moduli may be estimated by engineering judgment,

temperature-stiffness relationships, and surface deflections,
among others. EVERCALC contains internal regression

equations (12), which are used to estimate the seed moduli
(for up to three layers) from deflection basin parameters. This
is done in an attempt to minimize nonuniqueness.

To address at least partially the nonuniqueness question

for backcalculated solutions, EVERCALC backcalculated
solutions were cornpared with theoretical elastic layer solu-
tions. This was accomplished by calculating "theoretical" sur-

face deflections for preselected layer ¡noduli and thicknesses
(for three layer pavements). These calculations were per-

formed with the Chevron N-layer computer program for the
following cases, shown in Table 3.

Surface deflections were calculated at six offsets of 0, 8,

12,24,36, and 48 inches from the load. The load was assumed

to be 9,000 pounds, placed on a circular load plate 11.8 inches

in diameter. The cases were excluded in which the asphalt

concrete layer was of greater thickness than the base; thus,

384 cases were used. The surface deflections so calculated
were then used as inputs into EVERCALC, and moduli for
each of the three layers backcalculated. This enabled a

straightforward comparison of the known moduli used orig-
inally to calculate the surface deflections (via Chevron N-layer
program) to the backcalculated moduli obtained from those

same surface deflection (via the EVERCALC program).
A maximum of five surface deflections can be used for

direct backcalculation with EVERCALC; thus, two separate

runs were made for surface deflections at 0, 8, 12, 24, and 36

inches (case A) and those at 0,12,24,36, and 48 inches (case

B). These two deflection sensor configuratiolrs have been

commonly used by the WSDOT and appear to define the

deflection basin reasonably. A maximum allowable tolerance
of lïVo was used for "matching" the deflection basins. The

I\Vo tolerance is an absolute value (i.e., the sum of the abso-

Asphalt Coocrcte

B¡se

Subgradc
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lute differences in surface deflections at all five locations).

This tolerance level resulted in three backcalculation itera-

tions or less to procure an "in tolerance" solution for the

cases studied. Thus, the backcalculation results reported
throughout this paper were obtained in a "production" mode

representative of expected, everyday usage of EVERCALC.
The percent differences between the backcalculated and

theoretical moduli were determined. The backcalculations
performed for surface deflection measurements conforming
to case A were slightly better than those for case B (i.e.,
better agreement between backcalculated and theoretical

moduli). This is most likely due to the second surface deflec-

tion measurement being only 8 inches from the center of the

load plate for case A, as opposed to 12 inches for case B,
thus better defining a critical portion of the deflection basin.

A summary of the absolute percent differences (or errors)

for the backcalculated and theoretical moduli is shown in
Table 4 for case A surface deflection locations (i'e., sign

conventions were ignored which result in higher average errors).

Overall, the subgrade tnoduli have the closest agreement (about

1..5o/o). The base materials have an average difference of about

6.50/o and the pavement surfacing (asphalt concrete) about

8.2Vo. Figure 2 is used to show the cumulative frequency

distribution of the errors. Overall, most of the calculated

errors were less than I07o for the subgrade moduli. For asphalt

concrete and base layers, S2o/o of the comparisons had less

than a L\Vo error;90Vo had less than 20o/o errot; and 957o

had less than3\Vo error. Further, the errors tended to increase

for thin, low stiffness (i00,000 psi) asphalt concrete layers'

COMPARISON OF BACKCALCULATED AND
LABORATORY MODULI

Comparisons between backcalculated (or in situ) and labo-

ratory moduli are difficult because of variability of the mate-

rials, sampling, and testittg. The results pl'esented in this sec-

tion will show the results of such an attempt.
Sixteen pavement test sites (Table 5) were used to co¡npare

the backcalculated and laboratory moduli. These test sites are

typical of flexible pavement sections on the state-maintained
route system in Washington. In part, however, they were

selected for their apparent uniformity (for example, in con-

struction, distress, and subgrade soils). Surface distress at

these sites was observed to be mostly fatigue (alligator) crack-

ing or its usual precutsor, longitudinal cracking. Only five of
the sixteen test sites were evaluated (for backcalculation pur-

5r020
semi-infinite
0.45

TABLE 3 COMPARISON OF EVERCALC BACKCALCULATED
SOLUTIONS WITH THEORETICAL ELASTIC LAYER SOLUTIONS
PERFORMED WITH CHEVRON N-LAYER PROGRAM

Stiffness (ksi):
Thicknes (in):
Poissoa'! rat¡o:

Stiffncs¡ (ksi):
Thickncss (in):
Poisson's r¡tio:

Stiffness (ksi):
Thickness (in):
PoissoD's rrtior

r00 300 500 t00
35t

0.35

l0 20 ¡10

6t224
0.40

30



9gf?.. Enor(Vo\
Thick. _ ..,,, rnggrgliçqlnaiticMo¿ffi(in.) Layer 100.000 300.000 50ci.000_ 800.000

Mean Std Mean Std Mean Std Mean Std Mean Srd

3.0 ACp 18.5 31.8 6.8 t2.2 5.0 9.s s.8 9.8 9.7 13.4

Base 3.9 6.0 3.7 4.4 4.0 4.8 4.8 6.4 4.6 4.7
Subgrade O.7 0.5 0.9 0.9 1.4 t.7 t.4 Z.t 1.3 t.z

5.0 ACp 13.5 24.8 6.2 9.4 4.7 7.4 5.5 6.9 7 .7 lO.4
Base 6.0 9.6 5.1 ó. I 5.1 4.6 6.5 4.8 5.S 5.9
Subgrade 1.0 0.9 l.l 1.0 1.6 1.5 1.3 t.l l.Z t.2

8.0 ACP 9.8 24.3 6.2 9.2 3.6 5.2 5.5
Base 8.6 10.7 8.0 I L3 8.0 7.8 I l.0
Subgrade 2.2 1.7 2.3 1.8 2.4 1.8 2.1

.0 7.2 9.9

.7 9.s 9.4

.6 2.0 2.0
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TABLE 4 CALCULATED ERRORS FROM COMPARISON OF
BACKCALCULATED AND THEORETICAL LAYER MODULI

Nore I : Error (zo) = 
I 
(ffi t r*l¡

poses) as three-layer pavements. The remainder were eval-
uated as two-layer systems ("full-depth" cases).

The field material sampling required for laboratory testing
included obtaining asphalt concrete cores at three locations
(stations 0 + 50, 5 + 50, and 9 + 50) wirhin the 1,000-foor-
long test sites. This was done to estimate better the asphalt
concrete modulus and thickness changes within each test site.
Disturbed base course and subgrade soil samples were obtained
at the pavement shoulder at approximately the middle of each
test site (station 5 + 50). During this sampling in situ, mois-
ture contents were made in the base and subgrade materials.

The laboratory testing of the asphalt concrete cores was
conducted in accordance with ASTM D4123 at three tem-
perature levels (41o, 77o, and 104"F) and a loading duration
of 100 milliseconds. The base and subgrade materials were
recompacted in the laboratory and tested in accordance with
AASHTO T274. The remolding moisture content was kept
as close as possible to those measured in the field at the time
of sampling. The triaxial testing was performed on each sam-
ple with confining stresses of. 1,2,4, and 6 psi and deviator
stresses of. L,2, 4, 6,8,10, and 12 psi. All laboratory testing
was conducted by the WSDOT at its materials laboratory in
Olympia, Washington.

Asphalt Concrete Comparisons

The comparisons of backcalculated (EVERCALC) and lab-
oratory asphalt concrete moduli are shown in Table 6 for all
sixteen test sites. All moduli values have been rounded off to
the nearest 1,000 psi; however, the percent differences were
calculated on the non-rounded values. Further, all backcal-
culated moduli values were adjusted to a ',standard" loading
duration (100 milliseconds) and temperature (77"F) to provide
better comparisons with the laboratory moduli (for which a
large amount of published modulus data is available).

Differences in the backcalculated and laboratory moduli
range from being essentially identical to over 400o/o. Overall,
differences of 20o/o to 50Vo were common. The largest dif-
ferences were observed for test site 8, which had extensive,
severe fatigue cracking observed at the pavement surface.
Thus, the low backcalculated values (40,000 to 100,000 psi)
should be expected. Naturally, when this test site was cored,
only those cores were obtained which had no cracks. There-
fore, the large differences between backcalculation and lab-
oratory moduli are understandable. This same discussion applies
to test site 10, since this site has extensive longitudinal crack-
ing. If one views the moduli differences for the remaining test
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FIGURE 2 Accuracy of backcalculation.



TABLE 5 TEST SITE DESCRIPTIONS

Test Site Year
No. Route No. Milepost Original ACP

Constuction Thick
Base
Thick.

Observed
Surface
Distress

l,ong. cracking

l,ong. cracking

Futigu" 
"roafing

long. cracking

Long. & Trans. crack.

'lrans. cracking

I sR 11 20.85

2 SR 20 s3.50

3 SR 20 77.50

4 SR 20 108.20

5 SR 20 140.80

6 SR 167 17.80

7 SR 202 30.t2

I SR 410 9.60

9 SR 5 3s.80

l0 sR 14 18.15

I I sR 4l I 18.05

t2 SR s00 3.20

13 SR 90 208.65

14 sR 90 208.85

15 SR 195 7.24

16 SR

72

73

68 (8s)

78

72

68 (80)

78

68

73

73

79

79

73

73

70 (85)

76

5.2 28.8

4.9 4.8

10.9 6.6

3.s 9.0

3.4 6,6

tt.2
13.0

7.3 3.6

16.4

9.0 3.6

6.8 21.0

6.3 8.4

9.6 8.4

9.6 8.4

6.2 r 1.4

8.5 12

90

sites (excluding test sites 8 and 10), then the differences are
not alarming.

To put the asphalt concrete moduli differences into greater
perspective, the backcalculated moduli for test sites I and 3

("higher" and "lower" moduli test sites) were plotted and

shown in Figure 3. The backcalculated moduli were deter-
mined from the FWD deflection basins taken every 50 feet
within the 1,000-foot test sites. A quick inspection of Figurc
3 shows that substantial variations in asphalt concrete moduli
can be expected, which suggests the power that NDT pave-

ment evaluation can provide.

Base Course Comparisons

The comparisons of backcalculated and laboratory base course

moduli for five of the sixteen test sites are showtì in Table 7.

These five test sites were judged to have base course thick-
nesses which would provide for "reasonable" base moduli
determination. In general, use of the EVERCALC program
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has led the authors to conclude (at this time) that the base

course thickness should be about 1.5 times thicker (or more)
than the surfacing layer in order to attempt a three-layer
backcalculation.

The backcalculated and laboratory base course moduli were
compared at similar stress states (i.e., the in situ stresses

estimated during FWD testing and the laboratory triaxial
stl'esses were similar). Overall, good agree¡nent was found
for four of the five test sites. The unusually high laboratory
modulus for test site 5 (60,000 psi versus 38,000 psi for back-

calculation) may be attributecl largely to how the base course

material was sampled.
Table 8 is provided to show compat'isons between the stress

sensitivity coefficients (Kr, Kr) for the backcalculated and

laboratory moduli. These coefficients are automatically com-
puted by the EVERCALC program if two or more FWD load
levels are used at a test point. Overall, the agreement is mod-
est at best; however, the poorest comparison is again for test

site 5. Due to the small number of data points for deterrnining
these coefficients from FWD data and backcalculation, one

1000

800

nlPH!}" -'
100

200
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FIGURE 3 Variation of asphalt concrete modulus.
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TABLE 6 COMPARISON OF BACKCALCULATED AND
LABORATORY ASPHALT CONCRETE MODULI

Test
Site
No.

Solution
Meùod 0+50 5+50 9+.50

l NDT/FWD 868,000 668,000 604,000 713,000
tåb 426,0æ 469,000 387,000 421,OOO

Diffcrence(Zo) ¡fl -30 _36 -40

2 NDT/FIVD 725,000 498,000 487,000 570,000
Iib 633,000 355,000 234,000 407,000
Differcnce(7o) -13 -29 -SZ _29

3 NDT/FWD 246,000 373,000 568,000 39s,ooo
tåb 333,000 s57,000 334,000 408,000
Difference (7o) +36 +50 _41 3

4 NDT/F\VD 684,000 472,000 194,000 450,000
ráb 346,000 2tS,000 Z44,O0O 268,000
Difference (7o) -49 -54 +26 -40

5 NDT/FWD 531,000 494,000 74o,OOO 588,000
Iåb 3s7,000 147,000 354,000 286,000
Difference (7o) -33 -70 -SZ -51

6 NDT/FVD 722,000 741,000 5lo,00o 658,000
táb 171,000 489,000 464,000 355,000
Differcnce (7o) -76 -34 -Zt -46

7 NDT/FWD 460,000 577,000 75?,OOO s98,OO0

tåb 431,000 596,000 743,000 s90,000
Differcnce (Vo) -6 +3 -Z - I

8 NDT/FWD 102,300 42,000 94,000 7g,4oo
Irb 200,000 227,000 215,000 2l4,0OO

Dffercnce (7o) +96 +438 + 130 + l7O

9 NDT/FWD 455,000 657,000 s78,000 563,000
t¿b 135,000 I 17,000 181,000 !44,000
Differcnce(7¿) -70 -92 -69 -74

l0 NDT/FWD 131,000 289,000 340,000 2s3,o0o
rrb 779,0@ 687,000 s27,000 664,000
Difference (7o) +495 +137 +55 t 162

r l NDT/FWD 215,000 243,000 358,000 272,0t0
L.ab 3,14,000 352,000 219,000 305,000
Differynce (9o) +60 +45 -39 +t2

t2 NDT/FWD 311,000 242,000 270,000 274,000

t¿b 343,000 414,000 380,000 379,000

Differemce(%o) +10 +71 +41 +38

13 NDT/FWD 264,000 232,0@ 344,000 280,000

Låb 198,000 343,000 3¡8,000 286,000

Difference(%o) -25 +47 -8 +2

t4 NDT/F$/D 260,000 218,000 256,000 24s,000

Låb 289,000 240,000 188,000 239,000

Dúferc¡ce(lo\ +l I +10 -27 -2

15 NDT/F-WD 404,000 262,000 49s,000 387,000

Lab 375,000 605,000 419,000 46ó,000

Differcnce(Vo\ -7 +l3l -15 +2O

16 NDT/FI!/D 307,000 214,000 321,000 281,000

Lrb 202,000 166,000 164,000 177,000

Difference(%o) -34 -22 -49 -37

should expect a wider range of coefficient values (as opposed
to laboratory results).

To view these cornparisons against the expected field base
course moduli, backcalculated moduli for test site I were
computed every 50 feet and plotted in Figure 4. Thus, within
only 1,000 feet of a pavement structul.e, these moduli can
easily vary by a factor of about 2.

Subgrade Soil Comparisons

The comparisons of backcalculated and laboratory subgrade
soil moduli for all sixteen test sites are shown in Table 9. As
was done for the base course comparisons, the moduli com-
parisons shown in Table 9 were made at similar stress states.
The observed differences for these subgrade soils are the least
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TABLE 7 COMPARISON OF BACKCALCULATED AND
LABORATORY BASE COURSE MODULI

I 23,000 23,000 0 3.7 4.7 + 1.0

4 45,000 53,000 l8 4.4 4.5 +0.1

5 38,000 60,000 60 5.0 4.3 -0.7

l l 2r,000 2s,000 22 4.2 3.9 -0.3

31.000 36 4.4 4.

Ave¡age 30,000 38,000 28 4.3 4.5 +0.2

Std.Dev. 10.000 15,000 0.4 0.4

TABLE 8 BASE COURSE STRESS SENSITIVITY COEFFICIENTS

Test
Site Solution

Method K

il

NDT/FWD

Låb

NDT/FWD

låb

NDT/FWD

l¡b
NDT/FWD

låb
NDT/FWD

4,680 0.68

7,350 0.49

1,149 l.16

ú,529 0.48

280 t.44

t4,270 0.42

l,590 l. l0
9,010 0.44

r 1,700 0.32

98

9l
92

9l
96

89

96

90
a

92

l5
13.000 0.41

of the three pavement materials being compared. Overall, the
percent differences range from alow of ZVo to a high of. 84o/o,

with the average being 10o/o.Theaverage backcalculated moduli
for all sites is 29,000 psi, compared with an average laboratory
modulus of 26,000 psi. (Recail that the laboratory moduli were
for disturbed, or recompacted, samples.) These differences,
again, should be viewed against the kind of variation one

might expect in a relatively uniform, short length of pavement.
Figure 5 shows the backcalculated subgrade soil moduli for
FWD tests performed every 50 feet for two 1,000-foot long
test sites (test sites 1 and 3). The illustrated subgrade can

easily vary by a factor of 2.
Table 10 is provided to illustrate comparisons of the stress

sensitivity coefficients (&, K.) for the backcalculated and

laboratory moduli. Overall, the agreement is somewhat better

than that observed for the base course comparisons.

SUMMARY AND CONCLUSIONS

A backcalculation program (EVERCALC), which is used to
determine pavernent-layer elastic moduli, has been examined
in two fundamental ways in an attempt to verify the results.

The first verification approach was to compare theoretical and

backcalculated moduli for a range of three-layer pavement
systems. This was accomplished by using the Chevron N-layer

nlP!!y"
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FIGURE 4 Variation of base modulus.
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TABLE 9 COMPARISON OF BACKCALCULATED AND
LABORATORY SUBGRADE SOIL MODULI

Test
Site
No.

Modulus lpsil Moisture Content (%)
NDT/FWD l-ab Dtff . Øo\ Field Låb Diff.

I 26,000 20,000 -21 5.6 7 .3 +t.7
2 21,000 16,000 -23 2.4 ó.0 +3.6

3 15,000 20,000 +32 3.7 6.4 +2.7

4 27,000 49,000 +84 3.8 4.7 +0.9

5 36,000 32,000 -l I 3.5 4.8 +1.3

6 29,000 15,000 -47 9.6 6.0 -3.6

7 39,000 33,000 -14 5.6 s.s -0.1

8 9,000 5,000 -36 2r.5 15.7 -5.8

9 37,000 32,000 - 14 t2.2 12.6 +0.4

l0 39,000 26,000 -32 7.8 9.2 +1.4

I I 26,000 28,000 +8 6.9 I l.l +4.2

rz 36,000 35,000 -2 8.2 9.0 +0.8

t3 36,000 42,000 +t7 10.4 8.2 -2.2

t4 40,000 42,000 +4 10.4 8.2 -2.2

ls 20,000 12,000 -42 13.6 l5.l +l.s
16 20.000 8.000 -59 I 1.8 l2.l +0.3

Avcrdge 29,000 26,000 -10 8.4 8.9 +0.5

Std. Dev. 10.000 13.000 5.0 3.6

M0DULUS 
20

IKS IJ

30

25

t5

t0

5

0

SÏATION

FIGURE 5 Variation of subgrade modulus.

900 r000

differences between backcalculated and laboratory moduli do
not offer a true verification, since laboratory test procedures
of disturbed (recompacted) samples do not necessarily pro-
vide reference (or true) moduli. Further, these observed dif-
ferences are generally much less than the variation of moduli
expected within relatively uniform, short lengths of pavement
(in this case, 1,000 feet).
The following conclusions are offered:

1. The backcalculation of layer moduli from measured
pavement deflection basins appears to provide reasonable
estimates of in situ pavement moduli. Further, moduli can be
estimated for cracked asphalt concrete conditions.

2. The EVERCALC program is a backcalculation proce-
dure which should be of value to the pavement research com-
munity and help meet the needs of road-owning agencies.

800700200r00

elastic analysis program to generate deflection basins for spec-
ified layer moduli and thickness conditions. These compari-
sons showed modest differences (about 8o/o for asphalt con-
crete,6Vo for base course, and less than2o/o for the subgrade).
The largest differences for asphalt concrete were observed
for thin surfaces with low stiffness. As the asphalt concrete
layer thickness increases, both the base and subgrade moduli
differences increased.

The second verification approach was to compare back-
calculated and laboratory moduli based on FWD tests and
field material sampling along with appropriate laboratory test-
ing. The results show the greatest range of differences for the
asphalt concrete layers followed by the base and subgrade
materials; however, large diffelences between backcalculated
and laboratory asphalt concrete moduli should be expected
for those test sites with extensive cracking. The observed

-€- ïS { -+- TS 3



'|.^ÞI T 1O STJBGRADE SOIL STRESS SENSITIVITY COEFFICIENTS

Test
Site
No.

I

Solution
Method

Stress Sensitivity
Coefficients

K R2 (Eo)

ll

NDT/FWD

I¿b

NDT/FWD

l¿b
NDT/FWD

tåb
NDT/FWD

Iåb
NDT/FIü/D

t¿b

NDT/FWD

Iåb
NDT/FWD

I¡b
NDT/FrI¡/D

t¿b

NDT/FWD

Iåb
NDT/FWD

Iåb

NDT/FWD

Iåb
NDT/FWD

Ilb
NDT/FWD

låb
NDT/FWD

Lab

NDT/FWD

Låb

NDT/FWD

Iåb

34,160

16,850

7,600

3,140

20,6r0

16,360

59,0s0

32,680

48,7r0

20,4t0
48,670

I r,750

49,r76

27,360

l1,910

7,290

47,750

24,370

37,270

l I,670

44,730

23,750

21,030

4,640

65,390

26,480

39,260

26,480

28,760

t7,460

34,840

-0.24

0. r7

0.3 r

0.50

-0. l9
0. l3

-0.32

0. l6
-0.t2

0.r6
-0.38

0.20

-0. l9
0. r6
-0.t2

-0. r0
-0.2r

-0.21

0.02

o.l7
-0.44

0. 15

0. l5
0.56

-0. l9
0.r8

-0.03

0. r8
-o.29

-0.32

-0.30

-0.01

89

2t
72

6

72

t7

87

54

99

l6
58

t4

58

42

79

7

59

68

20

50

97

34

76

53

94

2l
29

2t

98

2l
96

2t

t2

l5

50

94

3. The results of backcalculation analyses based on elastic
solutions appear to be influenced by at least the following:

(a) The backcalculation elror is higher for asphalt con-
crete moduli with relatively thin, low stiffness
surfaces.

(b) The base course thickness should be about 1.5 times
(or more) greater than the asphalt concrete surface
course in order to achieve reasonable estimates of
base moduli.

(c) The two sensor configurations on the WSDOT FWD
did not significantly alter the backcalculated moduli.
(One of the two, however, did appear to have slightly
smaller errors.)
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Dynaflect Evaluation of Layer Moduli in
Florida's Flexible Pavement Systems

Kwesr Beou-TwENEBoAH, BvnoN E. RurH, eup Wrr,LrAM G. Mnny

Research conducted to investigate the nondestructive testing
(NDT) characterization of in-place pavement materials has
resulted in the development of a modified sensor spacing for
the Dynaflect. The modified testing configuration provides the
capability to separate the deflection response contributed by
the subgrade, the stabilized subgrade, and the combination of
base and asphalt concrete for typical Florida flexible pavement
systems. Analysis of Dynaflect data for in-service pavements
using an elastic layer computer program resulted in the devel-
opment of simple power law regression equations to predict
layer moduli from modified sensor deflections. This paper pre-
sents the development of the simplified layer moduli prediction
equations, and the recommended testing and analytical pro-
cedures for pavement evaluation investigations. The use of this
simplifïed approach allow a large number of test locations to
be analyzed by eliminating the use of computer.iterative pro-
grams which are usually time consuming, expensive, and often
subject to substantial errors.

Nondestructive testing (NDT) and deflection measurements
are now universally recognized methods for the structural
evaluation of road and airfield pavements. NDT of pavements
has evolved from the very basic Benkelman Beam to the more
refined equipment such as Dynaflect, Road Rater, and Falling
Weight Deflectometer. The Dynaflect is presently the most
commonly used NDT device in the United States for evalu-
ation and design of pavement. Like the Benkelman Beam, a
large number of data has been accumulated with the use of
this device.

The Dynaflect is a steady-state vibratory device that is
instrumented to measure peak-to-peak dynamic deflection on
the pavement surface. It applies a load of 1000 lbs., at a
frequency of 8 cycles per second, through two steel wheels
that are 20 in. apart center to center. The resulting deflection
basin is measured by five geophones spaced 12 in. apart, with
the first geophone located midway between the loading wheels.
These deflection measurements represent the stiffness of the
entire pavement section.

Although some significant accomplishments have been made
in separating the effects of major parts of the pavement struc-
ture, the separation of the effects of all of the various com-
ponents of the structure with deflection basin measurements
has not yet been accomplished. Thus, with the possible excep-
tion of the subgrade modulus, the moduli of the other layers
are estimated using linear-elastic computer-iterative pro-

K. Badu-Tweneboah and B. E. Ruth, Department of Civil Engi-
neering, University of Florida, Gainesville, Fla. 32611. W. G.
Miley, Bureau of Materials and Research, Florida Department
of Transportation, Gainesville, Fla. 32611.

grams, graphical solutions, or nomographs. The major prob-
lems associated with the above solution techniques are that
unique solutions cannot be guaranteed, solutions can be time
consuming, and the expertise required for interpretation may
not be available. The purpose of this paper is to present a

simplified approach that would allow a layer-by-layer analysis
of the Dynaflect deflection basin. Such a simplified approach
would allow a large number of test points to be analyzed and
consequently enhance our ability to carry out mechanistic
pavement evaluation on a routine basis.

BACKGROUND

The Florida Department of Transportation (FDOT) has for
many years been interested in the use of NDT methods for
pavement evaluation to typify pavement response and to pro-
vide information for structural characterization. The Ben-
kelman Beam was used extensively into the 1970s for research
projects and for "troubleshooting" distressed pavernent sec-
tions. The first Dynaflect unit was purchased by the FDOT
in 1966. Initially, it was used as a research tool in combination
with Benkelman Beam and plate bearing tests on pavement
layers. The Dynaflect evolved as a reliable device for assess-

ment of structural response uniformity for Florida's highway
pavement network.

In 1981, the FDOT's Bureau of Materials and Research
pavement section under the direction of tW. G. Miley devel-
oped and adopted a method of predicting the structural subgrade
support value from Dynaflect sensor response. This was based
on correlations between plate bearing moduli and the mea-
sured deflection at the fourth sensor (1). Subsequent use of
the Dynaflect for pavement evaluation and to determine reha-
bilitation design thickness requirements has proven valuable
to the FDOT. However, determination of layer moduli using
elastic multilayered computer programs was time consuming
and often yielded moduli that were outside the realm of pos-
sibility. Consequently, a research project was initiated in 1984

for the purpose of developing simplified methods for the
determination of layer moduli using the Dynaflect.

This investigation involved computer simulation of Dyna-
flect response using ten different sensor positions (figure 1)
for a parametric study of different layer thicknesses and mod-
uli encompassing the range of values encountered in Florida.
The results of the study indicated that modified sensor posi-
tions provided a unique capability for separation of the deflec-
tion response characteristics of asphalt concrete and limerock
base from the underlying materials. Also, power law rela-
tionships for the fifth sensor was found to be reliable in assess-
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FIGURD I Dynaflect modified geophone positions.

ing the subgrade modulus. A series of precliction equations
were developed from the computer-generated information for
the estimation of the moduli in four layer pavement systems
(2, 3). Although the prediction accuracy appeared to be good,
the complexity of the equations and the dependency upon
reasonable estimates of E, or E, to solve for E, or E, , respec-
tively, indicated that further research to simplify and improve
the accuracy of layer moduli predictions would be desirable.

Field tests were conducted on asphalt concrete pavements
using the Dynaflect, Falling Weight Deflectometer (FWD),
cone penetration test (CPT), Marchetti Dilatometer test
(DMT), and plate loading test (PLT). The CPT and DMT
data were collected to evaluate the stlatigraphy of the sub-
surface thatis valuable in tuning moduli for elastic layel anal-
yses based on measured deflection basins (4). A thin layer of
extrernely low or high modulus subglade soil close to the
pavement structure can prevent the matching of mea-
sured NDT deflections when using the composite subgrade
modulus (ão).

The field test data provided Dynaflect deflection values for
standard and modified sensor configurations. Regression
analysis of the data, using moduli values that gave analysis
program BISAR predicted deflections closely matching the
measured deflections, resulted !n simplified power law equa-
tions for prediction of layer moduli (Err, Er, and Eo). The
composite modulus, Er.r, of. asphalt concrete and base course
mociuli can provide a direct means for evaluation of the ade-
quacy of the upper pavernent layers and separation from the
influence of the underlying support layers (E, and Eo). The
estimation of the asphalt concrete modulus (Ë,) from corre-
lations between the constant power viscosity for recovered
asphalts and the resilient modulus (8,) of the mix (5) allowed
for direct computation of the base course moduli (Er).

Pavement evaluation is simplified using the Dynaflect and
these analysis procedures. This simplified approach enhances
our ability to directly determine the adequacy of a pavement
structure and to identify structural deficiencies. Also elastic
layer analysis can be performed to assess wheel-loading con-
ditions at critical temperatures (ó) to aid in determining reha-
bilitation design requirements.

The ensuing discussion presents the results of Dynaflect
tests on various pavements, the development of the simplified
layer moduli relationships, and the recommended testing and

analytical procedures for pavement evaluation investigations.
Finally, an application example is provided.

TEST PAVEMENT SECTIONS

Most of the pavement sections used in the study had been
scheduled for evaluation by the FDOT. These sections, as

listed in table 1, are representative of pavement deflection
response, type of construction, and soil moisture conditions.
The thickness of the asphalt concrete layer ranges from 1.5

in. to 8.5 in., while the base course thicknesses vary from 6.0
in. to 24.0 in. The subbase thicknesses were generally found
to be 12.0 in., except for the SR 24 and SR 80 test sites in
which construction drawings indicated thicknesses of 17.0 in.
and 36.0 in., respectively.

The base course material consisted of limerock except for
SR 12 which was constructed with a sand-clay mixture. In
most cases the subbase material was stabilized either mechan-
ically or chemically with lime or cement. This layer is con-
ventionally called stabilized subgrade by the FDOT. The
underlying subgrade soils were generally sands with clay-silt
layers often encountered at depth, as indicated from the pen-
etration tests (4). In certain locations (SR 715 and SR 80),
clay and organic soil deposits were the primary subgrade layer.
Water table locations inferred from the CPT holes are also
listed in Table 1.

Most of the pavement sections were uncracked or had lim-
ited (hairline) longituclinal and/or transverse cracking. How-
ever, US 441 test section did exhibit block cracking even
though the pavement structure was very stiff. Some segments
of SR 80, a recently constructed highway, were highly dis-
tressed due to construction problems that had resulted in
potholes, ponding of water, and cracks in the asphalt concrete
surface. Therefore, two segments of this roadway were included
in this study: section 1, in which there was no visible surface
distress, and section 2, in which cracks and potholes were
present.

DESCRIPTION OF TESTING PROCEDURES

Testing with the Dynaflect was accomplished using the stan-
dard sensor spacing to identify segments of pavement with
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TABLE 1 CHARACTERISTICS OF TEST PAVEMENTS

Test
Road

County Mile Post
Number

Pavement Thlckness
(in.)

AC Sase

llater
Tabl e
(in.)

SR 264 Gilchrist
SR 268 Giìchrist
SR ?6C Gi lchrist
SR ?4 Alachua

US 301 Alachua

US 441 Columbia

I-l0A I'ladison

I-l0B Madison

I-toc t,|adison

SR l5A I'lartin
SR 158 Mðrtin

SR 715 Palm Beôch

SR 12 Gadsden

SR 80 Paìm Beach

I I.8- I2.0
1¡.I-tt.3
10. t-I0.2
ll,l-11.2
2t.5-21.8
1.2- 1.4

14.0-14. I
2.7- 2.8

32.0-32. I
6.5- 6.6
4.8- 5.0

4.7- 4.8

1.4- 1.6

Sec.l&2

1930( r982) 8.0
1930( 1982) 8,0
1930( ls82) 6.5

t976 2.5
1966 4.5

1960 3.0

t973( 1980) 8.0

1973( 1980) 7.0

r973( r9B0) 5.5

1973 8.5
1973 7.0

1969 4.5
1979 1,5

1986 1. s

9.0

7.5

8.5

I1.0
8.5

9.0
10.4

10.2

10.2

tz.5
12.0

24.0

6.0

10.5

62

44

33

NE**

45

NE

NE

NE

NE

65

65

NE

NE

NE

Year represerìts the approximate date the noôd was bulìt. oates in
parentheses are th€ latest year of reconstruction--overlay, surface
treðtment, etc.

Hater table not encountered åt depth up to 18 ft. Measurements were made
using a moisture meter inserted in the holes produced from cone penetra-
tion test (CPT).

TABLE 2 TYPICAL DYNAFLECT DEFLECTION DATA FROM
TEST SECTIONS

Test Hi ìe Post
Roôd llumber

Deflections (mils)

D.DD^D, D, D"D, o,o

sR 26A t1.912

sR 268 I t.205

sR 26C 10.168

sR 26C 10.166

sR 24 lr.102
us 301 21.580

us 301 21.585

us 301 21.593

us 441 1.236

us 441 1,241

I-l0A 14.062

I-108 2,703
r-loc 32.071

sR 158 4.811

sR t5A 6.549

sR 715 4.722

sR 715 4.720

sR 12 1.485

SR 80 Sec I
SR 80 Sec 2

0.87 0.81

r.28 l. t8
0.89 0.77

0.90 0.77

0.50 0.5r
0.56 0.50

0.62 0.47

0.39 0.43

0.65 0.68

0.73 0.63

0.30 0.29

0.44 0.46

0,70 0.46

l.l0 I.03
1.50 L46
1.37 r,29

1.45 1.38

0.86 0.68

z,tL ?,02

2.41 2.15

0.77 0.68

r.23 t,tz
0.77 0,6?

0.i8 0.68

0.50 0. 33

0.49 0.37

0.46 0.35

0.42 0.33
0.64 0.52

0.57 0.4s

0,28 0. l8
0.40 0.29

0.43 0.30

1.04 0.91

1.48 1.40

t.23 1.08

1.36 1, 15

0.65 0.44

1.89 t.6t
2.05 I .61

0,61 0.53

0.99 0.90

0.53 0.37

0.54 0.44

0.28 0.22

0.34 0,27

0.30 0.25

0.?7 0.23

0.45 0.34

0.40 0.32

0. 16 0. r0

0.25 0.17

0.29 0.22

0,92 0.82

1.36 t,27

I.02 0.96

l. 19 1.07

0,42 0.36

1, 48 1. 37

1.48 t,22

0.45 0.39

0.77 0.68

0.24 0. 16

0.27 0.17

0. 18 0. 15

0.20 0. ls
0,18 0, 14

0. l7 0. l4
0.26 0.22

0,25 0.20

0.07 0.05

0. l2 0.09

0. 18 0. ts

0.75 0.66

l. t4 1.04

0.89 0.8r
1.00 0.91

0.27 0.21

1.07 0.85

0.96 0.74

* Dêflections are for both modified and standard geophone positions.

fairly uniform deflection response. Each segment was tested
at25 f1.. spacings until three or more locations provided essen-
tially identical deflection basins. The modified Dynaflect sen-
sor array was then used to obtain deflection measurements.
These sensors were positioned by hand at.locations designated
as 1,4,7, and 10 (see figure 1). These positions were derived
from the analytical studies (2, 3) that provided the best response
for layer separation. The initial part ofthe field testing involved
placing the extra sensor at position 9 in the modified system

(standard position 4). This procedure was later changed to
placing one sensor near each Dynaflect loading wheel and the
remaining sensors at modified positions 4,7, and 10. In the
latter case, an average value of D, was used in the analysis.
Table 2 presents typical Dynaflect deflection data for the
different test sections.

Temperature measurements were obtained for the ambient
air, the surface of pavement, and in the middle of the asphalt
concrete pavement layer using a temperature probe. The mean
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TABLE 3 TEMPERATURE MEASUREMENTS OF TEST
PAVEMENT SECTIONS

Test
Road

Mi ìe Post
Number

Test
Dôte

lemperature ("F)

Air Surface

SR 26A

SR 268

5R 26C

sR 24

u5 301

us 441

t-l0A

I-t08

l-l0c

SR I5A

sR t58

sR 715

sR 12

sR 80

I I .912

I I .205

10.168

I l. 102

?1.580

l .236

14.062

2.703

32.07 |

6.549

4,81 1

4,72?

1.485

Secl&2

l0- 3 t-85

I t -05-85

i I -05-85

l2-03-85

2- l8-86

2-26-86

3- r8-86

3-25-86

3-26-86

4-28-86

4-28-86

4-29-86

8- ì 2-86

8-19-86

8l

59

o¿

57

69

79

t04

88

106

120

t27

lu
102

94

79 82

45 48

60 60

57 55

63 65

5t 56

84 106

80 tol

82 99

B8 lto

93 lll
80 BB

Bl 9l

B4 96

asphalt pavement temperatures, listed in table 3, were taken
using the probe to measure the temperature of motor oil that
had been poured into a drilled hole in the pavement. The
mean pavement temperature measurements were necessary
for correction of prediction of asphalt concrete moduli from
low ternperature viscosity data of the asphalts l.ecovered from
pavement cores (5).

TUNING OF LAYER MODULI

Moduli for four layer pavement systems were used as input
inJo an elastic layer analysis program (BISAR) for prediction
of the Dynaflect deflection basin. Constant powei viscosity
(n ) versus temperature relationships were d'eveloped using
recovered asphalts tested by the Scheweyer Constant Stress
Rheometer. The recovered asphalt viscosity corresponding to
the average asphalt concrete pavement temperature durìng
D_ynaflect testing was used in previously estabiished equation;
(5) to predict the modulus of the asphãlt concrere layèr (8,).
Values for Er, Er, and Eo were estimated using equations
developed from the analytical studies and reported úy Ruth
and Badu-Tweneboah (2) and Ruth et al. (3). These modulus
values (8,, Er, Er, and Eo) plus layer thicknesses and poisson's
ratios served as the input data for BISAR. The interface
conditions between layers were represented as perfectly rough
(complete bonding). The BISARlpredicted Dynaflect deflei_
tions were then compared to the measured values to deter_
mine if any adjustment of the input moduli was necessary to
achieve a suitable match of the measured deflection basin.
This process of juggling E values is referred to, in this dis_
cussion, as tuning.

Figure 2 illustrates measured and predicted deflection basins
for US 441, SR 80, and SR 24 test sites. Most of the test sites
gave results similar to that of US 441 and SR g0, although

some adjustment in one or more of the layer modulus values
was required. However, efforts to achieve a better fit between
measured and predicted deflections on SR 24 proved to be
fruitless. Evaluation of the stratigraphy using the cone pen-
etration test (cone tip resistance and friction ratio) indicated
that either variable foundation soils or nonvisible cracks had
influenced the deflection response of the pavement. Tables 4
and 5 give the tuned layer moduli and BISAR predicted
deflections, respectively, for each of the test sites.

Regression analyses were performed to evaluate the reli-
ability of the BISAR predicted Dynaflect deflections, Figures
3,4,5, and 6 present the results of the regression analyses
for deflections at modified sensor locations 1.,4,7, and 10,
respectively. In all cases, the high R2 value (R, > 0.96) indi-
cated an exceptionally good correlation between predicted
and measured deflections. The regression equations for Do
and D7 (figures 4 and 5) provided an almost perfect corre-
lation, with the intercept and slope being within 0.015 mils
of zero and 0.018 mils of unity, respectively.

The D, values (figure 3) tended to yield a slightly higher
irltercept (0.065) and slope (1.107) which results in the þre-
dicted deflections being slightly greater tha¡r those measured.
There were four test sites where predicted D, values were
about 0.2 to 0.3 mils greater than the measured D, values.
This difference may be due to sensor placement variation, the
use of single D, measurement in the earlier tests, variation
in measured D, response according to wheel positioning, or
where complete tuning was not achieved (e.g., SR 24).

Except at one site, the D,o values provided an excellent,
highly reliable relationship (figure 6). However, the slope of
0.95 suggests that predicted deflections are about 5 percent
less than measured D,o values. The discrepancy occurs because
the straight line log-log relationship for predicting Eo from
D,o (standard Dr) tends to be a curvilinear (hyperbolic) rela-
tionship for Eo values which fall belorv 1,000 psi or above
200,000 psi (2).
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TABLE 4 TUNED LAYER MODULI FOR TEST SECTIONS

Mlìe Post
Number

Layer Hoduìi (psl)Test
Road

E, E, EE,

SR 264

SR 268

sR 26C

sR 24

us 301

us 301

us 301

us 441

us 441

I.IOA

I -IOB

r-l0c

SR 158

SR I5A

sR 715

sR 715

sR 12

sR 80

sR 80

ll.9l2

I 1.20s

10.168

11.102

21,580

21.585

21. 593

t,236

t.241

14.062

2.703

32.07t

4.811

6.549

4.722

4.720

1.485

Sec I

Sec 2

171500 105000

360000 90000

171500 55000

338260 105000

250000 120000

250000 120000

250000 130000

290000 85000

290000 120000

65000 95000

113000 80000

67000 105000

150000 t20000

150000 120000

92600 75000

92600 65000

400000 120000

100000 45000

100000 26500

70000 14600

60000 7900

35000 28500

75000 38600

60000 38600

75000 42000

80000 44000

60000 27500

75000 28500

89400 105000

65000 60000

85000 40000

75000 8100

40000 4800

50000 6000

45000 5500

75000 26500

18000 5750

18000 5750

TABLE 5 PREDICTED DEFLECTIONS FROM TUNED LAYER
MODULI

llile Post
l{unber

Defìections (rnlìs)Test
Road DDDq56 t0

sR 264 11.912

sR 268 11.205

sR 26C 10.168

sR 24 11.102

us 30¡ 21.580

us 30r 21.58s

us 301 21.593

us 441 1,236

us 441 1.241

I-l0A 14.062

t-108 2.703

I-r0c 32,07t

sR 158 4.811

sR t5A 6.549

sR 7t5 4.722

sR 715 4.720

sR 12 r.485

SR 80 Sec I

SR 80 Sec 2

0.95 0.82

1.25 l. 19

0.93 0.79

0.62 0.50

0.65 0.54

0.59 0.49

0.56 0.46

0.85 0.71

0.73 0.62

0.70 0.35

0.66 0.45

0.83 0.50

1.25 l. l0

1.71 1.56

1.57 1.31

1.71 1.45

0.87 0.73

2.49 2.09

2,92 2,30

0.80 0.78

1.18 r.16

0.76 0.73

0.47 0.45

0.52 0.50

0.46 0.44

0,44 0,42

0.68 0.64

0.59 0.57

0.30 0.27

0.42 0.39

0.46 0.44

1.07 1.05

1.54 1.52

t,27 r.23

1.40 1.37

0.70 0.67

2.01 1.94

2.16 2,07

0.74 0.69

l. 12 1.06

0.65 0.56

0.40 0.35

0.45 0.39

0.40 0.35

0.38 0.33

0.58 0.5r

0.52 0.46

0.22 0.18

0.34 0.28

0.398 0.35

r.00 0.96

1.47 1.42

l. l7 1. l0

1.29 r,22

0.61 0.54

1.80 r.63

1.87 t.67

0.64 0.56

1.01 0.90

0.49 0.37

0.31 0.25

0.34 0.27

0.31 0.24

0.29 0,23

0.45 0.36

0.42 0.34

0.15 0.lt
0.24 0. l8

0.31 0.25

0.91 0.83

0.36 0.26

1.05 0.96

1. l5 1.05

0.48 0.38

1.49 1.25

1.50 1.25

0.46 0.38

0.77 0.66

0.26 0.?0

0.19 0.15

0.19 0. t5

0.18 0.14

0. 17 0. 13

0.27 0.21

0.26 0.20

0.07 0.05

0.13 0.10

0. 19 0. l5

0.72 0.63

0. 13 1.00

0.86 0.76

0.94 0.83

0.29 0.22

1.01 0.85

1.01 0.86
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DEVELOPMENT OF SIMPLIFIED LAYER
MODULI EQUATIONS

Since the tuned layer moduli provided predicted Dynaflect
deflections that correlated exceedingly well with the measured
deflections, regression analyses were performed to assess the
relationship between

o Composite modulus of asphalt concrete and base course
layers (E,r) and D, -Do.

o Subbase or stabilized subgrade modulus (E¡) and Do- Dr,
and

o Subgrade modulus (Eo) and D,o.

As mentioned previously, these sensor deflections were
selected from the analytical studies (2, 3) because they were
related to the moduli of specific layers. It was necessary to
combine the asphalt concrete and base course moduli because
the analyses had indicated that no sensor location or com-
bination of sensor deflections was suitable for separation of
E, and Er. The series of equations (2, 3) developed for pre-
diction of either E, or 8, from D,-Do, with a reasonable

MEASURED D4 (mits)

FIGURE 4 Relationship between predicted and
measured sensor 4 deflections.
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(N 
= 23, B2 = 0.997)

D7p :0.0152 + 0.9903 D7¡

MEASURED D7 (m¡ls)

FIGURE 5 Relationship between predicted and
measured sensor 7 deflections.

estimate of Eror 8,, respectively, albeit their high degree of
prediction accuracy, were considered to be too complex for
routine evaluation of pavements. Therefore two equations
were employed to combine E, and Erto a composite 8,, value.
The first formula is essentially a weighted average formula,
and is of the form

2.O

ø

E ''u
ô
E t.o
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õ
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0.5

EJ, + E.t.
D - ---:-:----------" tt+t2
where

8,, : composite asphalt
modulus,

Er = modulus of the asphalt concrete layer,
Ez : modulus of the base course layer,
fr : the thickness of the asphalt concrete layer, and
tz : the thickness of the base course layer.

Equation 1, which is a commonly used weighting formula,
has been previously utilized by Vaswani (Z) to combine pave-
ment layers over the subgrade. The second method used to
combine ã, and E, follows the approximation suggested by
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Thenn de Barros (8). The equation is of the form

0.01 0,1 1.0 10

Do - D, (mlts)

FIGURE 9 Relationship betrveen E, and Do - D1,

The relationship between E3 and Do- D., is illustrated in
figure 9. The results of the regression analysis is fairly good
except the range in E, values is narrow and limited to only
two values below 20 ksi (SR 80). Additional test data in the
lower range would be helpful in either verifying the validity
of the E3 prediction equation or modifying the regression
equatio¡r.

Subgrade modulus prediction equations and the modified
Dynaflect sensor 10 deflection values are shown in figure 10.
The simplified equation was originally developed using data
collected in Quebec, Canada, and Florida (2). The results
from this earlier study are not included in figure 10. From a
practical standpoint, there is very little difference between
the E4 prediction equations. This difference is not significant
enough to warrant the use of one equation in preference to
the other, except when D,n is less than 0.06 mil or much
greater than 1.0 mil. Prior analyses (2, 3) using the simplified

0.1 1.0

Dt - D4 (mils)

D_Ll2 - (2)

where the variables are as previously defined.
Figures 7 and 8 present the relationships between 8,, and

Dr- Do for each of the weighting methods. There is very little
difference between modulus deflection relationship for the
standard weighting merhod (Eqn. 1) and the Thenn de Barros
formula (Eqn. 2), as shown in figure 7 and figure 8, respec-
tively. It would appear that either method would be suitable
for defining ,E,, although the difference between methods is
greatest with low 8,, values and high Dr-Do values (e.g.,
En < 34.0 ksi, and Dr-Do > 1.0 mil). As will be shown
later, E, can be computed directly using ,Er2 and either lab-
oratory-measured E, values or E, values predicted from con-
stant power viscosity (n ).

o
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Eo prediction equation had indicated overprediction of weak
subgrades (E < tO ksi) and underprediction of high or stiff
subgrades (Eo > i00 ksi).

The findings from this investigation indicated that separa-

tion of loaded areas produces "double bending" which allows
for the optimization of sensors to separate layer response.

Double bending occurs when two loads are spaced a sufficient
distance apart to produce two interacting deflection basins.

Proper selection of load and sensor spacing provides deflec-
tion measurements that are directly related to the stiffness
(modulus) of each pavement layer. Therefore, the unique
load-sensor configuration obtained in this study made it pos-

sible to develop simplified (power law) equations for predic-
tion of layer moduli. If desired, the predicted layer moduli
can be used as "seed moduli" in iterative elastic multilayer
computer programs. The results of another investigation dem-
onstrated that predicted E, and ðo values are reliable and

seldom require much adjustment or tuning to match the mea-

sured deflection basin (9). It appears that the most desirable
approach in computer simulation is to use Er and Eo as fixed
values with predicted E, and E, values as "seed moduli" for
iterative or judgment modified analysis.

RECOMMENDED TESTING AND ANALYSIS
PROCEDURES

General testing requirements and procedures for analysis of
Dynaflect data for pavement evaluation studies follow:

L. Pavement and air temperature data: Air and pavement
surface temperatures can be obtained at suitable intervals
during Dynaflect testing using handheld or pocket probe,
thermister, thermocouple, or other temperature measuring
devices. The mean pavement temperature can be determined
by recording the temperature of oil potrred into a 3/s' or V2-

inch-diameter hole drilled with a masonry bit into the pave-

ment within about a half-inch of the total thickness of the

asphalt concrete. One location for a segrnent of roadway may

be sufficient provided that solar radiation and wind effects

are fairly uniform and do not vary enough to alter the average

temperature more than -+ 2oF.

It is recommended that conventional pavement response

measurements (e.9., Dynaflect) be obtained when pavement
temperatures are between 30'F and 85'F. High pavement tem-
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peratures may affect the deflection measurements and make

it difficult to achieve reliable results. This is particularly true
where binder viscosity and E, are very low, resulting in exces-

sive volume changes near the loaded area and erroneous
deflection measurements.

2. Conduct Dynaflect tests at the desired interval (longi-
tudinal distance) with the sensors at locations conforrning to
those shown in figure 11. Due to the potential for eccentric
loading and variations in pavement response for sensors 1 and

2, it is required that the average value be used in the analysis.
3. Check whether measured deflections are within these

limits:

0.56 < D, or D, < 2.92 mil

0.n < D. < 2.07 mil

0.15 < D. < 1.50 mil

0.05 < D' < 1.00 mil

and also that the following criteria are met:

0.09 < Dt + D2 - ZDt < 0.85 mil

0.12 < D, - Do < 0.57 mil

These criteria conform approximately to the following range

of layer moduli and thicknesses:

65.0 < E, < 400 ksi 1.5 < tr < 8.5 in.

26.0 < Ez < 130 ksi 6.0 < t, < 24.0 in.

18.0 < E3 < 90.0 ksi 12.0 < /3 < 36.0 in.

5.0 < E'o < 105 ksi f¿ : semi'infinite

Note that for the prediction equations, E, is in ksi, f, in in.,
and D, in mils. Also extremely high or low Dr values, outside

the stipulated range, may be used for estimates of Eo from
1.0 to 200 ksi.

4. If the above conditions are satisfied proceed to step 5.

If not, check deflection measurements and then go to step 3'

If the checked deflections do not meet conditions in step 3,

proceed to step 5 considering that the predictions may be

approximate or significantly in error.
5. Obtain pavement layer thicknesses from construction

drawings or by coring.

r'{<-rz" -+1.-32"-{o-
3

O ceophono
1;5 Number

FIGURE f l Schematic of Dynaflect loading and sensor positions
in the modified system.
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6. Calculate colnposite modulus, 8,, rrsing Equations 3
and 4.

105

9. lf. Et is known, calculate E, using ^E,, from Equation 4
and the explicit form of Equation 2 as follows:

En = 60.611,(Dt + Dz - 2Dr)-o.ttt

En:59.174(Dt + D2 - 2Dr)-o.aos

(3)

(4)

Er=l (t, + tr)(Err)tt3 - t,.(8,)"'
(2a)

7. Estimate E, from recovered asphalt viscosity-tempera-
ture-modulus relationships or from dynamic indirect tensile
tests on pavement cores (5, 9). In Florida, å, can be estimated
using the relationships illustrated in figure 12.'fhe relation-
ship for pavements with no visible cracks can be used to
determine E, for the average pavement temperature during
Dynaflect testing. Ifthe pavement exhibits extensive cracking
(e.g., alligator cracking), E, will be reduced considerably,
even approaching the rnodulus (Er) of the granular base course.
It may be impossible to estimate a realistic E, value that would
simulate the rneasured deflection basin using elastic layer
computer programs.

The relationship for considerable cracking in figure 12 can
tre used when pavement cracks are spaced sufficiently to elim-
inate their influence on the Dynaflect deflections. This would
apply to pavement sections that have uncracked segments
within cracked segrnents. In this situation higher deflections
and lower subgrade or stabilized subgrade moduli may cause
the overstressing of these cracked segments. Analysis of the
cracked pavements using the ð,,,,"* relation from uncracked
segments could be performed using the ð, and E values
predicted for clacked segments to verify high stress levels and
the cause of cracking.

8. If Er is known, calculate E, using 8,, fr.om Equation 3
and the explicit form of Equation 1 as follows:

Ez:
Err(tr+t?,)-Ell

t2
(1a)

MEAN PAVEMENT TEMPERATURE, T ('F)

FIGURE f2 Relationship between asphalt concrete
modulus D, and mean pâvement tenrperâture.

10. Compare E, from steps 8 and 9; use an average if
possible.

11 . If ¿'r is unknown, use an average value of .E,, calculated
from Equations 3 and 4, if possible, and l, + f, as cornposite
layer thickness.

12. Calculate E, using Equation 5:

Es : 8.7541 (D, - Do¡'r.o'tro

13. Calculate Eo from Equation 6:

Ec : 5.40 (D'¡'' n (6)

Note that in Equations I through 6 rnodulus E, is in ksi,
deflection D, is in mils, and thickness, t, in in.

14. Use Er, Er, or Err; Er; and ã. in an elastic layer com-
puter pl'ogram to calculate Dynaflect deflections, D, through
D, with coordinates corresponding to that of figure 11. Rea-
sonable values of Poisson's ratio can be assumed without much
error on the predicted deflections.

15. Compare measured with predicted deflections; adjust
layer moduli to match measured deflections, as required.

The above steps or algorithms have been incorporated into
the BISAR elastic layer computer program to perform the
iteration after the initial computation of the ,,seed moduli."
The iteration process is interactive and user-specified with
respect to the modulus value to be adjusted to achieve the
desired tuning.

The FDOT currently has three Dynaflect units, one of which
has been modified to rneet the systern described in this paper.
Current plans are to use the standard and modified systems
side by side in their research and routine pavement evaluation
studies. The Department has also installed microcomputers
in the Dynaflect vehicles to allow for on-site assessment of
measured data and analysis. With the accumulation of a suf-
ficient data base, it is hoped that the modified system will
eliminate the many hassles associated with the interpretation
of Dynaflect deflection basins.

APPLICATION EXAMPLE

The following example is provided to illustrate the use of the
pavement layer moduli prediction procedures. Dynaflect tests
were conducted on SR 24 in Alachua County on January 30,
1987. The air, surface, and mean pavement temperatures dur-
ing testing were 65", 62o , and 60oF, respectively. Sensor deflec-
tions in the modified system (figure 11) for Milepost 11.122
were 0.83, 0.63, 0.56, 0.32, and 0.16 mils. Pavement layer
thicknesses for the asphalt concrete, limerock base, and the
stabilized subgrade was determined to be 2.5, L|.0, and 17.0
inches, respectively.

The composite modulus 8,, was found from Equations 1

and 2 to be 148.6 and 141.0 ksi, respectively, resulting in an
average value of 144.8 ksi. The stabilized subgrade and subgrade
moduli were computed to be 41.6 ksi and33.75 ksi, respec-
tively. From figure 12, using a temperature of 60"F, E, was

(s)

Er@= 1.453 x i06pst¡.Ox rdo na¡

oN
No Vlslblê Cracks

05

togq:6.4147.0.01487

(R2=0.967,n=l¡)
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TABLE 6 LAYER MODULI AND PREDICTIONS IN
EXAMPLE PROBLEM

a ) Layer Modu I i

Modul us (psi )
Layer

3-Layer* 4-Layer

.TRANSPOR'I'AT-ION RESEARCH RECORD I 196

maintained constant, and the iteration process was seeded

with the calculated modulus values from the prediction equa-

tions for the other layers. The third case is similar to case 2

except that both E, and Eo were kept fixed. It is interesting
to note that in all cases, BISDEF predicted higher E, than
82. CPT logs on this site did not indicate any possible weak-

ness of the base course laYer.

CONCLUSIONS

A nondestructive testing procedure using a modified Dyna-

flect sensor configuration has been developed and recom-
mended for flexible pavement evaluation studies in Florida.
This technique provides the capability of separating the
deflection response of each layer in a four-layer asphalt con-

crete pavement system. Analyses of Dynaflect data from test

pavements with a wide variety of subgrade soils (muck to
rock) resulted in the development of simple power law regres-

sion equations. The layer modulus prediction equations pre-

sented in this paper are applicable to the following range of
parameters:

65.0 < E, < 400 ksi 1.5 < ,r < 8.5 in.

26.0 < E, < 130 ksi

18.0 < E3 < 90.0 ksi

5.0 < E" < 105 ksi

6.0 < t, < 24.0 in.

12.0 < t, < 36.0 in.

/¿ : semi-infinite

TABLE 7 BISDEF SOLUTION FOR EXAMPLE
PROBLEM

a) Layer nodul i

Hoduì us (psi )
Lôyer

case l(a) case z(b) case 3(c)

Asphaìt Concrete

Li¡nerock Bðse

Stôbl I ized Subgrade

Subgråde

144 790

41587

33750

336000

10854i

41587

33750

336000

95000

55000

34000

b) Sensor 0efìections

Predicted Deflections (miìs)senson Heasured
Number Deflections 4-Layer Tuned

l**

2**

3

4

5

0.73

0.73

0.56

0.32

0. 16

0. 755

0.755

0.555

0.399

0.171

0. i50

0. 750

0.569

0.394

0. li0

0. /33

0.733

0.534

0.365

0.167

Composite modulus, E,,
the 3-layer case.

An avenage vaìue of 0,

estimated to be 336.0 ksi. The value of E, was then calculated
from Equatio¡rs 1a and 2a to be 105.9 ancl 111.1 ksi, respec-

tively, with an avel'age of 108.5 ksi being used in the analysis.

Table 6 sumrnarizes the layer ¡noduli and BISAR deflection
predictions for the calculated or "seed" moduli and the "final"
moduli after tuning.

The BISDEF computer plogra¡n (/0) was used to compute
the moduli of the pavement for comparison purposes. It was

not feasible to model the modified sensor configuration (fig-
ure 11) in BISDEF, so the corresponding standard array
deflections were used. The use of the iterative program required
that a rigid layer (E = 1,000,000 psi) be placed at some user-

specified depth below the subgrade. The reason for using a

finite subgrade thickness, and hence a five-layer system, is to
limit the lateral extent of the calculated deflection basins, and

presumably it approximates the response of a more realistic
subgrade with a modulus of elasticity that increases with depth.

Although BISDEF (10) recommends a subgrade thickness of
240 in., a value of 999 in. was used in the analysis. It was

necessary to simulate the BISAR four-layer solution pre-

sented in table 6 as much as possible, and sensitivity analysis
(9) had shown that there was negligible difference in deflec-
tions if a subgrade thickness of 30 ft. or more is used. Also,
cone penetration tests (4) conducted on that section of high-
way to a depth of.22 ft. did not indicate the presence of
bedrock or a hard layer.

Table 7 lists BISDEF solution using the. standard Dynaflect
deflections for three input conditions. Case 1, in which BIS-
DEF used its default moduli to determine the four modulus
values, predicted unreasonably high Et and E values. In case

2, the E, value from figure 12 was input into BISDEF and

(a) Using BIS0EF's default Íþduli

(b) E, value fixed and caìcuìated

(Table 6) used as seed moduìi.

(c) E, and Eu fixed, calcuìated E2

seed noduli in BISoEF.

is calculated for

and D2 is used in

Er and E2 in

the anðlysis.

Asphalt Concrete

Limerock Base

Stabi I ized Subgrade

Subgrade

1000000

59711

t50000

2B998

336000 336000

62330 67761

80000 80000

35604 34000

b) Sensor Defìections

Senson I'leasured
Number 0efìections

Predicted Defìections (miìs)

Case l(a) case 2(b) Case 3(c)

I

2

3

4

5

0.55

0.35

0.23

0.19

0. t6

0.5

0.4

0.3

0,2

0.?

0,5

0.4

0.2

0.2

0.1

0.5

0.4

0,3

0.2

0.2

in the iteration process.

82, E3 ônd En values

and E3 vaìues used ðs
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The advantages of the technique are:

1. An on-board computer (PC) can compute predicted
moduli for a four-layer pavement system and print out deflec-
tion response and layer moduli profiles superimposed in graphic
format for visual interpretation of lineal segments of highway
pavement.

2. The deflection response of sensors 1,2, and 3 (see fig-
ure 11) separates the stiffnesses of the asphalt concrete and
base course from the underlying support layers. Changes or
differences in the average D, and D, values can be assessed

to determine if E, or Eo has produced the change, or if 8,,
indicates stronger or weaker pave¡nent structure.

3. Predicted Er, 8r,E,, and Eo values appear to be more
reliable than a four-layer iterative approach.

4. Improved results from iterative procedures seem feasible
using predicted layer rnoduli as "seed moduli" or E, and Eo

being fixed with predicted E, and E, values as the "seed
moduli" in the computer iteration process.
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Compaction Specification for the Control of
Pavement Subgrade Rutting
HaNr A. Lorrr, Cnenrns W. ScnwARTZ, aNo MarrHEw W. Wrrczex

Soil compaction is a primary measure for controlling perma.
nent deformations of pavement subgrade materials. Major
parameters in any compaction specification include the com-
paction moisture content, compacted density, and depth of
compaction. An analytical procedure for predicting subgrade
rut depth (permanent deformation) based on the resilient and
permanent deformation characteristics ofthe subgrade is pre.
sented. Rut depths associate¡l with a range of values for the
major compaction parameters are evaluated for highrvay pave-
ments using this nerv procedure. The analytical results suggest
a nerv criterion for compaction moisture content that minimizes
subgrade rutfing. Contour plots illustrating the trade.offs among
compaction level, compaction depth, and natural subgrade
conditions are also presented

Accurate assessment of pavement perforrnance throughout
its service life is an essential component of pavernent design.
One of the key factors governing the performance of flexible
pavements is the perrnanent deformation or rutting of the
pavement layer materials.

The subgrade is often responsible for much of the perrna-
nent defor¡nation in flexible pavements. In many cases where
the in situ soil can withstand a specific vehicle-pavement-
traffic combination without failure or excessive deformation,
it can be used directly as the subgrade material. If, on the
other hand, the in situ soil is not suitable or is below the
required elevation, imported subglade materials may be
required to support the pavement structure. The compaction
process used in placing this imported subgrade soil then becomes
an important step in the design process.

A primary objective of compaction for highway and airfield
pavements is minimization of the deformations of the subgrade
soil, especially those caused by the initial load repetitions.
Current subgrade compaction specifications from different
highway agencies are summarized in table 1. These specifi-
cations are largely empirical, relying heavily upon previous
engineering experience. The data in table 1 indicate some
disagreernent between use of the AASHTO T-180 (modified
Proctor compaction energy) and the AASHTO T-99 (stan-
dard Proctor compaction energy) test specifications.

One quantitative criterion for comparing existing empirical
compaction specifications or for developing new specifications
is the rut depth at the top of the subgrade layer. Rut depth
magnitude can be evaluated either by structural analysis of
the layered pavement system or by statistical analysis of past
performance data. The present study is an example of the
first approach.

H. A. Lotfi, Cairo University, Giza, Egypt. C. W. Schwartz and
M. Witczak, University of Maryland, College Park, Md. 20742.

In this study, a nonlinear analytical methodology for cal-
culating subgrade rut depth is presented and used in a series
of analytical studies to evaluate the influence of various com-
paction parameters on subgrade rutting. Four specific com-
paction parameters are explicitly considered: (a) compaction
moisture content; (b) compacted density (defined here as the
percent compaction relative to the modified Proctor maxi-
rnum density); (c) compaction depth; and (d) narural subgrade
condition. A widely used empirical compaction specification
for highways is evaluated using this methodology. Finally,
some guidelines for more rational compaction specification
for cohesive subgrade soils a¡'e drawn from the analysis results.

SUBGRADE RUTTING MODEL

In pavement structures subjected to cyclic loading, the cumu-
lative perrnanent vertical strain after N cycles of loading, rr,.(Ð,
can be calculated as the sumrnation of the incremental per-
manent strains developed in each cycle:

N

srfM) = ) r,,(/)
l=l

in which eo(/) is the inclemental permanent strain for.the 1th
loading cycle. F.quation I is represented graphically in fig-
ure 1 , where linear behavior is assumed. Because of the plastic
nature of pavement and subgrade materials, the loading mod-
ulus, [,o, is iu general not equal to the unloading resilient
modulus, M,.

A relationship between E,oand M,(10) can be developed
based on the following the typical relationship between er,"(N)
and N suggested by Monismith (8) and Barksdale (3):

e,,"(N) : aNb (2)

in which a and b are empirical material constants determined
from a plot of log eo.(N) vs. log N. The incremental per-
manent strain caused by the Mh load lepetition is obtained
by differentiating Eq. 2:

deo,(N)_^/À,\_^r-r
-iN : s'(N) = abNt''t (3)

The resilient vertical strain due to unloading during the Nth
cycle, e,(N), is commonly assumed to be independent of the
number of cycles (10), i.e.:

e,(N) = e,

Dividing Eq. 3 by e,:

u,(N) 
= Q ¡¡0.,

et E'r

(1)

(4)

(s)
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TABLE 1 EXAMPLES OF COMPACTION LEVELS SPECIFIED BY
VARIOUS HIGHWAY AGENCIES

Federaì Highway Adninistration (4)

AASHTo (1)

Asphalt Institute (2)

90% AASHTo T-99

95% AASHTo T-99

957. AASHT0 T-180 (top 12 in.)

90% AASHT0 T-180 (below)

95% AASHT0 T-180 (top 12 in.)

92% AASHTO T-180 (below)

For convenience, Eq. 5 can be simplified by defining two new
material parameters:

abp-': (6)
e,

c=l-b (7)

Eq. (5) then becomes:

eo(N) = o,þN-" (8)

On the other hand, as shown in figure 1:

er(N) = e,(N) - e, (9)

in which e,(N) is the total loading vertical strain developed
during the Nth load cycle. By assuming linear stress-strain
behavior during loading and unloading with different moduli

FIGURE I Strains developed
during cyclic loading.

aa
u,
ccFø

l4aryìand State Highway Administration (7)

Indiana State Highway Administration (5) 95% AASHTO T-99

Colorado State Highways (9)

Note: AASHTO T-99 = standard Proctor test

AASHT0 T-180 - modified Proctor test

95% AASHT0 T-99 or

90% AASHTo T-180

E,"and M,,the total and resilienr strains in the vertical or z-
direction can be represented respectively as

1ol
t,, = ffi[o. - u(o, + oy)] = Eñ (10)

and

1oI
".: M,[o, - v(o, + or)) = ;, (11)

in which d" = o, - u(o, * or) and v is assumed the same
for both loading and unloading. Combining Eqs. 8, 9, 10, and
11:

ol ol o1
e,(N) = Eñ- *,: ñ,*N-" (12)

Rearranging Eq. 12:

M-E,(N) (13)

Based on Eqs. 1 and 13, the following procedures can be used
to calculate rut depth:

(1) Determine the stress-dependent unloading (resilient)
modulus, M,;

(2) Use M, in a multilayer elastic solution to calculate the
pavement recovery deformation during unloading, ô,,,¡o (con-
stant for all N);

(3) For a specific load cycle N, determine E"(N) using Eq.
13;
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(4) Use 8,"(N) in a multilayer elastic solution to calculate
the pavement deformation during loading at cycle N, ô¡"(N);

(5) Determine the incrernental permanent deformation at
load cycle N, ôe(N) = ô"(N) - ô,,roi

(6) Repeat steps 3 to 5 for various N values;
(7) Determine the total accumulated rut depth at load cycle

N by numerical integration of the values obtained in step 5.

COMPUTER SOLUTION ALGORITHM

The computer program ERHAP (Evaluation of Rutting for
Highway and Airfield Pavements) follows the procedure
described in the preceding section to calculate the rut depth
at the top of the subgrade layer for flexible pavement systems.
The unloading deformation is computed from the cyclic stresses

and the resilient modulus using the following equations to
represent the stress dependency of the pavement layers:

For cohesive soils:

M, = kt o¿'k'

For cohesionless soils;

(14)

M, : kr 0k' (15)

in which k, and k, are material coefficients, o., is the cyclic
deviator stress, and 0 is the bulk stress.

Stress states cannot be computed without specification of
the moduli for the various soil layers in the pavement, and
the moduli cannot be determined without knowledge of the
existing stress states. Consequently, the solution must be
obtained through an iterative procedure. Starting with an ini-
tial assumed value of modulus for each stress dependent layer,
stress states due to a specific load configuration are evaluated
using multilayer linear elastic theory. Updated moduli values
are obtained from these computed stresses using Eqs. 14 and
15. The process is repeated until the differences between the
calculated stresses at successive iteratio¡r cycles are within a
specified tolerance level.

The computer program BISAR (11), developed by the Shell
Oil Company, is incorporated in ERHAP as a subprogram
for calculating the stresses at the mid-depth of each layer.
The BISAR program is based on multilayer linear elastic
theory and is capable of analyzing stresses, strains, and defor-
mations for multiple load conditions.

For rut depth calculation, ERHAP again employs the BISAR
program as a subprogram to compute the vertical deformation
at the top of the subgrade soil. The nonlinear lesilient moduli,
calculated iteratively as described above, are used as unload-
ing moduli for the calculation of the unloading recoverable
deformation, ô,,,,,,. The value of the loading modulus is deter-
mined at each load cycle for each subgrade layer using Eq.
1.3, and the incremental loading deformation ô¡"(À/) is calcu-
lated by BISAR. Note that the stress dependence of the load-
ing modulus is incorporated through the M, material param-
eter in Eq. 13. The incremental permanent deforrnation ôr(N)
is then:

ôr(N)=ô,o(N)-ô,,,,,o (16)

Values of ôo(N) are calculated at various values of N = N¡
and the cumulative permanent deformation or rut depth, RD,
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.20246810
WATER CONTENT BEYOND OPTIMUM

FIGURE 2 Values of p at different
dry density-compaction moisture
combinations (soaked condition).

is evaluated at the final load cycle by numerical integration:
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INFLUENCE OF COMPACTION PARAMETERS
ON SUBGRADE RUTTING

The permanent deforrnation at the top of the subgrade is used
in this study as the principal criterion for evaluating compac-
tion specifications for subgrade soils. The soil pararneters ¡r,,
c, and CBR for a typical cohesive soil at different compaction
conditions are shown in figures 2 through 4 (ó). Other soil
properties are summarized in table 2.The p" and o parameters
will in general l¡e functions of soil type, moisture content,
and compacted density. The influence of stress level on these
parameters for this soil is negligible (ó). The p and c coef-
ficients are used as input to ERHAP to calculate rut depths
for different compaction conditions. The CBR values are used

26 28 30 32 34 36

coMPACT|ON MOTSTUBE CONTENT (%)

FIGURE 3 Values of c at different dry
density-compaction moisture combinations
(soaked condition).
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-20246810
WATER CONTENT BEYOND OPTIMUM

FIGURE 4 Values of CBR at different
dry density-compaction moisture
combinatíons (soaked condition).

to predict the nonlinear resilient modulus using the empirical
relation (ó):

log M,: 1.0016 + 0.0430(cBR) (18)

- t'sssl (#) - o'17o5 rogo.,

in which M, is in ksi, ôo is in psi, and CBR is in percent.
As the soaked CBR condition is the critical case for eval-

uating subgrade strength in highway pavement design, values
of p and a at the soaked condition were accordingly used in
all analyses reported here. Note that even if a flexible pave-
ment section is located in a dry environment, the permanent
deformation that occurs during a short wet season is substan-
tial and will often control the design.

As noted earlier, there is wide variation among the com-
paction specifications of different highway agencies. The
Asphalt Institute compaction specification (2) was chosen for
investigation in this study because it is the most comprehen-
sive, i.e., all four major compaction parameters are consid-
ered: compacted density, compaction moisture content, depth
of compaction, and natural subgrade co¡rdition. The Asphalt
Institute compaction criteria for cohesive soils require a den-
sity not less than 95 percent of the AASHTO T-180 (modified

TABLE 2 PROPERTIES OF COHESIVE SOIL USED IN
sruDY (ó)

W

USCS Class:

Plastic Limit:

Liquid Linit:

Clay content:

(available fron The Feldspar Corp.'

Spruce Pine, N.C.)

l.tL

4t.9%

48.27

34% (particìes smaìler than 0.002 nn.)

lll

Proctor) density for the top twelve inches of subgrade and 90

percent for below. The compaction moisture content must be

within one to two percentage points below the modified Proc-

tor optimum water content.
Typical highway loads are represented in the analyses by a

standard 18-kip single axle load (i8 KSAL) with one million
repetitions. This loading condition was used in conjunction
with the AASHTO flexible pavement design procedures in
all cases analyzed. A schematic pavement section is shown in
figure 5. This pavement section, together with the standard
highway loading, was used to investigate the influence of the
various compaction parameters.

Compaction \{ater Content

As shown in figure 3, each compaction level has an associated
compaction water content at which p is minimized. Concep-
tually, this should also represent the optimum condition for
minimizing subgrade rutting. The relationship between com-
paction level and water content for minimizing p can be rep-
resented by the regression equation:

w":32.t-0.332(PC) (R2 = 0.97) (1e)

in which wo is the percentage point difference between the
compaction moisture content and the modified Proctor opti-
mum moisture content and PC is the relative compaction in
percent based on the modified Proctor maximum dry density.

From figure 4, a different PC vs. wo relationship is found
to maximize CBR. This relationship can be represented by
the regression equation:

w"=39.6-0.392(PC) (R' = 0.99) (20)

Both CBR and p affect rutting magnitude. To investigate
the relative importance of these two parameters, rut depth
was calculated at different values of wo for two pavement
sections, one resting on a uniform subgrade with PC = 95
percent and the other on a subgrade with PC = 90 percent.
One million 18-KSAL load repetitions were assumed in each

case. As is clearly shown in figure 6, the compaction moisture
content corresponding to the minimum p-value produces less

rutting than does the compaction moisture content corre-
sponding to the maximum CBR. Consequently, the relation-
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The relation between RF and wo is shown in figure 7. The
RF values are always greater than one, implying that the
lowest rut depth is obtained by varying wo with pC as pro-
posed in Eq. 19. Compacting wet of optimum as specified by
Eq. 19 reduces the rut depth by 35 percent from that obtained
using the Asphalt Institute specification of 1.5 percentage
points dry of optimum (i.e., wo = - 1.5).

Compaction Level

Rut depths corresponding to five different compaction levels
and three different thicknesses for the top subgrade layer were
calculated. The five compaction combinations considered were
as follows:

1. As specified by the Asphalt Institute (95 percent com-
paction for the top layer and 90 percent below)

2. Three percentage points dry of specifications (92 percent
compaction for the top layer and 87 percent below)

3. Five percentage points dry of specifications (90 percent
compaction for the top layer and 85 percent below)

4. Two percentage points wet of specifications (97 percent
compaction for the top layer and 92 percent below)

5. Five percentage points wet of specifications (100 percent
compaction for the top layer and 95 percent below)

The three different thickness values (d,) considered for the
top subgrade were 6, 72, and24 inches; recall that the Asphalt
Institute specifies 12 inches. The AASHTO design procedure
was used to determine the required thicknesses for the pave-
ment layers. In this procedure, the total pavement thickness
is dependent on the compaction level of the top subgrade
layer. The p, c, and CBR values for each subgrade layer were
taken from figures 2,3, and 4 while M,was calculated from
Eq. 18.

Subgrade rut depth was calculated at one million 18-KSAL
load repetitions for each of the 15 combinations of compaction

-1

WATER CONTENT BEYOND OPTIMUM

FIGURE 6 Influence of compaction moisture
content on rut depth at different compaction
levels.

ship between compaction moisture content and percent com-
paction given in Eq. 19 is the more suitable criterion for
compaction moisture control.

The reduction in rutting resulting from this proposed com-
paction moisture criterion can be illustrated by calculating the
rut depth at the top of a subgrade compacted to the Asphalt
Institute's minimum compaction level requirements (95 per-
cent for the top twelve inches and 90 percent below), For
compaction moisture contents based on Eq. 19 (*" : 0.6
percentage points for PC = 95 percent and 2.3 points for
PC = 90 percent; see Eq. 19), the calculated rut depth is
0,382 inches. For comparison, rut depths were calculated at
the same compaction levels but at a variety of uniform mois-
ture contents. A normalized rut depth factor RF is defined
as

¡p = (Computed Rut Depth) I 0.382 in. (2t)
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FIGURE 7 Influence of compaction
moisture content on rut depth factor for
Asphalt Institute compaction specification.

PERCENT COMPACTION BEYOND SPECIFICATION

FIGURE 8 Influence of compacted density of
top compacted subgrade layer on rut depth
factor.
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level and compaction depth (5 values of PC and 3 values of
d,). The normalized rut depth factors determined using Eq.

20 are summarized in figure 8 for d, = 12 inches. The rut
depth factor increases significantly for negative PC" values

(PC" is defined as the percentage point difference between

the actual percent compaction and that specified by the Asphalt

Institute). An increase in compaction level by 5 percentage

points reduces RF from 1.0 to 0.7 while a decrease in com-

paction level by the same amount increases RF to 2.3.

The results to this point are all based on traffic levels of
one million repetitions of the standard 18-KSAL vehicle. The

influence of the number of load repetitions on the RF-PC"

relationship was investigated by analyzing repetition levels of
50 thousand and 20 million. The variation in normalized RD
with PC" for different numbers of repetitions is shown in
figure 9; the normalization factor used in the denominator of
Eq. 21 in these cases is the rut depth computed for the spec-

ified traffic conditions and based ttpon a pavement design and

compaction conditions as specified by AASHTO and the

Asphalt Institute. The normalization process largely compen-

sates for the effect of load repetitions. Therefore, the analysis

of a single repetition level may be sufficient for investigating

the influence of the compaction parameters on the rut depth

factor.

Depth of Compaction

The thickness of the upper compacted subgrade layer (dt)

specified by the Asphalt Institute is 12 inches' Contours of
various PC,-d, combinations producing the same subgrade

rut depth are illustrated in figure 10. For example, a point on

the RF : 1 contour represents a PCo-d, combination that is
equivalent to the Asphalt Institute specifications, at least in

terms of subgrade rutting. The contours graphically illustrate

-4-2024
PERCENT COMPACTION BEYOND SPECIFICATION

FIGURE 9 Variation of rut depth factor
with compactcd density for all repetition
levels.
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the relative gains and losses in rut depth that result from any

PC;dl combination.

Natural Subgrade Condition

The Asphalt Institute compaction specification implicitly
assumes an infinite thickness for the lower compacted subgrade

layer. In effect, the Asphalt Institute specifications require

that the natural subgrade have an in situ density corresponding

to a cornpaction level of 90 percent. Clearly, tltis is not always

the case. The influence of the natural subgrade condition on

rut deptlt is illustrated through analyses of a pavement section

composed of three subgrade layers' The top two layers are

compacted layers and the bottom layer represents the natural

subgrade. Three natural subgrade conditions were investi-

gated: well compacted, defined as PC : 90 percent; mod-

erately compacted, defined as PC = 87 percent; and poorly
compacted, defined as PC : 85 percent.

It is clear that if the thickness of the middle subgrade layer

is increased to the limit where the induced stresses at the

bottom layer approach zero, then the natural subgrade con-

dition will have no effect on rut depth. Alternatively, when

the natural subgrade is well compacted (PC = 90 percent),

the middle compacted subgrade layer is equivalent to the

natural subgrade and only the top compacted subgrade layer

influences rut depth. Figure i1 shows the trade-offs for the

intermediate conditions where the natural subgrade is mod-

erately to poorly compacted for different thicknesses of a

middle subgrade layer (dt) compacted to the specified 90 per-

cent level. For example, a poorly compacted natural subgrade

requires a S0-inch middle subgrade layer to achieve a RF of
1.0, while a moderately compacted natural subgrade requires

only 36 inches for the middle subglade layer.
Because of the relatively large layer thicknesses needed to

overcome the influence of inferior natural subgrades, it is

worthwhile investigating the compaction levels for the upper

two subgrade layers required to achieve a rut depth factor of
1.0 at smaller d, values. Figure 12 illustrates computed rut
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the nonlinear moduli. A computer pl.ogram based on the
BISAR multilayer elastic analysis algorithms has been devel-
oped for performing these calculations.

. A series of analytical studies was performed using the rut-
ting model to provide guidance for more rational compaction
specifications. Four major compaction parameters were con_
sidered in these studies: compaction moisture content; com_
paction level (percent compaction); depth of subgrade com_
paction; and the natural subgrade condition. Soifproperties
were based upon a single but typical cohesive soil typè. The
soaked condition was assumed in all analyses as it represents
the critical case for rutting. Conclusions regarding túe influ_
ence of each of the four compaction variables are as follows:

1,. Compaction Moisture Content. For a given compaction
level, there exists a specific compaction moisture content that
minimizes subgrade rutting. The relationship between com-
paction level and moisture content for minimum rutting is
given by Eq. 19 for the cohesive subgrade soil considered in
this study.

2. Compaction Level. Results from this study confirm the
reasonableness of the co¡npaction levels reco¡nmended by The
Asphalt Institute for highway loads. It was found that a decrease
in compaction level from the specified values caused a sig-
nificant increase in subgrade rutting while increases in com-
paction level beyond the reco¡nmended values produced neg-
ligible improvements. For example, calculated rut depth
increased by 130 percent when the compaction level was
decreased by 5 percentage points from the Asphalt Institute's
recommendations; however, rut depth decreased by the com_
paratively smaller value of 30 percent when the compaction
level was increased by 5 percentage points over the recom-
¡nended values.

3. Depth of Subgrade Compaction. The thickness of the
up-per compacted subgrade layer was found to significantly
influence rut depth. For example, increasing the thickness of
the top subgrade layer from 6 to 24 inches reduced the com-
puted rut depth by approximately 30 percent. Contours show-
ing the variation of rut depth for different cornpaction level
and-compaction depth combinations are provided for highway
Ioads.

4. Natural Subgrade Condition. The Asphalt Institute com-
paction specifications implicitly assume that the natural subgrade
is compacted to 90 percent of the AASHTO T-1g0 maximum.
In reality, this condition often does not occur. Contour lines
have been developed to illustrate the combinations of com-
paction level and thickness for the middle subgrade layer that
can be used to overcome the influence of moderately or poor.ly
compacted natural subgrades.

The number of load repetitions was found to have a neg_
ligible influence on all of the general conclusions summarized
above.

Although the results from these analyses have produced
many interesting and useful observations regarding subgrade
compaction criteria, it must be kept in mind that the anãlyses
ar_e all based upon properties for a single cohesive soil type.rtrhile it is expected that other cohesive subgrade soils will
exhibit similar qualitative behavior, generãlly applicable
quantitative conclusions will require additional studies that
consider a range of cohesive soil properties.
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depth factors at different combinations of. drand subgrade
compaction levels for a moderately compacted natural subgiade.
For example, any point on the R.F = 1 line in figu-re 12
represents a PCo-drcombination that can be used with a mod_
erately compacted natural subgrade as a substitute for the
natural subgrade conditions implicitly assumed in the Asphalt
Institute specifications.

SUMMARY AND CONCLUSIONS

A methodology for calculating the rut depth at any point
throughout a pavement subgrade has been presented. This
approach considers the stress dependency of the resilient mod_

{y as well as the plastic behavior (as rnanifested by the
difference between loading and unloading moduli) of cohesive
soils, The approach can treat any loading configuration (single
or multiple loads) and the effect of overburden stresses on
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Resilient Modulus and AASHTO
Pavement Design

Ronrnr P. Er,lrorr AND Sau I. TsonuroN

In the 1986 AA SHTO Guíde for the Design of Pavement Struc-
/øres, subgrades and granular base layers are evaluated by the
resilient modulus test. Inclusion of the resilient modulus test
rvas prompted by the need for a rational evaluation method.
Resilient modulus is a measure of a material's deflection behav-
ior. Since pavement life and surface deflection are strongly
related, resilient modulus is a fundamental and rational mate-
rial property that needs to be included in pavement design.
The effects of variations in subgrade resilient modulus on var-
ious design parameters and on the AASHTO design thickness
are examined. The seasonal variations of subgrade resilient
modulus with moisture fluctuation and freezing and tharving
are discussed; and methods for selecting a single design resilient
modulus are examined. However, resilient modulus does not
measure all of the material properties fhat can influence pave-
ment behavior. Consequently, resilient modulus should not be
the only property used in selecting a pavement material or i¡r
judging the material's structural contribution to the pavement.

The 1986 AASHTO Guide for the Desigrr of Pavement Struc-
tures (l) requires the use of the subgrade tesilient modulus
to design a flexible pavement. Resilient modulus is also included
as the test for establishing the structural layer coefficient for
base and subbase rnaterials.

What is resilient modulus? How does resilient modulus relate
to the "real world" structural capacity and performance of
flexible pavements? How is a lesilient modulus value selected

for design? How is resilient moclulus used in design? These
are questions being asked by many experienced highway
designers and materials engineers. The questions are partic-
ularly bothersome because the standard resilient modulus test
(AASHTO T-274) is quite time consuming.

Before trying to understand the resilient modulus, the need
to replace the soil support scale that was used in the previous
AASHTO Interim Guide for Design of Pavement Slructures
(2) should be recognized. The fundamental basis for both
guides is the AASHO Road Test that was conducted in 1958-
1960. Although the Road Test is the most comprehensive
pavement research project ever undertaken, it did not (and
could not) include all variables that can affect the performance
of a pavement. One major factor not examined was subgrade

soil strength. Only one type of soil was used in the Road Test.
Following the Road Test, pavement design procedures were

developed from the research findings. The design procedures
required some method for considering different subgrade soil
types. Fol rigid pavements, a rational method for including

Department of Civil Engineering, University of Arkansas, Fay-
etteville, Ark.72701.

subgrade soil was available that involved incorporating
Westergaard's modulus of subgrade reaction (k-value) and

Spangler's theoretical formula for corner stresses (3). How-
ever, no similar approach was available for flexible pave-

ments.
For flexible pavements, a "soil support" scale was estab-

lished using engineering judgment supplemented with limited
data from Road Test sections having the greatest thickness

of crushed stone base. This scale was not based on any par-
ticular method of test. Each highway agency was left to adopt
a test method and establish or select a relationship between
that test and the "soil support" scale. Without an analytical
basis and a unified method of test, there was little possibility
of improving the soil support scale.

WHAT IS RESILIENT MODULUS?

Resilient modulus is a fundame¡ltal material property that is
similar in concept to the modulus of elasticity. That is, resilient
modulus is a stress-strain relationship. However, it differs
from the modulus of elasticity in that it is determined from
a repeated-load, triaxial-compression test ("unconfined
compression" is used by sorne investigators) and is based on
only the resilient (or recoverable) portion of the strain. Resil-
ient modulus is defined as:

stress amplitude
Keslllent modulus

strain amplitude

where

stress amplitude = load/area of the specimen
strain amplitude : recoverable deformation/original height

The general stress-strain behavior of a soil or granular mate-
rial is illustrated in Figure 1. As the load is applied, the stress
increases as does the strain. When the stress is reduced, the
strain also reduces but all of the strain is not recovered after
the stress is removed. The total strain, therefore, is composed
of both a permanent (or plastic) component and a recoverable
(or resilient) component. The plastic strain is not included in
the resilient modulus.

The resilient modulus test is designed to simulate the behav-
ior of soils and granular materials when subjected to traffic
loading within a pavement system. Consequently, the sarnple
preparation, conditioning, and testing are conducted so as to
simulate field conditions. The standard method of test is pre-
scribed by AASHTO T-274.
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FIGURE I Typical load response in the resilient
modulus test.

BASIS FOR RESILIENT MODULUS TESTING

The AASHO Road Test demonstrated that pavement surface
deflection under load is a strong indicator of how well a pave-
ment will perform (4): "The performance of the flexible pave-
ments was predicted with essentially the same precision from
load-deflection data as from load-design information."

Other studies (5-9) found similar relationships between
pavement deflection and performance (Figure 2).

Surface deflection results from the accumulation of load-
induced strain within the pavement and subgrade with the
subgrade being the major contributor. At the AASHO Road
Test (4), 60 to 80 percent of the deflection measured at the
surface was found to develop within the subgrade. Conse-
quently, the stress-strain relationship for the subgrade (resil-
ient modulus) is a major factor contributing to surface deflec-

Il7

tion. It follows that subgrade resilient modulus is also a major
factor in flexible pavement performance.

SIGNIFICANCE OF SUBGRADE RESILIENT MODULUS

Surface deflection is not itself detrimental to the pavement.
However, deflection is an indicator of the factors that are
detrimental. There are two major types of load-induced flex-
ible pavement failure-fatigue cracking and rutting. Fig-
ure 3 illustrates the two prime structural parameters contrib-
uting to failure: the tensile strain that develops in the bottom
of the asphalt (AC) layer and the stress or strain applied to
the top of the subgrade.

Figures 4 and 5 illustrate the effect of subgrade resilient
modulus on the AC tensile strain and the subgrade stress.
These plots were developed using the ILLI-PAVE design
algorithms developed by Thompson and Elliott (1/). They
represent the structural response of a conventional flexible
pavement having a 3-inch AC surface and a 12-inch aggregate
base when subjected to a 9,000-pound wheel load. The effects
would be similar for other designs and other loads.

In Figure 4, the AC strain decreases as the resilient modulus
of the subgrade increases. A strain decrease increases the
fatigue life (load applications before cracking) for the AC
surfacing.

Figure 5 shows the change in subgrade stress ratio with
resilient modulus. The stress ratio is the load-induced deviator
stress on the subgrade divided by the unconfined compressive
strength of the soil. In analyzing the performance of the
AASHO Road Test pavements, Elliott and Thornpson (12)
found a strong relationship between subgrade stress and load
applications prior to cracking. As a result, the stress ratio was
selected as the design parameter to guard against overstressing
the subgrade. In Figure 5, the stress ratio decreases as the
resilient modulus increases indicating an increasing pavement
life.
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Subgrade

FIGURE 3 Primary
structural responses that
control pavement
performance.

Subgrode Resilient Modulus, KSI

FIGURE 4 Effect of subgrade resilient modutus on
asphalt radial strain.

FIGURE 5 Effect of subgrade resilient modulus on
subgrade stress ratio.
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Subgrode Resilient Modulus, KSI

FIGURE 6 Effect of subgrade resilient modulus on
relative traffic life.

EFFECT ON DESIGN BY;ASHTO

Figures 6,7, and 8 illustrate the effect of subgrade resilient
modulus based on the 1986 AASHTO Guide.

Figure 6 is the relationship between resilient modulus and
design traffic life. Relative traffic life is expressed as the total
18-kip equivalent single axle loads (ESALs) for any given
resilient modulus divided by a base value. For this figure, the
base value is the ESAL's for a resilient modulus of 5 ksi. For
example, a pavement constructed on a subgrade having a
resilient modulus of 10 ksi will carry nearly 5 times the traffic
that the same pavement could carry if the resilient modulus
were 5 ksi. Similarly, the 5-ksi soil would permit the pavement
to carry approximately 8 times as much traffic as it could if
built on a soil having a resilient modulus of 2 ksi.

Figure 7 shows the relationship between resilient modulus
and the design structural number. For Figure 7, a structural

Subgrode Resilient Modulus, KSI

FIGURE 7 Effect of subgrade resilient modulus on
design structural number.
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Subgrode Resilient Modulus, KSI

FIGURE 8 Effect of subgrade resilient modulus on
design thickness.

number of 5.0 was used with a resilient modulus of 5 ksi as

the base. For the same traffic conditions, a structural number
of 6.6 would be needed on a subgrade having a resilient mod-
ulus of 2 ksi. If the resilient modulus were 10 ksi, the required
structural number would be 4.0.

Figure 8 was prepared to show the effects of resilient mod-
ulus on pavement thickness. The structural nurnbers from
Figure 7 are converted to equivalent full-depth asphalt thick-
nesses. The conversion was made using structural layer coef-
ficients of 0.44 ancl 0.30 for the AC surface and bituminous
base, respectively; and assuming that the base thickness would
be 3 times the surfacing thickness. For this example, the full-
depth thickness would range from 20 to 15 to 12 inches for
resilient moduli of 2,5, and 10 ksi, respectively. In practical
terms, figures 7 and 8 indicate that a 30 percent error in the
resilient modulus will result in an error of 1 to 1.5 inches in
selecting the appropriate total asphalt thickness.

SEASONAL VARIATIONS

Unfortunately, there is no simple test that will give the resil-
ient modulus of a soil. In fact, the subgrade resilient modulus
is not a single, fixed value. Rather, the resilient modulus
changes due to a number offactors throughout the pavement's
life.

There are several factors that affect the resilient modulus
of a soil. Among these are moisture content, stress levels,
and freeze-thaw cycles. Figure 9 illustrates the effects ofstress
level and moisture content on a typical cohesive soil, Of par-
ticular concern to the pavement designer is how these factors
can influence the seasonal variation of the subgrade. A sea-
sonal variation is to be expected because, in most areas of
the country, roadbeds are softer in the spring than they are
at other times of the year. This is demonstrated by the sea-
sonal variation in pavement surface deflections. However, the
seasonal variation is more pronounced for some soils than it
is for others. This is shown by Figure 10, which is a plot of

RESILIENT MODULUS TESTING
JACKPORT SOIL

MOISIURE CONTENT
o oÞtimum -2.4¡o ootimum +5.1¡
Â Oþtiñum +5.6¡

_T-a--]---_-l_--T--
5 r0

Deviotor Stress, psi

FIGURD 9 Effect of stress level and moisture
content on the resilient modulus of a typical
cohesive subgrade soil.

deflection test data from conventional flexible pavements in
the vicinity of the AASHO Road Test.

Much of the variation in resilient modulus can be attributed
to seasonal moisture changes. However, the springtime peak
deflection commonly noted in northern states is also indicative
of the effect of freeze-thaw. Figure 11 illustrates the dramatic
reduction in resilient modulus following a single freeze-thaw
cycle. Similar tests conducted on several Arkansas soils indi-
cate that a resilient modulus reduction on the order of 50
percent can be expected as a result of freeze-thaw action.

SUBGRADE RESILIENT MODULUS
SELECTION_AASHTO METHOD

Design by the AASHTO Guide requires the selection of an
"Effective Roadbed Soil Resilient Modulus." Since the sea-
sonal variation of resilient modulus is quite complex, the
selection of a single resilient modulus value for use in design
can be quite complex. The object, of course, is to select a

single value that is representative of the entire year.
The 1986 Guide contains a specific recommended method

for selecting the subgrade resilient modulus. It consists of
estimating seasonal variations in resilient modulus and assign-
ing relative damage factors on a monthly or bimonthly basis.
The damage factors are summed and the average determined.
The resilient modulus corresponding to the average damage
factor is then used for design. The following steps are involved
in selecting the subgrade resilient modulus.

Step 1. Develop a relationship between resilient rnodulus
and subgrade moisture content. This involves conducting
resilient modulus tests on the subgrade soil at various moisture
contents representing the range of moisture variation expected.
For example, using the resilient modulus for the 6-psi deviator
stress data from Figure 9, a relationship between resilient
modulus and moisture content is developed (Figure 12).
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Step 2. Estimate the seasonal variation in moisture content.
Although there is no standard approach for making this esti-
mate, a practical approach might be to sample a similar
subgrade. For this example it is assumed that moisture con-
tents were determined four times during the year on a similar
subgrade soil from a nearby pavement. From these a seasonal
variation has been estimated as shown in Figure 13.

Step 3. Determine the monthly (or bimonthly) resilient
modulus. Figures 12 and 13 are used to estimate the resilient
modulus for each month of the year. The monthly values are
entered on the AASHTO form (Figure 14). For example, the
moisture content in March is about 25 percent. From Fig-

RESILIENT MODULUS TESTING
JACKPORT SOIL

ô No Facct!-fhow. Altø Frcczc-lhow

l _'-r'.T-ffi-=-f---
5 10

Deviotor Stress, psi

FIGURE f f Effect of freeze-thaw on the
resilient modulus of a typical cohesive subgrade
soil.
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ure 12, the resilient modulus for 25 percent moisture content
is 9,500 psi. Except for January and February, the resilient
moduli for other months are found in a similar fashion. For
January, it is assumed that the subgrade will be frozen result-
ing in a very high resilient modulus. February is assumed to
be a period of thawing. To account for the freeze-thaw effect
(Figure 11), the resilient modulus is determined in the normal
fashion and reduced by 50 percent.

Step 4. Select a relative damage factor for each resilient
modulus. Relative damage factors corresponding to the monthly
resilient modulus values are selected using the scale on the
right side of Figure 14. For the frozen subgrade (January),
the resilient modulus would be high resulting in a low relative

Moisture Content, g

FIGURE 12 Moisture content-resilient modulus
relationship for soil used in example.
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FIGURE 10 Seasonal variations in pavement deflections on various soils (data
from lllinois Department of Transportation).
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FIGURE 13 Seasonal mo¡sture var¡at¡on used in
example.
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damage factor. For practical purposes, a damage value of 0.0
is assigned.

Step 5. Use the average monthly relative damage fâctor to
select the Effective Roadbed Soil Resilient Modulus. The
average damage value (.063) is used with the scale on the
right side of Figure 14 to select the Effective Roadbed Soil
Resilient Modulus (9,900 psi) to be used in design.

ALTERNATIVE SELECTION APPROACH

The above method requires testing each soil at several dif-
ferent moisture contents. An alternative approach would be
to test each soil at a single representative "time-of-year" mois-
ture content. Elliott and Thompson (/2) conducted an analysis
to find the appropriate "time-of-year" condition that would
be representative of the entire year for the AASHO Road
Test pavements. The study included (a) an investigation of
the seasonal variation of resilient modulus at the AASHO
Road Test, and (b) a determination of the seasonal load dam-
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30,000 .005
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5. s00 .25

Ma¡.
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FIGURE 14 Example determination of design resilient modulus by the AASHTO
method.
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age effects for pavements with various thicknesses of asphalt.
Their study was based on asphalt fatigue damage effects and
included consideration of seasonal variation in the AC stiff-
ness modulus as well as the subgrade resilient modulus.

The seasonal subgrade resilient modulus variation (based
on analysis of deflection measurements taken during the
AASHO Road Test) is shown on Figure 15. Figure 16 is the
seasonal load damage effects expressed as a \Veighting Factor.
Elliott and Thompson concluded that no single resilient mod-
ulus could truly represent all pavement thicknesses. However,
since all curves intersected in a fairly tight pattern in late
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April and mid-October, they stated that conditions during
either of those periods should be acceptable for design
purposes.

The disadvantage of using this alternative selection approach
is the need to identify the representative "time-of-year" con-
ditions. Limited analyses suggest that late spring conditions
should be reasonable for most areas of the United States and
probably no worse an approximation than the seasonal mois-
ture variation estimate required by the AASHTO method.
The advantage of this approach would be a significant reduc-
tion in the amount of testing needed for an individual soil
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FIGURE 15 Seasonal subgrade resilient modulus variation at the AASHO
Road Test (I2).
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FIGURE 16 Seasonal weighting factors for various thicknesses ofasphalt
surfacing (12).
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FIGURE f7 Effect of density on resilient modulus
of a granular base material (.13).

sample. This would permit testing more soils for the same
testing effort.

RESILIENT MODULUS IN PERSPECTIVE

Resilient modulus is a significant and rational material prop-
erty that needs to be included in the pavement design process.
However, the resilient modulus does not represent all prop-
erties of a subgrade or granular layer that can affect the per-
formance of a pavement.

The most direct evidence that other properties are also
significant comes from the AASHO Road Test (4). Two gran-
ular materials were used-crushed stone and gravel. Of these,
the gravel base sections deflected less. Inch for inch, the gravel
was more effective in reducing the deflections. This suggests
that the gravel possessed the higher resilient modulus. Never-
theless, the crushed stone sections had the superior perfor-
mance. As stated in the Road Test report: "Perhaps the gravel

t23

possessed less internal stability than the stone; yet it may have
been somewhat less resilient (i.e., higher resilient modulus)."

Similarly, Figure 17 indicates that density has only a limited
effect on resilient modulus of a granular material. This could
lead one to conclude that density is not significant. However,
Figure 18 shows that density is quite significant relative to
permanent deformation (strain).

Resilient modulus reflects only the rebound or resilient
deformation behavior of the material. In so far as this relates
to the load-induced stresses, strains, and deflections, resilient
modulus is irnportant and significant. However, the resilient
modulus is not a good indicator of rutting potential. For many
materials, the permanent deformation (rutting) behavior may
well be the factor controlling pavement life. Therefore, resil-
ient modulus must not be the only property considered in
designing and selecting materials for a flexible pavement;
layer coefficients based solely on resilient modulus can be
misleading.

CONCLUSIONS

1. Resilient modulus is a fundamental material property.
It relates to pavement design and performance for the same
reason that surface deflection relates. It provides a measure
of the load-induced stress-strain behavior of the soil and gran-
ular base layers which in turn governs the load response of
the pavement system.

2. Resilient modulus should not be the only property con-
sidered in judging the acceptability of a soil or granular mate-
rial. Because resilient modulus provides no measure of the
permanent deformation (rutting) behavior, the selection of a
granular material and assignment of layer coefficients based
solely on resilient modulus can be misleading.

3. Many factors affect the resilient modulus causing it to
vary seasonally throughout the life of the pavement. Conse-
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quently, the selection of a single soil resilient modulus for use
in design can be complicated.

4. While on paper the AASHTO Guide selection proce-
dure is rational and straightforward, the estimation of sea-
sonal moisture variation can be quite nebulous and the amount
of testing required very time consuming. Consequently, a
more practical approach is to test under a single, represen-
tative time-of-year condition. Late spring is a reasonable first
approximation of the appropriate time of year for most of the
United States.
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Direct Calculation of Maximum Curvature
and Strain in Asphalt Concete Layers of
Pavements from Load Deflection Basin
Measurements

Fnrnpnrcs W. JuNc

Deflection measurements under impulse load carried out with
the Falling Weight Deflectometer (FWD) are usually processed

by using elastic layer analysis programs, back-calculating layer
moduli from measured deflections, and then forward.com.
puting critical performance parameters such as stresses and
strains at locations under the load. Presented here is a direct,
and more reliable way, of computing the important value of
horizontal strain at the bottom of the asphaltic layer. The
measured deflections from an FWD test, the radius of load
distribution, and the thickness under the load are the only data
needed to calculate, first, the curvature, and then, the strains
in the top (asphaltic) layer ot'a pavement structure, in the
center under the load. Corresponding stresses can also be cal.
culated but additional information is needed, namely, the elas.
tic stiffness of the first layer, Poisson's ratio, and the load-
induced vertical stress. It is shown that strains and stresses in
the immediate vicinity of the load position as computed with
elastic layer analysis methods via back-calculated moduli are
not as reliable as this new proposed strain criterion. At this
time, the proposed new method of calculating strain directly
is derived, presented, and discussed as a theory, without exper-
imental field verification.

To determine the strength and predict the performance of
asphalt pavements from some kind of deflection measurement
has been the subject of major efforts in research for many
years. The Falling Weight Deflectometer (FWD) test is only
one of many methods to measure deflections of pavements;

however, it is a very recent one and it is widely accepted in
the U.S. The FWD test accurately measures a set of deflec-
tions of a deflection bowl under an impulse load of circular
distribution, simulating the transient load of a passing wheel
(1,2). In this method there is a choice of several levels of
impulse load, corresponding to variations in axle weight of
actual vehicles. Deflections are measured at various distances
from the load, including at the load axis itself. In operation,
the test equipment is fast, economical, and very simple to
use.

The state-of-the-art in processing data from FWD mea-
surements is as follows. Asphalt concrete pavements with

Ministry of Transportation and Communications, Central Build-
ing, 1201 Wilson Avenue, Downsview, Ontario M3M 1J8, Can-
ada.

known layer thicknesses are analyzed by using a set ofdeflec-
tions measured along the wheel path, typically in the center
underneath the circular loading plate and at six adjacent loca-
tions outside the plate, spaced over 1..5 to2m. These deflec-
tions (together with known layer thicknesses) are used to
back-calculate the elastic stiffness (Young's modulus) of all
pavement layers, including the subgrade, using certain com-
puter programs for elastic layer analysis, Once the elastic
stiffnesses are known, any stresses, strains, and deflections
can be computed by the same or similar compatible programs
in forward mode. This paper is concerned with the maximum
horizontal strains and stresses in the first, usually asphaltic
layer, of a multi-layered pavement structure. It is customary
to regard strains or stresses at certain locations under wheel
loads as critical. One of these locations is at the bottom of
the asphaltic layer underneath the load, where horizontal
stresses and/or strains are regarded as critical distress param-
eters, being related to fatigue strength (3, 4). ln this context
it can be shown that there is a more direct and simpler way
to calculate the horizontal strains and stresses, which can
supplement the aforementioned methods.

For reasons ofpure geometry, the horizontal strains in any
top layer of a pavement structure can be calculated directly
from measured deflections, based on the theory of elastic
plates, using the (partial) second derivatives or radii of cur-
vatures directly obtained from the deflection basin. This basin
is given by discrete values from the FWD testing. Through
these points of measurement a suitable curve must be fitted.
However, this approach is hampered by a lack of data points
in the immediate vicinity of the load axis. The critical maxi-
mum curvature is underneath the load, and the difficulty is

to find a sufficiently accurate value of it, representing the
deflection basin in the center under the circular co¡ltact pres-
sure area. From such a curvature value (and the given thick-
ness) the strains in the asphalt layer can be calculated without
knowing the modulus of elasticity or Poisson's ratio. The
thickness of the asphaltic layer underneath the load must be
known, but need not be so widely uniform as assumed in
elastic layer analysis methods. In turn, corresponding stresses
can be calculated from those strains, if additional information
is available, such as vertical stresses, elastic modulus of the
asphaltic layer, and Poisson's ratio.
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STRESSES AND STRAINS FOR CIRCULARLY
DISTRIBUTED LOADS

For such a single load, well inside a (non-cracked) pavernent,
the second derivative or curvature of the deflection basin
under the load axis can be assumed to be a maximum, and
equal in all directions because of the circular contact pressure
area. The following equations apply:

Plate stiffness

-- ETFK:-
12(t - ¡Ê)

Bending moment

M=-KW"(l +rr)
Horizontal stress

S = 6MlH

Horizontal strain

e: S(1 - p)tE

where

K = bending stiffness of plate,
E = elastic stiffness of asphaltic layer(s),
¡1 : (total) thickness of asphaltic layer(s),
F = Poisson's ratio,
W : deflection as a function of distance,

Il/" : second derivative of deflection at zeÍo distance,
M = bending moment under the load at zero distance,
S = maximurn stress at bottom of asphaltic layer, and
¿ = maximurn strain at bottom of asphaltic layer.

Note: The second derivative is negative. Bending moments,
stresses and strains are equal in all directions.

Without a knowledge of the material properties of the first
layer (the modulus, E, and Poisson's ratio), the strain, e, can
still be calculated from pure geometrical conditio¡rs:

either

e = W"H/2

or

e = Ht(zR)

The stress is then

S:eûl[(l-p.Xl +s,/s)]
where

R : radius of curvature in mm, and
S, : vertical stress in MPa.

At this stage, in order to calculate corresponding stresses
from strains, additional information is required, namely the
elastic stiffness (E) of the first asphaltic or concrete layer,
the Poisson's ratio of this layer, and the vertical stress (S") at
the particular point. This vertical component of stress rnust
be obtained by an elastic layer analysis program; however, a
simple version based on equivalent layer thickness would be
sufficient for an estimate of such stress.

The equations quoted above are based on the concept of
regarding the asphaltic layer as an elastic plate. This plate,
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as a free body, deforms or deflects under two forces, the
applied wheel load or falling weight impulse load acting more
or less concentrated from above, and the corresponding reac-
tions of soil pressure from the layers underneath, acting onto
the plate from below in a more distributed fashion (Figure
1a). For a given load, the deflection bowl, its depth and large-
ness, depends on the stiffness of the plate and the relative
stiffness or strength of the base or soil layers underneath.

Equations 5, 6, and 7 constitute a direct calculation of hor-
izontal strain and stress in the A.C. layer. However-and
this is the difficult part-it is now necessary to find an expres-
sion for the curvature or second derivative from an accurate
deflection function.

CURVATURE CALCULATION INSIDE THE
CONTACT PRESSURE AREA

The maximum value of the second derivative (W") or cur-
vature (1/,1?) of the asphaltic layer, for a circular, uniformly
distributed load þ), is located in the center of this circular
contact pressure area. The value, W", can be derived in
accordance with elastic plate theory. For the derivation, the
following general assumptions should be noted:

1. Single tire loads and impulse loads from the FWD test
are uniformly distributed over a circular area.

2. The resultant load per unit area on the circular part of
the asphaltic layer "plate" has a paraboloidal distribution, for
the following reason. Within the loaded area, frorn -a to
+d, the tire or plate contact pressure ¡nust be combined with
the soil pressure acting from below, resulting in a reduced
diagram of parabolically distributed load as shown in Figure
2. The resultant area load (i.e., load per unit area) on the
asphaltic layer plate in this region is actually assumed to be
distributed in the form of a square paraboloid. (The derivation
of the exact solution for this case from the differential equa-
tion of circular plates is not presented here.) The result for
maximum curvature is:

w,(o) = -2(Yt: 
Y.) 

- 
a2(9Pn-!P) 

(s)

where

W'(0) = second derivative in the center, in 1/mm;
Yr = maximum deflection in the center, in mm;
Y" = deflection at the edge of the loaded area, in mm;
a = radius of the loaded area, in mm;
p = circular contact pressure from load, in MPa;

po = resultant pressure in the center, in MPa;
po : resultant pressure at the edge, at a, in MPa;
K = plate stiffness (Equation 1); and
r = distance from the cerìter, in mm.

A better understanding of the curvature function or second
derivative, W", within the circular contact pressul'e area can
be achieved by studying W" as a function of distance, ¡:

w(0)= -z(Y'\-Y') -*u

(1)

(2)

(3)

(4)

(s)

(6)

(7)

x (a, - 6Ò - P-:--!e (aa - 15f) (9)
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a/ pavom€nt load and delormalion

b/ measured delloclion, yr to yn (not )6 )

FIGURE I Deflection basin geometry.

x2

n = Oo* {Png¡$

FIGURE 2 Load distribution between -aand ta.

Equation 9 is plotted for a typical example as illustrated in
Figure 3. Note, the maximum curvature is at r = 0, namely
5.422*10-6(llmm). The first term of Equation 8, by itself,
would lead to a value of. 4.764*L0-6 (l/mm), which can be
interpreted as an average within a distance, r, of about 100
mm. This slightly lower value of average curvature agrees

fairly well with values obtained from manual curvature cal-
culations using simulated Chevron deflection output, as shown
below. Thus, the first term of Equation 8 or 9 constitutes an
approximate calculation of curvature compatible \ryith elastic
layer analysis programs, â smaller value than the actual max-
imum. This first term would be an exact solution for a hypo-
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second term = f(r,a,p,K)

first term =

S0 i00 a= 150 mm

FIGURE 3 Radial curvature in the asphattic layer.
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thetical case in which the soil pressure, q, and the contact
pressure, p, were removed, and the plate were loaded via a
circular ring of radius, a.

Unfortunately the deflection, Yo, cannot be measured, but
must be calculated by interpolation using the other measured
deflections. The ensuing error is positive, i.e., in the direction
of higher values, being closer to the theoretical maximum
(tables 1 and 2). Further, the deflection basin consists of two
different parts, i.e., oftwo curves not continuous in all deriv-
atives, The inner part (-a to +ø) has been accurately derived,
resulting in Equation 9. The outer part only is empirically
given by the measurements of outside sensors.

The curve-fitting function chosen is a reciprocal polynomial
(Z) (Figure 1). It is used only to calculate the very influential
and important value of the deflection, Yo, at the edge of the
loaded area (i.e., at x : a) by interpolation.

The curve-fitting and interpolation procedure to compute
an approximate substitute for the theoretical value of Y"
becomes more reliable, thus leading to less erratic results,
when the first outside sensor (Yr) is as close to the circular
disk as possible and when the center point deflection is included
as part of the curve (as illustrated in Figure lb and 1c), in

2(y I ya)

a2

TABLE 1 COMPARISON OF STRAIN R IVITH CHEVRON/ELSYMs

DESCRIPTION
CURVATURES* L0-6

1/run

STR.E IN

'r L0-6

DIRECT ELSYMs/ DIRECT

CHEVRON

ELSYM5/CHEVRON

bottom average

Typical 3-Iayer case
a = l-50 mm, H = 100 mm

Typical 4-layer case
a = 150 rün, H = 100 mm

Overload case, 2.5x
a = 150 mm, H = l-00 mm

Deep strength 140 mm
on weak soil

Reduced area a = L02 mm
high pressure 400 psi

Wider area, a=203 mrn

normal pressure

Typical 3-1ayer case
average deflection

Very soft layer in-
serted under asphalt

-5.160

-5 .426

-t4.46

-4.334

-26.97

-8 .753

-5.066

-8.438

-4.80

-5.28

-13.8

-4 .53

-26,75

-8. 66

-5.18

-8.74

258 .0

2'tt.3

642 .6

302.'7

r.198 . 9

389.0

253.3

42r .9

r.70.4 193

185.7 255

423.0 520

2'18.2 218

'786.4 860

243 ,2 341

208.2 204

383.8 38s

Note:In t.he Last column, "average" means the average of the absoLu¿e value
of the top and bottom stlains of the first layer from the output
listing of CHEVRON or ELSYMS. These vaLues in the last colunn ought to
be close tö or equaJ. to H/2 times the curvature vaLues in the second
column. This identity check wouLd estabLish consistency within the
CHEVRON or ELSYMs programs themselves, not invoLving the STRAINR model-.
Note that the check fails except in the case of a very soft inserted
layer in the Last line.
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TABLE 2 CURVATURE BY SECOND DIFFERENCES VERSUS EQUATION 8

CASE

(see also Table 1)

SECOND DIFFERENCES EQUATION B

[1/mm¡ *19-e [1,/mm¡ *16-e

L/ Typical 3-1ayer case

2/ A-Layer case, example

3,/ Overl-oad case, 2,5 x

4/ Deep strength, weak soil
5,/ Reduced area, high pr.
6/ vfide area, normal pr.
7,/ 3-layer case, av. def 1.

8/ Soft 2nd layer inserted

-4. B0

-5.28
-13.78
-4.53

-26.'75
-8.66
-5.182
-8 .'7 44

-5.475
-6.018

-15.535
-4 . 603

-28 .93r
-9.'722
-5.562
-B.875

^ (Y, - Y")2 + a2

z(Yt - Y")

where

spite of the fact that it belongs to the inner part which is

rnathematically different. Nevertheless, a useful solution has

been established which has been verified as follows:
The first term ofboth Equations 8 and 9, using the accurate

value of Y", leads to practically the same curvatures as obtaitred
by using the method of second differences, for the same data
from Chevron or ELSYMS simulation examples.

Comparative computations show that the exact calculation
of curvature by Equation 8 results in larger values (up to 15

percent) than the second differences from Chevron or ELSYMS.
These results from second differences compare much better
with the first term of Equations 8 or 9, omitting the second
term. Thus there is a valid argument to dispense with this
term which requires additional information about the asphal-
tic layer. Thus, the following Equation 10 can be used to
calculate the minimum radius of curvature, R:

culations (based on Equation 11) with those from a corre-
sponding case calculated by the Chevron program. For run-
ning the small program of the proposed method, calculated
Chevron deflections were selected as input, simulating fea-
sibly-spaced FWD measurements, in the center and at four
other points outside the circular load area. In addition to these
measurements, the following data are needed to run the new
program:

Radius of load areai a = 150 mm; layer thickness: H : 100

mm

The deflections chosen from the Chevron example output,
used as simulated input into the new program, are as follows:

at 0.0 m 0.4903 mm

at 0.2 m 0.3951 mm

at 0.3 m 0.3394 mm

at 0.4 m 0.2949 mm

at 0.5 m 0.2585 mm

The following values were calculated by the proposed method:

Deflection at the edge of the loaded arcal. Y = 0.4293 mm
(the actual Chevron value is 0.4305, an inevitable error in
curve-fitting and interpolation)
Radius of curvature at the center: R : - 184.3 m
Second derivative at center: W" = -5.43 * 10-ó (limm)
Strain at bottom of asphaltic layer: e : +271 * 10-6

More information was needed to run the Chevron program,
namely:

Load: 40.01 kN, tire pressure: 566.00 kPa, load radius: 150

mm
Layer values:

(1) Modulus: 3000 MPa,
100 mm

(2) Modulus: 500 MPa,

Poisson's ratio: 0.35, Thickness:

Poisson's ratio: 0.35, Thickness:
200 mm

(3) Modulus: 80 MPa, Poisson's ratio: 0.35, Thickness:
infinite

(10)

: maximum deflection in the center, in mm;
: deflection at the edge of the load disk, in mm;
: radius of the circular loading area, in mm; and
: radius of curvature, in mm.

Note that the first term in the numerator is very small and
can be set to zero; then 1/R l¡ecomes exactly the first term of
the second derivative, W", in Equations 8 and 9.

A small computer program can be written to calculate cur-
vatures and strains of the asphaltic layer, based on Equation
10, using a substitute value of Y. found by interpolation of
the deflection basin function shown in Figure 1, which is curve-

fitted from relevant FWD measurements.
Alternatively, one can take into account the second term

of Equation 9. This solution could ultimately be useful in
conjunction with a simplified elastic layer analysis program
based on Odemark, using the concept of equivalent layer
thickness.

EXAMPLE

The following example illustrates one of the verification tests

of the proposed method, comparing the new proposed cal-

Yl
Yn

a

R
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direct melhod ând manual

Note: (1) = surface course, (2) = base course, (3) =
subgrade.

Using these input values for the Chevron program, the
deflections were calculated every 50 mm. Then the finite dif-
ference method was used to manually compute the second
derivatives between X : 0 and 150 mm.

The results fluctuate somewhat inconsistently, and the aver-
age was found to be -5.37, with a slightly smaller value at
X : 0 of -5.28. This compares fairly well with the computed
value of - 5.43 of the output listed above, being slightly larger
and therefore closer to the theoretical maximum.

Figure 4 shows a comparison of the corresponding strain
calculations. The strain diagram from the direct Chevron
printout is slightly curved at the topt it also exhibits a small
net compressive strain. The strains of the direct output ( + 185.7
* 10-ó and -246.0 * 10-o) are smaller, especially at the
bottom ( + ), and the steeper slope of this strain diagram seems
to be inconsistent with the second derivative, manually com-
puted from the same output (-5.37). At least the slope of
the printed-out strain diagram of Chevron should concur with
the manually calculated curvature from the same printout
(calculated by second differences).

With the strain calculated in the printout above, the stress
at the bottom of the asphalt layer can be computed by means
of Equation 7. Setting S : 0, the result would be:

S = 0.000271 * 3000/0.65 = 1.25 MPa (tensile stress)

The vertical stress, S, under the load is not zero but rather
is negative, a fraction of the vertical contact pressure. Let us
estimate the ratio of Sv/S to be -0.5; the value of the last
term in the bracket of Equation 7 is then reduced to 0.5 *

0.35 = 0.175, and the factor e * E must be divided by 0.825
instead of 0.65. The result is:

S = 0.000271 * 3000/0,825 = 0.99 MPa
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The corresponding value printed out from Chevron is only
S = 0.6975 MPa

The example illustrates that curvatures or seconcl deriva-
tives (1/R or W") can be calculated with great confidence and
sufficient accuracy. The strain cornputed either as e : W" *
Hl2, or as e = Hl2R is certainly more reliable than the incon-
sistent output of the Chevron program. The stress, on the
other hand, is dependent not only on layer material constants
(ð and p), but also on the vertical stress component, which
can be significant in the vicinity of the applied load.

Note: In the last column of Table 1, "average" means the
average of the absolute value of the top and bottom strains
of the first layer from the output listing of Chevron or ELSYMS.
These values in the last column ought to be close to or equal
to Hl2 times the curvature values in the second I .rlumn. This
identity check would establish consistency within the Chevron
or ELSYMS programs themselves, not involving the new direct
method. Note that the check fails except in the case of a very
soft inserted layer (Table 1).

TESTING OF THE PROPOSED NEW METHOD

Many different cases have been calculated by the Chevron or
the ELSYMS program to verify the new proposed method.
The results are listed in Tables 1 and 2. In both tables cur-
vatures were first calculated manually from densely spaced
deflection printouts from selected cases computed by elastic
layer analysis (Chevron or ELSYMS). The second differences
of the deflections were divided by the square of the selected
space increments (50 or 25 mm). These manually calculated
curvature values are listed under "Chevron/ELSYM5" in Ta-
ble 1, and under "second differences" in Table 2.Then, another
set of deflection printouts was selected in order to simulate
FWD measurements, namely the deflection in the center and

91oo

ga?
(o t.-
NN

i B 6 . 1 o 
-6- 

|¡å3"";t3;äï;l

80.5. 1o -6

Chevron prinlout

FIGURE 4 Comparison of strain calculation (Chevron example).

1Too

(oF.
,j ¡ri
F-@
N



Jung

some deflections outside the circular disk. These were used
to calculate curvatures in accordance with Equation 10 for
Table 1., and Equation 8 for Table 2. The second term of
Equation 8 required the use of further printout values of
vertical pressures.

With regard to Table 1., it should be noted that there is a
fair agreement between rnanually calculated curvatures and
those calculated by the proposed direct method, listed under
"direct". However, the horizontal strains at the bottom of
the asphaltic layer do not agree (Table i, second and third
column from the right). Naturally, agreement cannot be
expected because the elastic layer analysis programs assume
full friction between the asphaltic and granular base layer,
whereas the proposed direct method assumes zero friction.
However, the slopes of the deflection diagrams ought to agree,
concordant with the agreement in curvature.

In order to test this, the last column of Table 1 contains
the average of the absolute values of strains from top and
bottom, printed out by Chevron or ELSYM5. It shows
improvement, but most of these average strains from printouts
are still too low. It seems that the elastic layer analysis pro-
grams suffer from the phenomenon of quasi-singularity, which
results in underestimating the maximum horizontal strain in
the first top layer. The assumption of full friction aggravates
the situation. The assumption of zero friction in the proposed
direct method may not be quite correct either, however, it
may still be closer to reality to overestimate the tensile strain
in this way because it may counteract neglecting the second
term in Equation 8. Ivith regard to Table 2, for the region
under the distributed load, from - a to + a, the curvature or
second derivative has been independently derived by solving
the differential equation of elastic circular plates, resulting in
Equations 8 and 9. Using Equation 8, we can calculate max-
imum curyatures and compare them with corresponding results
from using the second differences of the deflections printed
out by Chevron or ELSYM5. Eight cases, the same as in
Table L, have been calculated and compared in this way, and
are listed in Table 2. The comparison shows that the manual
calculations of curvature from printouts fall short of the the-
oretical maxima. This proves the advantage of assuming zero
friction in the proposed direct method.

The curvatures calculated by Equation 9 are higher, and
the corresponding strains are again higher than the ones printed
out by Chevron or ELSYM5.

These verification tests reveal that loads on pavements,
distributed over a relatively small circular area, constitute a
point of quasi-singularity of the asphaltic "plate." This is the
main reason why elastic layer analysis programs cannot catch
the true maxima of strain and curvature and why they compute
horizontal strains and stresses under the load axis (close to
the load) too low.

Better results might be expected by finite element tech-
niques with densely spaced grids around the contact pressure
area.

CONCLUSIONS AND RECOMMENDATIONS

For single loads on asphalt pavements, which can be assumed
to be distributed over a circular area, the curvature of the
asphaltic layer and the horizontal strain at the bottom of this
layer can be calculated directly from some measured values
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of the deflection basin near the center. Other values needed
are the radius of the contact pressure area, and the thickness
of the asphaltic layer at the load position. Because no other
information is needed (about layer materials and thicknesses
of lower base layers), the horizontal strain calculated in this
particular way is a very potent parameter for pavement design.

The bottom strain in the asphalt layer so calculated is larger
than the strain from elastic layer analysis, where full friction
between asphaltic and granular layers is assumed, which causes
tensile stresses at the top of the granular base..

Contrary to the proposed calculation of strain (based on
pure geometry), the corresponding horizontal stresses are
affected by the usual uncertainties of determining material
parameters such as elastic stiffness, and Poisson's ratio.

The direct calculation of curvature and strain by this new
approach has been verified against more detailed computa-
tions and output from Chevron or ELSYMS programs. The
second derivatives of the deflections in the center, the max-
imum curvatures, were found to agree fairly well, but the
corresponding printed-out strains were found to be incon-
sistent with Chevron's or ELSYMS's own deflections and cur-
vatures. The slopes of printed-out strain diagrams from Chev-
ron and ELSYMS did not concur (as they should have) with
the manually computed curvatures from the same runs of the
programs; thus, the maximum horizontal strains were much
too low. The new method has also been verified through an
independently derived formula, based on a solution of the
differential equation of elastic plates for the region under the
circular load. The variability or function of curvature within
the loaded area has been studied and discussed: Chevron and
ELSYMS deflection print-outs, via second differences, seem

to closely approximate an average cul'vature between the max-
imum value at the load axis and the much lower value at a

distance from the axis about equal to the layer thickness. This
average curvature is somewhat smaller than the maximum
curvature in the center, but sufficiently close to it (Figure 3).

Since the strain parameter is generally conceived to be cor-
related to the fatigue strength of asphaltic pavement layers,
routinely processing data from Falling Weight Deflectometer
tests by this new strain criterion is recommended, in addition
to other current FWD processing methods.

There is as yet no immediate verification by field experi-
ments of the new method proposed here. Theoretical deri-
vation within an accepted theory of structural analysis and
comparison with elastic layer analysis methods can only go so

far. Thus carrying out experiments with various sizes of FWD
disks and various types and sizes of tires which may not have
exactly circular contact pressure areas is suggested. Can we
use an equivalent radius for noncircular pressure areas, and
what would that radius be? Can we use a similar approach
for dual tires? If field experiments should prove too "rough"
with respect to quality control, this might be an area for
laboratory tests.
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Determination of Pavement Layer
Thicknesses and Moduli by SASW Method
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Nondestructive tests are being used more than ever in evalu-
ating the integrity of existing pavement systems. The nondes-
tructive tests can be divided into two main categories:
(l) deflection-based methods, in which devices such as the
Falling \{eight Deflectometer (FWD) and dynaflect are used,
and (2) wave propagation methods such as the Spectral-Anal-
ysis-of-Surface-\{aves (SASW) method. The SASW method
has several significant advantages over deflection-based meth-
ods. One advantage is that moduli of thin pavement layers in
the upper portion of the pavement system can be easily and
accurately measured. A second advantage is that variations in
moduli within different layers, especially in the lower portions
of the base and in the subgrade, can be evaluated. This feature
is particularly beneficial when bedrock is close to surface. A
third advantage is that layering in the pavement system does
not have to be known. In fact, the thickness of the layers can
be determined as illustrated in the modulus profiles presented
in the paper. A series of tests was performed at nine flexible
pavement sections with significantly different profiles to eval-
uate the accuracy oflayer thickness determination by the SASW
method. The thicknesses ofthe asphaltic-concrete surface layer
varied between I and 5 inches. The base and subbase materials
consisted of substantially different materials. No information
regarding the types or thicknesses of the layers was provided
during data collection or reduction. Only after the results were
reported to the Texas State Highway Department were the
pavement profiles known. It was found that the SASW method
predicted the thicknesses of the layers quite closely. In addi-
tion, moduli determined by the SASW method were compared
with moduli back-calculated from FWD tests performed at the
same sites. The variation in moduli of similar materials used
at different sections exhibit somewhat less scatler when obtained
from SAS\{ tests. However similar trends were found with
both methods.

The Spectral-Analysis-of-Surface-'Waves (SASW) method is
a field seismic method for determining moduli and thicknesses
of pavement systems. As with any in situ method, limitations
in terms of accuracy in the final modulus profiles should be

understood. The sources of these limitations can be varied.
For instance, limitations can result from--

o The degree of sensitivity of the parameter being mea-
sured to the moduli,

S. Nazarian, Department of Civil Engineering, The University
of Texas, El Paso, Tex. K. H. Stokoe, II, Geotechnical Engi-
neering, The University of Texas, Austin, Tex. R. C. Briggs and
R. Rogers, Pavement Mânagement Section, Texas Department
of Highways and Public Transportation.

o The amount of simplification introduced in the theoret-
ical model used for data reduction,

o The degree to which the field data collection deviates
from the assumptions made in developing the theoretical model,

o Inevitable scatter in the data collected in the field, and
o Any dependency of the method on personnel skills in

data collection and/or reduction.

To better understand the limitations of the SASW method,
a series of theoretical, parametric, and sensitivity studies, as

well as extensive field investigations, have been conducted at
The University of Texas during the last several years. This
paper presents the results of one of the field studies.

The SASW method was used at nine sites at the Pavement
Test Facility of Texas A&M University in Bryan, Texas, in
March 1986. The primary objective of the tests was to evaluate
the effectiveness of the SASW method in determining the
thicknesses of various layers of different materials comprising
the pavement systems. A secondary objective was to study
moduli variations in similar materials at carefully controlled
pavement sites. The results are reported herein, along with
brief background information on the SASW method and an

explanation of the procedures and data analyses. In addition,
moduli obtained from FWD tests performed on the same
sections are included for comparison purposes.

It should be noted that no information pertaining to the
types of materials or thicknesses of the layers was provided
at the time of testing or data reduction (except for Site 7).
The material profiles reported herein were provided after
Young's modulus profiles of the different sites were reported
to the Texas State Department of Highways and Public
Transportation.

SPECTRAL.ANALYSß.OF"SURFACE-lVAVES
TESTING

General Background

The Spectral-Analysis-of-Surface-Waves (SASV/) method is

a method of seismic testing developed for determining small-
strain Young's modulus profiles at pavement sites and small-
strain shear modulus profiles at soil sites (1, 2). The SASW
method is a nondestructive method in which both the source
and receivers are located on the pavement surface. The source
is simply a transient vertical impact that generates surface
waves of various frequencies, which the medium transmits.
Two vertical receivers, located on the surface, monitor the
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propagation of surface wave energy past them. By analysis of
the phase information of the cross power spectrum for each
frequency determined between the two receivers, phase veloc-
ity, shear wave velocity, and elastic moduli are determined.

The terms elastic or small-strain are generally used to describe
moduli evaluated by SASW testing. These terms are used (or
their use is implied) because stress waves generated in this
type of seismic testing create strains in the medium that are
less than 0.001 percent. Moduli measured at these strain levels
are essentially constant and, hence, independent of strain
amplitude (3, 4). Therefore, the medium being tested behaves
like an elastic material. This low stress level also allows for
truly nondestructive testing.

Two key points in SASW testing are the generation of
primarily first-mode surface wave energy and the measure-
ment of surface waves (Rayleigh waves) at significant dis-
tances from the source. Rayleigh wave velocity, Vo, is con-
stant in a homogeneous half-space and independent of the
frequency. Each frequency, /, has a corresponding wave-
length, Lo, according to:

Vn=fL* (1)

Rayleigh wave and shear wave velocities are related by
Poisson's ratio. In an isotropic elastic half-space, the ratio of
Rayleigh-wave-to-shear-wave velocity increases as poisson,s

ratio increases. This ratio varies from 0.90 to 0.96 for values
of Poisson's ratio ranging from 0.15 (concrete) to 0.5 (satu-
rated subgrade).

If the stiffness of a site varies with depth, then the velocity
of the Rayleigh wave (R-wave) will vary with frequency. The
variation of R-wave velocity with frequency (wavelength) is
called dispersion, The dispersive characteristic of surface waves
is the key to the SASW method. A plot of surface wave
velocity versus wavelength is called a dispersion cr¡rve. The
dispersion curve is developed from phase information of
the cross power spectru¡n. This information provides the rel-
ative phase between two signals (two-channel recorder) at
each frequency in the range of frequencies excited in the
SAS\ry test. For a travel tirne equal to one period of the wave,
the phase difference is 360 degrees. Thus, for each frequency
the travel time between receivers can be calculated by

t(f): ö(f)/(360f) (2)

where:

/ = frequency,
t("f) = travel time for a given frequency, and
$ff) = phase difference in degrees for a given frequency

The distance between the receivers, D, is a known param-
eter. Therefore, R-wave velocity at a given frequency, Vo(/),
is simply calculated by

v^(f) = Dtt(f) (3)

and the corresponding wavelength of the R-wave is equal to

L^(f) = v*(f))tî (4)

By repeating the procedure outlined by equations 2 through
4 for every frequency, the R-wave velocity corresponding to
each wavelength is evaluated, and the dispersion curve is
determined. Several studies have been performed recently to
evaluate the optimum source/receiver array. The general array
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FIGURE I General configuration of SASW testing.

configuration is shown in figure 1. The distances are expressed
as follows: source to near receiver = d,, source to far re-
ceiver = dr, and receiver to receiver : D. Analytical studies
by Sanchez-Salinero (5) show that a desirable array config-
uration can be expressed as:

d2ld, : 2 (5)

Sheu et al. (ó) combined experirnental studies on pavements
with the analytical work of Sanchez-Salinero (5) to determine
the range of wavelengths that can be accurately obtained with
a fixed source/receiver spacing. They found that for an array
with dtld, = 2 the distance between receivers can be related
to useable wavelengths as

LR < 3D (6)

As the velocities of different layers are unknown before
testing, it is difficult to know if the limit expressed in equation
6 is satisfied. Practically speaking, it is more appropriate to
test with various distances between the receivers in the field
and then evaluate the range of wavelengths over which reli-
able measurements were made. The procedure is to select a
spacing between receivers, perform the test, and reduce the
data to determine the wavelengths and associated velocities.
The ¡rext step is to eliminate the points that do not satisfy
equation 6.

Rayleigh wave velocities determined by this method are not
actual velocities of the layer, but apparent R-wave velocities
(known as phase velocities). Existence of a layer with high
or low velocity at the surface of the medium affects mea-
surement of the velocities of the underlying layers. Therefore,
a method for distinguishing shear-wave velocities from phase
velocities is necessary in SASW testing.

Inversion of the dispersion curve, or (in short) inversion,
is the procedure of determining the shear-wave velocity pro-
file from the dispersion curve. Inversion consists of deter-
mination ofthe depth ofeach layer and the actual shear-wave
velocity of each layer from the apparent R-wave velocity ver-
sus wavelength information.

The inversion process used herein is based on a modified
version of Thomson's (7) and Haskell's (8) matrix solution
for elastic surface waves in a layered solid media. To simplify
the process of inversion, some assumptions were made. These
assumptions include-

o The layers are horizontal,
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o The velocity of each layer is constant, and
o The layers are homogeneous and linearly elastic.

The inversion process is an iterative process in which a

shear-wave velocity profile is assumed and a theoretical dis-
persion curve is constructed. The experimental and theoret-
ical dispersion curves are compared and necessary changes
are made in the assumed shear-wave velocity profile until the
two curves (experimental and theoretical dispersion curves)
match within a reasonable tolerance.

Once the shear-wave velocities are determined, the follow-
ing formulae are used to calculate shear and Young's moduli:

G=pV?

and

E:2G(1,+v)
where

G = shear modulus
E = Young's modulus
p = mass density and
v = Poisson's ratio

As mentioned earlier, moduli obtained in this manner are
the elastic, or small-strain, moduli. A methodology to account
for non-linear behavior of moduli obtained for different layers
utilizing the SASW method is suggested by Nazarian et al.
(9). This methodology is the same as that employed in geo-
technical earthquake engineering where small-strain moduli
evaluated by in situ seismic tests are adjusted to values appro-
priate for large-strain earthquake excitation by combining
(linear) field and (nonlinear) laboratory moduli.

Field Procedure

The general configuration ofthe source, receivers, and recording
equipment is shown in figure 1. Accelerometers were used as

receivers for close receiver spacings (<4 feet), and geophones
with a natural frequency of 4.5 Hz were used as receivers for
greater spacings. This was done to optimize recording of the
wave passage; that is, accelerometers produce more output
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at closer receiver spacings where high frequencies are present,
while geophones produce more output at larger receiver spac-
ings where low-frequency R-waves are excited.

The common receivers midpoint (CRMP) geometry (10)
was used for testing. With this geometry the two receivers
were each moved an equal distance away from an imaginary
center line between the receivers, and the source was moved
so that the distance between the source and near receiver was
equal to or greater than the distance between the two receiv-
ers. In addition, the location of the source was reversed for
each receiver spacing so that forward and reverse profiles were
run. This testing sequence is illustrated in figure 2. Distances
between receivers of 0.5, 1, 2,4, and 8 feet were used at each
site.

Different sources were used. For close receiver spacings, a

4-oz hammer was used. For greater distances, 2.5- and 5-lb
sledge hammers were employed, with the largest hammer
generally used at the 8-ft spacing.

The recording device was a Hewlett-Packard 35624 Fourier
spectral analyzer. This analyzer is a digital oscilloscope com-
bined with a micro-processor that can perform directly in
either the time or the frequency domain.

It is worthwhile noting here that the field procedure out-
lined above results in the performance of essèntially two tests,
one for the forward profile and one for the reverse profile.
The results (in terms of dispersion curves) are typically very
close, so that an average dispersion curve is calculated from
the forward and reverse tests. One can think of this type of
testing as a L-test run at each site for the SASW method.
However, the SASrff method is very repeatable at the same
site, with typically less than a five percent scatter among three
or more tests (ó, 11). Therefore, duplicate SASW tests were
not performed in this study.

PRESENTATION OF RESULTS

Description of Sites

The general layout of the pavement test facility constructed
at Texas A&M University in the mid-1960s is shown in fig-
ure 3. This facility, which is 460-ft long and 50-ft wide, consists
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FIGURE 2 Schematic of experimental arrangement for SAS\{ tests.
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SASII Tests were Perfonned at the Nine Highlighted Sections (Nos. 2,4,7,9,
10, 11, 16, 17 and lB).
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LS: Crushed Limestone
43 Cement GR: Sandy Graveì
23 Lime SC: Sandy Clay

PC: Plastic Clay

Nine randomly selected sections were tested in March 1986.
The nine sections are marked in figure 3. Material profiles of
all sections, as reported by Scrivner and Michalak (12), are
included in table 1. The top layer is always asphaltic-concrete
pavement. Base and subbase materials are either crushed
limestone or a mixture of crushed limestone with lime or

SHOULDER LINE

LTMESTONE H.M.A.C.
LIMESTONE

LIMEST0NE+LIME

LIMESTONE

FIGURE 3 General layout of pavement test facility at Texas Transportation Institute.

AC: Hot llix Asphaltic Concrete
LS+C: Crushed Limestone mixed with
LS+L: Crushed Limestone mixed with

of 27 different pavement sections. Each section is approxi-
mately 40-ft long and 12-ft wide. Some of the sections in the
facility do not represent typical pavenient sections encoun-
tered on roads, since the main function of the facility was to
determine the limitations and versatility of nondestructive
testing methods.

TABLE 1 MATERIAL PROFILES OF TTI PAVEMENT TEST FACILITY Q2)

;ecti on
Thickness (in.) llateriaI Type

Su rface Base Su bbase Embank. Su r face Base Subbase Embank.

2

4

7

9

l0

tì
16

l7

l8

I

5

I

5

I

I

5

3

'|

12

12

4

4

12

4

t2

8

B

4

1?

1?

4

4

12

12

I
I

36

24

36

40

36

36

24

34

36

AC

AC

'AC

AC

AC

AC

AC

AC

AC

LS+C

LS+C

LS

LS

LS

LS

LS+C

LS+L

LS+L

LS

LS

LS+C

LS

LS

LS

LS+C

LS+L

LS+L

PC

PC

PC

GR

GR

GR

GR

sc

sc
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cement. Subgrade materials consist of three different sands

or clays. Engineering properties of each material determined
by laboratory tests are given in table 2.

Dispersion Curves

Typical dispersion curves from SASW testing at two of the
ni¡re sites (Sites 4 and 11) are shown in figures 4 and 5. (These

curues represent the average values for the forward and reverse

2000 4000

Phase Velocily, fps

FIGURE 4 Dispersion curve from
SASW tests at section 4.

r37

TABLE 2 ENGINEERING,PROPERTIES OF MATERIALS USED IN CONSTRUCTION
ÔF TTI PAVEMENT FACILITY (12)

*By Texas trlaxial procedure at a lateral pressure of 5 psi

Note: The natura'l m¡terial below the erùankrents was plastlc c'lry
simiìar to that desc:^ibed above, changing to a denser clay at
a depth of about 90 inches belovr the surface of the pavercnt.
The dense clay ls abbreviated DC; its properties were not
determined in the laboratory.

€4
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Io
6

=6

€4
¿o
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profiles at each site.) Spectral analysis functions measured at

these sites are not presented for the sake of brevity. Typical
functions can be found in Nazarian and Stokoe (2). However,
the quality of the data collected in the field was very good.

Shear-Wave Velocities

Typical shear-wave velocity profiles after inversion of the dis-

persion curves are given in tables 3 and 4 for sites 4 and 11,

r 000

Phase Velocity, þs

FIGURE 5 Dispersion curve from
SASW tests at section ll.

Descri pti on

Abbrevlôtlon
Used In

Table I
AASHO

0l ass

Unl fled
Soil
Cl ass

lexas
Trl¡xial

Cl ass

Corçre ss i ve
Strength

(psi )'

Plastlc Clay

Sandy Cìay

Sandy Gravel

Crushed Limstone

Crushed Limstone
+ 2f" L1îe

Crushed Lirestone
+ 4ií Cement

Hot Mi x Aspha'lt
Conc rete

PC

sc

GR

LS

LS+L

LS+C

AC

A-7-6(20)

A-2-6(l )

A-l -6

A-l -a

A-l -a

A-l -a

CH

sc

sr,l

GS.GM

G}¡.GH

GTI.GH

5.0

4.0

3.6

1.7

1.0

1.0
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40

43
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TABLE 3 VARIATION OF SHEAR-WAVE VELOCITY AND YOUNG'S
MODULUS ïYITH DEPTH AT SECTION 4

¡ Depth to the nldheight of the layer
2 oenotes Half-Space

TABLE 4 VARIATION OF SHEAR.WAVE VELOCITY AND YOUNG'S
MODULUS WITH DEPTH AT SECTION 11

r Depth to the midheight of the ìayer
2 Denotes Hal f-Space

Layer

Number

Layer

Th I ckness

Layer

Depth¡

Shear lrlave

Ve l oci ty
Young I s

Modul us

Assumed

Poi sson's

Rati o

Assumed

Total Unit
}'le i ght

ln. in. fps ksi pcf

I
2

3

4

5

6

7

I
9

10

l1
L2

13

14

15

16

l7
18

19

t.20
1.20

1.20

1. 20

t.20
1.20

2.40

2.40

2.40

2.40

2.40

2,40

4.80

4.80

4.80

4 .80

4.80

4.80

H-S

0.60

1 .80

3. 00

4.20

5.40

6.60

8.40

10.80

13. 20

15. 60

18.00

20 .40

24.00

28.80

33 .60

38.40

43. 20

48.00

H-S2

2239

2239

2239

2508

626t

7115

7115

71 15

7115

7043

3005

275'l

2157

2757

1366

1335

1333

977

718

337 .9

337 .9

337 .9

421.2

2625.0

3390.0

3390.0

3390. 0

3390.0

3322.0

604.7

509. 1

509. 1

509.1

125.8

120. I
119.8

60.4

32.6

0. 25

0.25

0.25

0.15

0. 15

0.15

0.15

0. t5
0.15

0.15

0. 15

0.15

0.15

0.15

0.25

0.25

0.25

0. 33

0. 33

r25

125

125

135

135

135

135

135

135

135

135

135

135

135

125

125

125

110

110

Layer

Number
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Th i ckness

Layer

Depth t
Shear llave

Vel oci ty
Young's
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Assumed

Poi sson's

Rati o

Assumed

Total Unit
t{ei ght

tn. tn. fps ksi pcf

I
?

3

4

5

6

7

I
9

10

11

L2

l3
l4
15

t6
L7

l8
19

L.20

r.20
1.20

I .20

1 .20

1. 20

2.40

2.40

2.40

2.40

2.40

2.40

4.80

4.80

4.80

4.80

4.80

4.80

H-S

0.60

1 .80

3.00

4.20

5.40

6. 60

8.40

10.80

13 .20

15.60

18.00

20 .40

24 .00

28.80

33 .60

38.40

43.20

48.00

H-S2

3005

1589

732

7t5

688

677

713

708

708

714

733

6t2
6t2
6t2
660

582

582

660

687

604 .7

t70.2

33 .9

32 .3

29.9

29.0

32.2

31.7

31 .7

32.3

34.0

23.7

23.1

23.7

27 .6

21.4

21.4

27,6

29.9

0.25

0.25

0.33

0.33

0. 33

0. 33

0. 33

0. 33

0. 33

0. 33

0. 33

0. 33

0. 33

0. 33

0.33

0.33

0.33

0. 33

0. 33

125

125

110

110

110

110

110

110

110

110

110

110

110

110

110

110

110

110

110
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respectively. Nineteen layers were used in the inversion proc-
ess for each site. The thicknesses of the layers ranged from
about 1 inch (near the surface) to about 5 inches for subgrade
material. To simplify data reduction, the same profiles of
thicknesses were used at all sites as follows: six 0.1-ft-thick
layers, underlain by six layers each 0.2-ft thick, underlain by
six 0.4-ft-thick layers, and a final layer that was assumed to
extend to infinity. The more refined the layering selected in
inversion, the better determined are the thicknesses of dif-
ferent layers. Also, if only a few layers are assumed (say 3
or 4), it may be impossible to match the theoretical and exper-
imental dispersion curves.

For each site the inversion process consisted of the following
steps:

1. The experimental dispersion curve based on the field
data was obtained.

2. This experimental dispersion curve was compared with
the ones from the previous sites and

139

¡ If a similar dispersion curve could be found, the shear-
wave velocity profile from that site was used as the starting
point to invert the shear-wave velocity profile of the present
site;

o Otherwise, a rough inversion using a five-layer system
was first performed after which that profile was again inverted
using the refined l9-layer system described above.

In the rough inversion process, values of Poisson's ratio
and total unit weight of 0.33 and 110 pcf were assumed for
all layers. Mis-estimations of Poisson's ratio and total unit
weight have minimal effects on the shear-wave velocities
obtained by the inversion process (11). However, for the final
inversion, the values of Poisson's ratio and total unit weight
were modified, based on the shear-wave velocity as shown

below (except for the asphaltic-concrete top layer where Pois-

son's ratio and total unit weights of.0.25 and 125 pcf were
used, respectively):

10.0

30.0
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a) Material Prolile lrom
Construclion Drawings

FIGURE 6 Composite profile ol section 2.
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Shear Wave Velocity
ffps)
<1000
>1000 and <2500
>2500 (except for

Ac)

Poisson's Ratio Total Unit Weight
(pcf)

The reason for categorizing total unit weight and poisson's
ratio was that no insight into the nature of the materials at
each site was given to the first two authors at the time of data
reduction. Based on previous experience with pavement
materials, these values of Poisson's ratio and total unit weight
seem most reasonably associated with the different materials
divided upon the basis of material stiffness (wave velocity).

The material profile of Site 7 was known during data reduc-
tion because of initiation of a cooperative project on that
section between the time data were collected and the modulus
profile was reported.

r 0.0

20.0

40.0

1d

a) Matorial ProÌo from
Construclion Drawings
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Young's Modulus

Based on the shear-wave velocity profiles, Young's moduli at
different depths were calculated utilizing equations 7 and 8.
The resulting Young's modulus profiles are presented in fig-
ures 6 through 14. The total unit weights used in determining
Young's moduli are reported in the above table.

DISCUSSION OF RESULTS

SASIV Tests

Although the primary intent of this study is to evaluate the
sensitivity of the SAStff merhod in determining layer thick-
nesses, it is interesting and informative to begin by looking
at the range in values of moduli determined for similar mate-

0.33
0.25
0. 15

110
725
135

0.0

c
',8
Et-oo

30.0

l06t05

Young's Modulus, psi

b) Young's Modulus Profile
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FIGURE 7 Composite profile of section e.
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rials at the nine sites. To simplify this comparison, only aver-
age values of moduli near the center of each layer are used'

These average modulus values are summarized in table 5.

The modulus of the AC layer ranges from 338 to 1,392 ksi
which seems to be a rather large range. However, if Site 9 is

deleted from this comparison, the modulus ranges from 338

to 605 ksi, a very reasonable range. The value of the moclulus

of the AC layer at Site 9 seems unusually high, but additional
testing reconfirmed this value. The reason or reasons for this
high value are unknown. The results do point out, however,
the range in modulus, which can occur even under the iare-
fully controlled conditions at this test facility.

Ranges in moduli for the base, subbase, and subgrade mate-
rials are as follows:

Crushed Limestone: 32-509 ksi
Crushed Limestone * 4Vo Cement: 2500-3390 ksi
Crushed Limestone * 2Vo Lime: 1200-1340 ksi

0.0

r 0.0

20,o

40.0
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a) Material Prolile from
Conslruclion Drawings

FIGURE I Composite profile of section 7 (material profile was known before

inversion).
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Young's Modulus, psi

b) Young's Modulus Prolile

Sandy Gravel: 25-33 ksi
Sandy Clay 50-51 ksi
Plastic Clay: 17-34 ksi

Except for the plain crushed limestone base and the sandy

clay subgrade, these materials all exhibit reasonable values

and ranges in values, with ranges in moduli on the order of
two or less. The sandy clay exhibits rather high moduli which

are still possible based on the authors' experience. On the

other hand, the range in modulus for the limestone base seems

too large. The LS base exhibits a very low modulus at Site 9,

as if the base did not exist. On the other hand, the limestone
base exhibits very high modulus values at Sites 4 and 7. The
reason(s) for these low and high modulus values of the LS

base is unknown. It is hoped that some of the sites can be

cored to determine the precise materials and profiles in the
near future,

Prediction of layer thicknesses from the modulus profiles

------(1.2in.)

-(1.-8i!.1

-(1q-8iu

Legend

AC: Hot Mlx Asphalt Concrete
LS+C: Crushed Limestone

+ 4ol" Cement
LS: Crushed Limsstono
PC: Plastic Clay

--- Assum€d layer boundary
based on modulus Profile
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a) Malerial Profile from
Construclion Drawings

FIGURE 9 Composite profile of section 9.

is quite good at these sites, as summarized in table 6. Depths
where the boundaries of different layers were selected are
marked on the corresponding Young's ¡nodulus profiles pre-
sented in figures 6 through 14.

At six sections (Sections 9, 10, 1.1, 16,77 and i8) the base
layers are subdivided into two sublayers of similar materials
simply because of the experimental design procedure ernployed
to determine material types and thicknesses of different layers
at each section [see Scrivner and Michalak (12)]. These six
sections represent nothing but two-layer pavement systems.

It can be seen in figures 6 through 14 that when the base
and/or subbase materials are lime or cement stabilized, deter-
mination of thicknesses is quite straightforward because of
abrupt changes in the modulus profiles as shown at Sites 4,
16 and 17. However, for other types of base and subbase
materials, a transition zone occurs in the modulus profile at
layer boundaries which complicates definition of the layer
boundaries (such as Site 2 at 79.2-in and Site 9 at 14.4-in).
Intuitively, occurrence of this transition zone is logical because

TRANSPORTATION RESEARCH RECORD I 196

105 106

Young's Modulus, psi

b) Young's Modulus Prolile
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of possible mixing or intrusion of materials on different sides
of the boundaries.

One important point when estirnating layer thicknesses from
modulus profiles is that when the stiffness of two adjacent
layers is quite sirnilar, it is not possible to distinguish between
these two layers. A good example of this result is the profile
of Site 7 where the stiffness of the AC and LS layers is very
similar down to a depth of about 5 inches. It is not possible
to identify the thickness of the AC layer at this site. From a
pavement design standpoint, however, the AC and LS layers
will act as one 5-in thick layer with a modulus of about 360
ksi.

The following specific comments can be made about the
various profiles:

o At Sites 2, 4, 9, 16 and 17 , the thicknesses of the layers
estimated from the SASW modulus profiles agree closely with
the thicknesses described in the construction drawings. The
AC layer thickness is within 0.2 inch, and the base layer

0.0

tr

o_oô
30.0

40.0

[a.8- i.n l

-(11._aj! )

Leoend

AC: Hot Mix Asphalt Concrete
LS: Crushed Limestone
GR: Sandy Gravel

- - - Assumsd layer boundary
based on modulus profile
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a) Mateñal Prolile from
Construction Drawings

FIGURE l0 Composite profile of section 10.

thickness is generally within about one inch. There is, how-
ever, a gradual transition area in the subbase and subgrade

layers. These can be due to a gradual change in the property
of the subgrade-subbase interface.

o The layer thicknesses at Site 7 were known in advance.

However, a transition zone between'the subbase and subgrade

is detected in the SASW tests, which was unknown but seems

possible.
o At Site 9, the modulus of the base layer (LS) is less than

similar materials at Sites 4 and 7 and is more similar to the
base layer at Sites 2 and 10.

o It seems that the crushed limestone used as a base has a

low modulus at Site 10. Once again, a transition zone between
the AC and base layers is evident at Site 10. This transition
zone seems quite reasonable and thus (probably) represents

the actual profile.
o Site 11 has been reported to have an identical profile to

Site 10. The SASW profile shows that the layering is quite
close for the two sites, but the crushed limestone base at Site

iii¡-¡ñj

Assumed layer boundary
based on modulus profilo

Young's Modulus, psi

b) Young's Modulus Profile
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11 is much less stiff than at Site 10. (This matter is also reflected
in FWD deflections from the two sites (see table 7). As a

result, the depth of the bottom of the base at Site 11 is less

well defined than at Site 10. Those sites show that it becomes

difficult to select boundaries whenever stiffness contrasts
between layers is less than about a factor of 2.

o At Site 18 the boundary of base and subgrade is predicted
quite well. However, the boundary bettryeen the asphalt and

the base layer indicates a gradual change in stiffness, which
may or may not exist in the actual profile.

Falling Weight Deflectometer Tesfs

On the same day that the SASW tests were carried out, deflec-
tion data were collected using the FWD device. At each sec-

tion, one FWD test was performed at a nominal load of 9
kips. (Other nominal loads were also applied but were not
considered in this study.)
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Construclion Drawings

FIGURE f l Composite profile of section ll.
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The actual deflection basins measured in the field are pre-
sented in table 7. Preliminary modulus profiles back-calcu-
lated by personnel of the Texas Transportation Institute using
Program CHEVDEF (13) (see acknowledgements) are reported
in table 8. Also included in table 8 is the absolute sum of
differences between the measured and calculated deflections.
Bush (/3) recornmends that the absolute sum of the differ-
ences should be less than 10 percent for an acceptable fit. It
can be seen that in all cases except one (Site 4) the absolute
sum of differences is greater than this recommended value.
Program BISDEF was also used for back-calculation of mod-
uli. Overall, the absolute sum of the differences between the
measured deflection and with BISDEFcalculated were similar
to those reported for CHEVDEF.

The main reason for the lack of ability in obtaining a better
match between the field and theoretical deflection basins can
be due to several factors, such as variations in moduli within
different layers cannot be considered. A good example is the

1d 1oo 107

Young's Modulus, psi

b) Young's Modulus Profile

subgrade, which consists of two distinct sublayers of fill mate-
rial and a natural soil layer.

Comparison of Moduli from SASrff and FrflD Tests

In the last section it was mentioned that back-calculated mod-
uli obtained from FWD devices are preliminary because of
somewhat large variation between the measured and calcu-
lated deflection basins. Therefore, the discussion presented
herein is very general in nature.

Moduli of the asphaltic concrete layers obtained by prelim-
inary work on basin-fitting of the FWD data exhibit, in gen-
eral, greater variation than those of the SASW tests. This is
expected because of the lack of sensitivity of the FWD method
to the stiffness of the top thin layer, while the SASV/ method
is quite sensitive in this region. It is, however, interesting to
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FIGURE 12 Cornposite profile of section 16.

note that in the FWO results the AC layer at Site 9 exhibits
the highest value of modulus, as do the SASIV results.

Moduli of the crushed limestone used as the base and/or
subbase vary greatly from one section to another as obtained
by both methods. At Sites 7 and 10, the moduli are within
about 20 percent tly both methods. However, for the other
sites, modulus values from the two testing methods vary by
a factor ranging from 2 to about 20, a poor comparison which
is under further study.

Moduli of the cement-stabilized crushed limestone are rel-
atively constant as determined by the SASW tests, with a
maximum variation of about 20 percent from the average. A
much larger variation in modulus values exists in the FWD
results. However, at Sites 2, 4, and 16, the average moduli
of this material are within about 15 percent of each other, a
good comparison.

Only two sites were tested which have bases of lime-sta-
bilized crushed limestone. The modulus values of this material

104 105 106 107

Young's Modulus, psi

b) Young's Modulus Profile

do not vary much, as shown in table 5. However, moduli
obtained by the SASW method average about 75 percent
higher than those obtained by the FWD method.

The three fill materials (sandy gravel, sandy clay, and plastic
clay) exhibit the same trends from the two testing methods.
The moduli of the plastic clay and sandy gravel are generally
within about 25 percent. However, the modulus values of the
sandy clay fill from the SASW tests are about twice as large
as those obtained by the FWD tests.

Another way of comparing moduli from the two methods
consists of inputting the SASW modulus profiles in a layered-
theory algorithm (such as BISAR) and deterrnining theoret-
ical deflection bowls. The theoretical deflection bowls can
then be compared with the field deflection bowls obtained
from the FWD tests. This approach is not very feasible in this
study, however, because the SASW modulus profiles are quite
shallow. Since the main goal of this project was to obtain the
thicknesses of different layers in the upper portion of the
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FICURE 13 Composite profile of section 17.

pavement systems, many layers were placed near the surface,
and the moduli were determined accurately to a depth of only
about 50 inches.

CONCLUSIONS

Overall, moduli and thicknesses determined by the SASW
tests seem very reasonable. The accuracy of the layer.bound-
aries determined frorn the SASÌW profiles can be further
improved by assuming more layers. However, the value of
more detailed profiles than presented herein is questionable
in the design process. On the other hand, more detailed layer
boundaries could be important for construction control, and
this result is quite feasible but requires more data-reduction
time, which constitutes no problem, and this occurrence should

b) Young's Modulus Prolile

be studied more rigorously. Most importantly, however, the
strength of the SASW method in terms of determining com-
plex stiffness profiles with numerous layers is clearly dem-
onstrated by these tests.

Comparison of modulus values from the SASW and FWD
tests at the same sites show several genelal points. First, mod-
uli of the top pavement layer exhibit less scatter in SASW
tests than in FWD tests because of the higher sensitivity of
the SASW method to properties in this region of the pave-
ment. Second, moduli of other pavement layers, especially
thick, stiff layers such as at Site 16, are generally within about
30 percent by the two types of tests. Third, moduli of the
subgrades at six of the nine sites are also within about 30
percent.

Moduli from SASW tests are low-strain moduli. On the
other hand, moduli back-calculated from FWD deflection basins
may contain manifestations of nonlinear behavior induced by

(3.0 in.)

(19.2 in.)

Leoend
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+ 2loLimø
SC: Sandy Ctay

- - - Assumed layer boundary
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a) MatedalProlile lrom
Construction Drawings

FIGURE 14 Composite profile of section 18.

the heavy loads imparted to the pavement surface. In theory,
both tests should yield the same moduli if the boundary con-
ditions for both methods are similar and satisfied properly in
the back-calculating procedures. Moduli obtained by the two
methods compare well when the predominant pavement lay-
ers are thick and stiff. It seems that in these cases both tests
are performed in the linear range and the pavement structure
is relatively simple.

Young's Modulus, psi

b) Young's Modulus Profile
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Secti on
Average Modulus of Each ltlateriaì, ksi

AC* LS LS+C LS+L GR sc PC

2

4

7

9

10

11

16

L7

18

409

338

338

1392+

500

605

371

395

395

85

509

362

99

60

32

2500

3390

2727

2700

1340

1200

29

25

25

33

51

50

34

33

L7

TABLE 5 SUMMARY OF AVERAGE MODULUS VALUES OF MATERIALS
DETERMINED FROM SASW TESTS

*AC: Hot Mix Asphaìt Concrete
LS: Crushed Linestone
LS+C: Crushed Limestone + 4% Cement
LS+L: Crushed Limestone + 2% Lime
GR: Sandy Gravel
SC: Sandy Clay
PC: Plastic Clay

+ Unusually high value has been confirmed by additional tests

TABLE 6 COMPARISON OF THICKNESSES ESTIMATED FROM SASW TESTS
AND CONSTRUCTION DRAWTNGS

* Subbase and Ease were constructed from the same nateri.a'ls.
+ AC Layer and Base have about the same modulus and would be interpreted

as one layer with a thickness of 4.8 ln. if the material profile was
never known.

!ecti on

Thlckness fro¡n Con-
structlon Drawlngs, in.

Thlckness from SASI{
Proflle, in.

Olffercnce ln Layer
Thlcknesses, in.

AC Ease Subbase AC Base Subbase AC Ease Subbase

2

4

7

9

l0

11

16

l7

l8

I
5

1

5

1

I
5

3

1

t2

L2

4

It
16*

l6*

24*

16*

16*

4

L2

t2

t.2

4.8

1.2+

4.8

1.8

1.8

4.8

3

1.2

t3.2

12.0

3.6+

g. 6*

¡5*

17 .4*

26,4t

16. 2*

15.6*

5.0

14.4

12 .0

0.2

0.2

0.2

0.2

0.8

0.8

0.2

0

0.2

1.0

0

0.5

1.6

I

1.4

2.4

0.2

-0.4

1.0

2.4

0



TABLE 7 DEFLECTION BASINS MEASURED AT TTI PAVEMENT TEST
FACILITIES

* Sensor Number I was located directìy under the load and the other
6 sensors were placed one foot apart.

TABLE 8 SUMMARY OF MODULUS VALUES BACK-CALCULATED
FROM FWD TESTS

a 
ASO denotes Absolute Sum of Percent 0ifference between the measured
and backcalculated deflection basins,

*AC: Hot Mix Asphalt Concrete
LS: Crushed Limestone
LS+C¡ Crushed Limestone + 4% Cement
LS+L: Crushed Limestone + 2% Lime
GR: Sandy Gravel
SC: Sandy Clay
PC: Pl ast'i c Cl ay

bl,lodrlrc values for Site 9 backcaìculated by personnel at The University
of Texas at Austin

Secti on Load,
ìbs

Defìection, mils

Sensor Number*

I 2 3 4 5 6 7

2

4

7

9

10

1l

16

L7

18

9480

9392

9376

9368

9432

9U6

9288

9384

9392

6.8

3.2

11. 5

9.3

t6.2

L9.7

2.L

6.3

5.0

5.7

2.3

6.2

5.9

7.6

7.6

L.4

5.2

4.2

4.i

2.3

5.5

3.6

4.1

3.6

1.4

4.3

3.1

3.9

2.0

4.6

2.4

2.9

2.5

1.3

3.5

3.I

3.0

L.7

3.8

1.7

2.2

1.9

1.1

?.8

2.6

2.4

1.5

3.0

1.3

1.8

1.6

1.0

2.2

2.2

1.8

1.3

2.5

r.2

1.4

1.2

0.9

1.8

t.7

iecti on
Average f¡lodulus of Each Material, ksi

AC* LS LS+C LS+L GR SC PC Asoa'

2

4

7

9b

10

ll
l6

T7

18

947

609

864

1000

885

475

302

570

320

23

87

293

100

69

65

3119

4491

797

2125

851

631

23

27

32

46

22

2t

24

32

19

18. 7

4.1

19.6

61 .8

24.8

25.4

12.6

35 .0

24.6
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Load-Associated Crack Movement
Mechanisms in Roads

F. C. Rusr eup V. P. Srnves

The increasing use of modified binders to inhibit reflection
cracking, and the fact that these materials are sometimes
unsuccessful, highlights the need to investigate the mechanisms
of load-associated crack movement and crack reflection. The
Crack-activity Meter (CAM), developed to measure load-asso-
ciated crack movement, is discussed in this paper. Heavy Vehi-
cle Simulator (HVS) tests, incorporating crack-movement
measurements are discussed, as well as various types of crack-
movement behavior. Four typical mechanisms of crack and
joint movement are identified and discussed. This work has
led to an improved understanding of the mechanisms of crack
movement and crack reflection and to a procedure, based on
the measurement of crack movement, that can be used to aid
rehabilitation design.

The reflection of prirnary cracks through ovellays and seals
on roads is recognized as a serious problem. The ingress of
rainwater through such surface cracks can cause pumping,
leading to forms of distress such as pot-holing and/or defor-
mation. This can, in turn, lead to the premature failure of an
otherwise sound pavement.

Asphaltic overlays are often used to rehabilitate both flex-
ible and rigid pavements. However, such efforts can be inval-
idated by the reflection of cracks through overlays and seals,

Special or innovative materials such as bitu¡nen-¡'ubber, geo-
fabrics and low-viscosity asphalt have been used in attempts
to solve this problem with varying degrees of success (/). This
emphasizes the fact that the mechanis¡ns of crack movement
and crack leflection are not yet fully understood.

Cracks in a pavement can reflect due to ther¡nal effects, as

well as wheel load effects. Extensive investigation has been
done regarding crack reflection due to thermal effects on
concrete pave¡nents. In South Afi'ica there are relatively few
concrete pavements, and the thermal changes are not as severe
as in some countries. Furthermore, many pavements contain
cemented bases where thermal rnovements are relatively low
and, therefore, wheel load-associated crack reflection is of
more importance.

In order to investigate ancl measure load-associated crack
movement in the field a new instrument, the Crack-activity
Meter (CAM), was developed (2). The CAM has been used
extensively with the Heavy Vehicle Simulator (HVS) during
the accelerated testing of various types of pavements. The
measurement of crack movement and changes in crack move-
ment with pavement deterioration has led to the identification
of four typical mechanisms of clack and joint rnovement.

Division for Roads and Transport Technology, P.O. Box 395,
Pretoria, 0001, South Africa.

Crack-movement measuremelìts and the analysis of crack-
movement mechanisms has led to better understanding of how
and why cracks move under heavy wheel loads. This improved
understanding has laid the foundation for more rneaningful
research into the problems of and possible solutions to crack
reflection.

THE CRACK.ACTIVITY METER (CAM)

The Crack-activity Meter (CAM) can measure both relative
vertical and horizontal crack movement simultaneously. Fig-
ure L shows a schernatic diagram of the CAM. Data are recorded
continuously as a wheel approaches the point of measurement
and passes over it. A plot of crack movernent versus the
distance of the wheel from the measuring point is, therefore,
the influence line of crack ¡novement.

The CAM was specifically designed to measure the relative
crack movements directly and with reasonable accuracy. The
CAM has the following features:

¡ Its reference point is as close as possible to the point
of measurement. This rninimizes the risk of errors resulting
from calculating crack movernent fro¡n two deflection
measurements (,1).

o It is small enough to fit between the dual wheels of the
I{VS o¡'a truck. Measurements can therefore be taken between
the tires of a dual wheel where the maximum crack movement
and surface deflection occur.

o The contact area between the CAM and the roacl surface
is as small as possible; this minimizes en'ors caused by the
possible tilting of its frame.

o The effect of the curvature of the road surface on the
accuracy of measurements is minirnal. The ratio between the
distance above the road surface where crack movement is

measured (10 mm) and the radius of cul'vature (say 100 m)
is so small that its influence can be ignored.

o The data are recorded on a microco¡nputer, thus simpli-
fying data validation and processing, and allowing the record-
ing of total influence lines of data rather than only peak
values.

The CAM can be used to measure crack movements on a

pavement at different stages during its structural life. Typical
influence lines of crack movernent recorded on a cemented
base pavement are shown in figure 2; the structure of this
pavement is shown in figure 3, These influence lines show
that, on this pavernent, a crack goes through an opening-
closing-opening cycle for one pass of a wheel. It is interesting
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FIGURE I The crack-activity meter (CAM).

to note that, on this pavement, the horizontal load-associated
crack movement was much larger than the vertical crack
movement. This contradicts previous assumptions that hori-
zontal crack movement is mainly due to thermal effects and
that wheel loads cause only vertical movement.

Naturally, the crack movements can change if the factors
influencing them change. Changes in crack movement are
brought about artificially during HVS testing when acceler-
ated trafficking causes changes in parameters such as the shape
of the deflection basin or the size of the blocks defined by
the cracks. The peak crack movements recorded at various
stages of an HVS test can be plotted against trafficking to
produce a crack movement behavior curve (see figure 4). The
CAM can thus be used in conjunction with the HVS to deter-
mine how the crack movement will change as a pavetnent
deteriorates.

CRACK MOVEMENT BEHAVIOR

The CAM has been used extensively to measure crack move-
ments on various types of pavements as part of HVS test
programs to investigate typical mechanisms of crack move-
ment and the crack movement behavior of various types of

2
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pavements. These included a flexible pavement, a cracked
Jointed Concrete Pavement (JCP) and rigid pavements
(uncracked JCPs and Continuously Reinforced Concrete
pavements). On the uncracked JCPs the movement of the
joints was monitored to establish their mechanisms of failure.
The crack movement behavior and their controlling mecha-
nisms on these pavements are discussed below.

Crack Movement Behavior on a Flexible Pavement

The MR27 is a cemented base pavement near Cape Town;
the structure of this pavernent is shown in figure 3. At certain
locations the pavement displayed severe signs of distress; this
took the form of cracking (block sizes two to three meters),
rutting and pumping from the cemented base.

In order to aid the rehabilitation clesign for this pavernent
an HVS test was conducted on a section in the fast lane of
the pavement where the pavement structure was still in a

reasonable state. Crack movements were measured at two
points on the test section. Figure 4 shows the crack movement
behavior recorded during the HVS test. The crack rnovement
reached a maximum of 200 prn and then decreased again.
Figure 5 shows the recorded surface deflections. The crack
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FIGURE 2 Typical infìuence lines of crack movement obtained on the
MRN,
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35 mm SURFACING

23O mm CTB
( CRACKEO I

2OO mm LATERITE

IN SITU SANO

MR 27 -FLEXIBLE
PAVEMENT

l4O mm ,JCP OVERLAY

3Omm FLEXIBLE
ASPHALT

2O0 mm PCC
(CRACKED )

IOO mm C3

75 mm G6

SANO

N2/I WITH JCP
OVERLAY

movement as well as the surface deflection increased initially
due to the ingress of rainwater. After the pavement dried the
surface deflection decreased, as did the crack movement. A
test pit opened on completion of the HVS test revealed that
the blocks had not broken down further under HVS traffic.
The crack movement behavior on this pavement section was
therefore influenced by and correlated reasonably well with
surface deflection.

Crack Movement Behavior on a Semi-Rigid
Pavement

The N2 between Cape Town and Somerset lVest is a jointed
concrete pavement (JCP); it shows unusual distress in the

20O mm PCC
(CRACXEO JCP)

l0O mm C3

75 mm G6

CAPE FLATS SANO

N2/I - SEMI- RIGID
PAVEMENT

90 mm CRCP

30 mm FLEXIBLE
ASPHALT

2OO mm PCC
( CRACKED }

IOO mm C3

75 mm 06

SAND

N2/I WITH CRCP
OVERLAY

vicinity of the joints. Alkali-aggregate reaction in this pave-
ment initiated cracking which, under the action of traffic load-
ing, cyclic temperature, and moisture changes, led to struc-
tural distress such as progressive spalling. The size of the
blocks defined by the cracks ranged from 350 mm to 450 mm
in the vicinity of the joints. The frequency of the cracking
was such that, for the purpose of analyzing crack movements,
the pavement could no longer be regarded as a rigid pavement
but rather as a semi-rigid pavement. The HVS was used to
test several experimental overlays placed on this pavement.
These included the use of bitumen-rubber modified asphalts,
geofabric interlayers, a bitumen-rubber interlayer with a gap-
graded asphalt overlay, granular layers, and concrete over-
lays. Viljoen et al. (3) discussed the behavior of a number of
these overlays under HVS traffic.
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FIGURE 3 Structures of pavements on which crack movement behavior was determined.
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FIGURE 4 Crack movement behavior on the MR27 at measuring
point 6.
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As part of the above work, crack movements were mea-
sured in order to investigate the ability of the bitumen-rubber
modified asphalt overlay to retard reflection cracking on cracks
with a known activity. These measurements were taken on
cracks in the vicinity of two joints in rhe pavemenr (joint 131
and joint 132). Joint condition ratings determined before the

TRANSPORTATION RES EARCH RECORD I T96

pavement was overlaid (4) indicated that joint 131 was in a
more deteriorated state than joint 132. Figure 6 shows the
crack movement behavior. At joint I32 the crack movement
increased markedly to a maximum of approximately 600 pm
as the test progressed and the blocks between the cracks broke
down to a critical block size. Further block breakdown led to
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FIGURE 5 Average surface deflection on the MR27 at measuring point 6 under a 40-kN wheel
load.

REPETTTTONS (x lO 3)

FIGURE 6 Crack movement behavior of cracks in the vicinity of two joints
in the cracked JCP-Section l.
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a decrease in crack movement. In the case of joint 131 the
crack movement decreased from the beginning of the test.

The difference in crack movement behavior between tlle two
joints confirms their different states before commencetnent
of the test.

A test pit opened at joint 132 after cornpletion of the test

showed signs of granulation of the top part of the concrete
layer confirming that block breakdown had indeed taken place.

Cracks that developed in the concrete after deterioration of
the blocks did not reflect through the rubberized overlay, thus

confirming that the crack movement had decreased after the
blocks deteriorated.

Crack movement can be caused by the tilting ol rocking of
the blocks under a wheel load. High-crack tnovements were
therefore still present in the case of this relatively stiff pave-

ment with low deflections. The crack movement increased
with block breakdown until the critical block size was reached.

Further block breakdown led to a decrease in crack movement
as the blocks became too small to tilt under the wheel. For
this pavement, therefore, there was a clear corrclation between

block size and crack movement. Block size can therefore be

very important if tilting is the major mechanism of crack
movement.

Crack Movement Behavior on Rigid Pavements

The CAM was also used to measure the joint movement of
rigid pavements to investigate their mechanisms of failure.
This was especially successful on experimental JCP and con-
tinuously reinforced concrete pavement (CRCP) overlays placed

on the cracked JCP discussed above. The crack movement
behavior of these two pavement types, monitored during HVS
testing, is discussed below.

A thin and a thick unbonded JCP overlay (115 mm and 145

mm respectively) were placed on the cracked JCP with an

asphaltic bond-bleaking layer separating them. Figure 3 shows

the pavement structure after the placing of the new JCP. The
thin JCP carried approxirnately 12 million equivalent axle
loads (E80s) in the dry state before cracking. In the case of
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FIGURE 7 Typical i¡¡fluence lines of joint movement recorded on the
thin JCP overlay-N2/1.

the thick JCP the pavement lasted approximately 30 million
E80s before it startecl cracking. Crescent-shaped cracking
appeared at distances of 600 mm to 700 mm away from the
joint in the new JCP. Secondary cracking developed with
further trafficking of the pavement. In the wet state the thin
JCP (115 mm) started cracking after only 3 million E80s, and
the thick JCP (145 rnm) after only 7 million E80s. It is evident
that the ingress of water into the pavement considerably short-
ened its life.

CAM measurements were taken on the joints of the new
JCP during testing of the thin as well as the thick overlay.
Figure 7 shows typical influence lines of joint movement. The
high vertical movement (greater than the horizontal ¡nove-
ment) is typical of an uncracked JCP-the slabs between the
joints are too large to rock under the wheel load.

Figure 8 shows the joint movement behavior recorded dur-
ing HVS testing of the thin JCP in the dry state. The vertical
joint movement was, at first, relatively low but increased
quickly to a level of approximately 200 pm after approxi-
mately 80,000 repetitions of a 100-kN dual wheel load. The
crack movement remained constant at 200 pm up to approx-
imately 320,000 repetitions. At this stage the JCP developed
D-cracking about 600 mm away from the joint. Shortly after
commencement of the test, a small void developed directly
underneath the JCP in the vicinity of the joint; this explains
the initial increase in joint movement. The high vertical move-
ment caused tensile strains to develop at the surface of the
slab. The joint move¡nent then remained constant for a num-
ber of repetitions, while the slab was bending in a cantilever
motion because of the loss of support. The concrete eventually
fatigued and D-cracking developed at the position where the
maximum bending moment (and tensile strain) occurred in
the slab. After cracking, the joint movement increased mark-
edly as the blocks between the cracks tilted or rocked under
the wheel.

ln the case of the wet test, the high vertical movement and
the presence of water created an aggressive purnping action,
which caused erosion of the asphaltic bond-breaking layer,
leading to a larger void and a correspondingly higher vertical
movement. The concrete was therefore subjected to much
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higher levels of strain and lasted fewer repetitions. The thicker
JCP (145 mm) lasted longer because of its greater strength
when subjected to bending or cantilever action.

The CRCP experimental overlays on the cracked JCP con-
sisted of 90 mm and 125 mm continuously reinforced concrete
with 0.67 percent longitudinal reinforcement and a flexible
asphalt levelling layer. The thin CRCP was tested both in the
slow lane and on the shoulder. In the wheel path, the CRCP
was well supported by the levelling layer and the cracked JCP.
On the shoulder, the support consisted of a thin asphalt sur-
facing on top of a granular layer and Cape Flats sand. During
HVS testing of both sections undel dry as well as wet con-
ditions the structure performed extremely well. In the wheel
path, approximately 40 rnillion equivalent standard axles (880s)
were applied with no apparent distress becoming visible. Fig-
ure 9 shows the crack movement behavior during HVS testing.
The mechanism of crack movement on a CRCP is mainly that
of a hinging action of the blocks (defined by the shrinkage
cracks) on the reinforcement steel. This results in very low
vertical and horizontal crack movements (generally below 30
pm). The aggressive pumping action, found under the JCP
overlays, did not therefore develop in this case. The result is
that the thin CRCP lasted much longer than even the thick
JCP. Figure 10 shows a summary of the crack movement
behavior curves obtained during HVS testing.
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The load-associated joint movements on JCPs are also influ-
enced by thermal change. Under a 40-kN wheel load the
vertical joint movement of a JCP has decreased by 30 percent
and increased by 47 percent during a 24-hr cycle of HVS
testing.

CRACK MOVEMENT MECHANISMS

The crack movernent measurements in conjunction with I-IVS
testing indicate that cracks or joints on a pavement will ¡nove
due to various mechanisrns. Furthermore, there are various
reasons for changes in crack movement. In particular, the
following were noted:

¡ The cracks on a flexible pavement can move due to their
position in the deflection basin.

o Crack nrovement on a flexible pavement can change due
to a change in eithel the shape of the deflection basin or the
block size.

o The clacks in a semi-rigid pavement can move due to the
tilting of the blocks under a wheel load; this crack rnovement
can change with the size of the blocks.

o On a rigid pavement (such as a JCP) the joints may move
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FIGURD 8 Joint movemcnt behavior recorded durilrg HVS testirtg of
the thin JCP overlay in the dry state-N2/I.
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vertically due to a ca¡ìtilever action of the slabs if a void is
present under the slab.

. On a CRCP the cracks can move due to the hinging of
the blocks on the reinforcernent steel.

Four mechanisms of crack movement and changes in crack

movement will be discussed below. The understanding of these

lnechanisms has been instrumental in the explanation of crack

movement behavior on flexible pavements, as well as in the

explanation of the mechanisms of failure on rigid pavements.

Crack Movement Resulting from the Shape of the

Deflection Basin

The deflection basin of a flexible pavement under a heavy

wheel load will normally be as shown in figure 11. The middle
portion of the deflection basin will be concave and toward
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the end of the basin its shape at the surface will tend to be

convex. A typical deflection basin on a flexible pavernent will
therefore have one concave portion and two convex portions.
The magnitude of the peak deflection is indicative of the

support conditions of the pavement, and the degree of cur-
vature in the deflection basin is indicative of the state of the
layers closer to the surface. Horak (5) has indicated that anal-
ysis of the deflection basin can l¡e used to assess the state of
the structural layers in a pavement. The above indicates that
the shape of the deflection basin can change with the support
conditions or with the state of the stt'uctural layers.

Figure 11 also shows that cracks on the sul'face of a pave-

¡nent will be open or closed, depending on their position in
the deflection basin. A particular crack will go through a cycle

of opening-closing-opening for every wheel that passes over
it. The magnitude of the peak crack movement will depend
on the degree of curvature of the deflection basin as well as

on the size of the blocks defined by the cracks. Figure 12
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FIGURE 10 Crack moventent behavior curves obtained during HVS testing.
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FIGURE 12 Large blocks in a typical deflection basin-crack movement due to
downward deflection.

shows a large block in a typical deflection basin. If the blocks
are very large, the crack movement will result from the can_
tilever action of these blocks under the wheel load. This implies
that.in the case of large blocks the magnitude of the peak
crack movement will relate to the peak deflection. This fact
was illustrated during the HVS test on the MR27 discussed
above.

If the block sizes are in the order of 0.5 m to 1.0 m the
cantilever action will be a minimum as the blocks ate more
rigid. In this case the shape of the deflection basin as well as
the block size will influence the magnitude of crack move-
ment. On the other hand, if the blocks are very small the
crack movement will be very low (see figure 13). The above
implies that the crack movement can change during flexible
pavement life with changes in the deflection basin or the block
size.

Crack Movement Resulting from the Tilting of the
Blocks

The HVS test on the semi-rigid pavement discussed above
showed that the crack movement can be significantly high
even if the peak deflection recorded is relatively low. This
fact indicates that crack movement can be caused by tilting
or rocking of the blocks defined by the cracks under a heavy
wheel load. Figure 14 illustrates this phenomenon. In this
case the peak deflection and the shape of the deflection basin
will have only a minor influence on the crack movement. If

the blocks are very large they will not be tilted by rhe wheel
load, and the cantilever action will cause only small crack
movements. If the blocks are very small the wheel load will
also not be able to tilt them. In the case of semi-rigid pave-
ments, the crack movement will be mainly due to the tilting
of the blocks and can change with the block size. I{owever,
the deflection basin, being relatively shallow, will have little
influence on the crack movement.

The HVS test on the semi-rigid pavement illustrated the
above. On this pavement the crack movement was initially in
the order of 300 pm and the block size in the order of 300
mm to 400 mm, The breaking up of the blocks led to an
increase in the crack movement to a maximum of approxi-
mately 600 prn with eventual decrease as the blocks became
to small to be tilted under the wheel load.

Joint Movement due to Cantilever Action on Rigid
Pavements

The CAM can also be used to measure the movement of the
joints in JCPs. HVS testing of these pavements has shown
that the vertical movement of the joint was generally larger
than the horizontal movement. This is unusual and was caused
by the existence of a small void under the slab in the vicinity
of the joints. This void led to very high vertical movements
generated by a cantilever action of the concrete slab. Figure
15 shows the cantilever action due to the loss of support under
the slab.

LARGE
MOVEMENT

SMALL
MOVEMENT+rtrf'
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FIGURE 13 Crack movement related to the size of the blocks.
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FIGURE 14 Crack movement due to the tilting of the blocks.
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Crack Movement due to Hinging Action

On CRCPs the crack movement mechanism is mainly one of
hinging of the blocks on the reinforcement. The reinforcement
steel in the concrete prevents excessive vertical crack move-
ment. The crack movements are therefore very low and the
aggressive pumping action is absent. This mechanism is shown
in figure 16.

CONCLUSIONS

The phenomenon of the reflection of primary cracks through
overlays and seals is partly due to repetitive thermal and/or
load-associated crack movement. The development of the
Crack-activity Meter (CAM) provides a means of measuring
load-associated crack movements accurately and effectively.
The CAM has been used extensively in conjunction with Heavy
Vehicle Simulator (HVS) testing.

PCC

CEMENTEO
SUBBASE

The measuring and analysis of crack movements has led to
a better understanding of the mechanisms of crack reflection.
Four typical mechanisms ofcrack movement have been defined:

o Crack movement caused by the shape of the deflection
basin,

o Crack movement caused by the tilting of blocks under a

heavy wheel load,
o Joint movement on uncracked JCPs caused by the can-

tilever action of the slabs, and
o Crack movement on CRCPs caused by the hinging of the

blocks on the reinforcement steel.

In the case of the deflection basin mechanism the crack
movement during pavement life can change should the shape

of the deflection basin or the block size change. In the case

of the block-tilting mechanism the deflection basin has a minor
influence on the magnitude of the crack movement. This
mechanism is, however, influenced by a change in the block

REINFORCING
STEEL

i;,;,i
FIGURE 15 Movement of a joint in a JCP due to a void under the slalr-cantilever
action.

WHEEL
LOAD

VERY SMALL
CRACK MOVEMENT

Itllltlttlllllr;trrttl

FIGURE 16 Crack movement on a CRCP-hinging of blocks on
reinforcement steel.

I



160

size. On JCPs it was found that the vertical movement of
joints can be very high due to cantilever action if a void is
present directly under the slab. In the presence of water, this
cantilever action can lead to a very aggressive pumping action,
which aggravates the joint movement and leads to very rapid
failure. On CRCPs the crack movements are generally low
and therefore no pumping takes place.

The analysis of the mechanisms of crack movement has also
led to an improved understanding of how and why cracks on
pavements move. This work has not only led to an improved
understanding of the mechanisms of load-associated crack and
joint movement but has also laid the foundation for résearch
which has led to a procedure, based on the measurement of
crack movement, that can be used to aid the rehabilitation
design of cracked pavements.
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Analyzing the Interactions Between
Dynamic Vehicle Loads and Highway
Pavements

Mrcllanr J. Menxow,
exn Eoweno Anno

J. Kanr HnonIcx, Bnrex D. BnaonMEYER/

Mechanistic models to predict structural performance and
deterioration have been developed for both flexible and rigid
pavements. However, many of these models retain a simplified
ãnd idealized depiction of tire loads, and none really incor'
porates a true representation ofa moving, dynamic force along
the pavement surface. Thus, attempts to model the impacts to
pavements of new types of heavy vehicles have at best been

approximate and have often had to be supplemented by empir-
ical data. In this paper we develop analytic models to study
the interactions between moving, dynamic loads and highway
pavements. One set of models simulates the dynamic behavior
of heavy vehicles, including their body configuration and mass

distribution, axle spacing and configuration, nonlinear sus-
pension characteristics, and nonlinear tire behavior. The sec'

ond set of models simulates the primary responses (stressest

strains, etc.) of pavements to vehicle forces, and translates
primary responses into pavement damage. Existing mecha'
ñistic models are modified specificalty to treat moving, dynamic
loads for both flexible and rigid pavements. This paper pre'
sents examptes of results (in terms of both dynamic forces and
pavement damage) for rigid pavements, although the concepts
apply as well to flexible surfaces. A parametric study is sum'
marized, considering variations in both vehicle and pavement

characteristics. Those characteristics most important to dynarnic
loading include vehicle suspension type and characteristics,
speed, height of pavernent faults, and joint spacing. Other
factors (such as tire pressure) contribute smaller effects (although

lire pressures are more important on flexible pavements). Results

indicate that under certain conditions, dynamic loads are 40

percent higher than static loads and affect the mid-region of
PCC slabs most significantly.

performance (3). Current models cannot account for this effect.

The prediction of pavement deterioration and serviceability

under dynamic vehicle loading becomes particularly impor-
tant when pavement design and analysis methods must be

extended to encompass changing vehicle and pavement tech-

nology responding to new road design, construction, and reg-

ulatory practices. The purpose of this paper is to describe and

illustrate a general methodology to analyze pavement responses

to moving, dynamic vehicle loads, which may be used to pre-

dict pavement performance.

DYNAMIC VEHICLE-PAVEMENT
INTERACTIONS

The interaction between vehicle loads and pavement responses

is frequently characterized as a one-way interaction, wherein

the vehicle loads influence pavement responses bt¡t not vice

versa. In reality, a mutually sustaining process occuls' The

roughness of the pavement surface excites dynamic forces

within the vehicle. These dynamic tire forces induce primary

responses (stresses, strains, deflections) within the pavernent,

which affect the amount of distress produced by the vehicle,

which in turn affects the dynamic tire forces experienced by

subsequent vehicles, and so on in a two-way interaction between

vehicles and pavements.

Analysis by Simulation Models

The study of this two'directional interaction between vehicles

and pavements is a fundamental tenet of the research project

described in this paper. The objective of this study is to assess

the impacts of moving, dynamic vehicle loads on both flexible

and rigid surfaces. Furthermore, an underlying prernise is to
generalize the problem description and analytic procedures

so that, for example, new axle configurations, new tire designs,

variations in tire pressures, as well as changes in pavement

design and construction may be analyzed simultaneously. To

do this, the study employs two sets of simulation models.

One set of models simulates the behavior of several com-

mercial vehicles, including their configuration and mass dis-

tribution, axle spacing and configuration, suspension char-

acteristics, and tire behavior. Each of these models simulates

the movement of a given vehicle along a pavement profile;

Current models of vehicle-pavement interaction employ sim-
plified models of vehicle loading, such as static or pseudo-

moving loads. However, instantaneous dynamic vehicle loads

may be considerably higher than static loads (1 ,2); thus'

dynamic loading can have a considerable impact on pavement

M. J. Markow, Center for Construction Research and Education,
Department of Civil Engineering, Massachusetts Institute of
Teéhnology, Cambridge, Mass. J. K. Hedrick, Vehicle Dynarnics
Laboratoiy, Departmènt of Mechanical Engineering, Massachu-
setts lnstiiute oi Technology, Cambridge, Mass. B. D' Brade-
meyer, Center for Construction Research and Education, Depart-
ment of Civil Engineering, Massachusetts Institute of Technology'
Cambridge, Mass. E. Abbo, Vehicle Dynamics Laboratory'
Departmènt of Mechanical Engineering, Massachusetts Institute
of Technology, Cambridge, Mass.



t62

any roughness inherent in the profile excites the dynamic
elements of the simulated vehicle, as a function of the ampli-
tude and frequency of the surface irregularities, the vehicle
characteristics descril¡ed above, and vehicle speed. The result
of this simulation is a vehicle force profile containing digitized
values of tire forces over distance (or time), representing the
combined effects of all dynamic motions simulated. (Vehicle
motions are simulated in a vertical plane through the vehicle's
longitudinal axis (a "bicycle model"). The models therefore
simulate bounce and pitch of the vehicle body, suspension,
and tires, but not roll from side to side.)

The second set of models simulates the response of a pave-
ment to the dynamic force profile of a moving vehicle devel-
oped above. The models used have been selected from the
available ¡nechanistic models for flexible and rigid pavements
and adapted specifically to handle moving, dynamic loads.
The objective was not to improve the modeling of pavement
responses per se, but rather to build in the coupling with the
vehicle force profile and to modify the response calculations
to account for axle groupings (tandems, tridems, etc.). A
requirement placed on the models selected was that they pre-
dict both primary responses (stresses, strains, and deflec-
tions), as well as ultimate responses: both distress (cracking,
rutting, spalling, faulting, etc.) and serviceability. Since dis-
tress accumulates with the number of load repetitions and is
also influenced by the magnitude, duration, and configuration
of loading, as well as environmental and time-dependent con-
ditions, the behavioral response predicted by these models
should also be time- and temperature-dependent.

Separate analyses have been conducted for flexible ancl
rigid pavements to account for inherent differences in
mechanistic behavior, boundary conditions, ancl design char-
acteristics. For flexible pavements, a modified version of Fed-
eral Highway Administration (FHWA) VESYS systern has
been used to represent pavement responses to moving, dynamic
vehicle loads; for rigid pavements, a modified version of
PMARP (also developed for FHWA) has been used. For
purposes of illustration, this paper examines a case study of
rigid pavements; the rnodifications to the PMARP pavement
model are described in a subsequent section.

General Analytic Approach

Although separate models are used to simulate flexible and
rigid pavements, the general approach is the same in each
case. The force profile generated by the vehicle models sim-
ulates a rnoving, dynamic load along the pavement. At one
or more points of measurement in the pavement, these dynamic
forces are translated into primary responses and the maximum
response computed. Where axle groups are encountered,
appropriate superposition of responses is performed, and the
maximum total response is identified. The maximum response
is then translated into the appropriate components of pave-
ment distress. Increments of distress are accumulated through
repeated vehicle passes and the results compiled. Thus, the
result of this simulation is a progression of damage in the
pavement as a function of the pavement surface roughness
(which i¡lcreases over time as a function of the thickness and
materials properties of the pavement layers, subgrade strength,
environmental factors, etc.), vehicle characteristics (as rep-
resented by the dynamic tire force profile), and vehicle speed.
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In theory, the two analytic steps above should be performed
in an iterative process in which vehicle forces are generatecl
and applied to a pavement, the increment in pavement dam-
age (specifically, roughness) due to this force profile com-
puted, that new force profile applied to the pavement, the
new increment in loughness computed, and so forth. Since
this procedure would be extremely expensive in computer
time, a close approximation is employed: vehicle force profiles
are computed in the vehicle simulation for several discrete
levels of pavement roughness. These results are interpolated
for any other levels of roughness encountered in the subse-
quent simulations of pavement deterioration.

Dynamic Vehicle Behavior

Models to simulate the behavior of moving vehicles have been
developed for several commercial trucks and buses and are
described by O'Connell, Abbo, a¡rd Hedrick (4); Hedrick,
Cho, Gibson, et al. (5); Hedrick, Markow, Braderneyer et
al. (ó); and Abbo (7). These models represent analytically
the dynarnic behavior of the component rigid bodies, axle
suspensions, and tires as the vehicle moves along a pavement
of specified roughness at a specified speecl. The result is a
force vs. ti¡ne or force vs. distance profile, again as a function
of (assumed constant) speed and pavement roughness. Sep-
arate force profiles are produced for each axle of the vehicle,
for each speed and roughness. These force profiles are used
as inputs to the models of pavement response.

Influence Functions to Reflect Moving Loads

For vehicle speeds of interest, the dynamic effect on pavement
mass or inertia is negligible, as shown by Delatte (8). There-

xl xo
DISTANCE, x

b. PROoUCES AN EFFECT AT xo EOUTVALENT TO
A SMALLER LOAD AT x¡:

XO

DISTANCE, x

c. INFLUENCE FUNCTION AT xo FOR A NORMALTZE0
(P=l)LOAD AT x:

DISTANCE, X

FIGURE I Load influence.

t-

ô
o
J

Lo
f¡J
JF

)6
=<-oo,
UJ

?t
Ê.

ut
(J
2
l,¡J
f,
J

þo

A LOAD AT x¡,



Markow et al.

xo
DISTANCE, x

b. HIGH -FREOUENCY LIMIT

D rsr;i c E, x

FIGURE 2 Variation of load influence rvith
dynamic loads.

fore, one may represent the pavement response to a moving
vehicle load as a quasi-static phenomenon, as shown in fig-
ure L (where pavement response refers to stress, strain, or
deflection at a point in the pavement structure). Given this
premise, the pavement response to a load P at a distance x
- xo x, is assumed to be equivalent to the response to a

lesser load (P' < P) placed directly above the point of interest
(xo). This effect can be captured by influence functions relat-
ing tlre effect at.r0 of a load P at xr. For a unit load (P = 1),
the primary response at xo due to the load P at x' is charac-
terized by the instantaneous static (or elastic) response 1(.rn

- x,), where the function l(xo - xr) is the influence function.
As an arbitrary load traverses the pavement, the response at
.16, R(.ro), due to the force F(x) imposed by this load at an

arbitrary location x is given by the response function:

R(xo) : I(xo - x) F(x)

The influence function in figure 1 is appropriate for a load
of constant (unit) magnitude traversing the pavement. In the
general case, however, the load will fluctuate, reflecting the
dynamic vehicle forces discussed above. Thus, a dynamically
varying component will be superimposed on the influence
function in figure 1.. The result of this superposition is illus-
trated in figure 2 (at the low-frequency and high-frequency
limits). Therefore, the maximum influence a moving load can
exert in the vertical plane at xo is a function of both the shape
of the basic influence function in figure 1 and the dynamic
effects superimposed on the basic function, as shown in fig-
ure 2. It is this maximum influence (or, if appropriate, the
mean and variance of the maximum influence) that is used as

the basis of pavement damage prediction.
Observe that the maximum influence a moving, dynamic

load may have on xo does not necessarily occur when the load
is directly above xo. First, because of viscoelastic behavior,
pavement responses may exhibit a delay in relation to the
moving load. Second, the dynamic effects illustrated in fig-
ure 2 may shift the peak influence some distance from xn. The
magnitude of this distance depends on the frequency of the
dynamic load variation.

163

Pavement Damage

Different response functions (equation 1) may be defined for
stress, strain, strain-energy, or deflection and are obtained
from the particular mechanistic model used in the analysis.

For purposes of illustration, rigid pavements have been selected

as examples in this paper. Solutions yielding the primary
responses in portland cement concrete pavements that have
joints or cracks have been developed over the past ten years.

These solutions rely on finite element methods to treat the

rigid behavior of the slab and the discontinuities (joints) between

slabs. Several candidate models were available for consider-
ation for this project, as reviewed by Abbo (Z). The one

selected for this project was the PMARP program (9).
In its original form, the PMARP program computes stresses

and strains due to a static point load at a critical slab location.
Miner's hypothesis is used to determine fatigue cracking at

the individual nodes of the slab. Although the Miner's Law
calculation is retained in the version used in this research,

several changes were made to PMARP to improve its simu-
lation of a moving, dynamic load. First, influence functions
were introduced to model the travel of the load along the
slab, Second, new equations were included (and some cor-
rections made to existing equations in the model) to improve
its predictions of pavement damage. A summary of the major
additions is given below.

Joint Faulting Model

The joint faulting model used is the one adapted frorn PCA
research for use in the EAROMAR-2 program developed for
Federal Highway Administration (10). This model considers
jointing as a function of traffic, pavement age, joint spacing,
subgrade drainage, and type ofsubbase. For undoweled pave-

ments the equation for jointing is as follows:

JF : o.o4o3 . Wso.or (J _ 13.s)¿, (2)

where

7¡ = joint fault magnitude (in.),
DTN = daily traffic number, or the number of vehicle passes

per day,
A = age of pavement (yrs),
I/ = slab thickness (in.),
S = subgrade type (good = 1, poor = 2),
¡ = joint spacing (ft.), and
å : factor depending upon subbase characteristics,

equaling 0.241 for granular subbases and 0.037 for
stabilized subbases.

The faulting model for doweled pavements is

1

JF"ro= ,+A'JF 
(3)

Thermal Gradient in the Slab

A difference in temperature between the top and bottom of
the slab introduces thermal stresses that are superimposed on
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(either constructively or in opposition to) the stresses caused
by traffic loads. The thermal gradient in the slab rnay be
represented in the finite element model as an equivalent moment
appliecl along the edge of the slab. The resulting stress may
be represented as follows:

*. : " 
,+r"

where
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tics. To do so we have used a base case cornprising a jointed,
undoweled pavement having a slab length of 30 feet. Undow-
eled pavements have been simulated because they exhibit
greater faulting and permit a fuller study of the effects of
faults on vehicle dynamics. For the base case, a uniform fault
height of 0.5 inch has been assumed. (Doweled pavement
joints generally maintain faulting within 0.2 inch over the
pavement service life, according to the faulting model used
in equation 3. At these relatively small fault heights, less than
0.25 inch, there is no significant variation in vehicle dynamics
with respect to the parameters tested. This will be illustrated
in the results below.) The vehicle used in testing the sensitivity
to pavement parameters is a 2S1 combination with single-leaf
spring suspensions, travelling at 35 mph.

Loading and Responses Due to Multiple Axles

Although the outputs of the vehicle and pavement models
permit detailed analyses by axle, more aggregate and concise
measures of results make it easier to display the sensitivity of
dynamic loading to pavement and vehicle parameters. These
measures embody the effects of the vehicle overall, rather
than of any given axle combination. One such measure per-
tains to the force imposed by the vehicle, the second to the
pavement response, To compute these measures, the pave-
ment slab is divided into equal-size sections sufficiently small
to enable resolution of the peak forces up to the highest
frequencies of interest. The aggregate force at a particular
point K is defined by:

F* = 2 P¡o fork :'1,2,3,...,N,

where

N. = number of vehicle axles j,
P,r : force imposed by axle j at slab location k, and
N, = total number of stations k along the slab length.

The mean aggregate load is determined by averaging the
aggregate load in equation 5 over several slabs (typically 20)
to suppress any transient dynamic effects. The mean aggregate
load is then normalized by the vehicle static load, and it is
this value that is displayed in the results below. It is important
to bear in mind that the aggregate force at a point depends
on the cumulative effect of all vehicle axles that pass over it.
Therefore, the maximum aggregate force will not necessarily
occut at the same location as the maximum force generated
by any individual axle. Analogously, the aggregate response
of the pavement Rr(.r) at some point x is the sum of the
responses due to the individual vehicle axles:

Na

Rl¡) : ) R('l
j=t

where R (.r) is the response function at x due to axle 7 (as
computed in equation l). In applying equations 5 and 6, account
is taken of the proper spacing of the axles on a vehicle.

Effect of Slab Length

Four slab lengths, ranging from 10 feet to 45 feet, were inves-
tigated. The vehicle behavior due to these varying intervals

(4)

M* = equivalent moment induced by thermal stresses (psi),
a. = coefficient of thermal expansion (in./in./deg-F),
I : thermal gradient (deg-F/in.),
E = Young's Modulus of Elasticity of concrete (psi), and
I : rhickness of rhe slab (in.).

Additional Assump tions

In applying the modified PMARP model ro the analysis of
dynamic loads, the following assumptions were made to sim-
plify the computations and reduce computer time:

o The elastic modulus of concrete ancl the modulus of rup-
ture were assumed to remain constant over the life of the
pavement and were taken as average values.

o Subgrade weakening due to pumping was neglected.
o The major contribution to roughness was taken to be the

faults at joints, rather than surface roughness in the interior
of the pavement slab.

RESULTS

Parametric Studies

These procedures \ryel'e applied in a set of parametric studies,
in which the following parameters were varied:

1. Suspension Type:
¡ Single-Leaf
o Four-LeafTandem
o Walking-Beam Tandem

2. Suspension Stiffness, k
3. B-parameter for Leaf-Springs
4. Vehicle Speed
5. Tire Pressure
6. Axle Load Sharing Coefficient
7. Tandem Axle Spacing
8. Pavement Roughness (i.e., Fault Height)
9. Joint Spacing

10. Slab Warping
11. Slab Interior Roughness

The results of these studies are summarized below, with a

more complete presentation by Abbo (7).

Effects of Pave¡nent Characteristics on Dynamic
Loads

First it is useful to understand the pattern of dynamic loading
and how that pattern is influenced by pavernent characteris-

(s)

(6)
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between faults was investigated (for example, by changes in
the power spectral density functions of the vehicles, as doc-
umented in (7)), as well as the effects on dynamic loads. A
summary of these results follows.

The vehicle simulated in these examples has a steer-to-drive
wheelbase of about 11.5 feet and a drive-to-rear wheelbase

of 19.5 feet. Therefore, the 10-ft joint spacing results in almost
simultaneous excitation of each of the three axles, stimulating
primarily the vehicle bounce mode. For a joint spacing of 20

feet, there is a small time delay between inputs to the drive
and rear axles, which excites the trailer bounce and tractor
pitch modes, resulting in the largest pavement loads observed

in this study. The 30-ft and 45-ft joint spacings do not excite
the out-of-phase tractor-trailer pitch motions as much.

The effects of this behavior on aggregate vehicle load along
the length of the slab can be seen in figure 3 for three of the
joint spacings (20,30, and 45 feet). A joint spacing of20 feet
produces a 12 percent increase in aggregate loading, with the
peak load occurring roughly 10 feet after the faulted joint.
Note, however, that the load imposed on the subsequent slab
just after the joint is 20 percent lower for the 20-ft slab length
than it is for the other slab lengths.

Effect of Height of loint Fault

For the base case used (30-ft joint spacing, 35-mph vehicle
speed) the height ofjoint faults did not affect the location of
peak loads but did affect their magnitude. For example, con-
sidering just the drive axle of the vehicle, the normalized
dynamic load (dynamic force divided by static force) meas-

ured at the peak load location 10 feet past the slab joint
increased from about 1.05 for a 0.1-in fault to over 1.25 for
a 0.75-in fault.

On an aggregate vehicle basis the impacts of joint faults
can be seen in figure 4. There is a very small (about 3 percent)
difference in the pattern and magnitude of loads for joint
faults less than 0.25 inch. However, there is up to a 20 percent
increase for a change in fault height from 0.25 inch to 0.75

inch. This illustrates the point mentioned above: relatively

o5lo15?o25303540
DISTANCE FROM SLAB JOINT (FT)

FIGURE 3 Effect of slab length on aggregate
load.

o ? 4 6 I rO 12 14 16 ß ?O??24 26?A30
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FIGURE 4 Effect of fault height on aggregate
load.

small fault heights (as might be expected on new pavements

or those with good load transfer devices) result in insignificant
changes in dynamic loadings. The increase in dynamic force

that does take place when faulting becomes substantial sup-

ports the earlier contention that the two-way interaction
between vehicles and pavements does indeed result in an

accelerating, progressive cycle of vehicle load and pavement

damage.

Effect of Slab Warping

For a vehicle speed of 35 mph and a slab length of 30 feet,
the warping of the slab corresponds to an input to the vehicle

of.7.7 Hz. This frequency coincides with the natural frequency
of the tractor bounce and pitch modes, which influences the

changes in dynamic loading observed in figure 5. Specifically'
the peak load regions of all the axles shift further away from
the slab joint as the slab warping increases. The heaviest

t¡Jo
É.

e
t¡JF
(9
ul
(ts
o(9
o
l¡J
N
J

=É.oz

t.4

t.3

/,"'

"Jil\l 'l
\¡.1 i !'-z

\/
V

- 

(o) no worping

---- ( b) m¡d-slob defl€cl¡on I inctr

--- (c ) mkt-slob def lecl¡on I ¡nch

l¡Jo t.2
(ts
ot 

r.r
l¡Jt-
ó 

'.ol¡J

Ë'
Ê.e
N

1,
Éo.6z

.5

.4 o2468lO12 14 16 182022?4262830
DISTANCE FROM SLAB JOINT (FT)

FIGURE 5 Effect of slab warping on aggregate
load.

---- (o) O.75inch foull

- 

(b) 0.5 ¡nch foult

--- 
(c ) O.25 inch foult

-- 
(d) O. I inch foult



t66

loading is sustained in the middle third of the slab, due to the
excitation of the lower frequency body modes. This increase
in aggregate loading is up to 25 percent for a slab radius of
curvature of 1350 feet (equivalent to a f-in deflection at the
center of a 30-ft slab).

Effect of Slab Roughness

The interior roughness of the slab was varied by adjusting the
assumed slope variance between 1.7 x 10-6 and22 x 10-6
in.2. Changes in the magnitudes of the resulting peak forces
were no more than 4 percent and were judged to be insig-
nificant over the range of roughnesses typically associated
with rigid pavements. The primary excitation of vehicle
dynamics was, therefore, taken to be the faults at rigid pave-
ment joints.

Effects of Vehicle Parameters on Pavement Damage

The effects of vehicle parameters were also investigated.
Although the results could again be expressed in terms of
aggregate load, we now take them one step further to use the
modified PMARP model (including equations 2 through 4)
to consider the impacts on pavement damage. In these runs,
damage has been limited to fatigue cracking, which is pre-
sented in two ways: (1) as a probability of occurrence over
time, taken as a weighted average of the Miner's Law cal-
culations for all nodes in the slab, and (2) as the amount of
damage (in square inches) occurring by region of the slab.
(Five regions have been defined, where the load traverses the
slab from region I to region 5.)

Static Versus Dynamic Moving Load

Damage due to dynamic loading was compared to the sim-
ulated case of a moving constant load for the reference vehicle
(a 2S1 tractor-semi-trailer) and the base case pavement con-
ditions (30-ft slab length, 0.5-in fault height, 35-mph vehicle
speed). The results are illustrated in figures 6 and 7.

The moving dynamic load produces approximately 38 per-
cent greater fatigue cracking damage than the static moving
case after 15 years of pavement service, as shown in figure 6.

This indicates the importance of considering vehicle dynamic
loading when assessing pavement performance. A somewhat
unexpected result is that the rate of additional damage accu-
mulation is linear, rather than accelerating as had been
hypothesized. This result may be due to some of the simpli-
fying assumptions made earlier, in particular the constant
values of the concrete elastic modulus. (Note that these results
differ from those discussed for faults earlier.)

Figure 7 illustrates the distribution of cracking along the
slab length for the constant and dynamic moving load cases.

For constant (or moving static) loads we obtain a syrnrnetrical
distribution of cracking over the slab, with the rnost severe
cracking occurring in the regions close to the joints. Com-
paring this to the dynamically moving load, we note that
there is a 15 percent decrease in the cracking that occurs in
the regions close to the joints. Furtherrnore, there is a large
increase in the cracking in the mid-slab regions, which is
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FIGURE 6 Growth in the probability of fatigue
damage: moving dynamic load vs. moving
constant load.

attributable directly to the body rnode contribution to the tire
force. The importance of the body mode contribution to total
dynamic loading on rigid pavements has already been alluded
to in the discussion of the role of pavement faults and joint
spacing in exciting this mode; this finding will be reinforced
in the analysis of vehicle characteristics below.

Single Leaf-Spring Suspension (2SI )

Effect of Leaf-Spring Stiffness The effect of increasing the
leaf-spring stiffness is to reduce the wheel mode and increase
the body mode contribution to the tire force on the pavement.
(Wheel-mode forces are of higher frequency, about 10-15
Hz; body-mode forces are of lower frequency, about 2-3 Hz.)
The resulting effect on pavement cracking over a 15-yr sim-
ulated period is a 10 percent reduction in the cracking damage
when the leaf-spring stiffness is halved. Furthermore, mid-
slab cracking is lowered by a reduction in the leaf-spring stiff-

t2345
REGION OF SLAB

(OIRECTION OF TRAFFIC +)
FIGURE 7 Cracking damage (in.2) along slab
length: moving dynamic load vs. nroving constant
load.
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ness. However, these savings al'e somewhat offset by the
increase in cracking in the region close to the joint, due to
an increase in the wheel mode contribution to the tire force
with the softer suspension.

Effect of p-Parameter B is a friction parameter that describes
the hysteretic nature of the leaf-spring. The nominal (base-
case) value of B is 4 x 10-3 feet. The effect of decreasing
the leaf-spring damping (increasing B) is to increase the wheel
mode contribution and reduce the body mode contribution.
The reduction in the cracking occurs in the mid-slab region,
similar to the case described above for snspension stiffness.
The results show that a larger value of B, or reduction in leaf-
spring damping, produces a reduction in cracking (approxi-
mately 12 percent) over the entire slab, due to the reduction
in the body mode contribution.

Effect of Speed Vehicle loading was sirnulated at three dif-
ferent speeds: 35, 55, and 70 mph. For the particular vehicle
ancl pavement characteristics used, 55 rnph was determined
to be the speed at which tire forces are maximum (in other
words, the speed at which vehicle dynamics are reinforced by
the pavement characteristics). At speeds other than this crit-
ical value the excitation of dynamic forces is reduced. For
vehicle speeds of about 35 mph the effect of dynamics become
less important, and the damage distribution resembles that of
a static moving load. When speed is increased from 55 to 70

mph, pavement damage is reduced over most of the slab, but
is increased in the latter part of the slab (where the vehicle
leaves the slab).

Due to the coincidence of (1) the dimensions of the vehicle
wheelbases, and (2) the slab length simulatecl, the vehicle
experiences simultaneous inputs to the steer ancl rear axles.
On an actual pavement, the frequency at which the vehicle
experiences these inputs should be adjusted so it is not in
the range of the body mode frequency. The adjustment can
be made either by regulating vehicle speed or by changing
the slab length.

Walking- Beam Tandem Suspension (352)

Analyses of the walking-beam suspension were conducted in
a way similar to that described for the single leaf-spring sus-
pension described above. Of the three speeds tested (35, 55,
and 70 mph), 55 mph was the most critical (as it was for single
axles) because of the excitation of the lightly damped out-of-
phase axle pitch mode (approximately 10 Hz). Damage at 55

rnph can be mitigated by reducing the tandem axle spacing
from the standard of 52 inches simulated in these runs. How-
ever, the walking-beam suspension performs better than the
single-axle suspension at low speeds, since it has the ability
to filter out the faults in the pavement. This filtering occurs
without excessively exciting the axle pitching mode at low
speeds.

Four-Leaf Tandem Suspension (352)

In comparison to other axle groups, the four-leaf tandem does

damage equivalent to the walking-beam (and rnore than the
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single-axle) at the slab joints, but it does no tnore damage
than the single-axle suspension (and much less than the walk-
ing-beam) in the mid-slab regions. The reason that the four-
leaf suspension does less damage than the walking-beam over-
all is that the out-of-phase pitching mode of the suspension
is more restricted by the inherent coulomb friction in the leaf
springs.

Effect of þ-Parameter

The amount of cracking simulated is relatively sensitive to the

B parameter. There is an optimal value of leaf-spring damping
around I : 4 x 10-3 ft. (Recall that for single-axle suspen-
sions, however, higher values of B were preferable.) The dif-
ference in response to P between these two axle groups is due

to the coupling of the tandem axles (through the short-rocker).
A lower value of p in the single-axle suspension translates to
a larger contribution of the body mode, resulting in greater
cracking damage (refer to the discussion of the single leaf-
spring axle). In the tandem-axle case a very low value of B
(high coulomb friction) results in increasing the contribution
of the body mode to the tire force, thereby increasing the
damage. On the other hand, too high a value of p excites the
axle out-of-phase pitching mode, also increasing damage.
Therefore, there exists an optimum value of B for the four-
leaf tandem, lying between these extremes.

Effect of Tire Pressure

The effects of tire pressures were investigated for all the sus-

pension types; the results for the four-leaf tandem will illus-
trate the trends observed. Tire pressure has some effect on
vehicle dynamics, since lower pressures filter the input to the
leaf-spring suspension, thereby attenuating the wheel mode
contribution to the tire force. Also, lowering the tire pressul'e
leads to a larger surface contact area, reducing the primary
response (for example, stress) of the pavement. This would
reduce the rate of crack initiation and propagation through
the slab.

68lO12l¿
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FIGURE I Effect of tire pressure, fourleaf
tandem axle.
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The analysis of tire pressure effects are shown in figure g,
where the aggregate dynamic force is shown for tire pressures
of 75, 100, and 125 psi. These plots show that the greatest
effect of tire pressure occurs at the second peak load, where
a 5.5 percent increase in load magnitude is attained by raising
the tire pressure from 75 to 125 psi. Tire pressure thus appears
to have a small effect on vehicle dynarnics and, therefore, a
small effect on rigid pavement damage for the conditions
tested in this study. This result differs from that observed for
flexible pavements, where the influence functions tend to be
narrower or tighter (the rigidness of the pCC slab renders it
less sensitive to greater stress that may result from higher tire
pressures).

Other Impacts

Other impacts are summarized below, with additional details
in Reference 7:

o Increasing the leaf-spring stiffness by 50 percent produces
a 6 percent reduction in the overall damage producecl. This
trend is the opposite of that for the single-axle leaf-spring,
where softer suspensions are more favorable.

o Reducing the axle spacing from 52 to 40 inches increases
the pavement damage by 9 percent. This is opposite to the
effect produced in the walking-beam suspension, where the
higher stress produced by bringing the axles together is far
out-weighed by the reduced dynamics.

¡ Changing the load sharing coefficient (LSC) from perfect
load sharing (LSC : 1.0) to LSC = 0.9 does nor result in a
significant change in damage overall but does redistribute
damage somewhat, increasing the amount of cracking near
the approach joint.

CONCLUSION

New analytic procedures have been cleveloped to study in a
very general way the interaction between vehicle dynamic
loads and pavement damage. Detailed sirnulation programs
of heavy truck dynamics have been created, and an existing
rigid pavement program (PMARP) has been modified to
account for dynamic tire loads on PCC slabs. To date, single
and tandem axles have been investigated, with the following
results:

o The static load case indicates that the mid-slab r.egion has
lower fatigue damage than the transverse joint regions. For
the dynamic loading case, however, the mid-slab and trans-
verse joint regions have similar fatigue damage values. Fur-
thermore, fatigue damage due to dynamic rnoving loads in
particular slab locations is up to 40 percent greater than that
due to static loads.

o The mid-slab regions are more sensitive to dynamics than
are the transverse joint regions. This results from the find-
ing that the body mode contribution to the tire mode is
more detrimental to cracking damage than the wheel mode
contribution.

. For the particular combination of factors that was tested,
the walking-beam suspension produces the most damage at
highway speeds, followed by the four-leaf tandem and the
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single-axle suspension as the least damaging. These results
may vary for other combinations of pavement and vehicle
characteristics.

The factors that have been shown to be most critical in
affecting dynamic loads on rigid pavements are

o Vehicle and axle configuration, and vehicle load,
o Suspension characteristics (stiffness, hysteresis),
o Vehicle speed, and
o Pavement roughness, faults, joint spacing, and slab

warping.

Other factors are also important, although they were not
specifically tested in the parametric study (for example, pave-
ment design and environmental conditions, which affect the
rate of pavement faulting and deterioration). Weakening of
the pavement subgrade due to pavement pumping was not
included in this set of analyses, and its inclusion might alter
the conclusions obtained above. Tire pressure was investi-
gated but not found significant in affecting dynamic loads;
this conclusion is different from that obtained in earlier sim-
ulation of flexible pavements.

An important implication of these findings is the impor-
tance of the vehicle itself in influencing dynamic loads, imply-
ing that future policies governing the maintenance and reha-
bilitation of highway infrastructure may need to look at the
vehicle as well as the pavement (and bridges). Furthermore,
regulating heavy vehicles simply by gross weight and axle load
may not be sufficient; the clynamic loads actually irnposed by
different axle configurations, suspensions, and tires may need
to be accounted for, Finally, pavement ma¡ìage¡nent should
be coordinated with the evolution in vehicle technology, since
dynamic loads arise through the interaction of factors such as
slab length, vehicle wheelbase, fault height, suspension damp-
ing, and axle spacing.
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LEF Estimation from canroad Pavement
Load-Deflection Data

L. R. Rrrnrr aNp B. G. HurcsrNsoN

Load equivalency factors (LEFs) versus axle.load regression
equations are reported for single-, tandeln-, and tridem-axle
groups. These functions have been developed from truck load-
ing test data collected at nine sites across Canada in 1985 by
the Canroad Transportation Research Corporation. tilhile the
load on the axle groups dominated the regression equations,
pavement temperature, axle spacing, and vehicle velocity were
found to be statistically significant for the tandem-axle groups
at a number of the sites. Regression analysis of the pooled
tandem data showed that load and axle spacing were signifï-
cant. Analysis of the pooled tridem.axle group data showed
that load, axle spacing, structural number, and vehicle speed
were significant. The load equivalency functions are compared
with the AASHTO functions and the differences highlighted.

A comprehensive set of field measurements of pavement sur-
face deflections and surface course interfacial strains were
obtained at fourteen test sites across Canada in 1985. These
measurements have been reported by Christison (1) and were
part of a major study of vehicle weights and dimensions con-
ducted by the Canroad Transportation Research Cor.poration.
Christison (2) analyzed these data and developed a set of
response-type load equivalency factors (LEFs) for single-,
tandem-, and tridem-axle groups, and these LEFs form the
l¡asis of a set of draft regulatory principles for interprovincial
trucking in Canada (3).

Hutchinson et al. (4) have reanalyzed the pavement deflec-
tion data collected in this study using the ASTM Standard
Practice for Counting Darnage Cycles (5), instead of the method
used by Christison (2), to extract the pavement damage cycles.
This alternative method of analysis produced LEFs that were,
on the average, 8 percent higher than those calculated by
Christison (2) for the tandem-axle groups and 16 percent higher
for the tridem-axle groups.

Neither of the analyses cited above conducted an exhaustive
statistical analysis of this very rich data base. Variations in
LEFs with vehicle speed, intra-axle spacing, pavement tem-
perature, and pavement structural characteristics were not
comprehensively analyzed. This paper describes the results
of a comprehensive regression analysis of the influence of
these factors on the LEFs, using the surface deflection data.
The surface course-base course interfacial strain data have
not been analyzed because they are not readily available to
outside users at this time.

DATA BASE

Surface deflections and interfacial (surface-base) strains were
observed at fourteen test sites for a variety of test conditions.
The Canroad Transportation Research Corporation devel-
oped a test vehicle that allowed a variety of tandem- and
tridem-axle configurations to be developed and tested under
a range of axle-group loads. Tests were also conducted at
speeds of 6, 13, and 50 km/h. Each test run consisted of pairs
of pavement response measurements under. a stanclard Ben-
kleman Beam truck with an 8,160 kg single-axle load on dual
tires and under the candidate axle group. Three test runs were
conducted at each velocity, and the published deflection data
consist of the average, minimum, and maximurn deflections
under each axle of an axle group as well as the inter-axle
residual deflections for multiple-axle groups. Christison (1)
provides a detailed description of the data base in terms of
the test program and pavement properties.

Figure 1(a) shows a typical deflection profile under the
passage of a tridem-axle group. The load on the axle group
was 26,036 kg, the axle spacing 3.7 rn, the truck speed 12.9
km/h, and the pavement temperature 23.6.Ç. The diagram
shows that the measured surface deflection increased from
0.442 mm through 0.498 mm to 0.503 mm under the passage
of this tridem. The inter-axle residual deflection increased
from 0.119 mm to 0.130 mm between the second and third
axles. The deflection under the Benkleman beam truck was
0.422 lr:,m. The maximum deflection tencled to occur under
the last axle of both the tandem and tridem groups at most
test sites.

ESTABLISHING LOAD EQUIVALENCY TACTOR
FUNCTIONS

The LEF for a particular load on a candidate axle group is
usually defined as the ratio of the number of passes of a
standard axle load to the nurnber of passes of a candidate
axle load to create the same amount of pavement damage.
There are three broad approaches to establishing the LEF
functions for different axle groups, and these are frequently
referred to as the empirical approach, the theoretical approach,
and the mechanistic approach.

EMPIRICAL APPROACH

The principal source of information for. empirically deter-
mined LEF functions is the AASHO Road Test, where theUniversity of Waterloo, Waterloo, Ontario N2L 3G1, Canada.
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dete¡ioration of pavement sections of various thicknesses under
homogeneous truck loads on single axles and on tandem axles

were measured. It is well known that LEFs calculated for
different loads on single- and tandem-axle groups vary with
the PSI chosen to define failure and with the structural char-
acteristics of a pavement. The AASHO Road Test analyses

suggested that the LEF of a candidate axle group could be

approximated by the fourth power of the ratio of a candidate
axle load to the standard axle load. The results obtained from
the AASHO Road Test are difficult to apply directly to cur-
rent legal axle group loads and to axle groups other than
singles and tandems, since this involves extrapolation of the
results outside the range for which they were developed. For
instance, the AASHTO LEF functions for tridems assumes

that a tridem-axle group pass is equivalent to a single plus a

tandem pass (ó). This assumption is not supported by theo-
retical considerations or field observations.

THEORETICAL APPROACH

The theoretical approach to LEF function estimation pro-

ceeds by calculating the deforrnations or stresses in a pave-

ment structure in combination with a fatigue damage law to

establish the relative damage created by different axle groups

and configurations.
Deacon (7) used maximum principal tensile strain as the

fatigue damage parameter and compared his theoretical LEF
magnitudes with those established at the AASHO Road Test.
The recommended AASHO tandem equivalences were 80

percent of the theoretical values for pavements with structural
numbers greater than 3, while the equivalences for single axles

were approximately equal. Deacon suggested that for pave-

ments with structural numbers of less than 3 the primary
failure mechanism was not fatigue, and his approach might
not be appropriate.

Ramsamooj et al. (8) used theoretical fracture mechanics

to derive load equivalency factors from longitudinal stress

intensity factors. They defined the LEF for single axles as the

ratio of the maximum rise in the influence line for the stress

intensity factor K for the candidate axle load to the maximum
rise in K for the standard load, raised to the fourth power.

For tandem axles the ratio of the peak-to-trough value of the
stress intensity factor to that of the standard axle raised to

the fourth power was also calculated. The accumulation of
the damage cycles caused by each axle in the tandem was

accomplished by adding these two calculations. This rnethod
of damage accumulation is adopted in this paper.



,uo = (2

172

Treybig (ó) developed fundamental relationships between
damage related factors and performance based equivalency
factors through the analysis of AASFIO pavements. Subgrade
compressive strain was found to have the best relationship
with observed pavement performance as compared with sur-
face tensile strain at the surface course-base course interface
and surface deflection. This is rational since most of the Road
Test pavements failed in rutting. Elastic layer theory was
used for computing strains, and these were used for calculating
LEFs for axle configurations other than single and tandem
over a wide range of loads. These were then used to extend
the equivalency factor concept to new size and weight con-
figurations.

MECHANISTIC APPROACH

The mechanistic approach is similar to the theoretical approach,
with the primary difference being that the distress indicators
are measured in situ and not calculated. Christison (2) applied
the cycle damage-pavement distress procedures adopted by
Deacon and used measured surface deflection and interfacial
tensile strain to predict LEF. For single axle loads the defec-
tion-based LEF was calculated using equation 1:

where d, and do are the surface deflections under various
single-axle loads and under the 80 kN (18 kip) single-axle,
dual-tire loads, respectively.

The exponent C is the slope of the deflection-anticipated
traffic loading relationship and was set equal to 3.8 following
the recomrnendation by the Pavernent Advisory Colnnrittee
of the Canroad study.

Tandem-axle LEFs were calculated using equation 2:

where d, equals the maximum surface deflection under each
leading axle, and e, equals the difference between maximum
deflection under the second axle and the intermediate deflec-
tion between axles.

It is assumed that a linear summation of cycle ratios will
govern the behavior of the pavement. This rnethod has been
used by a variety of authors to develop LEF functions based
on fatigue analysis principles. For the most part, these func-
tions have been fairly close to the AASHO relationships even
though the latter are based on a PSI index, which attempts
to combine cracking, shear deformation, and longitudinal pro-
file into a single term. These theoretical methods do allow
for the development of LEFs for conditions that were not
studied in the AASHO Road Test, and they allow for the
analysis of various influential variables that may affect pave-
ment performance. In reviewing the LEF functions developed
in this paper is must be remembered that they are based on
these assumptions.

ISOLATION OF DAMAGE CYCLES

The calculation of the pavement darnage implied by passages
of particular axle groups consisted of two steps; these are (1)
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the isolation of the load-deformation cycles under each axle
group and (2) the accu¡nulation of the damage created by
each cycle, which was estimated by dividing the maximurn
deflection observed in a load-deformation cycle by the deflec-
tion observed under the standard Benkleman beam truck,
raising this ratio to 3.8, and summing the result across all
load-deformation cycles induced by an axle group. This pro-
cedure is illustrated in figure 1 for the surface deflections
observed under a tridem-axle group pass.

Figure 1(b) shows the load-deformation history of the sur-
face course induced by the passage of the tridem. The ASTM
Standard Practice for Cycle Counting in Fatigue Analysis (5)
has been used to isolate the following load-deformation cycles:

Load-Defornrution Deflection
Cycle Path (mm)

Largest 0-5-6 0.503
Second largest 3-4-3 0.368
Third largest l-2-l 0.323

Figure 1(c) shows that this results in an LEF of 2.97. The
method used by Christison (2) results in an LEF of 2.5. This
method of analysis is described in more detail by Hutchinson
et al. (4) and compared with the method of damage accu-
¡nulation used by Christison (2).

SITE.SPECIFIC LEF FUNCTIONS FOR TANDEM-AXLE
GROUPS

The LEFs calculated for nine sites have been subjected to a

comprehensive regression analysis in an attempt to isolate the
influences of pavement temperature, vehicle speed, and axle
spacing on LEF with equations of the following form being
estimated:

LEF = CONSTANT * LOAD/ * TEMP'

* SPEED'x AXLE-SPACING" (3)

where:

LOAD = load on tandem-axle group (1000 kg),
TEMP = average pavement temperature

recorded during test run ('C),
SPEED = velocity of test vehicle (krn/h), and

AXLE-SPACING = front-to-rear axle spacing in tandems
and tridems (m).

The parameters of equation 3 have been estimated using
multiple linear regression aualysis of a natural logarithmic
transformation of the data. Table L su¡nmarizes the results
for the nine test sites analyzed. Sites 2 and 12 were not included,
as preliminary results seemed to indicate that the deflection
measurem€nts contained excessive residuals. Similarly, site
38 was excluded, as the site was damaged during testing, and
site 8 was excluded because the subbase consists of an old
road. The number in brackets under each test site number
is the structural number of the pavement at that site. The
t-magnitudes are shown in brackets below the parameter mag-
nitudes, and the parameters are significant at the 1 percent
level except for those identified with an astel'isk, which are
significant at the 5 percent level. The second equation listed
for each site is a sirnple regression equation relating LEF to
load on the tandem-axle group.

(1)

(2),,: (t)' . (i)'
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result in a higher LEF. The second term could lower or raise
the LEF when comparing LEFs across speeds, but since this
value is usually less than unity, and it is raised to the 3.8th
power, its effect is minimal. For those sites that exhibited
positive coefficients for the speed variable, the ratios of max-
imum deflection over the Benkleman beam deflection increased
with speed, while the opposite was true for those with negative
coefficients.

Temperature was found to be significant at five sites and
the exponents of temperature varied from 0.300 to 0.707 and
were all positive, except for site 1. The range of avel.age
pavement temperatures at which the rnajority of tests were
conducted at the sites that did not experience a significant
temperature effect was about 10'C. The only exception to this
was site 9, where the range was approximately 16"C to 30.C.
The other sites experienced pavement temperature ranges of
about 15oC, except for site L, where the rnajority of the tem-
peratures were between 18"C and 28oC. The testing process
was not designed to isolate the effects of temperature; and,
therefore, at those sites where pavement temperature was
relatively constant, it would be expected that temperature
would not have a significant influence.

Deflection tends to increase with increasing pavement tem-
perature. A positive coefficient for a single-axle load would
indicate that this increase in deflection is not the same per.cen-
tage for all loads. More specifically, as temperature increases
the deflections caused by larger loads increase faster than
those for smaller loads. For tandem axles it may be hypoth-
esized that the maximum deflection will increase with increas-
ing pavement temperatures at a greater rate than for the lower
load of the Benkleman beam truck. This would explain the
positive signs of the pavement temperature variable.

It should also be noted that when the temperature effect
was not significant (sites 3a and 9), the speed coefficient was
positive. When the exponent of temperature was significant
the exponent of speed had the opposite sign. Sites 5 and 6
have negative temperature exponents, while site t has a pos-
itive temperature exponent.

Figure 2 shows the relationship between calculated LEF
and load on axle group for site 1 for the three axle groups.
The regression equation estimated for the tandems is also
plotted on the diagram. Insufficient data are available to allow
meaningful regression equations to be estimated for the sin-
gle- and tridem-axle groups.

In interpreting these regression equations it should be
remembered that the LEFs have been calculated from the
ratios of deflections observed under the test vehicle to those
observations under the Benkleman beam vehicle, That is,
speeds, temperature, and structural number are effectively
constant for each pair of test runs.

Inspection of the exponent of the load term shows that it
varies only marginally between the two equations for each
site and that there are some differences in the magnitudes of
the exponent between sites. For example, site t has an expo-
nent of 2.266, while site 4 has a magnitude of 3.127. A com-
parison of the coefficients of determination of the two models
developed for each site show that the load term dominates
the explanation of the variation in LEF. .

Further inspection ofthe entries in table 1 shows that speed
has a significant effect at five of the sites but that the sign of
speed is not consistent. Flexible pavement deflection decreases
as vehicle speed increases, and the results from the AASHO
Road Test indicate that the percentage reduction in deflection
is less for heavier vehicles than for lighter ones. Given that
the LEF calculation is based on a ratio, one rnight hypothesize
that increasing vehicle speed would result in an increase of
the LEF, all things being equal. This would result in a positive
coefficient for single-axle calculations.

This question is a little more complex for the tandem axles
as there are two elements to the LEF calculation. The dorn-
inant factor is the maximum deflection term, and this is always
lower for the higher speeds. However, given that the loading
sequence is faster at higher speeds, the pavement does not
have as much time to recover before the second axle loading
occurs. It could be argued that this increase in the maximum
deflection relative to the Benkleman beam deflection would
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This change in the sign of the speed variables might indicate
a temperature x speed interaction in terms of load equiva-
lency factors. For relatively constant temperatures the load
equivalency factor increases with increasing speed. However,
when temperature is not constant there seems to be a decrease
in LEF with increasing speed. This interaction is accounted
for implicitly in the multiplicative forms of the model used in
this analysis and would account for the differences found.

Perhaps more interesting are the results from the axle spac-
ing variable. The coefficients were found to be significant only
at four sites (4, 5,9, and 10) and they ranged from -0.46 to
-1.34. This means that as axle spacing increases the calcu-
lated load equivalency factor decreases. It should be noted
that the sites that had the lowest calculated structural number
were the ones where axle spacing was significant. This makes
sense in that for the larger spacings, the pavement would have
time to recover from the deformation caused by the first wheel
load before the arrival of the second. Due to the nature of
the load equivalency factor calculations the maximum deflec-
tion used would not be as high for the larger axle spacings.
Conversely, the intermediate deflection used would be higher
for the larger axle spacings. However, the maximum deflec-
tion term dominates, and this difference tends to yield lower
LEF factors and hence the negative exponent of axle spacing.

POOLED LEF FUNCTIONS FOR TANDEMS

The data for the tandems were pooled for all of the test sites,
the structural number was added as the fifth independent
variable in equation 3, and the following equation resulted:

LEF = 0.0013563 . LOAD2.óe8
(73)

x (AXLE SPACING)-oroe
( - 3.4)

R2 = 0.90
No. observations : 597

LEF : 0.0011,420' LOAD2704
(72)

R = 0.90

Figure 3 shows the LEF versus load on axle group for the
1.5-m tandems, while figure 4 shows the results for 1.2-m and
1.8-m tandems. In addition, the regression lines for each axle
spacing are also shown. Equation 4 indicates that axle spacing
is the only significant independent variable in addition to load
on the tandem-axle group. The exponent of axle spacing means
that the LEF decreases with increasing axle spacing. It should
be recalled that the maximum deflection normally occurs under
the second axle and that this maximum decreases with increas-
ing axle spacing, since the pavement has more time to recover
from the deflection induced by the lead axle. For a 16,000-
kg tandem-axle load, equation [4] implies that the LEF would
decrease from2.2 at an axle spacing of 1.2 meters to 1.9 at
a spacing of 1.8 meters, a reduction of about 14 percent.
Sufficient data existed for the tests involving tandems with
1.5-m axle spacing to explore further the impacts of each of
the variables and the following equation was estimated:

LEF : 0.0008665 . LOAD2.6e2 . SNo.ter

(s3) (3,2) (6)
R2 : 0.87
No. observations : 433

Equation 6 indicates that LEF increases with increasing
structural number. From the previous discussion it might be
expected that as pavement strength increased, there would
be a relative decrease in maximum deflection resulting in a

lower LEF. Inspection of equation 6 shows that the exponent
of structural number is positive, although the magnitude is
small and has little absolute impact on the LEF.
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FIGURE 3 LEF vs. load on axle group for 1.5-m tandem.

DATA POINTS FOR 1.5 m ONLY

<- 1.2 mt- 1.5 m
{- l.gm

4+



t76

POOLED LEF FUNCTIONS FOR SINGLE AXLES

Data were pooled for the single axles, as there were insuffi-
cient data to establish site-specific LEF functions. The fol-
lowing regression equation was estimated:

LEF = 0.0153598 . LOAD2''5e (7)

R'? : 0.43 (75)
No. observations : 75
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Equation 7 shows that only load is significant for single
axles. Figure 5 shows the LEFs plotted against load on the
single axle, along with equation 7. The coefficient of deter-
mination of the model is rather low, and this reflects the
narrow load range for the single axles, which were only tested
at three loads, all of which were very close to the standard
axle load. This tends to reduce the influence of the loading
variable and helps to explain why the load coefficient value
is not closer to the theoretical value of 3.8.
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FIGURE 4 LEF vs. load on axle group for 1.2-m and 1.8-m tandems.
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FIGURE 5 LEf vs. load for single axles.
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FIGURE 6 LEF vs. load on axle group for tridems.
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an SN of 5. The tridem function is for a spacing of 3.7 meters,
an SN of 5, and a velocity of 50 km/h. Inspection of the single-
axle LEF function shows that it diverges significantly from
the AASHTO function either side of an axle load of 10,000
kg. This divergence reflects the lowel exponent of load shown
in equation 7. It must be rernembered that the range of single-
axle loads tested was quite narrow. A comparison of the LEF
functions for tandem axles shows that the LEFs calculated in
this paper are significantly higher than the AASHTO func-
tions for the range of axle groups between 10,000 and 20,000
kg. The relative positions of the two tandem LEF functions
will change with changing assumptions about axle spacing and
structural nunrber. The LEF functions for the tridems have
similar slopes, but the LEF function leported in this paper
produces significantly higher LEFs than the AASHTO func-
tion. At a 25,000 kg axle group load the AASHTO LEF is

about 1.6 compared with about 3.

CONCLUDING REMARKS

The LEF functions described in this paper are based on the
the very strong assumption that load-associated pavement
damage is governed by the load-deformation cycles observed
under different axle groups. Load-deformation cycles have

been extracted using ASTM standard practice. The LEF func-
tions described in this paper may be described as response

type functions in contrast to those that might be developed
from field trials. The site-specific LEF functions for tandem-
axle groups are dominated by the load term, but speed, tem-
perature, and axle spacing also had significant impacts at Inany
of the sites. Inconsistencies in the signs of the exponents for
speed and temperature between sites suggest that a speed x
temperature interaction effect exists. It is difficult to isolate
this effect because the test pavement temperatures were not

tE 11o
L

b10

ie2B
t¡J

i7
56a
LrJ

ô5
o4
J

POOLBD LEF FUNCTIONS FOR TRIDEMS

The data available for the tridems were pooled, and the fol-
lowing regression equations were estirnated:

LEF = 0.0008276 ' LOAD26(e ' AXLE-SPACING-o '68
(2.e)

(8)x sN-0.25r . SPEED.074(22) (2.e)
(-2.e)

R2 = 0.74
No. observations = 190

LEF = .0006205' LOAD2.63e
(2r)

Il2 = 0.71

The LEFs are plotted against the load on the axle group
for triderns in figure 6, along with equation 8 for axle spacings
of 2.4,3,7 , and 4.9 meters. Equation 8 shows that axle spac-

ing, structural number, and vehicle speed are significant. The
exponent of axle spacing is negative, indicating that as axle
spacing increases the calculated LEF decreases. This is the
same trend found for the tandem axles. The structural number
exponent is also negative, which is opposite to the sign found
for the tandem analysis. The LEFs reported for singles and
tandems in the AASHTO interim guide show that they change
in different ways with load, structural number, and terminal
PSI. The vehicle speed coefficient is positive, but it is of such
a low value that its impact on LEF is minimal.

COMPARISON WITH AASHTO LEF FUNCTIONS

Figure 7 compares some of the LEF fu¡lctions reported in this
paper with the AASHTO load equivalency functions. The
tandem-axle function is for an axle spacing of 1.5 meters and

(e)

o
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FIGURE 7 Comparison of LEF functions w¡in AASHTO functions.

consistent between sites. Increasing axle spacing on the tan-
dems produced statistically significant reductions in the LEFs
at four sites, and these sites had the smallest structural num-
bers. A regression analysis of the pooled data for all tandems
resulted in significant exponents for load and axle spacing but
with load dominating the regression equation. Analysis of the
pooled data for the 1.5-m tandems resulted in significant expo-
nents for load and structural number, although the exponent
of the structural number is s¡nall. The LEF function for the
single axles had a rather low explanatory power, but this
reflects the narrow range of loads tested.

Analyses of the pooled data for the tridems resulted in
statistically significant exponents for load, axle spacing, struc-
tural number, and speed. The signs of axle spacing and struc-
tural number are negative while that of speed is positive,
although small. Comparisons of the LEF functions developed
in this paper with those of AASHTO showed some important
differences. The tandem LEF function produces significantly
higher LEF magnitudes than AASHTO and the single and
tridem LEF functions had smaller slopes but produced similar
magnitudes around LEFs of two.
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Field Evaluation of Bonded Concrete
Overlays

Surnaz D. Teve¡Jr AND Crernn G. Ben

A field program of strain and deflection measur€ments was
conducted by the Construction Technology Laboratories (CTL)
for the lowa Department of Transportation. The objective of
the field measurement program was to obtain information on
bonded concrete resurfaced pavements that can be used as a
data base for verifying bonded resurfacing thickness design
procedures. Data gathered during the investigation included
a visual condition survey, engineering properties ofthe original
and resurfacing concrete, load related strain and deflection
measurements, and temperature-related curl (deflection)
measurements. Field load testing was conducted by CTL at
five sites in Iowa during April 1986. This report presents the
results of field testing, analysis of results, and recommenda-
tions to incorporate study results in lowa design procedures
for bonded concrete overlays. Resulfs of the investigation indi-
cate that the four overlaid pavement sections evaluated as part
of the reported study are performing as monolithic pavemenfs
with high interface shear strength at the interface. The strength
of the existing pavement at all of the four overlaid test sections
was high. In addition, cores obtained from sections 4 and 5
did not indicate D.cracking related damage in the overlay con-
crete. Comparison ofthe condition surveys for Section I (non-
overlaid JRCP) and Section 2 (overlaid JRCP) indicate that
all cracking in the existing pavement is not reflected through
the overlay and that the cracks that did reflect through have
remained tightly closed. Similarly, the condition survey of sec-
tions 4 and 5 indicate that cracks reflected through the overlay
continue to remain tightly closed even after almost seven years
of service. The field investigation conducted by CTL verifies
that for properly constructed bonded overlays, pavement
strengthening is achieved and that the overlaid pavement behaves
monolithically as a full-depth concrete pavement.

A field testing program to measure strains and deflections
was conducted by the Construction Technology Laboratories
(CTL) for the Iowa Department of Transportation. The
objective of the field measurement program was to obtain
information on bonded concrete resurfaced pavements that
could be used as a data base for verifying bonded resurfacing
thickness design procedures. Data gathered during the inves-
tigation included a visual condition survey, engineering prop-
erties of the original and the overlay concrete, load related
strain and deflection measurements, and temperature-related
curl (deflection) measurements.

Resurfacing is basically the addition of a surface layer to
extend the life of an existing pavement. Portland cement con-
crete has been used to resurface existing pavements since
about 1913.

For many years concrete overlays were designed based on
experience or engineering judgment. Use was also made of
the Corps of Engineers procedure for design, which requires
a coefficient that rates the condition of the existing pavement.
However, since the rating for this procedure is based on the
amount of surface cracking, it is subjective. In the last few
years, several more rational procedures have been developed
for concrete overlays. These procedures incorporate an eval-
uation of the existing pavement by nondestructive load testing
and/or use the finite element methods of analysis to establish
overlay thickness requirements. A recent design procedure
for bonded overlays developed by the Portland Cement Asso-
ciation (PCA) is based on the finite element method of anal-
ysis (1). This procedure incorporates the strength character-
istics of the existing and overlay pavement to compute overlay
thickness. The procedure currently used by the Iowa DOT to
establish bonded overlay thickness requires use of the Road
Rater equipment to evaluate the existing pavement.

Field load testing was conducted by CTL at five sites in
Iowa during April i986. This paper presents the results of
field testing, analysis of results, and recommendations to
incorporate study results in lowa's design procedure for bonded
concrete overlays.

RESEARCH OBJECTIVES

Objectives of the study were as follows:

1. Perform condition survey and load testing of the overlaid
pavement sections.

2. Analyze field data.
3. Prepare a report containing a discussion of use of the

field data to verify design procedures for bonded concrete
overlays.

PAVEMENT TEST SECTIONS

Field measurements were obtained at five pavement sections
located in the State of lowa. A brief description of each pave-
ment section follows:

Section I

This test section, located along the westbound lanes near mile
post 190 on I-80, is a 24-ft wide roadway. The original pave-
ment, constructed in 1964,is jointed reinforced concrete with

Transportation Systems Section, Construction Technology Lab-
oratories, lnc., Skokie, Ill.



180

joints spaced at76 f.eet 6 inches. This pavement is nominally
10-in thick and has not been overlaid. The outside shoulder
consists of a granular base and asphalt concrete wearing
surface.

Section 2

This test section is located adjacent to (just west of) section
1 and is also a 24-ft wide roadway. The pavement is jointed
reinforced concrete with joints spaced at 76 feet 6 inches. The
pavement section had been overlaid with portland cement
concrete. The original pavement, constructed in 1964, is nom-
inally 10-in thick. The overlay was constructed in 1984 and is
nominally 4-in thick. The outside shoulder consists of a gran-
ular base and asphalt concrete wearing surface.

Section 3

This test section is located along the northbou¡rd lane near
station 435 +20 on County Road T-61, just south of Eddyville
along the Monroe and Wapello County Line. The original
pavement, constructed in 7972, is reinforced concrete with
joints spaced at 40-ft intervals. The pavement section has been
overlaid with portland cement concrete. The overlay, con-
structed in 1985, is plain concrete. In the overlay, transverse
joints were provided to match the joints in the existing pave-
ment at 40-ft intervals and intermediate joints were provided
at 20-ft intervals. The original pavement is norninally 6-in
thick and overlay is about 4-in thick. The shoulder consists
of a granular base.

Section 4

This test section is located along the eastbound lanes of I-80
¡rear mile post 39, just west of the Avoca intelchange. The
pavement is continuously reinforced co¡ìcrete (CRC) and is
overlaid. The existing pavement is nominally 8-in thick and
overlay is nominally 3-in thick. The outside shot¡lder consists
of a granular base and asphalt concrete wearing surface.

The original pavement was constructed in 1966 and exhib-
ited D-cracking deterioration at time of overlay in 1979.

Section 5

This test section is located adjacent to (just east of) section
4. The original pavement is jointed reinforced concrete with
joints spaced at 76 feet 6 inches. The pavement is overlaid
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with portland cement concrete. Thickness of the original pave-
ment is nominally 1.0 inches, and the overlay is nominally
3-in thick.

The original pavement was constructed in 1965 and exhib-
ited D-cracking deterioration at time of overlay in 1979.

BONDED OVERLAY CONSTRUCTION

When a bonded concrete overlay is used, steps are taken to
ensure complete bond with the existing pavernent so that the
overlay becomes an integral part of the base slab. A schematic
of a bonded overlay is shown in figure 1.

This section summarizes Iowa construction procedures for
bonded overlays. The procedures described were used for the
overlay construction at sections 4 and 5 along the eastbound
lanes of I-80 in Pottawattawie County just west of Avoca.

A  Yz-mi section of I-80 was rest¡rfaced in 1979 with nom-
inally 3-in thick bonded plain concrete. The resurfaced pave-
ment was an 8-in thick CRC except for about 2,100 feet of
10-in thick jointed reinforced concrete near the east end of
the project. The resurfaced pavement exhibited considerable
D-cracking along joints and cracks.

The existing surface, milled to a depth of about % inch,
was cleaned by sandblasting and air-blasting. A cement grout
was sprayed onto the cleaned surface just ahead of the overlay
placement. Work also included installing edge drains and
pressure reliefjoints in the existing pavement and the overlay.
Transverse joints were provided in the bonded overlay to
match joints in the existing pavement along the jointed por-
tion of the project.

CONDITION SURVEY OF TEST SECTIONS

A visual condition survey was conducted at each test section.
For sections 7,2, and 5, the length sulveyed was al¡out 300

to 350 feet. For sections 3 and 4, the length surveyed was

about 100 feet. Extent and severity of visible cracking was

noted. For jointed pavements, severity of faulting was also
notecl. It should be noted that sections 1,,2, 4, and 5 carry
heavy truck traffic. The average daily traffic (ADT) in each

direction exceeds 6,000 vehicles and inclucles about 35 percent
trucks. Results of the condition survey are presented in the
following paragraphs.

Test Section I

The conditio¡l survey for section I is given in figure 2. As
seen in figure 2, the¡'e is a large amount of transverse cracking

FIGURE I Bonded concretc overlay.
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within the test section area. Cracking was generally of low-
to-medium severity. A few cracks did exhibit high severity.
Transverse joints were faulted about 7¿ to 7e inches.

Two slab panels, denoted Slab A and Slab B, selected for
instrumentation are also indicated in figure 2.

Test Section 2

The condition survey for section 2 is given in figure 3. Crack-
ing in section 2 is not as extensive as for section 1. Cracking
was generally of low-to-medium severity. Faulting was not
evident at the transverse joints within and near the test

section.
Two slab panels, denoted Slab A and Slab B, selected for

instrumentation are also indicated in figure 3.
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FIGURE 2 Condition survey for section 1.
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Test Section 3

No cracking or damage was visually evident at section 3. Joint
spacing at this location is 20 feet for the overlay and 40 feet

for the existing pavement. There was no mid-slab cracking

for faulting at joints.

Test Section 4

Section 4 is a continuously reinforced concrete pavement. The
condition survey for section 4 is given in figure 4. Crack spac-

ing within the length of pavement surveyed ranged from 1

foot to about 12 feet, with most cracks spaced 5 feet or more.
All cracks were tight.

Locations of instruments (strain gages and deflectometers)
are also identified in figure 4.
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TABLE T RESULTS OF CORE TESTS

Test section
2?â

õ
N

TJTJ

3500

Cryressive Strength of 0riginal Concrete, psi
Split Tensile Strength of Original Concrete, psi
Split Ìensile Strength of overlay Concrete, psi
Interfåce Shear Strength, psi
0verlay Thickness, in.
Original Pav€oent lhickness

8,590 I,160
630 ß0

660

490

4.3
t0.5 t0.0

6,860 6,920 6,770
680 600 660
6t0 730 780

5s0 3r0 500
4.5 4,3 4.0
6.0 8.0 t0.0

Test Section 5

The condition survey for section 5 is given in figure 5. Crack-
ing was generally of low severity. Faulting was not evident at
transverse joints within the length of pavement surveyed.

Two slab panels, denoted as Slab A and Slab B, selected
for instrumentation are also indicated in figure 5.

CORE TESTING

The installation of deflectometerS used to measure slab deflec-
tions required coring 4%-in diameter holes along the pave-
ment edge. The 4-in diameter cores recovered were used for
compressive, split-tensile, and shear strength testing. Test results
are summarized in table 1.
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Results of core tests indicate that strengtlt of the original
pavement concrete at all test sections was very high. For the
original pavement core coltcrete compressive strength ranged

flom 6,770 to 8,590 psi and split-tensile strength ranged from
600 to 730 psi. For the overlay concrete, split-tensile strength
ranged from 660 to 780 psi. The interface shear strength for
the four sections with the bonded overlay ranged from 370 to
550 psi.

Assuming that the 28-day concrete compressive strength of
concrete (at time of construction) was about 5,000 psi, test

results indicate a compressive strength gain of about 35 to 72

percent in a period of about 20 years for the original concrete.

INSTRUMENTATION

All pavernent test sections were instrumented to measurc load-
induced strains and deflections at the pavement surface. In
addition, pavement temperature and slab curl were monitored

r83

with respect to time. Curl is the change in the vertical profile
of the slab resulting fro¡n a change in the slab temperature.

For test sections with jointed pavement two adjacent slab
panels were instrumented. Each slab panel was instrumented
to obtain strains and deflections at rnid-slab edge and deflec-
tion at a joint corner. For section 4, witlt the continuously
reinforced concrete pavement, several cracked segments of
the pavement were instrumented to obtain four replicate read-
ings of edge longitudinal and interior transverse strains and
edge deflection.

Typical strain gage and deflectometer locations for the jointed
pavements of sections 1,2,3, and 5 are shown in figure 6.

Exact locations of the gages and deflectometers for sections
l, 2, and 5 are shown in figures 2, 3, and 5, respectively.
Instrumentation for section 4 is shown in figure 7. The instru-
mentation plan was established to provide maximum values
of strains and deflection due to edge loading.

A brief description of instrumentation procedures used at
the test sections follows.

Lone
Edge

¡ 
Tronsverse Jolni

Stroin goge - Sl olong edge
S2 18 ín. inslde lrom edge

a0 Deflectomeler locollon

FIGURE 6 Typical instrunrentation for sections l, 2, 3, and 5.

- Stroln goge - S I olong edge ( longltudinol)
S2 6 in. from edge (tronsverse)
53 l8in. lrom edge (lronsverse)
54 26|n. from edge (tronsverse)

oD Dollectom€ler locotlon

FIGURE 7 Instrumentation for section 4.

Lone
Edge

ls4ls3
ls2Do- Sl
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Load Strains

Load strains \ryere measured with 4-in long electrical-resistant
strain gages bonded to the.pavement surface. All gages were
placed in recessed grooves to protect them from direct appli-
cation of wheel loads. The procedure for applying gage was:

o Grind a recess sufficient to remove the texture grooves
in the pavement surface.

o Heat the concrete surface, when necessary,
. Clean the recess with acetone.
o Apply a thin coat of adhesive.
o Place the gage in the adhesive and remove all air bubbles.
o Connect lead wires to the gage.
o Run lead wires in recessed grooves to the pavement edge.
. \ryaterproof the gage.
o Fill gage and lead wire recesses with silicon rubber.

Load Deflections

Load deflections were measured with resistance-bridge
deflectometers mounted in core holes located near the pave-

ment edge. Readings were referenced to encased rods driven
in the subgrade to a depth of 6 feet. The installation procedure
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used for the deflectometers allowed passage of the trucks
directly over the deflectometer locations.

Curl Measurements

Pavement curl was measured with 0.001-in indicators placed
at the same locations as the deflectometers. Curl readings
were referenced to the encased rods placed in the subgrade.
Curl reailings were taken approximately once an hour.

Temperature Measurements

Changes in pavement temperature were measured with cop-
per-constantan thermocouples placed at the surface of the
concrete pavement and at the bottom of the pavement in the
core holes used for placing deflectometers. Air temperature
was monitored with a thermocouple shaded from direct sun.

Monitoring Equipment

Data were monitored and recorded with equipment carried
in Construction Technology Laboratories' field instrumen-

2gm

o

Tíme Air Temp, oF

8:lOom 72
lO:25 om 78
12¡50 pm 86

c

t()

s o.ol

c
-9
tt
.9

t o.oz

o.o2

o.o4

0.06 !-
8om il

Tlme

o.03
8om il

llmc

t2ro

20-klp SAL olong cdge

\;;

FIGURE I Variation of curl and deflection w¡th time at section l.
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tation van. Strain and deflection data were recorded with a
high-speed computer-based data acquisition system. Up to
twenty channels of instrumentation were monitored and
recorded simultaneously for each vehicle loading. Computer
programs were written to monitor, record, and tabulate all
field data. All analog clata from strain gages and deflectom-
eters were digitized and stored on computer floppy ctisks.
Readings from each item of instrumentation were digitized
simultaneously at the rate of approxirnately 200 points per
second. Detailed loading curves for each strain gage and
deflectometer were stored on computer floppy disks for future
examination.

All monitoring and recording instruments were calibrated
prior to testing.

LOAD TESTING

Loading was applied using two trucks supplied by Iowa DOT.
One truck was loaded to provide a 20-kip nominal single-axle
load (SAL). The second truck was loaded to provided a 34-
kip nominal tandem-axle load (TAL).

It had been planned to use Iowa DOT Model 400 Road
Rater equipment in conjunction with CTL load testing. This
was planned to establish a correlation between Road Rater
deflections and measured responses under the 20-kip SAL
and 34-kip TAL. The Road Rater unit is an electronically
controlled, hydraulically powered unit mounted in the rear

TABLE 2 MEASURED RESPONSES AT SECTION 1

I85

of.a van. A dynamic load is applied at a fixed frequency. The
actual dynamic load applied is a function of displacement of
the mass used to impart the loading. For rigid pavement, Iowa
DOT uses peak-to-peak dynamic load of about 2,000 lb at a
frequency of 30 cycles per second. The Road Rater has been
used by Iowa DOT to determine AASHTO structural num-
bers for flexible pavements, to determine subgrade support
values for rigid pavements, and to determine overlay require-
ments for both rigid and flexible pavements (2, 3).

The Road Rater unit was available only for testing at sec-
tions 1, 2, and 3 at the end of the CTL field testing program.

Strains and deflections were recorded for the 20-kip single
axle and 34-kip tandem-axle loadings with the trucks moving
at creep speed. Two wheel paths were used. For one wheel
path, tire placement was 2 inches from the pavement edge.
For the second wheel path, tire placement was 18 inches from
the pavement edge. The tire placement distance is the distance
from the pavement edge to the outside edge of the outside
tire sidewall. Care was taken to ensure that wheel paths of
the trucks coincided with the desired paths painted on the
pavement.

Sections 1, and2 were tested on April 25,1986, section 3
was tested on April 26,1986, and sections 4 and 5 were tested
on April 23, 1,986. Each day, testing was generally started
between 8:00 and 9:00 am, and testing was repeated several
times until about 2:00 pm. Specific testing times were gov-
erned by traffic control requirements and preparation times
required at each test section.

Axle
ResDonse TvDe Load

Test Tim
8:3O a.m. 9:30 a.m. 10:30 a.m. ll:30 a.m. l:0O D.m.

t*{FFl PAIHI 2 in- frm pdop

Edç Strain SAL

TAL

tong. Stråin SAI

0 18 in. TÀL

Edge SAL

fÞflection, in. TAL

corner SAL

fÞflection, in, IAL

26
20

æ
t8

26
t9

æ
t5

27

r9

30
t5

21

t9

32

t5

30
t6

29
t4

0.0 t2
0.020

0.029
0.033

0.013
0.0t8

0.029
0.028

0.0 t2
0.0t7

0. 026
0.026

0.0 t2
0.0 t5

0.024
0.024

0.0 t2
0.0 t5

0.0t8
0.022

ltlEEL PATH: 18 in. fron edoe

Edge Strain

Long. Stràin
I l8 in.

Edge

tÞflection, in.

Corner
Deflection, in.

sAt
ÌAL

t6
II

t6
t0

0.008
0.0t4

5At
IAL

SAL

TAL

SAL

IAL
0,009
0.0 t2

0.019
0.02 I

l4
9

t3
9

0.009
0.0 t2

0.019
0.020

0.008
0.0t I

0.0 r?

0.019

0.008
0.0t I

0.0 t3
0.0t 7

t6
t0

¡6
I

t3
l0

t3
I

t3
t0

l6
t0

0.02 ¡
0.023

}'¡OTES: l. SAL = 20-kip single-axle load
fAt = 34-kip tandem¿xìe lo¿d

2. For TAL, strain values listed are the larger of the tro peak values under the tro axìes
3. Strain readings are in milìionths.
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DATA ANALYSIS

This section presents a summary of the field data and co¡n-
parison of field data with results of theoretical analysis of
bonded overlay sections. As stated previously, curl was mea-
sured at each deflectometer location generally between 8:00
am and 2:00 pm. Because of variations in slab curl with changes
in temperature, measured deflections clue to load along a slab
edge or corner are affected by the time of testing. In addition,
measured slab strains may also be affected by time of testing
but at a lower level. Therefore, care has to be exercised in
interpreting deflection and strain rneasurements if these mea-
surements are made at different times of a day or on different
days.

Curling and Warping Effects

Soon after concrete is placed, drying shrinkage of the concrete
begins. Drying shrinkage in a slab-on-grade occurs at a faster
rate at the slab surface than at the slab bottom. In addition,
because the subgrade and subbase may remain wet, the slab
bottom remains relatively moist. Thus, total shrinkage at the
bottom is less than at the top. This differential in shrinkage
results in a lifting of the slab from the subbase at edges and
corner. Movements of this type resulting from moisture dif-
ferentials are referred to as warping. Over a period of time,

TABLE 3 MEASURED RF,SPONSES AT SECTION 2
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the warping behavior is modified by creep effects. However,
warping is almost never recoverable.

In addition to warping, a slab-on-grade is also subjected to
curling. Curling is the change in the slab profile due to tem-
perature differential between slab top and bottom. Curling is

a daily phenomenon. Slabs are curled upward from their warped
shape during the night when ternperatul'es are low and curled
downward from their warped shape during the midday period
when temperatures are higher.

Typical variations with time of pavement curl and deflec-
tions under load at slab edge and corner are shown in figure
8 for section 1. As shown in figure 8, corner curl was highest
for jointed pavement sections 1,,2 and 5 with joint spacing of
76 f.eet 6 inches. Edge curl at all sections was low ancl thus
had almost no effect on deflections due to truck loading over
a period of time.

Summary of Measured Strains and Deflections

Pavement responses (strains and deflections) measured at sec-
tions 1 through 5 are listed in tables 2 through 6, respectively.
Responses listed are generally an average of two readings
(from Slab A and Slab B) for sections 1,2, 3, and 5. For
section 4, responses listed are generally an average of four
readings.

The strains reported in the tables are those measured at

Axle
Rp(mncê lvDe lmd 9:0O à-m. 9:50

Test Iim
a.m. lì:00 a.m. ll:50 a.m. l:20 o.m.

t¡{FFl PAIH: 2 in. fr^an edoe

Edge strain

Long. Strain
€ l8 in.

Edge SAL

Deflection, in. IAL

Corn€r SAt
fÞflection, in. TAL

l3
t5

t2
t5

sAt
TAT

SAL

ïAt-

¡0
il

12

9

l4
¡4

lt
t0

t4
t3

il
n

t3
t3

l3
t2

0.0t0
0.0 t5

0.014
0.0t8

0.009
0.014

0.0 t3
0.016

0,009
0,0 t3

0.0ì2
0.0 r5

0.009
0.0 t3

0.012
0.0 r4

0.008
0.0t2

0.01I
0.014

l.t{FFl PATH: l8 in. frrrn prloe

Edge strain

Long, Strain
6 18 in.

Edge

fÞflection, in.

Corner
fÞflection, in.

7

5

9
1

SAL

¡AL

SAL

TAI

SAL

ÌAL

5

5

t0
I

5

6

9

9

6

6

9

9

5

6

ì0
I

sAt
TAL

0.007
0.01 1

0.0t0
0.0 t4

0.007
0.0t0

0.009
0.0t2

0.00,
0.0 t0

0.009
0.01I

0.00t
0.0ì0

0.008
0.0r I

0. 006

0.009

0.008
0.0t0

IOTES: l. SAL = 20-kip singìe-axle ìoad
TAI- = 34-kip tanden¡¿xle load
For TAL, strain values listed are the larger of the trto peak values under the tlo axles.
strain reàdings are in millionths

2.
3.



TABLE 4 MEASURED RESPONSES AT SECTION 3

Axle
ResDonse lyDe toad

lesü Ii¡p
8:00 a.m. 8:50 a.m- 9:55 a-m. lo:î5 ¡ m- ll:2ô ¡ m

ttlEEt PATH: 2 in. frm edqe

Edge Strain sAL
IAL

[ong. Strain SAI

€ l8 in. TAL

Edge SAI
Deflection, in. TAL

Corner SAL

lÞflect,ion, in. T^L

42
33

34
26

0.0t6
0.020

0.018
0.024

38
32

33
28

0.0t5
0.022

0.0t t
o.o24

37
29

3l
25

0.0t4
0,o22

0.01,
0.024

35

2t

30
26

0.0 t4
0.02t

0.0t I
0.024

34
28

æ
26

0.0 t4
0.02t

0.0t I
0.023

ltlEEt PAIH: 18 in, frc¡n edse

Edge Strain

Long. Strain
€ l8 in.

Edge

Deflect,ion, in.

Cornêr
lÞflect,ion, in.

sAt
IAI

sAt
IAL

sÂ[
TAT

sAt
tAt

23
22

22
22

0.0t0
0.0t7

0.0t2
0.0¡8

23
2l

24
20

0.0t I
0.0t6

0.0r2
0.0t8

0.0t0
0.0 t6

0.012
0.0t 7

?0
20

22
m

0.0t0
0.0t6

0.0r2
0.01?

20
20

22
20

0.010
0.0 t6

0.0t2
0.0t?

20
2l

24
20

SAL = 20-kip single-axle load
IAt = 34-kip tandec¡¿xle load
For TAL, strain values listed are the larger of ùhe t¡ro peak values under the trrþ ¿x¡es.
Strain readings are in millionths

TABLE 5 MEASURED RESPONSES AT SECTION 4

t.

2.
3.

Axle
ResDoni€ TlDe load

Iest Tim
9:45 a.m. I l: 15 a.m. l: 15 o.m- 2: 16 o m

t*lEEL ?4M: ? in. frm edqe

Edge Stràin SAI
TAI.

lràns. Strain SAL

(at 18 in.) IAI

frans. Strain SAL
(at 26 in.) TAL

Edge SAt
tÞflection, in. IAL

30
2t

-9
-12

-t3
_t3

0.013
0.016

-*

-t8

0.012
0.0t6

26
23

_t5

-23

25

-22

0.0t I
0.0t5

27
20

-t6
-22

-24
-23

0.0¡ I
0.0t5

29
20

ltlEEt PAIH: 18 in. frm edqe

Edge Strain

Trans. Strain
(at 18 in.)

lrans. Strain
(at 26 in.)

Edge

tÞflection, in.

sA[
TAt

t6
t4

-2
-5

-t
-9

0.008
0.013

4
-t0

-9
_t2

0.008
0.0t2

t6
t5

-6
-9

-9
-t5

0.008
0.0¡2

-l
-8

-1
_n

0.008
0.0t I

t5
t5

t4
t4

s^t
TAL

sAt

TAL

sAt
TAt

NoIES: l. SAt = 20-kip single-axle loao
TAL = 34-kip tandem-axle load
For lAL, strain values listed are the ìarger of the ùHo peak values under the t$o axles.
Negðtive value of strain indicates tensile strain at slab surface,
Strain readings are in millionths

2.
3.
4.
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TABLE 6 MEASURED RESPONSES AT SECTION 5

Arle Iest TiÍp
pêcmnqo Ìw lmd l0: 15 a.m. ìì:40 a.m. l:35 o,m. 2:40 p.m.

l¡{FFl PAft{: 2 in. fron edoe

Edge strain

Long. Strain SAL

I ì8 in. rAL

Edge SAt
fÞflection, in. TAL

Corner SAt
lÞflection, in. lAt

sAt
IAL

22
t9

l2
l0

22
2t

23
20

l0
12

2l
20

l0
t0

l'l
9

0.012
0.0r,

0.023
0.o24

0.01I
0.0ì6

0.018
0.0 t9

0.0t I
0.0 r5

0.0 r6
0.0t,

0.0t0
0.015

0.0 t4
0.0t I

LilFFl PATH: 18 in. fron edoe

Edge strain

Long, Strain
€ ì8 in.

Edge

Oefìection, in.

Corner
fÞflection, in.

SAL

TAL

SAL

TAL

sAt
ïAt

S'\L

IAL

t6
t4

t5
t2

t2
t4

t3
il

t5
n

0.009
0. 012

0.0 t5
0.019

0.008
0.0 r2

0.0t I
0.0ì4

0.00t
0.0 t2

0.010
0.0 t2

t6
t4

0.007
0.0 r2

0.0 t0
0.0 ¡2

t6
l2

t4
t4

NOTES: l. SAt = 20-kip single-axle load
TAt = 34-kip tandem-axìe load

2. For TAL, strain values listed are the larger of the tHo peak values under the tHo axles,
3. Strain readings are in millionths

the slab surface. It is assumed that strains at the slab bottom
are equal in magnitude but opposite in sign. Thus, a reported
value of 20 millionths compressive strain at the slab surface
would imply a 20 millionths tensile strain at the slab bottom.
Typical graphical recordings of edge strain at section 2 are

shown in figure 9 for 20-kip single-axle and 34-kip ta¡rdem-
axle loadings.

FIGURE 9 Typical recordings for
edge strain.

A summary of the measured responses is presented for all

test sections in table 7 for the 20-kip SAL and 34-kip TAL
along the lane edge.

It is seen from table 7 that tneasured responses were much

lower at section 2 with a total no¡ninal slab thickness of 14

inches compared to responses at section 1 with a total nominal
slab thickness of 10 inches. Measured strain values at section

2 were less than half of those at section l. Measured deflection
values at section 2 were also much lower, indicating the ben-

eficial effects of the 4-in thick (nominal) overlay at section 2.

Measured responses at section 4 (overlaid CRCP) were a

little larger than at section 5 (overlaid JRCP). This difference
is accounted for by the larger thickness of the existing pave-

ment at section 5. Section 3 had generally the highest mea-

sured resporlses with strains under a 20-kip SAL ranging from
34 to 42 millionths. Edge deflection, under the 20-kip SAL
at section 3 ranged from 0.014 to 0.016 inches.

Corner deflections at the sections with jointed pavement
generally were about 30 to 60 percent greater than edge

deflections.
For section 4 (overlaid CRCP), the magnitudes of tensile

transverse strains measured at the slab surface at26-in inward
from the edge were almost equal to edge longitudinal strains.

It should be noted that the Road Rater unit was used at

sections 1,2, and 3. At section 2, the Road Rater was used

at mid-slab, and at 2-in and 18-in intervals in from the edge.

At section 3, the Road Rater was used at mid-slab, at 7 inches

from the edge, and at a joint location at 9 inches inside frorn
the edge. Because the Road Rater was not placed directly
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TABLE 7 SUMMARY OF MEASURED RESPONSES

I tì9

Test Section

20-kip SAL at edse

Edge Strain

Long. Strain
(€ 18 in.)

Trans. strain
(€ 18 in.)

frans. Stràin
(€ 26 in.)

Edge

Defìection, in.

Corner
tÞflection, in.

26-30

æ-32

0.012-0.0t3

0.0 t8-0.029

l0-r3

t2-t4

0.06-0.0t0

0.0ì2-0.015

3442

æ-34

0.0r4-o.016

0.0 tr-o.018

36-æ 2t-23

t0_t2

(-e) -( t6)

(- r3) - (-2s)

0.0r l-0.0t3 0.0t0-0.012

0.0 t4-0.023

34-kip IAL at edqe

Edge Strain

Long, Strain
(@ l8 in.)

Trans, Strain
(€ 18 in.)

frans. Strain
(€ 26 in.)

Edge

Oeflection, ln.

ørner
Defloctlon, ln.

t6-20

t4- t8

0.0 I 5-0.020

0. 022-0.033

9-r2

t3-t5

0.0 l2-0.0 15

0,014-0,0t8

æ-33

25-28

0.020-0.022

0. 023-0. 024

20-23 t9-20

9-12

(-r2) -(-23)

(- r3) - (-23)

0.015-0.016 0.015-0.0tt

0, 0 t 7-0.024

Iotôl Slôb 10.5/10,5
Ihlckness, ln.
(notl n¡ l l¡ct!¡ l )

t4,0/ l4,s t0, 0/ t 0.5 n.0/12.3 t3.0/ t4.0

il01ÊSt l, llogatlve v¡luo of ctraln lndlc¿tes a
2, ndneo3 of valuer glven for dlfforr,nt
3, Straln roadlngr dro ln ml I I lonth¡,

over the CTL instrumentation, and because deflections mea-
sured by the Road Rater are generally of low magnitude
(about 0.001 to 0.002 inches), the CTL data acquisition sysrem
was not able to provide usable data for the case of the Road
Rater loadings.

Analysis of Results

A comparison was rnade between nreasured lesponses and
calculated theoretical responses. Pavement responses (edge
stresses and edge deflections) were calculated using a fi¡rite
element computer program, Program JSLAB. Program JSLAB,
developed by the Construction Technology Laboratories for
the Federal Highway Administration, can analyze jointed slabs
(4). Load input is in terms of wheel loads at any location on
the slabs. Loss of support, variable support or material prop-
erties, as well as bonded and unbonded concrete overlays,

can be considered. In the program, the subbase/subgrade sup-
port is characterized by the modulus of subgrade reaction.

Analysis was conducted for various thicknesses of pavement
slabs subjected to 20-kip SAL and 34-kip TAL at rhe mid-
slab pavement edge. Analysis was conducted for a single slab
12-ft wide and 20-ft long. Values of modulus of subgrade
reaction used were 100, 300, and 500 pci. The overlaid sections
were assumed to behave monolithically.

The measured strains were converted to stresses by assum-
ing that the modulus of elasticity of concrete was 5,000,000
psi. Use of this value of the modulus of elasticity is justified
considering the high compressive and split-tensile strengths
of the concrete at the test sections. In addition, it is assumed
that the overlaid pavements at sections 2 to 5 behave mono-
lithically as evidenced by the high interface shear strengths
between the overlay and the existing pavement.

The measured and computed edge stresses and deflections
are compared in figure 10 for the 20-kip SAL and in figure

tonslle str¡ln at sl¿b surfaco,
t lms of tost lng,
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11 for the 34-kip TAL. It is seen that the measured stresses

as well as deflections are a function of the total pavement
thickness. Measured deflections are lower for larger total
pavement thickness.

The modulus of subgrade reaction, k, values at the five test

sections were reported to be about 200 pci. It is seen that the

measured edge deflections correspond well with computed
edge deflections at a k-value of about 200 pci for both the

SAL and the TAL. Measured edge stresses also correspond
well with computed edge stress except fol' sections L and 2.

Measured edge stresses at sections I and 2 are much lower
than would have been anticipated, especially considering rea-

sonably good agreement between measured and computed
edge deflections at these sections. One reason for lower mea-

sured edge stl'esses could be that the effective panel length
(distance between transvelse cracks) in the existing pavement
is much shorter than the 20 feet assumed in the theoretical
analysis. The condition survey for section l, shown in figure
2, indicates an effective panel length of about 15 feet in the
panels containing the instrumentation. The condition survey

for section 2, shown in figure 3, indicates an effective panel

length of about 20 feet in the overlay in the panels containing
the instrumentation. However, the effective panel length in
the existing pavernent at section 2 may be less than 20 feet.
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Based on the comparisons shown in figures 10 and 11, it is
seen that the overlaid pavements are behaving monolithically
and that the overlaid pavements are responding as full-depth
pavement.

Effect of Wheel Path

The field investigation was planned to also provide infor-
mation on the effect of wheel path. As discussed previously
wheel paths used for both the SAL and the TAL were 2-in
and 18-in inside from the edge. The 2-in wheel path simulated
the edge loading condition. The effect of having a wheel path
just 18 inches away from the edge is shown in figure 12. There
is a significant reduction in measured edge stresses and edge

deflections at all five sections for the wheel path at 18 inches

compared to the wheel path at 2 inches. Similar reductions
were also measured for joint deflections.

Thus, lane widening at time of overlay, if practical, and

lane widening at time of new construction if a tied-concrete
shoulder is not used, should be given serious consideration.
Keeping truck traffic away from the free lane edge can sig-

nificantly improve pavement performance by reducing critical
stresses and deflections.
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FIGURB l0 Com¡rarison of ¡neasured and calculated responses for
the 20-kþ single-axle loading.
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SUMMARY

Results of the investigation indicate that the four overlaid
pavement sections evaluated as part of the reported study are
performing as monolithic pavements with high interface shear

strength at the interface. The strength of the existing pave-

ment at all of the four overlaid test sections was high. In
addition, cores obtained from sections 4 and 5 did not indicate
D-cracking related damage in the overlay concrete.

Comparison of the condition surveys for section 1 (non-
overlaid JRCP) and section 2 (overlaid JRCP) indicate.that
all cracking in the existing pavement is not reflected through
the overlay and that the cracks that did reflect through have

remained tightly closed. Similarly, the condition survey of
sections 4 and 5 indicate that cracks reflected through the
overlay continue to remain tightly closed even after almost
seven years of service.

The field investigation conducted by CTL verifies that for
properly constructed bonded overlays, pavement strength-
ening is achieved and that the overlaid pavement behaves

monolithically as a full-depth concrete pavement.
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Application of Deflection Testing to Overlay
Design: A Case Study
Cn¡nyr AnrN Rrcnrnn eun LyNNn H. InwrN

In the fall of 1985, the Engineering Research and Development
Bureau (ERDB) of the New York Statc Department of Trans.
portatiou (NYSDOT) and the Cornell University Local Roads
Program r¡ndertook a case study involving the application of
the falling rveight deflectometer (FWD) to pavement evaluation
and overlay design. The site for the case study rvas a l-mi
section of state highway in the Finger Lakes Region of Central
New York State, which had already been scheduletl to receive
an overlay during the 1986 construction season. Nondestruc-
tive pavement testing rvas condr¡cted in December 1985 and
May 1986. Pavement laycr moduli were back-calculated from
the FWD data using the computer program MODCOMP 2.
As a part of the study, a mechanistically based cornpuúer pro-
gram, called PAVMAN, was developed to calculate remaining
pavement life and required overlay thickness. The pavement
layer moduli determined using MODCOMP 2 rvere used with
the PAVMAN progran¡ to estimate the remaining life of the
existing pavement and determine the required overlay thick-
ness. The results obtained with PAVMAN compared well rvith
design overlay thicknesses determined using more traditional
¡nethods ofoverlay design (such as engineeringjudgement and
the Asphalt Institute's deflection based method).

In the fall of 1985, the Engineering Research and Develop-
ment Bureau (ERDB) of the New York State Department of
Transportation (NYSDOT) and the Cornell Local Roads Pro-
gram (CLRP) undertook a joint project co¡rcerned with the
application of the falling weight deflectometer (FWD) to
pavement evaluation and overlay design. The project took
the form of a case study involving a l-mi section of state
highway in the Finger Lakes Region of central New York
State. The decision to place an overlay at the project site
during the 1986 construction season had been rnade prior to
its selection as the site for the case study. The thickness of
that overlay had also been decided prior to the selection of
the project site.

The case stucly was the initial phase of a project undertaken
by ERDB for the purpose of assessing the capabilities and
applications of the falling weight deflectometer and the data
it genel'ates. Goals of the case study included:

o To give ERDB personnel an opportunity to become
acquainted with the falling weight deflectorneter and its use.

o To investigate potential applications of the FWD and the
data it generates.

o To investigate the use of rnechanistically-based analysis
procedures with nondestructive test data.

o To assess the relative merits of clifferent testing approaches
(in terms of number and spacing of test points) for routine
pavement evaluation.

PROJECT SITE

The site for the case study was a l-mi section of State Route
96 in Seneca County, New York. Route 96 is a two-lane, rural
highway, running basically north-south, with no access con-
trol. Traffic data for the project al'ea are given in tables 1 and
2. Because the terrain in the area is very flat and the soils are
fairly shallow, clrainage in the project area is generally poor.

The pavement in the project area at the tirne of the testing
for the case study consisted of several surface tl'eatntents inter-
layered with two asphalt concrete overlays (nominal com-
bined thickness, three inches) over a biturninous macadam
pavement (3-in tar-bound crushed limestone top over a 7-in
layer of crushed stone) placed in 1914. The rnost recent over-
lay was a l-in almor coat placed in 1965.

At the time of the deflection testing, the condition of the
pavement variecl greatly. Some portions of the pavement were
intact and exhibited little or no distress. Other portions, par-
ticularly sections of the northbound outer wheel path, were
badly rutted (rut depths of up to 3% inches) ancl/or exhibited
severe alligator cracking. Recent pavement condition ratings
for the project site are summarized in table 3. The surface
and base ratings are orì a ten-point scale, where a score of 9
or 10 indicates that the pavement is in excellent condition,
while a score less than 6 indicates poor condition, and a score
of 1 indicates the worst condition (1).

TESTING PROGRAM

Nondestructive Testing

Nondestructive pave¡nent testing for the case study was con-
ducted in December 1985 and May 1986. The testing in
December 1985 consisted of FWD and Benkelman beam tests
in the inner and outer wheel paths of both lanes. These par-

TABLE I TRAFFIC VOLUMES
Year 1960 1970 1973 1976 1977 1980 1986

AADT 1585. t723 1800 1850 2000 1800 3190

C. A Richter', Strategic Highrvay Research Progranr (SHRp),
818 Connecticut Ave., N.W., Washington, D.C. 20006. L. H.
Irwin, Cornell University Local Roads Progranr, Riley Robb Hall,
Ithaca, N.Y. 14853.



TABLE 2 VEHICLE CLASSIFICATION DATA (MARCH 1986)

Vehicle Class Percentaqe of AAD I'
Passenger Cars and Pickup 'Ilucks

2-Axle, &Tire Single Unit Trucks

Single Unit Trucks Having 3 or More Axles

3-Axle Tbactor/Tlailer Combinations

4-Âxle tactor/Tìailer Combinations

Tractor/tailer Combinations With 5 or More Axles

88

6

I

0

1

4
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allel tests were conducted at 50-ft intervals on two 500-ft

sections, one at each end of the project site.
In addition, FWD tests were conducted at intervals of 250

feet over the full 1-mi section in the two outer wheel paths

and in the middle of the northbound lane, so that comparisons
of the two test strategies (testing at shot't intervals over sub-

sectlons of the pavement in question and testing at uniform
intervals over the full length of the pavement section) could
be made. Each of the test strategies resulted in about 22 tests

per mile along each line of test points. In May 1986, only the
two 500-ft sections were tested, again with both devices, at

50-ft intervals in the inner and outer wheel paths of both lanes.

In all, FWD tests were conducted at 136 points in Decelnber
1985 and at 88 points in May 1986.

Three or fou¡'FWD drops from one height were conducted
at each test point. After discarding data indicative of sensor

overflow or other anomalies, the data for each test point were

averaged (on a sensor by sensor basis), so that the effects of
random error in deflection measurement woulcl be minimized.

Supplementary Testittg

In addition to the nondestructive deflection testing, a limited
amount of pavement coring, soil boring, and seismographic

testing was conducted. The pavernent coring and soil boring
were done to verify pavement layer thicknesses and to provide

samples for laboratory testing. The laboratory tests (including
sieve analyses, Proctor densities, sand equivalent tests, and

Atterberg limits for the unbound materials and resilient mod-
ulus tests, asphalt extractions, and penetration tests for the

asphalt concrete) were conducted to characterize the pave-

TABLE 3

PAVEMENT
CONDITION
RATINGS

,III,ANSPO 
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ment materials for research purposes and would not be needed
for routine pavement evaluation. Seismographic testing was

conducted to determine the depth to bedrock in the project
area, so that the subgrade could be more accurately modeled
in subsequent analyses. Seisrnographic testing would generally
not be required unless the depth to bedrock is relatively shal-
low (less than 30 feet, or so).

ANALYTICAL METHODS

Back-Calculation of Pavement Layer Moduli

Pavement layer moduli were back-calculated using the com-
puter program MODCOMP 2 (). ^fhe assurnptions on which
MODCOMP 2 is based include the following:

o Pavement layers ale homogeneous and isotropic, and
extend infinitely in the horizontal plane.

o The deepest pavement layer is semi-infinite.
o The load on the pavement is uniforrnly distributed over

a circular area, and the direction of the force is perpendicular
to the pavement surface.

o Full friction exists at the pavement layer interfaces (in
other words, there is no lateral slippage of the pavement layers
relative to each other).

Using MODCOMP 2, it was possible to obtain reasonable
sets of layer moduli for 128 (94 percent) of the December
1985 test points, and 82 (93 percent) of the May 198ó test
points. The failure to obtain reasonable solutions for the
remaining test points was most likely due to inaccuracies in
the pavement model (for exarnple, incorrectly defining the
depth to a bedrock layer, the use of a linear model for stless-
dependent materials, inaccurate layer thicknesses, boulders
at shallow depths in the subgrade, etc.).

Remaining Life and Required Overlay Thickness
Calculations

A computer pl'ogram, called PAVMAN (for PAVement
MANagement), was developed to facilitate mechanistically-
based analyses of remaining pavement life and required over-
lay thickness (3). PAVMAN was written in the FORTRAN
programming language to run on IBM-PC microcomputers.

Year Surface Base

l98t

r982

1983

1984

1986

8

7

I

7

6

8

7

I

7

6
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FIGURIÐ I Freeze-thaw seasonal var¡ation model.

Selected characteristics of PAVMAN are as t'ollows:

. The pavement is modeled as a layered elastic system,
using the same assumptions articulated above for MOD-
COMP 2.

o Pavement materials may be modeled as being either lin-
ear or stress-dependent in their response to load.

o Traffic is considered in terms of an eighteen-kip equiv-
alent single axle load.

o The computer program NELAPAV (4) is used as a sub-
routine to calculate the critical strains induced in the pavement
system by a 9-kip dual wheel load.

o Subgrade rutting and surface fatigue are considered as

potential failure modes. The fatigue was summed for both the
overlay material and the existing surface.

o The revised Shell subgrade strain criteria (5) are used to
estimate the allowable number of strain repetitions for the
subgrade.

¡ The Shell asphalt concrete fatigue criteria (ó, 7) are used
to estimate the allowable number of strain repetitions for an

asphalt concrete surface or overlay.
o The user may select one of three seasonal variation models

for each of the pavement layers; a temperature-based model
for asphalt concrete, a freeze-thaw seasonal model, or a wet-
dry seasonal model. Schematic diagrams of the freeze-thaw
model and the wet-dry model are given in figures I and 2.
Ramps in the layer moduli are modeled as a series of steps
(dashed lines in the figures), with each step corresponding to
a different season. Since the user defines the magnitude of
the seasonal variation as well as the duration of each season,
it is thought that these models are sufficiently versatile to
model the present state of knowledge of seasonal variation
for most circumstances.

¡ Miner's hypothesis of cumulative fatigue damage (8) is

applied to sum the damage over the different seasons, and
over the life of the pavement.

APPROACHES TO DATA EVALUATION

Having deflection data for roughly one hundred test points
in a mile of pavement presents the engineer with an interesting
problem-how the data can be used to derive a design overlay
thickness (or thicknesses, if it is deerned appropriate to sub-
divide the section) or an overall remaining life estimate for
the section. Traditional deflectirn based overlay design meth-
ods have used a single representative deflection measurement
(e.g. mean Benkelman beam deflection plus two standard

Layer
Modulus

ç-mtn

r v""r I
FIGURE 2 Wet-dry seasonal variation model.
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deviations, 85th percentile deflection, etc.). At the other
extreme, one could determine the required overlay thickness
fol each individual test point and then decide how to translate
the individual overlay thicknesses into a design value.

In deciding between these two approaches to data evalu-
ation, there are some definite tradeoffs. On the one hand,
using a representative deflection basin is relatively simple and
fast. However, it is not clear that the resulting design overlay
thickness will be representative of what the pavement really
needs. On the other hand, analyzing the data for each test
point individually has the potential to provide much more
information about the pavement, but is considerably more
time consuming.

Both approaches to the data analysis were used in this case
study so that the merits of each could be evaluated more
thoroughly. The representative deflection basins used were
determined by estimating the 85th percentile deflection (in
other words, the deflection that was greater than or equal to
85 percent of the observed deflections) for each sensor in the
data set. Separate 85th percentile deflection basins were derived
for the test points at 50-ft intervals ancl those at 250-ft inter-
vals, in the northbound outer wheel path. For both analysis
approaches, the remaining life and overlay design analyses
were based primarily on the December 1985 deflection data
because it was the more extensive data set. Layer moduli
derived from the May 1986 deflection data were used to define
the magnitude of seasonal variation for the seasonal variation
model.

RESULTS

General

Mechanistic Overlay Design

Moduli for the four unknown upper layers (surface, base,
subbase, and subgrade) were derived from the deflection basin
data using the MODCOMP 2 computer program. The results
were evaluated and spurious data were rejected. (It some-
times happens rhar while MODCOMP 2 will give a good fit
of the deflection data, within the specified tolerance, the results
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TABLE4'TYPICAL' BACK.CALCULATED LAYER
MODULI

l,ayer
Depth Modulus

(Inches) (ksi)

Layer
Depth Modulus

llnchesì fksiì

Layer
Depth Modulus

llnchesl lksi)
0-9 380

$36 6
3&66 30

6&33ô 250
33&oo 1,250

G9 2t8
9-24 6

24-72 14

72-300 250
30Goo 1.250

G9 668
9-36 28

3&66 7

6&336 2sO

33G oo 1,250

G9 100
9-24 lO

24-72 7

72-291 250
291-oo 1,250

G9
9-24

24-48
48-360
36G'æ

0-9 270
9-24 l9

24-72 13

72-204 250
204-ø 1,250

588

94

t)

250
1,250

are unreasonable and, therefore, must be regardecl as spu-
rious.) After the screening process, a set of layer tnoduli were
selected for each test point for use in the overlay calculations.
The results were highly variable. A complete summat'y of the
back-calculated rnoduli is given elsewhere (3). Some typical
results are given in table 4.

Required overlay thickness analyses were conducted for a

15-yr design life using the PAVMAN computer prograrn. The
results of the analyses for the indiviclual test points we re highly
variable, ranging fro¡n zero (no overlay needed) to seve¡l
inches.

It is believed that this valiability is plimarily due to vari-
ations in the moisture content of the upper subgrade soil. A
histogram of the required overlay thickness results is given in
figure 3. The test points requiring the greater overlay thick-
nesses wele predorninantly in the outer wheel path of the
northbound lane but were scattered over the full length of
the test section. Many of the larger overlay thicknesses occurred
for test points between the two 500-ft sections that were tested
at 50-ft intervals (in other words, at points that would not
have been tested if only the two 500-ft subsections of the
pavement had been tested).

In order to determine the overlay thickness required for a

given design life (in this case, fifteen years), PAVMAN cal-
culates (and reports) the rernaining life of the pavement for
five different trial overlay thicknesses, ranging from zero to

gB0
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FIGURB 3 Required overlay thickness frrquency.
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FIGURE 4 Pavement life versus overlây thickness.

a user specified maximum. A typical plot of overlay thickness

versus pavement life is given in figure 4. The degree to which
such plots are linear in semi-log space appeal's to depend, to
some extent, on the layel that controls the design and whether
the controlling layer is the same for all overlay thicknesses.

Eighty-fifth percentile overlay thicknesses were estimated
from the individual overlay thickness results for the test points
at 50-ft and 250-ft intervals in the northbound outer wheel
path, as well as for all of tlìe test points, with results of 2.6,
5.9, ancl 1.1 inches, r'espectively. The disparity between the

results for the different sets of test points indicates that the
nurnber and location of test points selected may significantly
affect the results. This indication is further supported by the
variability in the individual overlay thickness results.

The required overlay thickness results for the 85th percen-

tile deflection basins, 1.8 inches for the test points at 50-ft
intervals, and 6.1 inches fol those at 250-ft intervals, cornpare
favorably with the 85th percentile overlay thicknesses derived
from the individual test point results for this particular pave-

ment. However, it should not be assumed that this would be

true for all pavements. Furthermore, while the degree of vari-
ability in the pavement is clearly evident from the individual
test point results, it is not at all evident when the represent-
ative deflection basin approach is used.

Overlay Design Using the Asphalt Institute Method

The required overlay thickness for the ploject site was also

deter¡nined using the Asphalt Institute's deflection based

overlay design procedure for comparison (9). For these com-
parisons, the overlay thickness requirement was first deter-
mined using the FWD data, so that the comparison would be

between different analysis methods based on the same device.

Since the Asphalt Institute procedure was developed for use

with the Benkelman beam, the Benkelman beam data were

used in a subsequent analysis to check the results.
The Asphalt Institute recommends that pavement testing

for overlay design be conducted in the outer wheel paths.
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Therefore, only the data frorn the outer wheel paths were
used in the overlay designs. It was assumed that the deflec-
tions measurecl in the spring of the year were 20 percent lower
than the maximum spring values. This assumption was con-
sistent with an assumption made in defining the seasonal var-
iation in layer moduli for the mechanistic analysis. Both the

FWD data and the Benkelman beam data were normalized
to the 18-kip axle load prescribed in the Asphalt Institute
overlay design method.

Although both FWD and Benkelman beam data were avail-
able for the project site, it was assumed that the maximum
FWD deflection was equal to 50 percent of the Benkelman
beam deflection under a similar load. This assumption was

somewhat arbitlary, but is in reasonable agreement with the
test results for the pavement in question. The assumed cor-
relation was used instead of an exact correlation, so a typical
assumption that might be made when only FWD data was

available might be tested. Accordingly, the FWD deflections
were doubled to approximate Benkelman beam deflections.
The traffic volumes and design life used in the Asphalt Insti-
tute method were the same as those used for the mechanis-
tically based analysis.

The overlay thicknesses derived from the doubled FWD
deflections and the Benkelman beam deflections, for a 15-yr
design life, were both approximately 3.8 inches. Thus, for the
given pavernent and assumptions, it does not matter which
device is used, as long as the Benkelman beam deflections
are twice the FWD deflections. This will not always be the

case.

Interpretation and Application

If it is accepted that it is better to analyze the deflection data

on a point by point basis, the question that arises is how does
one apply the individual overlay thicknesses once they have

been calculated? The strict 85th percentile overlay thickness
apprcach used in the preceding conrparisons is one approach,
but it has several flaws. First, it does not really make use of
the information on the variability in the pavement, and sec-

ond, a design ovellay thickness so derived can be unduly
influenced by a few excessively weak test points. To make
full use of the information available, the engineer must deter-
mine what the required overlay thickness results tell about
the pavement.

One interpretation is that individual required overlay thick-
nesses that are substantially higher than some norm (the mean,
median, eighty-fifth percentile value, an arbitrarily selected
value, etc.) are indicative of areas that neecl spot improve-
ments over and above the overlay to be place on the entire
pavement. For the purposes of this case study, the following
procedure for deriving a design overlay thickness was pro-
posed and used:

1. Calculate the required overlay thickness for each test
point.

2. Determine what proportion of the test results yield a

negligible requirecl overlay thickness.
3. If the proportion of test points requiring negligible over-

lay thicknesses is large, consider spot improvements (such as

drainage improvements, cut-out and replacement of small sec-

tions of pavement, patching, etc.) for the locations that need
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work, and use lemaining life analyses to determine when the
pavement needs to be considered for an overlay. Alterna-
tively, one could determine the overlay thickness required in
some given future year.

4. If the number of test points requiring negligible overlay
thickness is small, proceed as follows:

(a) Consider the spacing and magnitude of the non-zel'o
required overlay thickness results to determine which
points should be considered for spot improvements
in addition to the overlay placed on the entire pave-
ment. Spot improvements might include additional
overlay thickness, drainage improvements, cut-out
and replacement of small sections of pavement, etc..

(b) Since the overlay is being designed to improve those
areas that need an overlay, as opposed to those that
do not, neglect all zero required overlay thicknesses
in subsequent determinations.

(c) Determine the 85th (or other design level) pelcentile
overlay thickness from the set of non-zero overlay
thicknesses for test points which have not been
selected for spot improvements. This becomes the
design overlay thickness. The presumption here is
that spot improvements will reduce the required
overlay thickness at the spot improvement locations
to the level required by the remainder of the pave-
ment.

Table 5 summarizes design overlay thicknesses derived from
the data for the inner and outer wheel paths of both lanes,
using the procedure outlined above, for the following
improvernent options:

. No spot improvements are to be made.
o Spot improvements will be made at locations requiring

overlay thicknesses of 6 inches or more.
o Spot improvements will be made at locations requiring

overlay thicknesses of 5 inches or more.
o Spot improvements will be made at locations requiring

overlay thicknesses of 4 inches or mol'e.
o Spot improvements will be made a locations requiring

overlay thicknesses of 3 inches or more.

TABLE 5 DESIGN OVERLAY
THICKNESSES FOR VARIOUS
IMPROVEMENT OPTIONS

TRA N S PO RTAT'IO N RES EA RCI-I R ECO R D I I 9()

For comparison, the 85th percentile value determined using
all of the test points in the wheel paths (including those requir-
ing no overlay) is 1.6 inches.

The data from the testing in the middle of the northbound
lane were not included in the determination of the design
overlay thickness for two reasons. First, unless some of the
data for the northbound lane were omitted, the overlay design
would be based more heavily on the northbound lane than
the southbound lane because more testing was done in the
northbound lane. With the mid-lane data omitted, the two
lanes are equally represented in the data set. Second, the
relevant portion of the pavement for overlay design purposes
(in terms of structural requirements) is the portion of the
pavement subjected to significant traffic. Since the portion of
the pavement between the wheel paths is not subjected to
significant traffic, it should not control or significantly affect
the thickness of the overlay required for structural purposes
and, therefore, should not be considered in the analysis of
required overlay thickness.

In the discussions that follow, it is assumed that spot
improvements will be made in the vicinity of all test points
having required overlay thicknesses in excess of three inches
(Improvement Option 5).

If it is assumed that the necessary spot improvements can
be made by placing greater thicknesses of asphalt concrete or
by installing underdrains, and that the incremental cost of a
l-in thickness ofasphalt concrete is $4.25 per linear foot (based
on a pavement width of 20 feet, as per pavement records, an
asphalt concrete cost (in place) of $35 per ton, and an asphalt
concrete density (in place) of 145 pounds per cubic foot),
while underdrains cost $8.00 per linear foot (based on an
average trench depth of two feet, a trench width of 18 inches,
6-in perforated steel pipe at $4.65 per linear foot, excavation
at $12.00 per cubic yard, filter material (average total depth,
16 inches) at $25 per cubic yard, and backfill (8-in deep, on
average) at $4.02 per cubic yard), the installation of under-
drains is more economical than placing the required extra
thickness of asphalt concrete whenever the underdrains replace
more than 1.9 inches ofasphalt concrete (whenever the required
overlay thickness exceeds the design overlay thickness by more
than 1.9 inches).

Under the assumption that spot improvements will be made
at all locations requiring overlay thicknesses in excess of three
inches, the design (85th percentile) overlay thickness is 2.1
inches. Therefore, the installation of underdrains is the more
economical method of making the required spot improve-
ments whenever the required overlay thickness is four inches
or more (2.1 + 1.9), and the placement of a thicker overlay
is more economical where the required overlay thickness is
less than four inches. For the purpose of these comparisons,
it assumed that the additional overlay thickness would be
placed across the full width of the pavement. Under certain
circumstances, it might be possible to taper the overlay so
that only the portion of the pavement that needed the addi-
tional thickness got the full thickness.

Of the locations that need spot irnprovements, only one
area has a required overlay thickness less than four inches.
Therefore, under the given assumptions, with a design overlay
thickness of 2.1 inches, the most economical method of reha-
bilitating the pavement is to place a total overlay thickness
of 3.6 inches in that one area and to install underdrains at the
other locations needing spot improvements.

lmprovement

Optionso

l,reslgn

Overlay

Thickness

Percentage of

Pavement Requiring

Spot Improvements

I

2

3

4

5

5.9

5.4

3.8

2.5

2.1

0.0

4.7

r3.3

15.8

16.3

ôNumbem refer to ühc lis¿ in the tex¿.
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Comparison With Other Methods

The thickness of the overlay placed at the project site in the
summer of 1986 was cletermined by NYSDOT engineers using
judgment and experience, without the benefit of the nonde'
structive testing or the subsequent analyses. That overlay con-
sisted of up to 3/z inches of binder material placed to fill in
pavement ruts, followed by a1.Vz-in binder course and a l-in
top course. Thus, the pavement was overlaid with a ¡ninimum
of 2Vzinches of asphalt concrete in areas with minimal rutting
and a maximum of 6 inches in severely rutted areas' Spot
drainage improvements were made only at the extreme north-
ern end of the project site. Referring to table 5, the 2t/z-in
minimum overlay thickness is comparable to the design over-
lay thickness determined for the instance where all points
needing an overlay 4 or more inches in thickness were subject
to spot improvements. If it is assumed that the test points for
which high required overlay thicknesses were calculated were
in the more severely rutted sections of the pavement' there
is reasonable agreement between the required overlay thick-
nesses calculated for a 15-yr design life and the overlay actually
placed.

The 3.8-inch design overlay thickness determined using the
Asphalt Institute method is comparable to the design overlay
thickness detelmined by using the PAVMAN program and

assuming that spot improvements would be made at points
requiring overlays in excess of 5 or 6 inches (see table 5).
Thus, if the 3.8-in overlay were placed with no spot improve-
ments, we would expect a higher premature failure rate than
if the spot improvements were made, as is assumed in the

mechanistically based design.

IMPLICATIONS AND UNANSWERED

QUESTTONS

Why Bother?

The reader may well be wondering if mechanistically based

pavement analysis and overlay design rnethods are really worth

all the trouble. In the authors'opinion, the answer is abso-

lutely yes, if they are usecl to their fullest potential. If the
decision to place an overlay has already been made, and the

year in which it is going to be placed has already been deter-
mined, so that the only reason for using the analysis procedure

is to decide how thick the overlay should be, then a mecha-

nistically based analysis procedure may not be worth the trou-
ble. However, if the procedure is instead used to determine
the optimal timing for a pavement rehabilitation project, and/
or the most economical Ineans of rehabilitating a pavement,
preferably within the framework of a network-level pavement

management system, then lnechanistically basecl pavement

analysis techniques have great potential.
With rnechanistically based pavement analysis techniques,

one can examine the consequences of putting off an overlay
for a few more years or moclel the effects of base stabilization,
surface recycling, or improved drainage. One can look at the

tradeoffs involved in rehal¡ilitating section A this year instead

of section B, or in constructing a new pavement in stages,

instead of placing the entire structure needed for the design

life at once. In short, mechanistically based pavement analysis
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and design methods have the potential to be a tremendous
tool for optimizing the use of funds in the highway industry.

What's Missing?

While mechanistically based pavement design atrd analysis

methods have tremendous potential, there are several areas

in which further research is needed to perfect the method-
ology. The following sections discuss some of these areas.

Testing Program

The optimal number and spacing of NDT test points for use

with mechanistically based pavement evaluation and design

methods has not been determined. This case study attempted
to address the issue to a limited extent. From the work that
was done, it appears that both closely spaced test points over
short subsections of the pavement in question and uniformly
spaced test points ovel'the full length of the pavement have

some advantages and disadvantages. Until further studies can

be done to develop reliable criteria, a reasonable cornpt'omise

would be to test the full length of the pavement in both the
inner and outer wheel paths at 250-ft inte¡vals, with the test

points in the inner wheel path offset by 125 leet from those

in the outer wheel path (in other words, if the first test point
in the outer wheel path is at station 0+00, then the first test

point in the inner wheel path should be at station l+25)'

Failure Criteria

It is generally held that the critical strains in a pavement
structure are the ¡naximum horizontal tensile strain in the

surface material and the vertical compressive strain at the top
of the subglade. The criteria used to determine the allowable
number of strain repetitions at each of these locations are, as

a matter of necessity, empirically derived and, therefore, may
not be entirely applicable to materials and circumstances that
differ from those for which and under which they were devel-
oped. For example, The Shell revised subgrade strain criteria
used in the PAVMAN program, as well as many other subgrade

strain criteria, were derived from the AASHO Road Test
data. Since the AASHO Road Test involved only one subgrade

soil and one climate, the use of those criteria for pavements

in other areas is an extrapolation that Inay or may not be

valid, Further research is needed to develop more universally
applicable strain criteria, for both subgrade and surface mate-
rials, and to establish limitatiorts for those that currently exist'

The l9-kip Equivalent Axle Load Question

Frequently, pavement design is based on the 18-kip equivalent
single-axle load (ESAL). That is, all vehicle loads are trans-
lated to an equivalent number of 18-kip single-axle loads. Like
the subgrade strain criteria, most commonly used sets of 18-

kip equivalency factors were derived fi'om the AASHO Road
Test data (separate factors exist for flexible and rigid pave-

ments). The problem with this is that the number of loads of
any given magnitude that is equivalent to an 18-kip ESAL is
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different for every pavement, so that every time the AASHO
equivalency factors are used, an error of unknown magnitude
is made. In a mechanistically based analysis, this weakness
could be eliminated by treating each vehicle category sepa-
rately and summing the damage due to each. The cost of
doing this would be an increase in computation time. Whether
the accuracy gained would be worth the added cost is some-
thing that needs to be examined. Alternatively, as microcom-
puter technology improves, the added cost ofconsidering the
damage due to individual vehicle classes may become negli-
gible and thus negate the advantage of using the 18-kip ESAL.

Staged Construction, Alternative Materials, and
Rehabilitation Methods, and Network Level
Pavement Management

While mechanistically based pavement analyses have the
potential to consider staged construction, alternative pave-
ment materials, and alternative rehabilitation methods (sta-
bilized, recycled, or otherwise modified materials, improved
drainage, etc.), such analysis alternatives have not necessarily
been fully implemented at the project level, let alone at the
network level.

The PAVMAN program developed for this case study is a
starting point. However, more advanced computel. programs
with the capability to model staged const¡.uction, pavement
networks instead of single projects, and rehabilitation meth-
ods other than simple overlays, are needed before mecha-
nistically based pavernent analysis methods can be used to
their fullest potential.

SUMMARY

A case study, in which nondestructive test technology and
mechanistically based analysis techniques were applied to the
evaluation of lequired overlay thickness for an existing pave-
ment has been described. A computer program, PAVMAN,
developed to facilitate the mechanistic analysis of the pave-
ment, is also described. The design overlay thickness deter-
mined using PAVMAN is in reasonable agreement with those
derived for the same pavement using the Asphalt Institute's
deflection-based overlay design procedure. Actual construc-
tion, based on design by experience, also closely matched the
results from the mechanistic analysis. Recommendations
regarding testing programs for similar activities are made, and
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areas in which the technology needs further development are
discussed.
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Evaluation of the Performance of Bonded
Concrete Overluy on Interstate Highway
6L0 North, Houston, Texas

Konsrovro KossNo aNo F. FneNx McCunoucH

The objective of the study was to evaluate the performance of
the bonded concrete overlay project on,IH 610 North i¡l Hous'
ton and implement the fintlings in other studies on bonded
concrete overlay. The performance of the bonded concrete
overlay was monitored on ten experimental sections selected

from the 3-%-mi project and ranging from 400 to 600 feet long.
Periodic field measurements were conducted, and an assess'

ment of overlay pavement life was made. The resulting con'
clusions and recolnmendations were to be used by the Texas
State Department of Highways and Public 'fralrsportation to
dcsign overlays for rehabilitation prograrns on continuous rein-
forced concrete pavement (CRCP).

Since 1956 the United States has been involved in the largest

public works project ever undertaken, the 42,500-mi system

of intetstate highways. Unfortunately, these highways have

begun to weal out. Not only are we reaching the end of the
design life of many sections of highways, btrt the amount of
traffic is far exceeding the design estimates (,1). In recent

years, the general interest of the highway adrninistration has

shifted from construction to maintenance, rehabilitation, and

resurfacing.
Portland cement concrete (PCC) overlays have l¡een used

to resurface pavements for more than 60 years. However,
experience in the use of bonded concrete overlays is mostly
with airport runways and bridge decks, although there are

instances in which bonded concrete overlay has been used for
improving skid resistance on highways (2,3).

The U,S. Air Force has more than 20 years of experience
with thin bonded conct'ete overlay (4). Overlays ranging frorr
2- to 4-in thick have been constructed on runways subject to
light as well as heavy traffic and used by small as well as large

aircraft. The condition of the overlays over a period of 17

years has ranged from good to very good, but there have been

a number of cases whele protrlems were encountered. Fol
exarnple, severe reflection clacking and rapid deterioration
following loss of interface bond was experienced in a taxiway
at the Tulsa Airport.

During the past two to three years, several research studies

were undertaken at the Center for Transportation Research

to address questions concerrting the use of thin bonded con-

crete overlays for highway pavenìent rehabilitation. Tests were

made on laboratory specimens and cores froln constructed

Center for Transportation Research, The University of Texas at

Austin, Austin, Tex. 78705.
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slabs in the field in which a bonding agent was used. A major
finding of this research (5) was that the interface between
existing slab and overlay develops a shear strength three to
four times the theoretically predicted shear stress due to wheel

loads of the expected traffic. Also, a condition survey of the

overlay section soon after overlaying ancl again in six months
did not show any significant distress. This experience encour-

age the SDHPT to use a 4-in bonded concrete overlay on a

length of about 3-% mi to improve the pavement condition
of Loop 610 North in Houston. It was suggested that several

sections of this pavement be identified and monitored to father
performance information periodically. It was planned that the

analysis carried out using the lesulting data would help answer

questions about the relative merits of different types of over-

lay materials.
The overlay project is located on IH 610 North in Houston

between East T.C. Jester Blvd. and IH 45 (see figure l). At
this location, the loadway is an eight-lane divided highway
with four through lanes in each clilection a¡rd a concrete median

barrier. The main lanes are 12 leet wide and shottlclers are

10 feet wide.
The 4-in bonded concrete overlay was placed on the existing

8-in continuous reinforced concl'ete pavement (CRCP). The

existing concrete pavement rests on 6-in thick stabilized sub-

base. The typical cross section of the project is presentecl in

figure 2.

OBJECTIVE OF THE STUDY

The primary objective of the study was to evaluate the per-
formance of the bonded concrete overlay on IH 610 North in
Houston and irnplement the findings of other studies on bonded

concrete overlays.
The sub-objectives were-

1. To identify several sections to represent the va¡'iation in
the original pavement condition and the material used for the
overlay,

2. To observe and record the materials actually used for
the ovellay,

3. To make observations of the behavior parameters before
and after-overlay, and

4. To perforrn statistical analyses to evaluate the field data.
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FIGURE I Location of the overlay project.

DESCRIPTION OF THE STUDY

The following variables wel.e considered in the study:

1. Overlay reinforcement: CRCP and fiber reinforced con-
crete pavement,

2. Overlay aggregate: siliceous river gravel and limestone,
and

E Compacted Embankm€nt

E 4'Bonded Concreto Overlay

E 4'Asphalt Concrolo Overlay
g Existing 8" Concrot€ pavomonl

E Exist¡ng 6" Stabilizod Base

E Existing t" Asphalt Concrete pavomont

FIGURE 2 A typical cross section of the bonded concrete
overlay pavement on IH 610 North, Houston.
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3. Old pavement condition: no distress, moderate distress,
and severe distress,

The use ofthe variables in 1 and 3 above is self-explanatory.
The variables in 2 were used for two reasons: (1) the old
pavement was constructed using siliceous river gravel, and
(2) research done at the Center for Transportation Research
at The University of Texas at Austin (10) showed that lime-
stone is a better coarse aggregate than siliceous river gravel
from a long-term performance standpoint. Therefore, sili-
ceous river gravel was used in some sectio¡ts and limestone
was used in others.

From the 3-Vz-mi overlay project on eastbound IH 6i0 North
ten test sections ranging from 400 to 600 feet long were iden-
tified, to maintain homogeneity within a section (similar over-
lay reinforcement, overlay aggregate, and distress) and also
to have a length adequate for the desired observations. The
ten sections were divided into two fiber-reinforced conclete
overlay sections, two reinforced concrete overlays sections
using limestone aggregate, and six reinforced concrete overlay
sections using siliceous gravel aggregate. The reinforced con-
crete overlays were reinforced with a grade 70 wire fabric
mesh with spacing and size of 6 x 12 - D16 x D10 through-
out the sections. Across transverse construction joints, bars
of the same grade and size as the mesh were used at 12-in
intervals, in addition to the mesh. For the fiber reinforced
concrete overlays, 85 pounds of fibers per cubic yard were
used. The method of construction inclucled the following steps:

1. Scarifying the old pavement to a %-in depth,
2. Placing reinforcing steel,
3. Grouting over reinforcing, using l l gallons of water per

sack of cement grout, and
4. Placing the concrete by slip forming.

G¡l¡n¡

60.0'(Usuall
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TABLE 1 CONCRETE MIX DESIGNS

Material

Mix Using

Silicious R¡ver Gravel Limestone SRG with F¡bers

Cemenl (lb)

Coarso Aggregate (lb)

Fine Aggregate (lb)

Retarder (POZZ.300R)

Air Entrainer (AE-10)

Waler (lb)

(oz.)

(oz.)

658

1950

1055

30

7

233

658

177 0

't 235

30

7

233

752

1 218

17 15

38

5

250

Note: All weighls are based on material in the SSD condition.

A summary of the concrete mix design data is shown in table
1. Summaries of tensile and flexural strengths are shown in
tables 2 and 3, respectively. The average tensile strengths of
fiber reinforced sections, welded wire fabric with limestone
sections, and welded wire fabric with siliceous river gravel
section are 698, 642, and 615 psi, respectively.

It was suggested that the ten experimental sections selected
be monitored for at least three years so that it would be
possible to identify any correlation between materials and
performance based on the different environmental conditions.

Based on the results of the first condition survey, the dis-
tress indexes of each experimental section were determined
using the following formula (ó):

Z" = 1.0 - 0.065 i6'F - 0.015 MS - 0.009SS

TABLE2 SUMMARY OFAVERAGE
TENSTLE STRENGTH (PSr) (OVERLAY
PORTTON), rH 610 NORTH, HOUSTON

Dates Core Taken
Tesl Seclion

Number February 1986 January 1987

where

Z" : distress index,
FF : number of failures per mile (sum of punchouts and

patches),
MS = percent minor spalling, and
$g = percent severe spalling.

The distress values are subtracted from 1 and the value obtained
in a maximum value. As the distress index decreases, the
quality of the road deteriorates, with zelo being the value
where major rehabilitation is necessary.

Three levels of distress were used in this study:

o No significant distress, with distress index ranges from 0
to 1,

o Moderate distress, with distress index ranges from -2 to
0, and

. Severe distress, with distress index less than -2.

The factorial design of the study is shown in figure 3. It is
important to note that the factorial experiment design does

TABLE3 SUMMARYOF
FLEXURAL STRENGTH
VALUES OF CONCRETE
SAMPLES FROM TEST
SECTIONS

Test Section Flexural Slrength

1

2

3

4

5

6

7

B

9

676

582

422

67 I

650

615

544

575

625

950

718

638

652

868

I
2
3
4
5
6
7
I
9

10

870

835
885
800
880
760
775
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Houston, experimcntal project.
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not include fiber reinforced concrete with limestone aggregate
and is, therefore, a partial factorial.

DBSCRIPTION OF TEST SECTION

The ten test sections are located on eastbound IH 610 North
between Ella Boulevard and about 700 feet beyond Yale Bou-
levald. At this location, the roadway is a four-lane highway
in each direction. All the test sectiorìs are in the outside lane
(the lane fulthest from the median barrier). A plan view of
a typical test section is shown on figure 4. Figure 5 shows the
locations and dirnensions of each test section.

RBSULTS

Various measurernents were taken in order to gather data to
use to evaluate the parameter behavior before and after over-
lay construction. The various data obtained pertain to deflec-
tion, conditioll survey, and roughness. In acldition, data wet'e

gathered on a number of cores that were sect¡red from various
test sections.

Deflection Measuremenfs

The Dynaflect was used to measure the pavement deflections
before and after overlay. The deflection readings were taken
at 50-ft intervals, approximately on the center line of the
outside lane ofeach experimental section. In order to evaluate
the performance of the pavement before and after overlay,
measurements were taken at approximately the same test points

before and after overlay construction. During the period of
the study, Center for Transpol'tation Research personnel took
cleflection measurements five different times.

Figures 6 and 7 show before and after overlay deflections
of sensor 1 a¡rd sensor 5, respectively. As can be seen, the
average deflection after overlay construction was significantly
less for all test sections. The l¡efore-overlay data show that
the deflections increased in the second set of readings. 'I'he

F¡ber Rsinforced
Concrsle Overlay

I

298+74.11

increase may have been caused by a combination of factors.
Weather conditions and pavement temperature may have
influenced the pavement performance.

CRC sections, fiber reinforced concrete sections, ancl sec-

tions with limestone performed differently in deflection. CRC
sections showed a better performance that the other sections
did, with a 37.1 percent clecrease in the average deflection of
sensor l. Lirnestone and fiber sections had 30.5 percent and
26.8 percent decreases in the average deflection of sensor 1.

Condition Survey

Condition surveys were conducted to monitor the develop-
ment of distress and distress types found in the pavement
before and after overlay construction. The method used in
this study is called the Small Section Method. It is a detailed
procedure and is couducted by a team of two people. The
team walks along a lane; one person walks with a rolling
rneter, and the other maps all visible clistress with reference
to a highway milepost. The distress types that are mapped
are tl'ansverse and longitudinal cracks, spallings, punchouts,
and patches. This detailed procedure is appropriate for road-
way that is experimental in nature (ó).

The transverse cracking was presented as average crack
spacing, which was obtained by dividing the total length of
the test section by the number of transverse cracks on the
section. The longitudinal cracking was measured in units of
linear feet per 100-ft section,

Before overlay placements, the average crack spacings were
fairly uniform for all test sections (figure 8). After overlay,
the average clack spacings varied. Overlay materials can affect
the crack spacing of the pavement. Section 8 (CRCP with
limestone aggregate) had the greatest transverse crack spac-
ing, with section l0 (CRCP with siliceous river gravel) and
section 4 (Fiber reinforced concrete overlay), second ancl third,
respectively. Overlay materials may not be the only cause of
the large variations in after-overlay crack spacings. Concrete
temperature during overlay placement, which is not consid-
ered in this study, may be another cause of variation.

The longitudinal cracks before the overlay was placed var-

É+l' Limostons
316r00 Aggfegato 326r00

FIGURE 5 Plan view showing locations of the ten test sections, eastbound lH 610 North,
Houston.
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Test Section Number

Nolo: B/O - Before Overlay
Â,/O - After Overaly

FIGURE 6 Comparison of before and after-overlay average
deflection of sensor I, IH 610 North, Houston.
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FIGURE 7 Comparison of before and after-overlay average
deflection of sensor 5, IH 610 North, Houston.

ied for the ten test sections (figure 9). After overlay, the only
longitudinal cracks were in section 4 (fiber reinforced) and
section 10 (CRCP).

It is important to note that until the last condition survey
was conducted, spalling and puchout did not exist in any of
the test sections.

Roughness Data

The profilometer was used to evaluate the riding quality and
changes in profile of the pavement. The profilometer readings
were conducted before and after overlay. The after-overlay
readings give an indication of improvement in the riding qual-
ity. It can be seen in figure 10 that, after overlay construction,

a general increase in present serviceability index (PSI) occurred
on all test sections except section 10.

ANALYSIS OF DATA

The existing pavement materials were characterized by using
deflection measurements. The moduli of elasticity of the con-
crete layer (8,), subbase (E ), and subgrade (E ) were deter-
mined by back-calculating from deflection data within each
test section before and after overlay. The back-calculating
was accomplished by using program RPEDD1 (8), which is
available in the Center for Transportation Research.

Note that some test sections are on the embankment and
some are on the flat area (natural grade). The moduli versus
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FIGURE 8 Comparison of before and after-overlay
trânsverse crack spacing of the ten test
sections, IH 610 North, Houston.

the locations of test sections and various seasons are plotted
on figures 11 through 13. Also note that the moduli vary with
test section location and the environmental conditions when
deflection readings are conducted.

CAUSES OF VARIATION IN LAYER STIFFNESS

CRC Layer

As can be seen in figure 11. , modulus values of the CRC layer,
8,, for the first five sections were higher in May 1985 than
those in December 1985, and the modulus values for sections
6 through 10 were higher in May 1985 than those in January
1987. This trend could be caused by the higher temperatures
in May 1985. A high temperature condition results in a decrease
in pavement deflection due to pavement expansion and nar-
rowing of transverse cracks in CRC pavement. As the cracks

1 2 3 4 5 6 7 I I 10

Test Section Number

FIGURE 9 Comparison of before and after-overlay
average longitudinal cracks per 100-ft section of the ten
sections, IH 610 North, Houston.
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May,l985 (B/O)

Feb.,1986(Â/0)
May,l986(A/0)
March,1987(Á/0)

1 2 3 4 5 6 7 I I 10

Test Section Number

FIGURE l0 Comparison of before and after-overlay present
serviceability indices of the ten test sections, IH 610 Northt
Houston.

narrow, the load transfer increases, which results in a stiffer
cRc.

Subbase Layer

Construction control may limit the variation in layer thickness
and modulus. Some variation in subbase modulus, as shown
in figure 12, may be caused by use of material from different
sources in different areas of the project or use of different
quantities of stabilizing agent. It also may be caused by dif-
ferent drainage conditions in different sections of the project.
Sections \ryith better drainage will have stiffer subbase layers.
The subbase layer, which consists of sand and shell materials
stabilized with cement, will be stiff with small amounts of
moisture.

Subgrade Layer

Pavement in cut and fill areas may have different subgrade
moduli of elasticity. In figure 13, most of the sections on the
embankment have higher moduli. This may be the result of
good drainage on the embankment sections; with good drain-
age, less water will remain in the subgrade layer. In contrast,
low (flat) areas with higher water tables and poorer drainage
will have a softer subgrade.

It also can be seen in figure 13 that the subgrade moduli
vary with seasons. Periods of higher rainfall result in higher
moisture content in the subgrade and a corresponding lower
subgrade modulus.

COMPARISON OF PREDICTED AND
MEASURED AFTER.OVERLAY DEFLECTION

Measured and predicted after-overlay deflections were com-
pared for a partial verification of the design procedure; if
these are similar then the life predictions are more reliable.
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Layer characterization should be established before the pre-
dicted aftcr-ovcrlay deflection catr be calculated. Calculating
the after-ovellay deflection involves the following steps:

1 . Calculate the mean, Ï, and standard deviation of before-
overlay deflection for each experimental section.

2. Deter¡nine the moduli of the concrete layer (CRCP),
subbase, and subgrade by back-calculating three deflection
values(x,x + s,x - s).

3. Assurne the moclulus value for the concrete overlay layer.
Note that Eo = 5,000,000 psi was used fol the after-overlay
deflection calculation in this study.

4. Measure the overlay thickness of the cores secured from
the test sections. Use the average thickness for deflection
calculation.

5. With the ¡rew four-layer system, the after-overlay deflec-
tions were calculated using program RPEDDl.

The accuracy of this method is reflected in the results pre-
sented in figure 14 (deflections of sensor 1) and figure 15

(deflections of sensor 5). In these figures, calculated deflec-
tions are a little above the equality line, which reflects con-
servatism in the predicted measurements.

There are a number of factors that may result in inaccurate
prediction of after-overlay deflections:

o Seasonal effects,
. Concrete temperature effects, and
o Assumptions macle for overlay layer Inodulus of

elasticity.

490F 680F

Jan 1987 Mar 1987

530F 780F

3.38 1.36 0.0 N A

As mentioned before, the first two factors lead to significant
changes in the deflection nreasurements and, consequently,
to the moduli predicted from these deflections.

ESTIMATION OF PAVBMBNT FATIGUB LIFB
AFTER OVERLAY PLACEMENT

Bonded concrete overlay is used not only to improve the
riding quality and to correct grade problems but to add fatigue
life to an existing pavement by utilizing the existing structul'al
capacity. A pavement experiencing distress on the basis of
condition surveys can be enhanced and its rernaining life can
be increased by using a bonded concrete overlay. Estimating
the pavement fatigue life and pavement life in years after-
overlay placement includes the following steps (9):

1. Calculate the mean after-overlay deflection, i, of each
experimental section.

2. Determine the moduli of pavement layers and predict
the fatigue life of the pavernent in l8-kip ESAL after the
overlay was placed. Note that 12.5-in monolithic pavement
was used in the calculation, which was performed by back-
calculating the deflection obtained from step 1 using program
RPEDDl.

3. Calculate the total l8-kip ESAL per lane for overlaid
pavement for the first year opened to traffic.

4. Predict the pavement life after overlay using the follow-
ing formula.

À, f(t + s)" - tl/v¡s=r?¡sL g l

FIGURE 13 Modulus of elasticity of subgrade layer, 8., versus tcst scction
locations and environmental conditions.
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where:

N,, = predicted fatigue life in 18-kip ESAL, as calculated
by RPEDDI,

n,r = total 18-kip ESAL for the first year,
¿ = predicted pavement life in years, and
g = growth rate/100.

The predicted fatigue life of each of the ten test sections
and the corresponding predicted pavement life are presented
in table 4.

CONCLUSIONS

The conclusions from the field and laboratory measurements
and the theoretical analysis are summarized as follows:

Deflections

1. A bonded concrete overlay reduces the pavement deflec-
tions by increasing the stiffness of pavement structure,

2. Siliceous river gravel sections show the greatest reduc-
tion in deflection.

3. High temperature conditions result in a decrease in pave-
ment deflection, due to pavement expansion and reduction
of transverse crack widths.

Material Properties

1. The limestone sections have the least number of trans-
verse cracks.

,I'II,A 
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FIGURB 15 Comparison of calculated and measured after-
overlay dellections of sensor 5.

2. The fiber and limestone sections showed a good bond
strength at the layer interface.

Environmental Effects

1. The subbase layer is stiffer in sections with better sulface
drainage conditions.

2. The roadbed modulus varies with the season. Periods of
higher rainfall result in higher roadbed moisture contents and
a corresponding lower modulus.

Pavement Conditions

1. Bonded concrete overlay increases the load transfer across

the CRCP cracks.

TARI.F,4 PREDICTED FATIGUE LIFE

Tesl
Section Predicted Faligue L¡fe Predicted Pavement Life
Number (18-k¡p ESAL) (Years)

0.50.40.30.2

1

2

3

4

5

6

7

I
9

10

24.7

24.6

22.5

21 .1

22.6
't 8.9

1 8.6

19.4

19 .4

19 .2

1 09,389,698

1 08,527,896

9 4 ,76 6,53 3

87,176,902

95,764,724

73 ,9 6 3,02 8

7 2,67 3,27 9

76,668,727

7 6,668,7 27

74,778,9't7



Koesno and McCullough

2. Bonded concrete overlay improves the riding quality.
3. Existing pavement conditions do not affect the overlay

pavement performance as long as most of the existing distress
is repaired before overlay placement.

4. Deflection measurements indicate that a bonded con-
crete overlay adds fatigue life to an existing rigid pavement.

RECOMMENDATIONS

The recommendations are presented in two parts: field imple-
mentation and future studies.

Field Implementation

i. A condition survey should be conducted shortly after a

light rain, when the cracks on CRCP are most visible.
2. New cores should be taken close to the points where the

old cores were secured, to monitor the progress of bond
strength.

3. Steel rod sounding should be included in monitoring
activities so that the progress of delamination can be moni-
tored periodically.

Future Studies

i. The long term monitoring program should be continued
in order to evaluate the long-term bonded concrete overlay
performance.

2. Gathering of information on past and future traffic load-
ing should continue. This information is very important for
predicting the life of the overlay pavement.

3. The mode of failure of bonded concrete overlay pave-
ment needs to be documented for future modeling.

4. The nature of interface bond failure should be modeled
so that the delaminated sections may be formulated in terms
of the distress producing mechanisms,

5. The effect of the temperature differential between the
substrata and the overlay should be modeled.

2ll
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Flexible Pavement Rehabilitation using
Asphalt-Rubber Combinations:
Progress Report
Ronnnr N. Dorv

Several-flexible pavement rehabilitation strategies incorporat-
ing asphalt-rubber were used experimentally õn a proþct in
northeastern California in the fall of 1983. Included weie rub-
berized dense-graded asphalt concrete (AC) overlays contain-
ing a binder then being marketed by the Arizonâ Refining
Company, PlusRide dense-graded AC overlays, and four thickl
nesses of conventional dense-graded AC overlay for compar.
ative evaluations. Some of the rubberized denie-graded AC
overlays were placed on a stress-absorbing membiane inter-
layer_. In addition, two sections of double stress absorbing
membrane (SAM) and one section of conventional (single) SAM
were placed. Distress began to develop in the conventional
dense-graded AC within one year in ihe form of raveling,
rutting, and cracking. This distress has become more extensive
and more severe during subsequent years. Distress has also
developed in the other overlays and surface treatments. To
date,. however, all the asphalt-rubber combinations are per-
forming equal to or better than equivalent or greater thick-
nesses of conventional dense-graded asphalt conirete.

The California Department of Transportation (Caltrans) has
been using a deflection-based flexible pavement rehabilitation
design procedure for more than 30 years. This procedure
is used to obtain 10 or more years of additional service life
during which little or no pavement maintenance will be required.
The rehabilitation strategy most frequently used is to overlay
the existing asphalt concrete (AC) pavement with one or more
layers of new AC. In May 1982 this procedure was used to
develop an overlay design for a portion of Route 395 in north-
eastern California. To obtain the desired lO-yr service life, a
0.7O-ft thick overlay of conventional Caltrans dense-graded
AC (DGAC) would have been required. The cost of this
overlay would have been significantly more than the funding
available for the project. The results of limited Caltrans research
and research by others had indicated that asphalt-rubber com-
binations might provide the desired service life at a lesser
cost, due to the possibility of being able to use substantially
thinner overlays or even surface treatments. Thus, it was clecided
to try several of these products in the fall of 1983 in lieu of
the thick overlay required in the Caltrans standard procedure.

PROJECT FEATURES

The section of Route 395 involved was originally constructed
in three segments. The first of these was built in 1948. This

was followed by additional contracts in 1952 and 1954 that
resulted in completion of the original pavement. Subse-
quently, at least two thin overlays had been placed.

The two-lane pavement is located in a somewhat remote
portion of northeastern California about 100 miles north of
Reno, Nevada. The highway at this location traverses a rocky
valley between two mountain masses. The elevation of the
highway is about 4,400 feet at the south end of the project
and approximately 5,400 feet at the north end of the project.
Most of the southernmost2Vz rniles is on a low fill, whereas
the remainder is on solid or nearly solid basalt. The average
annual precipitation varies fiom 8 inches at the south encl, to
12 inches in the middle, and 10 inches at the north end. This
precipitation falls throughout the year. In adclition, frost occurs
throughout the year, with some snowfall during the period
from November to March. During the surnmer, the ambient
temperatures often exceed 90.F while winter temperatures
occasionally drop to below zerooF. From May to November,
the diurnal temperature range averages nearly 40"F. During
the remainder of the year, it is generally about 20.F.

The traffic using the roadway varies frorn al¡out 1,400 vehi-
cles per day (VPD) in the summer to approxirnately 550 VpD
in mid winter. The average annual daily traffic (AADT) is
1,100. This includes about 100 five-axle trucks per day.

The roadway structural section as of mid 1983 consisted of
AC having an average thickness of 0.38 foot, suppor.tecl by
an aggregate base (AB) of 0.42-ft average thickness. Under-
lying the AB was aggregate subbase (ASB) that was 0.97-ft
thick (average). There was some variation in these layer thick-
nesses, as shown on table 1,

In situ pavement deflections were measured using the
Dynaflect (see figure 1). The lneasured values were converted
to equivalent Deflectometer values per standard Caltrans pro-
cedures. The 80th percentile equivalent values ranged from
0.023 inch to 0.063 inch. The average value was 0.043 inch.
The tolerable deflection for the existing pavement was 0.017
inch. The effects of this excessive deflection were obvious in
that the pavement throughout the project was cracked exten-
sively. The percent of pavement cracked, as determined using
overhead photos of representative portions of each pavement
segment, varied from 8 to 100 as indicated in table 1. For ten
of the thirteen segments, the percent of pavement cracked
was in excess of 50. The cracking included both wicle trans-
verse cracks of the type often associated with cold tempera-
tures and extensive alligator cracking of the type associated
with traffic loads. There was also substantial rutting noted

Califor_nia Department of Transportation, Office of Transpor-
tation Laboratory, 5900 Folsom Boulevard, Sacr.amento, ialif.
95819.
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TABLE 1 EXISTING PAVEMENT

ASB AB AC

Segment Thkn. Thkn. Thkn. Rutting Í of Pavmt

Nô- lft-) lft--) lft.) (in.) Area Crkd.

I 0.85 0.50 0.45 0.40 33

2 0.95 0.30 0.55 0.32 76

3 0.93 0.40 0,47 0.40 15

4 r. 16 0.26 0.28 0.40 I
5 0.82 0.48 0.30 1. 15 83

6 0.82 0.48 0.38 0.40 52

7 1.10 0.37 0.33 1.25 100

8 l.l3 0.34 0.33 0.50 74

9 0.96 0.46 0.38 0.40 83

10 1.05 0,52 0.33 0.50 100

11 0.77 0.57 0.36 0.25 57

t2 1.08 0.40 0.42 0.50 74

13 1.00 0.40 0.30 0.75 100

Average 0,97 0.42 0.38

Notes: "AC" - Asphalt Concrete

"AB" = Aggregôte Base

UASBU - Aggregate Subbase

FIGURE I Dynallect-used to measure pavement deflection.

throughout the project. This rutting varied from 0.25 inch to
1.25 inches in depth. The average rut depth was 0.60 inch.

TEST SECTIONS

The objective of this ongoing study is to evaluate several

flexible pavement rehabilitation approaches involving the use

of asphalt-rubber. The combinations being studied are:

1. Dense graded asphalt concrete (DGAC) containing an

asphalt-rubber blend then (1983) being marketed by the Ari-
zona Refining Company, both with and without a stress

absorbing membrane interlayer (SAMI),
2. PlusRide DGAC, both with and without a SAMI,
3. Single- and double-stress absorbing membranes (SAMs)

containing the binder referred to in 1 above, and,
4. A double stress absorbing membrane (SAM) containing

the binder marketed by Sahuaro Petroleum in the early 1980s.

Conventional DGAC was used for four short segments
involving different overlay thicknesses to serve as a basis for
making determinations regarding the effectiveness of the
asphalt-rubber combinations being studied. These products
were used for the test sections depicted in figure 2 and

table 2.
For the purpose of performance documentation, a repre-

sentative 200-ft long, one-lane wide test section was selected
in the northbound lane for each of the thirteen project seg-

ments. A second test section was selected within segments 2

and 5 because each of these segments is two miles long. The
condition of the pavement within each of these test sections

is being documented annually with overhead and oblique pho'
tographs as well as pavement deflection testing (Dynaflect)
and pavement skid testing (towed trailer).
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DGAC (R)

LEGNND

(R) = Rubberized
@t = Ariz. Refining System
SEE&I = Sahuaro System

FIGURE 2 Ravendale test section layout.

TABLE2 PROJECTSEGMENTS

TRANSPORTATION RESEARCH RECORD I 196
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DGAC DOUBLE SAM

NOTES

l. Used type A 3/4" max. medium DGAC and
AR 4000 asphalt.

2. Test sections placed in Sept, 1983.

3. Old pavement consists of 0.38' AC/0.41' AB/
0.96'ASB.
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I 92.00 - 93.00 = 1.00

2 93.00 - 95.00 = 2.00

3 95.00 - 95.15 = 0.15

4 95.15 - 95.30 = 0.15

5 95.30 - 97.30 = 2.00

6 97.30 - 98.30 = 1.00

7 98.30 - 98.4s = 0.15

8 98.45 - 98.60 = 0.15

9 98.60 - 98.75 = 0.15

l0 98.75 - 98.90 = 0.15

ll 98.90 - 99.90 = 1.00

12 99.90 - 100.9 = 1.00

13 100.90 - 101.4 = 0.s0

0.25' of ARS DGAC over ARS SAHI

0.15r of ARS DGAC over ARS SAt4l

0.15' oÏ ARS OGAC

0.15' of PlusRide DGAC

0.15r of PlusRide DGAC over ARS SAHI

0.25' of PIusRfde OGAC over ARS SAfil

0.15' of Conventlonal oGAC Control

0.20r of Conventional DGAC Control

0.30r of Conventional DGAC Control

0.50' of Conventional DGAC Controì

ARS Double SAH

Sahuano Double SAH

ARS Sinqle SAH

PM = Post ltllle

Binders

The paving asphalt selected for this project was Grade AR-
4000. The vulcanized portion ofthe ground, reclaimed rubber
used for several of the segments was supplied by Genstar and
the devulcanized portion was supplied by U.S. Rubber
Reclaiming.

The ARS binder (used for segments 'L-3, I1,13, and the
SAMIs in segments L,2, 5, and 6) consisted of 78 percent
AR-4000 grade paving asphalt, L8 percent ground reclaimed
rubber, and 4 percent extender oil, all by weight of total
binder. The reclaimed rubber consisted of 20 percent devul-
canized rubber and 80 percent vulcanized rubber. The rubber
and asphalt were combined at a temperature of approximately
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350"F using a special mixing/blending unit. The blencl to be

used for the DGAC in segments L to 3 was then recirculated
within a holding tank for approximately 45 minutes after which

it was pumped into the contractor's asphalt storage tanks at

the plant. This 45-min holding tirne requirement resulted in
a discontinuous supply of binder to the plant that caused

occasional interruptions in plant production of the DGAC for
segments 1 to 3.

The asphalt-rubber binder used for segment 12 conformed
to the specifications promulgated by the Sahuaro Petroleum
Company. The primary differences between the ARS binder
and the Sahuaro binder were that more reclaimed rubber was

used (23 percent instead of 18 percent) and a diluent was used

instead of an extender oil. The blending times and telnper-
atures also differed somewhat.

The binder for the PlusRide segments (a to 6) consisted of
AR-4000 grade paving asphalt. This asphalt was also used for
the conventional DGAC comprising segments 7 to 10.

Aggregate

AC aggregate confonning to the Caltlans' specifications for
%-in maximum medium Type A DGAC was used for the
conventional DGAC (see table 3). Aggregate conforming to
Caltrans' specifications for Vz-in maximum medium Type A
DGAC was specified for the ARS mixes (segments I to 3).
The gap grading shown in table 3 was specified for the PlusRide.
This gap in the aggregate grading was required to accom-
modate the coarser portion of the reclaimed rubber that was

included in the PlusRide mix. The need to provide this gap

2t5

can and did result in the accumulation of some waste aggre-
gate. The requirement of 8 to 12 pelcent passing the No. 200
also created a problem in that this resulted in the need to
import and add 4.7 percent pozzolan to the mix.

The aggregate used for the SAMIs (segments I,2,5, and
6) and for the single SAM (segment No. 13) conformed to
Caltrans' specifications for 3/a x No. 6 ¡nedium screenings
(see table 3). The specifications for the screenings used in the
double SAMs (segments 11 and 12) are also shown on
table 3.

Construction

The project was constructed in August and September of
1983. A Standard 10,000-lb capacity batch plant was used to
mix the DGAC in 8,000-lb batches. The design asphalt con-
tent (Hveem) for the conventional DGAC was 4.6 percent
by dry weight of aggregate. The design binder content (asphalt-
rubber blend) for the ARS DGAC, as provided by Arizona
Refining Company personnel, was 8.0 percent by dry weight
of aggregate. The design asphalt content for the PlusRide
provided by All-Seasons personnel was initially 9.65 percent
by dry weight of aggregate. In addition, 3.0 percent rubber
by total weight of mix was added to PlusRide aggregate and
pre-mixed for 20 seconds before the AR-4000 asphalt was

added.
The mixes were transported to the street using bottom dumps

and placed using a Ko-Cal pickup machine and a Blaw Knox
PF-180 paver. A 20-ft ski was used for grade control.

No pre-leveling or milling was done to eliminate the pre-

TABLE 3 AGGREGATE GRADING SPECIFICATIONS (PERCENT
PASSING)
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construction rutting prior to constructing the overlays. A lev-
eling course was placed prior to placing the SAMs, however.
The segments with design thicknesses of 0.15-foot and 0.20-
foot were placed in one lift. Segments 1 and 7 (design thick-
ness of 0.25 foot) were placed in lifts of 0.13-ft, then 0.12-ft.
The 0.30-ft thick segment (No. 9) was placed in two lifts of
0.15-ft each. Segment 10 (0.50-ft total design thickness) was
placed in lifts of 0.20-ft, then 0.15-ft, and 0.15-ft.

A Dynapac CC50A vibratory steel-wheel roller was used
for breakdown compaction. This roller was operated at high
amplitude and 2,400 VPM in accordance with prior Caltrans
qualification testing of this roller for conventional DGAC
paving. A Hyster C350 steel-wheel roller was used for finish
rolling. No pneumatic rolling was required.

No problems were encountered when placing the ARS
DGAC or the conventional DGAC. The PlusRide mix, how-
ever, had a consistency resembling bubble gum when placed
and was noticeably springy even after compaction. This
appeared to contribute to the initial difficulties in obtaining
at least the specified 96 percent (minimum) of theoretical
maximum density. A reduction in the design binder content
(from 9.65 percent to 9.41 percent) and an adjustment in the
amount of supplemental fines (pozzolan) being added to the
mix resulted in compliance with the density specification but
no change in the stickiness or resilience of the mix was noted.
The tendency to stick to the rollers was subsequently alle-
viated somewhat when the breakdown compaction was delayed
until the mix temperature had dropped to 285'F or less in lieu
of the originally specified 300'F minimum.

The construction of the SAMIs (segments l, 2, 5, and 6)
and the SAMs (segments 11 to 13) involved placement of the
ARS and Sahuaro binders using a distributor truck followed
by application of the pre-heated pre-coated (0.33 percent
asphalt) screenings. These surfaces were then rolled with a

minimum of three coverages using pneumatic rollers. For seg-
ments 11 and 12, the design binder application rate was 0.50

TABLE 4 ESTIMATED COST OF EACH STRATECY

SEGMENI

NUHBER
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gal/sy. Fol the SAMIs and segrnent 13, the design application
rate was 0.60 gallsy. The design application rates fol the
screenings were 34 lbs/sy for the first lift of segrnents ll and
12,26 lbslsy for the second lift of segments 11 and 12, and
35 lbs/sy for the SAMIs and segment 13. Prior to the place-
me¡rt of the SAMs, a levelling course of minimal thickness
was placed consisting of '/z-in maximum conventional DGAC.
This was needed to adjust the cross slope of the pavement
and to eliminate the rutting at these locations. The only prob-
lem that occurred during the placement of the SAMs and
SAMIs was caused by smoke generated by the distributor
truck operation. This obsculed the spray bar, which resulted
in a somewhat streaked appearance, due to undetected inter-
mittent partial or complete plugging of some of the spray-bar
nozzles.

Cost Estimate

An estimate of the in-place cost of each of the segments is
shown in table 4. This provides an indication of the extent to
which the val'ious asphalt-rubber proclucts must out-perform
the conventional DGAC to be cost effective.

As-built Properties

The data in Table 5 indicate that conforrnance to the aggregate
gradation specifications was obtained. Table 6 contains data
indicating that the as-built thickness of the various segments
differed from the design thicknesses to sorne extent. The
permeability data indicates that the PlusRide DGAC was vir-
tually impermeable, whereas the perrneability of the ARS
DGAC was very low, ancl the permeability of the co¡rventional
DGAC was somewhat greater than the 150 ml/min considered
typical of Caltrans ¡nixes. This suggests the need for a SAMI

COST

(Square Yard)

I 0.25 '

2 0.15'

3 0.15'

4 0.15,

5 0.15'

6 0.25'

7 0.15'

B 0.20 '

9 0.30'

l0 0.50'

of ARS DGAC over ARS-SAMI

of ARS DGAC over ARS-SA|II

of ARS DGAC

of PlusRide DGAC

of PlusRide DGAC over ARS-SAMI

of PlusRide DGAC over ARS-SAMI

of Conventional DGAC Controì

of Conventional DGAC Control

of Conventional DGAC Control

of Conventionaì DGAC Control

$ 10.41

6.88

5. 37

6.32

7 .83

12.00

3.04

4 .03

6.02

9.99

2.60

2.62

I .56

1t

t2

l3

Double SAM, ARS Binder

Double SAl4, Sahuaro Binder

Single SAH, ARS Binder



TABLE 5 AGGREGATE GRADATION SPECIFICATION COMPLIANCE

PERECENT PASSING

SI EVE

SI ZE

ARS

(Segment No. l)

PLUSR I DT

(segment No.5)

CONVENTIONAL DGAC

SEGMENT NUMBER

SPEC.EXTRACÏTD SPEC . IXTRACTED SPEC. 7 I 9 l0

1"

3/4

5/8

rl2

3/8

L/4

#4

#B

#10

#30

# 100

#200

100

97

80

57

44

25

l0

7

100

95 - 100

B0-85

55-65

38-48

l8-28

3-8

100

89

63

47

36

tq

23

l7

l1

9

100

60-80

30- 50

19-32

l3-25

8-12

100

100 100 98 100

79 86 82 84

70 72 69 75

48 5t 46 53

35 38 3s 40

21 23 21 23

r011911
7868

100

95- 100

65-80

46- 56

33-43

t4-24

3-8

Doty

of some sort to provide a more impernreable pavement and
thereby protect the underlying pavement from surface water
(rainfall) intrusion.

Caltrans experience has revealed that surface abrasion losses

greater than 35 grams (per Calif. Test 360, Method B) gen-

erally are associated with DGAC exhibiting marginal or unsat-
isfactory resistance to moisture. The surface abrasion test
results in table 6 indicate that the ARS DGAC (with an aver-
age value of 17 g) and the PlusRide (average value of 13 g)

are substantially more resistant to surface abrasion than is the
conventional DGAC used on this job (average loss of 41 g).

The results of the towed-trailer skid testing indicated tnat
the PlusRide pavement is adequate and the other surfaces
(ARS DGAC, conventional DGAC, and the SAMs) are very
good.

In situ pavernent deflection measurements were made in
May of 1984. Comparison of these values with those measure
in May of i983 provides an indication of the structural section
stiffening provided by the various strategies. These values
illustrate that substantial reductions in deflection were achieved
in most cases. These values are discussed in more detail in
the next section of this paper.

LONG.TERM PERFORMANCE

Four rnonths after constluction, the first report of pavement
distress was received. A field condition survey revealed that

a considerable loss of surface fines had occurred, especially

in the wheel tracks in the two thinner segments of conven-

tional DGAC (segments 7 and 8-see figure 3). In addition,
transverse cracks about 2 feet apart had developed over a

distance of approximately 400 feet and longitudinal cracking
had developed in the southbound lane outer wheel track, both
in segment 8. The other segments containing conventional
DGAC (9 and 10) had experienced the loss of a minor amount
of surface fines but no cracking.

FIGURE 3 Loss of fines in wheel tracks, 0.15 ft DGAC-
segrnerrt 7 (age 4 months).



]'ABLE 6 AS-BUILT PROPERTIES

Hateri al

Overl ay Thknl

(fr )

Conp.

Pernea-2

bjlity
(ml /mi n )

Su rface3

Abrasi on

(gms ì oss )

skid4

No.

( sNqo )

Defl ecti on5

( 0.001')

Number {s-Bui l t Des i gn 5/83 5/84

ARS

DGAC

I
2

J

0.27

0. l7

0.t2

0.28

0. lB

0. l5

93 .3

9t.7

92.8

36.3

22.3

17.1

r7.6

18. i

55

57

54

54

43

25

26

25

l6

Pì usRide

DGAC

4

5

6

0.19

0.2t

0 .28

0. l5

0.lB

0.28

97 .I
98.4

96. I

1l .0

6.8

9.7

14.8

lr.4

39

39

44

55

30

27

27

26

l6

Conv.

DGAC

7

0

9

10

0. 20

0. 18

0.32

0. 52

0. l5

0.20

0 .30

0.50

91.7

91.2

91.4

92.t

177 0 47 .8

48.2

32.5

35. I

66

68

65

67

23

60

63

q6

t8

44

28

13

Doubl e

SAM

ll
12

0. l0

0.13

0.04

0.04

62

59

44

5l

42

35

sAl't t3 0.14 0 .03 57 54 52
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Includes SAMI, segments 1,2,5,
Per Calif. Test 341

Per Caìif. Test 360, Method B

Per ASTM t274; tleas 10/B3

80th percentile deflections per

7' RA N S P O R'I'ATI O N II, ES EA II,C LI R ECO II, D I 1 96

and 6

Calif. Test 356 (Dynafìect Method)

results of these tests are summarized in table 7. Examination
of this data reveals some anomalies for which no explanation
is apparent. For example, the reason for the significant reduc-
tion in deflection between June of 1986 and May of 1987 for
segments 1 to 4 is unknown. The remainder of the deflection
data is plausible in most cases, in that it indicates that a
measurable initial stiffening of the structural sections was
achieved via placement of each of the asphalt-rubber and
conventional overlays. The percent reduction in deflection
was directly related to the thickness of the overlay placed in
most cases. The surprisingly large percentage decreases in
deflection as a result of the thinnest PlusRide overlay (seg-
ment 4) and the Sahuaro double SAM (segment 12) are dif-
ficult to explain. Based on inspection of the data, the May
1984 deflection reported for segrnent 12 may be erroneous.
The subsequent deflections indicate that most or all this stiff-
ening effect has dissipated with the exception of segments 1,
6, 9, and 10. These segments comprise the thickest of the
rubber-modified DGAC (segments I and 6, each of which
were 0.25-ft+ thick) and the conventional DGAC (segments
9 and 10, with nominal ovellay thicknesses of 0.30 and 0.50

Notes: 1.

2.

3.

4.

5.

The following June (nine months after construction), it was
noted that a glaze observed on the PlusRide surface imme-
diately after construction was no longer evident. In addition,
the crack pattern in the underlying old AC pavernent was
beginning to become visible in segmenr 11 (double SAM using
ARS binder). Also, some hairline cracking was observed in
the SAM (segment 13). No other additional distress was
observed at the time of the June 1984 review.

Because of some warm weather in July of 1984 (11 days
with maximum temperatures of 90'F or more), the project
was reviewed again on July 26,1984. So¡ne additional distress
had become evident. There was some localized bleeding at
some of the transverse construction joints in segment 4 (Plus
Ride) and some flushing beginning to develop in the double
SAMs (segments 11 and 12). In addition, rutting 0.25-in deep
was noted in the thickest ofthe control sections (segment 10).
No other significant rutting was noted.

Subsequent to the July 1984 survey, additional field con-
dition surveys have been cornpleted in the late spring or early
summer of 1985, 1986, and 1987. In addition, pavement skid
numbers and deflections have been measured each year. The



TABLE 7 PAVEMENT STIFFNESS AND SURFACE TEXTURE

Hateri al Segnent

Defl ect i ons

(80th percentile, 0.001" )

Skid No.

( sNqo )Date Tested

5183* 5/84** UrtU 6/86 5t87 10/83 5/87

ARS

DGAC

I

2

3

54 26(521 3s

43 25(42) 37

25 16(36) 28

43

44

37

2B

36

29

55 64

57 64

54 62

Pl us

Ri de

DGAC

4

5

6

55 27(51) 42 56 4s

30 26( 13 ) 34 41 4l

?7 16(41) 2t 2? 2t

39 60

39 62

44 59

Conv.

DGAC

7

8

9

10

23 t8(221 ?2 22 ?6

60 44(27) 52 51 59

63 28(56) 42 36 32

46 r3(72',1 ?1 20 19

66

68

65

67

64

56

65

62

Doubl e

SAM

1l

t2

44 42(5) 52 52 59

51 35(31 ) 53 54 5l

62

59

34

26

sA!,r 13 54 s2(4) 55 56 66 57 63

Doty

*Prior to construction of the segments

**Percent reductlon in deflection shown

foot, respectively). These also were the overlays that provided
some of the largest initial stiffening as indicated by percent
reduction in deflection.

As expected, the deflections measured for the SAMs sug-
gest that the stiffening effect of these surface treatments was
minimal. The significance of the pavement deflections, as
related to the asphalt-rubber products, is one of the experi-
mental features of this study.

All of the segments are now exhibiting some distress in the
form ofcracking (longitudinal, transverse, block, and/or alli-
gator-see figures 4 to 13). There is a small amount of rutting
present (conventional DGAC - segment 10) and some pot
holes (in the PlusRide). The amount of cracking, however,
is probably the best indication of the remaining service life
for each of the segments. Table 8 contains an estimate of the
amount of cracking that has developed. Because of the flush-
ing and bleeding that has developed in segments l'J. and 12,
much of the cracking therein is sealed, due to the kneading
action of traffic during warm weather. The deflections meas-
ured in the badly cracked segment 7 and, in some cases,
segment 8 (both conventional DGAC) have been comparable
to or less than those measured for segments 1 to 6; yet the
amount of cracking in segments 1 to 6 is relatively insignifi-
cant. This suggests that the tolerable deflection for these asphalt-

in 9/83

in parenthesis

rubber dense graded AC pavements may be considerably
greater than that for comparable thicknesses of conventional
DGAC. It should be remembered that the conventional DGAC
overlays were substantially under-designed in that 0.70-ft was
the design thickness determined for this roadway using the
conventional Caltrans design procedure.

FIGURE 4 Typical Cracking-longitudinal, test segment 2,
0.15 ft ARS DGAC on SAMI (age 48 monrhs).

2t9



FIGURE 5 Typical cracking-alligator' test segment 3, 0.15 ft
ARS DGAC (age 48 months).

FIGURE 6 Typical cracking-alligâtor, test segment 3, 0.15
ft ARS DGAC (age 48 months).

FIGURE 7 Typical cracking, test segments 7 and 8, 0.15 and

0.20 ft conventional DGAC (age 48 months).

FIGURE I Typical raveling' test segments 7 and 8, 0.15 and
0.20 ft conventional DGAC (age 48 months).

FIGURE 9 Typical crackitrg-transverse' test segments 9

and 10, 0.30 and 0.50 ft conventional DGAC (age 48 months).

FIGURE l0 Typical wheel track bleeding, test segments ll ând
12, double SAM (age 48 months).
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FIGURE U Typical wheel track bleeding, test segments 1l
and 12, double SAM (age 48 months).

FIGURE 12 Typical cracking-transverse, test segments 1l
and 12, double SAM (age 48 months).

FIGURE 13 Typical cracking, test segment no. 13' SAM (age

48 months).
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The results of the skid testing (table 7) coincide with the
loss of the glaze on the surface of the PlusRide after approx-
imately 6 months of service. Thus, this glaze may have been
the reason for the substantially lower skid numbers measured
initially for the PlusRide as compared to the other segments.
As of May 1987, the PlusRide values were comparable with
all the other values measured except those for the Double
SAMs. These substantially lower values indicate a marginal
pavement and are no doubt associated with the flushing and
bleeding that has been observed in segments l.l. and 12 since
the 1985 survey.

CONCLUSIONS

The findings and observations to date indicate that for the
conditions present at the test site location, the initial stiffening
effect of the asphalt-rubber overlays studied is equal to or
greater than that of equivalent thicknesses of conventional
DGAC and that the tolerable deflection of these asphalt-
rubber overlays is greater than that of equivalent thicknesses
of DGAC. This would suggest that the service life of the
asphalt-rubber DAGC overlays under study may be consid-
erably greater than those of equivalent thicknesses of con-
ventional DGAC, at least with some combinations of traffic
and climate. In addition, both of the thin conventional DGAC
overlays have failed (figures 7 and 8) whereas the asphalt-
rubber overlays of comparable thickness (segments 2 to 5-
figures 14to17) have not yet failed. However, the cost-effec-
tiveness of these more expensive overlays cannot yet be deter-
mined, as most of the segments being studied have not yet
failed. In addition, although a substantial amount of cracking
is visible in the SAM segments (11 to 13), these pavements
have not yet required the amount ofmaintenance effort required
in segments 7 and 8. This suggests that even the SAMs may
be superior to conventional overlays 0.20-ft thick. Based on
a comparison of the single SAM versus double SAMs, there
is no apparent advantage provided by the double SAM.

Final conclusions for the conditions present at the test site
location will be contingent on the performance of the various
segments during the next few years. In addition, some addi-
tional similar experiments at locations having both similar and
different traffic and/or climatic conditions are needed before
overall conclusions regarding these asphalt-rubber combina-
tions can be determined.
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TABLE 8 ESTIMATE OF PAVEMENT CRACKING

Estimated

Percent Cracked

(May 1987)

Segment

Number

<51

<5Í

5- l0c

I

2

3

<5r

5-10%

5-10%

4

5

6

70-75L*

75-801*

10- l5T

<5Í

7

I
9

10

*Fai I ed

FIGURE l4 Typical "oYerall" view, ARS DGAC (age 48

months).
FIGURE 15 Typicat texture' ARS DGAC (age 48 months)'
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FIGURE 16 Typical "overall" view, PlusRide DGAC (age 48
months).
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FIGURE 17 Typical texture, PlusRide DGAC (age 48
months).
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tion rating (PCR), includes two component elements: road
roughness (RR), measured in terms of present serviceability
rating (PSR) on a zero to five scale, and the distress data
determined by a subjective field survey but reduced to distress
rating (DR) employing deduct values and weighting factors.
A complete description of the data reduction and subsequent
PCR calculation plocedure by combining RR and DR can be

seen elsewhere (1). The condition data is collected by RDM-
5000 equipment supplied by Dynatest. The rnajor components
of RDM include HP-85 microcomputer, RDM-5000 electronic
processor, ultra precision accelerometer, digital distance
encoder, and an eight-push-button control box. The rough-
ness measurement by RDM is fully automatic, whereas dis-
tress survey is subjective. A description of the equipment as

well as the data collection procedure is given in the manu-
facturer's literature (2).

Not only the present condition of the network, but also the
future condition of each pavement section is lequired for
forecasting future needs. Site-specific prediction models are
being investigated, and the details of these investigations can

be found elsewhere (3). For the purpose of this paper, the
deterioration of a road su¡'face may be described by two basic
relationsl one equation that describes the evolution of road
roughness and a second that describes the surface distress.
Both equations are assumed to be linear, with a scale from
zero to 100. A prediction model, designated as the perfor-
mance curve, is depicted in figure 1. As the curve indicates,
during the early life of the pavernent, the roughness rating is
generally lower than the distress rating, in which case the
roughness rating governs the performance curve,

The fourth component of a PMS involves some form of
ranking methodology or an optimization and/or prioritization
system. The ranking methodology generally encornpasses a

ranking of the pavement sections for scheduling the annual
rehabilitation program. Programming at the network level for
a predetermined period in the future, designated as the anal-
ysis/programming period, would require cornplex optimiza-
tion methodology that has the adclitional capability for shifting
projects back and forth to result in maximum benefit to public
road users. This paper presents the developrnent of an optim-
ization/prioritization model followed by an example problem
that illustrates the salient features and typical results of the
model.

OPTIMIZATION AND PRIORITIZATION

A comprehensive process of priority programming should
enable one to answer the following three questions:

Network Level Optim ization/Pri ofitization
of Pavement Rehabilitation
Au KserAMI AND K. P. Gnoncn

A procedure has been developed to optimize pavement reha-
bilitation strategies for the highway network in Mississippi.
The methodology is developed in two stages: project level and
network level. First, at the project level, a set of feasible dou-
ble-action strategies and the corresponding times of imple'
mentation ofeach alternative ofevery strategy are determine¡l.
The optimum rehabilitative strategies are selected by maxi-
mizing pavement performance for a l2-yr analysis period. A
univariant search technique is employed to solve for the non.
linear optimization problem. The second part of the analysis
deals with network level optimization. Selection of the set of
projects is done by maximizing pavements performance rveighted
with respect to traffic. The projects for rehabilitation for the
next 12 years are selected using a 0-l integer linear program'
which, for computational convenience, is transformed into a

dynamic program. The final results of the two-stage analysis
are the selection and timing of mqior rehabilitative activities.
An example problem involving 39 sections (250 two-lane miles)
of Interstate highways in north Mississippi is solved, and salient
results are presented in the report.

A major objective of a pavement management system (PMS)
is to assist highway engineers in making consistent and cost-

effective decisions related to the maintenance and lehabili-
tation of pavements. Realizing the irnportance of PMS, the

Mississippi State Highway Department (MSHD) initiated a

research project to develop a pavement managernent infor-
mation system (PMIS) in April 1986. An integral part of a

PMIS is a decision model that can be used to determine the

optimum type and timing of preservation actions for different
pavement segments. An optirnization model, with provision
to prioritize rehabilitation actions for maximum benefit, is
described in this paper.

The PMIS, as envisioned, comprises four distinct but inter-
related components: data base, pavement rating system, pre-
diction model, and ranking method for the selection of annual
maintenance and rehabilitation (M and R) program. A brief
description of these items is included in the following sections.

The pavernent data compiled for the PMIS include both
historical data (geometlic information, original construction
data, overlay information, junction details, ancl traffic data)
and inventory or condition data (road t'oughness ancl distress
information). The dBase III Plus in conjunction with a second
package, Symphony, compose the data base.

The inventory data, collected annually for the time being,
need standardization, for which a rating scale, zero to 100, is

adopted. The pavement rating, designated.pavement condi-

Department of Civil Engineering, Carrier Hall, University of Mis-
sissippi, University, Miss. 38677.
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100

BO

60 Roughness
Rating

TIME ( YEARS )

FIGURE I Performance trend lines.

o What projects (or sections) should be built? (selection of
projects)

r How should they be built? (selection of alternative strat-
egies within projects)

o When should they be built? (selection of project timings)

Models, however, that simultaneously deal with these three
questions are complex. Consequently, most of the models
used by highway agencies deal only with the first or first two
questions. If the available funds are to be optirnized, however,
all three questions need to be considered; the present study
addresses all three questions.

Because of their interdependence the three questions can-
not be answered independently; the two main programs devel-
oped in this paper, however, address them collectively. Each
program covers the two phases of an optimization method-
ology; project level and network level. The project-level
optimization, employing the perforrnance equations in con-
junction with cost-benefit ratio and maximizing user benefit,
solves for project timings and economically feasible strategies
for each project. For a given set of annual budgets, the net-
work-level analysis produces an optimum (again, maximizing
user benefit) priority program of pavement improvements for
a programming period of up to 12 years at the network level.

Project Level Optimization

The subsystem theoretically allows the engineer to analyze as
many different types of alternatives as he desires for each
road section analyzed. It is not unusual, however, for the
engineer to select subjectively a few (three to five) alternatives
from the list of all possible alternatives (see table 1). The
selection of alternatives for a network depends prirnarily on
the severity and extent of distresses on the road surface.

The selection of a single alternative or a combination of
alternatives, hereafter referred to as a strategy, depends on
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the minimum life constraint. In other words, performance
equations must be defined for each alternative in order to
establish the most cost-effective rehabilitation strategy for
each project. Analytical or empirical methods have been
employed in the past for predicting pavement condition as a
function of age and traffic (4). Judging from the previous
studies, several years'inventory data would be required to
derive reliable performance relationships. The lack of ade-
quate data has mandated that linear performance models,
based primarily on projected life of rehabilitation, be adopted
in this study. That is, the course of deterioration is dictated
by the expected life ofeach alternative, as listed in table 1.

The distress rating increase to 100 after a rehabilitation
treatment; whereas the roughness rating, clictated by the treat-
ment and also by the condition rating before the treatment,
increases to a value not more than 84. A roughness rating of
84 corresponds to a PSR value of 4.2, the maximum attainable
in a new or overlaid pavement (5). Following rehabilitation
treatment, the condition rating continues to decrease linearly
with time.

A word of caution concerning the linearity assumed in the
above two models is appropriate. It is generally believed that
the performance curves show an increasing rate of deterio-
ration with time (5). Some recent studies (ó), however, show
the relationship to be neither linear nor exponential as gen-
erally assumed, it assumes a sigmoidal shape. For lack of a
better relationship, and because the (prediction) model
description is not crucial for purposes of this study, the
researchers decided to employ linear relationships as shown
in figure 1. Note that the linearity assumption does not alter
the basic problem; its use, however, may affect t, and tr-
times at which the first and second rehabilitation actions are
to be undertaken.

Using the performance prediction models described in fig-
ure 1, one must define a threshold region within which a
rehabilitation alternative should be considered. As a pave-
ment ages, its condition gradually deteriorates to a point where
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TABLE I FIVE REHABILITATION ALTERNATIVES SELECTED FOR INTERSTATE
HICHWAYS

NO Descriptlon of

Reha bi I i tati on

Expected

Life, years

Cost of

Rehabil I tati on,

$/sq. yd.

1. I

2. I

3. 3

{. 1

1/2 Lnch Hl,tAC overlay

1 /2 lnch HMAC overlay

wilh stress relleving

lnch Hl"lAC overlay

1/2 lnch Mllltng and

3 inch Hl,lAC overlay

1/2 lnch Hl'fAC with

slress relieving layer

3.75

\.25

layer

6. 00

7.50

10.00

tt.65

5. ¡t5

'1.20

9. 00

11 .00

5.

G1
t\

Upper
a 191n

TIME (YEARS)

FIGURE 2 Performance trend when rehabilitated. Moment of the shaded area (bounded 'oy line
segments ABCDEFGHD about the zero PCR level provides benefit.

some type of rehabilitation should be applied. At this state the upper and lower margins (figure 2), define a probable

of deteriorationdistressisshowingbutmightnotyetbesevere rehabilitation period. This concept is slightly different from
enough to call for immediate remedial action. Unfortunately , a single trigger rating, as shown in figure 1'

this point is all too often passed and the pavement continues 'When rehabilitation treatment is eventually applied, the

to deteriorate until something must be done to rehabilitate pavement rating increases abruptly, marking the beginning of
it. These two points on the performance curve, aptly named a new cycle (see figure 2). Throughout the life of a pavement,
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many restorative actions occur, demonstrating a new per-
formance cycle each time rehabilitation is applied. Obviously,
many different remedies are possible, and each one generates
its own performance curve following applicatio¡r. Not only
are many remedies possible, but a large number of different
combinations are possible when the timing, sequence, or type
of action are changed over an extended period. In this report,
a rehabilitation strategy is defined as a combination of reha-
bilitation alternatives designated by type, sequence, and
application time. Figure 2 illustrates pavement condition var-
iation when two rehabilitation actions are applied at times /r

and lr, respectively.

Economic and Benefit Analysis

Each rehabilitation stl'ategy that rneets the minimum life con-
straints is subject to an economic analysis, which involves
calculation of the capital cost of all the strategies for a 12-yr
period from the start of the priority programming period. The
present worth of the total costs is calculated (accounting for
interest rate and inflation) in determining the cosheffective-
ness of the strategy.

The benefit or effectiveness as used in this study is non-
monetary and is a measure of the reliability with which a

pavement segment will serve its expected life. The area under
the performance curve (ABCDEFGHI in figure 2), weighted
with respect to user comfort, is judged to be an adequate
measure to quantify the benefit accrued to the road user.
Because a road section of higher condition level provides an

improved ride and enhances user comfort, area elements closer
to the perforrnance curve (or farther away from the zero PCR
level, figure 2) should be given a higher weighting factor than
area elements closer to the zero PCR level. The weighting
factor in benefit calculation is included by taking the first
moment of the area about the zero PCR level (ol time axis).
The total benefit of each pavement section may be computed
as the product of the above quantity with its length and witlt
some function of the total traffic that it serves (AADT).

Project Level O¡ttintizalion Program (PLOP)

Figure 3 is a flowchart demonstrating the operations and work
flow in the opti¡nizing program. The project level optimization
is a systematic procedure to select all the optimal double-
action strategies and the corresponding tirnes of implemen-
tation for each project. (A double-action strategy comprises

two alternatives.) Not I but 25 optimal double-action strat-
egies are possible for each section. Five alternatives rnay result
in more than 25 strategies (several hundreds) depending on

the implementation tirnes (t' and tt) selected from 0- to 12-

yr analysis period. Out of all possible strategies, the search

technique selects 25 optirnal double-action strategies. The
selection procedure is based on maxi¡nizing the user benefit.
First, the time of implementing all strategies is detertnined,
followed by a benefit-cost analysis eliminating any unfeasible
strategies for each project. The resulting ten to fifteen double-
action strategies subsequently are subjected to incremental
benefit-cost ratio (IBCR) analysis, as described later.

The decision variables of the first stage optimization include
t, and tr, the times of implementation of the double-action

227

strategy, respectively. The objective function was to maximize
the total benefit of each sectiott, including the salvage value,
for the analysis period of 12years. Besides being lengthy, the

objective function turned out to be nonlinear in f, and /2, thus
adding to the complexity of the solution procedure. Because

conventional solution procedures (for example, Lagrangian
multipliers, constraint variation, and penalty function, etc.)
are time consuming for large problems such as that encoun-

tered in a PMS, a direct-search method (univariant search

technique) is employed in this study. The univariant search

is one-dimensional, with only one variable altered over its
range at one time. Other details of the search technique and

the software developed for this purpose can be seen elsewhere

Ø,

Selecting Feasible Strategies

The ten to fifteen double-action (optimal) strategies selected

for each section are theoretically feasible for implementation
because they satisfy the constraints of the Network Optimi-
zation/Prioritization System (NOPS).

The NOPS subsystem forms the priority or financial-plan-
ning analysis part of the PMS. Priority planning leads to a

deeision regarding which combination (based on highest ben-

efit to the user), out of all the feasible combinations available
in the PLOP program, will be used, The nonlinear optimi-
zation alluded to above results in five to eight alternatives
that are technically and economically feasible. Which solution
is selected depends on the condition of the rest of the network
and the budget available. In order to select one alternative
per section, one uses 0-l integer programming to optirnize
the benefits accrued to the network system. The optimization
provides the best solution that can be accommodated within
budget limitations (figure 4).

The problem is formulated as follows:

lùt
Maximize))x,,R,,

¡=t j=l

subject to:

(1)

2 2 x,, c,¡ 3 B*,,

2 2 x,, C,¡,3 B,

(2)

forf :1,...,12:' (3)

2 X,,-- 1 for i: L,2,...,l;
r-l
and

X, = 0or7 fori : L,2,..,l,

j=1,2,. ,tn

where:

X = ithdouble-actioncombinationof thelthploject(the
decision variables),

= 1 if selected or 0 if not selected,
R,i = benefit of ith project if the ith double-action com-

bination is implemented,

(4)

(s)
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C,, = cost of the jth double-action combination of ith
project,

C,r7 : cost of implementation of first or second action of
the double-action combination i on lth project in
year t,

Bxtt : overall analysis period budget, and
B, = agency budget in year t.

A detailed description of integer optimization formulation is
given in references (7) and (B). The integer programming
model is found to be appropriate for probiems with compar-
atively few variables. With an increase in the number of var-
iables the computation time becomes prohibitively excessive,
and the probability of convergence to an optimum solution is
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questionable. Taking advantage of the sequential structure of
the integer programrning model transforms the problem into
a dynamic programming model.

The sequential structure of the integer programming model,
from the first road section to the last one in the network,
constitutes an N-decision problem, where N represents the
number of road sections in the network. Using the dynamic
programming model transforms the N-decision problem into
N one-decision problems. For example, if the decision process
included three feasible strategies (ascertained from PLOP)
and 10 sections the number of possible combinations of deci-
sions would be 3'0. Figure 5a depicts the complexity of the
decision tree over just three decision levels.

When properly applied, dynamic programming reduces the

BENEFÏT-COST
RATTO ANALYSIS

I

---l

FIGURE 3 Various steps in the Project Level Optimization Program (PLOP).
(Broken lines indicate optional operations.)

SELECT
FEW

STRATEGIES
( 3 coMBrNATroNs )

NETWORK
LEVEL

PTTMI ZATI
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*.
þroblem size ancl still gualantees an optimal or best solution
within the bounds of the model used. In the cited example,
the 3r0 possible combinations or decisions reduce to 3 x 3 x
9 clecisions for the sarne period.

The decision process of pavement rehabilitation at the proj-
ect level is modeled as a series of staged decisions. At each

decision levei or stage, all the feasible strategies (only three
in this study, signified by the three branches a, b, and c of
the decision tree) are appliecl to each section. Only the strat-
egy that gives each of the entering sections its maximum ben-

efit or performance is retained and passed on to the next
stage. The property of the dynamic programming algorithm
permits reduction of the decision tree to a feasible size for
computer solution. This is illustrated in figure 5b.

The overall budget for the 12-yr analysis period is satisfied
in the dynamic problem algorithm, but the yearly (annual)
budget may or may not have been satisfied. Should the funds
required in any of the 12 years exceed the annual budget for
the corresponding year, a benefit-cost ratio analysis is per-
formed on all the rehabilitation strategies included in the
optimum solutions, and the strategy with the lowest benefit-
cost ratio is eliminated from the set of economically feasible
(three in this study) strategies. The dynamic programming
procedure is repeated with the revised set (one less than in
the previous set) of feasible combinations to arrive at a pos-

sibly different optimum combination. This procedure is repeated

until all the yearly budgets are satisfied.
Alternatively, a nearly optimum solution may be obtained

by judiciously revising the yearly budgets, as dictated by the
network condition. In the event that the road network is in
uniform condition, the annual rehabilitation costs may fluc-
tuate significantly from year to year. An indication of the
yearly budget requirements is initially compiled from the first
run of the dynamic optimization problem, this time employing
a uniformly increasing yearly budget or any other appropilate
combination. Based on the first stage, or exploratory, solu-
tion, the engineer may want to revise the yeally budgets

reflecting the trend of the exploratory solution and simulta-
neously satisfying the financial constraints of the department.

Revised ,.
IBC Line------>z.z

./

,'l 3H
H
fq
Êlz
Ê¡
c0

rl
4
Þzzé

ANNUÀL COST¿ $ PER SQ. YD.

FIGURE 4 Incremental benefit-cost approach for selecting feasible strategies.

A second or third application of the dynamic program with
those revised budgets would guarantee a nearly optimum solu-
tion for most problems.

In the unlikely event that the yearly budgets remain uni-
form, and when the trial procedure is repeated to the extent
that only one feasible combination remains for every road
section, there is no optimum solution for the problem subject
to the proposed budget level and the specified upper and
lower margins. One or more of these para¡neters must be

altered toward a constraint relaxation condition. The dynamic
optimization problem should then be repeated followingchanges
in the parameter(s).

Example Network Analysis

To illustrate the use ofthe programs developed, the research-
ers analyzed the interstate system (250 miles of two-lane high-
way) of District No. 2 of the Mississippi Highway Department.
The system includes thirty-nine sections with both flexible and
rigid pavements. The input included the features of the sec-

tions, the distress ratings and roughness ratings, and corre-
sponding performance prediction models. The five pavemeltt
rehabilitation alternatives listed in table 1 were also input into
the program. The output from the dynamic programming model
is a listing of selected project plans giving the maxirnum objec-
tive function within the network funding limit.

The nonlinear optimization programming algorithm uses 20

processing seconds to solve for the feasible combinations for
a network with 39 projects on an AMDHAL 470-V8 computer
(for 39 projects, 5 alternatives or 25 double-action strategies
for each project for a 12-yr analysis period). One run of the
dynamic programming algorithm consumes 6 minutes to solve
for the optimal double action combination for each project
satisfying the overall 12-yr budget.

A partial output of the feasible alternatives for five typical
sections is included in table 2. The rehabilitation strategy
selected (along with the two actions) by employing the dynamic
programming algorithm again for the five typical sections, can
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FIGURE 5 (a) Decision tree for network level decision process.
(b) Dynamic programming equivalent of decision tree in (a).

be seen in the table. Note that for section 5, despite that
alternative 3 (3-in. HMAS overlay) would have lasted for six
years, the dynamic programming solution stipulated that
alternative 5 be implemented at the end of five years. Simply
stated, it is beneficial to place alternative 5 ( Vz-in. HMAC
with stress relieving layer) over alternative 3 (3-in. HMAS)
sooner than six years-the expected life of the latter. The
first stage analysis (dynamic program) started with a uniform
annual budget of $4.5 x 106; subsequently it was revised,
however, as listed in column 2 of table 3. The funds that may
be spent according to the optimization model are listed in
column 3 of the table. Undertaking a plan of rehabilitation,
as shown in column 4 of the table, would maintain the weighted
average (weighted with respect to lengrh) PCR of the 250-mi
interstate system at approximately 72. Figure 6 depicts the

general condition level of the system graphically during the
12-yr analysis period. The top graph (figure 6a) signifies how
the average PCR of the system evolves with time. The writers
are encouraged that the rehabilitation plan in accordance with
the optimization program maintains the average PCR at
approximately 72. The estimated percentage of projects with
PCR less than 50 is represented by the graph labeled (b) in
figure 6. The fact that the optimum plan costing $45.3 x 106
dollars cannot preserve the entire system at the minimum level
of PCR = 50 suggests that the rehabilitation budget should
be increased in the future.

For comparison purposes, rehabilitation alternatives for the
same 39-section network are selected on the worst-first strat-
egy in conjunction with benefit-cost ratio analysis. The net-
work condition signified by the average PCR, in accordance



TABLE2 SUMMARY OFSAMPLE OUTPUT

Sectlon Three

No. Feasfble Strategle.3 at Network

Selecbed at Level

I S (1,1)a; S(1,2); S (1, 1)

s (2,2)

2 S(3,5),S(4,5) S(3,5)

s (5,5)

3 S(3,5),S(4,5) S(3,5)

s (5,5)

¡t s (t,3), s (3,2) s (1,3)

g (rr,2)

5 S(3,5),S(4,5) S(3,5)

St,râtegy Chosen Imple¡nentailon Time

First Secor¡d

ProJect Level ______åL!9fB!.!lg___{lLgltg!.ivg

7.\ 1r .1

0.7 5.7

0.2 5.2

q.6 8.3

2.2 7.2

___e_(¿Ð____

aS(1,1): Strategy with atternaLive 1 (implemented aL 7.4 year-s) foltowed by

bhe same alternative (implemented ab 1l.l years)

TABLE 3 ANNUAL REHABILITATION PROGRAM FOR |2.YEAR ANALYSIS PERIOD

Year Yearly Funds for opt.lmal Projects

Budget, Rehabi I itâtiorì Selecbed

$ x lO3 plan, g x 103 for Rehabilltatlon

I 988 2600 2590 2,3,21 ,27 ,28

1989 5300 527\ 7,8,16,17,18,22,2\,25,26,3ó,38

1990 31oo 3l1o 5,6,9,10,33,3?,39

1991 qooo 3857 13,15,29,3\,35

1992 l85o 1838 ll ,11,lll

1993 6650 6797 19,23,2,3,9,18,21,27,28,39

l99q 6650 66qq 7 ,8,16,22,2U,25,26,36,38

1995 ?q00 7587 1,12,20,30,31,32,5,6,11,1{,

29,3u

1 996 21 00 2125 rl ,35

1997 2o0o 2020 13,15,17

1998 650 652 10,23,3'l

l9gg 3000 2870 1,12,19,20,30,31 ,32,33
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FIGURE 6 Optimization prioritization results. (a) Weighted averagc PCR (end of year) during the analysis
period (b) percentâge of projects with PCR less than 50.
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with the ranking/benefit-cost ratio, is graphed in figure 7a.
The effectiveness of optimal solution is substantial indeed,
because with the same overall expencliture for a 12-yr period,
the network remains at a higher average PCR level (:72) as

opposed to a widely fluctuating PCR level, notably a PCR of
below 72. The percentage of projects with PCR less than 50,
employing ranking/benefit-cost ratio, is graphed in figure 7b
and compared to figure 6b. The fact that fewer sections in
figure 6b have their ratings fall below 50 attests to the premise
that the optimization-prioritization procedure indeed strives
to provicle maximum benefit (effectiveness) at a specific fund-
ing level.

Although not discussed in this paper, if one employs the
algorithms, it is a simple matter to justify for adjustments to
annual budgets in order to maintain the system at a higher
condition level. By repeating the calculation, one can arrive
at an approximate optimum level of network funding for the
analysis period. In summary, the plan represents the best
group of long-range rehabilitation plans at selected yearly
budget levels, and also strives to serve the user and pavement
structure in the best way possible.

SUMMARY AND CONCLUSIONS

The programs and procedures developed in this study focus
on the long-range planning of only rnajor rehabilitative mea-
sures of a highway network. The approach provides pavement
engineers with a tool with which to consider many different

alternative plans and rationally select the series of major reha-
bilitations that maximize the user benefit. The benefit is mea-
sured in terms of the first moment of the area under the
performance curve, Employing the optimization methodol-
ogy, one can comprehensively consider the available options
and can identify the unique plan that is best for each pavenrent
project at a specific funding level. Reports generated by this
procedure describe work to be done and when to schedule it
for all the projects in the network. The report listings sum-
marize the results of the long-range plan with respect to total
network composite parameters of condition, cost, and per-
formance. Furthermore, if desired, all this information is gen-
erated at each of the funding levels considered.

The practical utility of the optimization methodology is
illustrated by devising a l2-yr rehabilitation strategy for the
Interstate system of the second district of the Mississippi High-
way Department. A comparison of the optimal selection pro-
cedure with the conventional ranking/benefit-cost ratio
approach reveals that the optimal approach strives to provide
maximum benefit (effectiveness) at a specific funding level.
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Cold, In-Place Recycling on Indiana
State Road 38

Rn¡ncce S. McDaNrn

A narrow, trvo-lane road in Indiana was widened in 1986 by
cold recycling the existing bituminous pavement in place. Bitu-
minous binder and surface rvere placed over this base. A five-
year research project was planned to compare the cost, strength
and performance of the pavement with recycled base to a con-
trol section rvith conventional widening and resurfacing. The
continuing evaluation of this recycled pavement includes mea-
suring roughness and deflections annually. Visual inspections
monitor development of cracking and other distress. Cores are
analyzed for density, voids, asphalt content, and Hveem sta-
bility. After one year in service, the recycled pavement is per-
forming better than the conventional pavement. Transverse
reflection and longitudinal widening cracks are beginning to
develop on the resurfaced section. No cracks have appeared
in the recycled section. There is no significant difference between
deflections on the two types of pavement. The recycled section
cost nearly twice as much as the couventional pavement, but
initial costs are expected to drop somervhat as the technique
becomes more common. Maintenance costs rvill likely be loler
on the recycled pavement and may result in lower life-cycle
costs. This technique rvill likely be uscd again in Indiana for
roads with low to moderate traflic volumes (under 2,500 direc-
tional ADT). Evaluation will continue to assess the perfor-
mance, service life, and life-cycle costs for this method. Cold,
in-place recycling seems to be a viable rvay to rehabilitate old
pavements and seems especially well suited to widening pave-
ments on fairly low-volume roads.

A substantial portion of the Indiana state highway network
still has inadequate lane widths, by present standards. During
rehabilitation, these roads are frequently widened. The stan-
dard technique used in Indiana is to cut a trench along the
edge of the pavement. Typically 6 to 10 inches of bituminous
base are placed and compacted in the trench. The entire pave-
ment is then resurfaced with 3 to 6 inches of bituminous
surface or binder and surface.

This widening technique has been used for yeals with fairly
good results. Problems often develop, however, that shorten
the life of the pavement. The major problem is the devel-
opment of a so-called widening crack running the length of
the pavement where the new material separates slightly from
the original pavement. The potential for this cracking can be
lessened by cleaning and tacking the edge of the original
pavement. All too often, however, the crack develops within
two to three years of widening. Reflection cracking through
the overlay is another common problem.

Last year a cold, in-place recycling process was used for
the first time in Indiana. The technique had been used pre-

viously in Pennsylvania and a few other states. It allows wid-
ening the pavement without cleating an interface between the
old and new sections where cracks can occur. Recycling oblit-
erates other longitudinal and transverse cracks, so reflection
cracking does not occur. After one yeaf in service, the recy-
cled pavement is performing well. Indications are that the
technique will completely obviate the widening crack and
reflection cracks as well.

The pavement recycled here was built up of several layers
of hot mix with both asphalt cements and emulsions.

RESEARCH OBJBCTIVES

A five-year research project was planned by the Indiana
Depaltment of Highways to study the cold, in-place recycling
technique used on this project. Specifically, the research was
designed to evaluate the efficiency of the recycling and the
structural strength of the resulting pavernent.

TECHNICAL APPROACH

This research compares the composite pavement with recycled
base, binder and surface to the composite pavement with
conventional widening and resurfacing. It was necessary to
compare the composite pavements because different types
and amounts of bituminous binder and surface were placed
over the bases. The comparison focuses on cost and structural
strength. Other factors are evaluated to ensure the quality of
construction and to supplement the stlength data. The tasks
involved are as follows:

A. Before Construction
1. Initial Dynaflect readings were recorded.
2. The general condition of the existing pavement was

documented.
B. During Construction

1. In-place density was measured by nuclear gaúge. A
test strip was rolled to establish the target density,
according to Indiana Standard Specifications.

2. Random samples of the recycled material were taken
to assess the particle size, asphalt content, and mois-
ture content.

3. Observations were made of the recycling process to
assist in evaluating the efficiency of the operation.

C. After Construction
1. Dynaflect testing was conducted shortly after con-

struction and will continue periodically for five years.
Indiana Department of Highways, Division of Research, P.O
Box2279, West Lafayette, Ind. 47906
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2. Roughness is evaluated annually in conjunction with
the state roughness inventory.

3. Visual inspections are conducted at least annually,
and focus on rutting, cracking, and other distresses.

4. Cores of the recycled pavement are taken and ana-
lyzed for density, voids, asphalt content, and Hveem
stabilities.

SITE OF TESTING

State Road 38 is a rulal, two-lane highway in west central
Indiana. The site is shown in figure 1. This area of Indiana,
like most of the state, is subject to wet, freezing conditions
in the winter, with lows around - 10'F. Several cycles of
freezing and thawing occur during a typical Indiana winter.
Hot, humid conditions prevail in the summer, with highs in
the upper'90s. The roadway has already weathered one mild
winter and one ve¡'y hot summer.

The original roadway was composed of 7 inches of bitu-
minous hot mix over a gravel base. The road had received
surface seals, crack seals and patching, leading to some con-
cern that the material could be quite variable. The existing
pavement had an asphalt content of about 5.6 percent. Other
asphalt and mix properties are shown in table l.

o rt^\

Begin Projecl
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The twoJane pavement was 20-ft wide. The earthen shotrl-

ders were, and still are, very narrow. The total project length
was 9.76 miles. Of this length, the western half (4.88 miles)
received the standard widening treatment. The eastern half
was cold recycled in-place. The cross sections of the resurfaced
and recycled pavements are sltown in figure 2.

Traffic volumes varied slightly over the length of the con-
tract. The western end, which was resurfaced, had a direc-
tional average daily traffic (ADT) count of 1,150 vehicles per
day (vpd) over most of its length, when last counted in 1981.

In the small town of Mulberry, the traffic volume increased
to about 1,600 vehicles per day. The eastern, or recycled,
portion had an ADT of 1,430 vpd. The traffic on the entire
road is expected to increase significantly in the next few years

due to construction of a large automobile manufacturing plant
near Lafayette, 4 miles west of the project.

RECYCLING PROCDSS

The eastern half of the project was cold recycled in-place, by

a company from Philadelphia, Pennsylvania. This company
has used cold, in-place recycling on about 4 million square
yards of pavement in Pennsylvania, New York, and West

Vilginia. A Lafayette-based asphalt paving contractor was the

Tolol Projecl Length 9.76 Miles

RESURFACE Western /..88 Miles

RECYCLE Eoslern 4.88 Miles

Aroo Enlorged ï*

6
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i\ott -\-r-Y)P \t!tc
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Poinl

Zù ToYlor
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Clorks

FIGURE I Location of test site.
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TABLE 1 PROPERTIES OF RECOVERED ASPHALT

Àsphalt content

Àbsolute Viscosity, L4oo, 3oomm Hg

Àsphalt Penetration, '77o, 5 sec.

s.64

lLt670 poise

36

RECOVERED

Sieve Size

1r

3/ 4"

L/2"

3/ 8"

No. 4

No. 8

No. L6

No.30

No.50

No. L00

No.200

ÀGGREGÀTE GRÀDÀTION

Percent Passing

l_00. 0

94.2

85.4

7L.7

39.1

24.9

L8. L

L2.5

7.8

5.6

4.3

prime contractor. The two companies worked togethef on the
recycling, with the Pennsylvania company running the recy-
cling machine and the Indiana contractor operating the grader,
paver, rollers, and supply trucks.

The technique used required a minimurn of equipment and
material handling. The recycling train included the recycling
machine, a water supply truck, an asphalt truck, and a con-
ventional asphalt paver. Two rollers, one rul¡ber tired and
one vibratory, were used. A motor grader cut the widening
trench ahead of the recycling and closed the shoulders after
recycling. Two water trucks and two asphalt trucks were used
to supply the recycling machine.

The primary piece of equipment was a downcutting recy-
cling machine. This type of machine allowed the size of the
milled material to be controlled by the forward speed. The
milled material was mixed with water and asphalt emulsion
at the cutter head. The water is used to facilitate coating. It
also helped to control dust and to cool the cutter head.

A conveyor belt, attached to the recycling machine, dis-
charged the recycled material into the hopper of a conven-
tional paver. No windrowing was necessary. The paver was

connected to the milling machine by a stiff leg to keep the
two machines moving together.

The original 10-ft wide lanes were milled to a depth of 6
inches. A l-in "cushion" was left to avoid milling into the
subbase and to allow for some variation in the depth of mate-
rial. The recycled material was relaid at Íi depth of about 5

inches to allow a finished lane width of 12 feet.
The rubber tired roller achieved most of the cornpaction.

The vibratory roller followed to iron out the surface.

CONSTRUCTION OBSERVATIONS

This construction technique was totally new to the local paving
crew, but they were able to adjust to it quickly. By the second
day of recycling, they had learned to work with the recycling
machine and the material it produced. The processed material
was very sticky and hard to work by hand. There were no
problems with rolling the recycled rnix.

Recycling progressed at about 17 or 18 feet per minute after
the start-up problems were solved. This is equivalent 1o plac-
ing about 375 to 400 tons per hour. Most downtime experi-
enced during recycling was due to paver malfunctio¡rs. Effi-
ciency varied from 68 to 93 percent.

The technique proved to be simple añd efficient. The few
problems experienced during this fi$t attempt could be easily
corrected. Better planning and more local experience should
result in higher efficiency and production.

The recycled pavement was left exposed for seven weeks
after recycling was completed, due to a series of delays. It is
generally recomrnended to let this cold-recycled nraterial cure
for about two weeks before surfacing. A few soft spots showed
up on this project before the binder was placed. The weak
areas were believed to be caused by traffic action over local-
ized areas of poor subgrade. All the soft spots were in the
outer wheelpath near the shoulder, in the widened portion.
This area had never been under traffic, and the trench had
not been rolled when it was cut. The subgrade material, then,
had never received much compaction. Traffic action plus heavy
rains had brought the poor subgrade conclitions to light.

The soft areas were cut out and patched with hot mix.
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FIGURB 2 Typical cross sections.

Altogether, less than 1 ton of patching material was used.
The patching evidently served its purpose; no further prob-
lems have developed to date.

RESULTS OF MATERIALS AND PERFORMANCE
TESTING

Routine Construction Tests

Samples of the recycled material were taken randomly during
construction and analyzed for asphalt content, moisture con-
tent, and aggregate gradation. Results of these tests are sum-
marized in table 2. The gradation of the recycled ¡naterial
was finer than Indiana's dense-graded No. 5D Base. Speci-
fication limits for No. 5D Base are shown in table 2 for com-
parison. The recycled material was less variable than expected.

Approximately 2.5 percent asphalt emulsion was added
during recycling. The emulsion used was AE-150, a medium-
setting emulsion with about 69 percent residual asphalt and
4 to 4.5 percent kerosene. The specifications used in Indiana
for AE-150 are listed in table 3. The amount of emulsion
added was essentially determined and adjusted based on field

experience. Very limited laboratory work was done lrefore
construction. The final asphalt content averaged 7.4 percent.

Density was monitored during construction with a nuclear
gauge. A control strip was run at the beginning of recycling
to establish a tal'get clensity. Indiana's test strip method involves
monitoring the increase in density with successive passes of
a standard roller train until the density peaks. The target
density is then set at the rnean density of the test strip. The
density of the recycled material had not peaked after 24 passes

during the test strip rolling. Tiny cracks began to develop,
which indicated the material was being over-compacted so

rolling was terminated. The ambient temperature increased
by 20" during the test strip rolling, which may help explain
why the density did not peak.

The densities achieved during construction averaged 124.4
pounds per cubic foot (s = 3.71,). A total of 220 tests were
taken on the recycled material. No rutting or other distress,
with the exception of those areas with a soft subgrade, occurred
before the binder was placed, indicating the compaction was
adequate.

After one year in service the recycled base is performing
well. The results of various evaluations are as follows.

110#/SYD HAE No. 11
220#/SYD ll9 or

Bi t. Surface
#9 Bit. ßinder
Recycled Material

Existinq
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TABLE 2 RESULTS OF ROUTINE CONSTRUCTION TESTING

-

Standard

Deviation

o. 45

o.88

Asphalt Content

Moisture content

sieve Size

L t/z't

1x

3/ 4"

L/2"

3/au

No. 4

No. 8

No. L6

No. 30

No. 50

No.100

No. 200

Àverage

7.4*

4.42

Àgqreqate Gradation

RÀP

r.00.0t

100.08

98.38

87.52

75.88

48. lt

32.O*

22.34

15.0*

8.88

5.72

4.2*

No. 5D Base

L008

80-998

68-908

54-762

45-6?z

3 s-4 58

20-452

L2-362

7-282

3-188

L-t2z

0-6*

TABLE 3 SPECIFICATTONS FOR AE-150 ASPHALT EMULSION

Furol Viscosity, 77oF, !,tin.

Residue fron Residue by Distillation
oil Portion, fron Residue by Distillation,

nI . oil per 10o g. enrulsion, l,{ax.

Sieve Test, Max.

Tests on Residue fron Residue

by Distillation
Float Test at L4ooF, Min.

Penetration, '77oF, 50 g, 5 sec.

sotubility in organic Solvents, 8, Min.

50 seconds

688

7.0 nl .

0. L08

L,200 seconds

L00-3 00

97.54

Visual Inspections

After one unusually mild winter, a visual inspection of the

conventionally resurfaced section revealed a few transverse

reflection cracks and some faint, hairline cracking along the
widening. This cracking will undoubtedly increase after a more

typical Indiana winter. Within two or three years, it is expected

that the widening cracks will be significant.
The recycled section, however, is virtually crack-free. There

is no reflection cracking because all the existing cracks were
obliterated during the recycling process. There is no widening
crack because there is no interface between old and new mate-
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TABLE4 ROUGHNESSSUMMARY

1986 L987

Conventional Pave¡nent

Eastbound

Westbound

Àverage

Recycled Pavement

Eastbound

Westbound

Àverage

940

846

893

77?

652

7L4

836

869

852

75L

688

720

rial. An extremely hot summer
apparent in the recycled section.
lems to date.

has passed and no rutting is

In short, there are no prob-

Roughness Data

The initial roughness was evaluated with the Cox Roadmeter
in December 1986. Roughness measurements were performed
again in July 1987. These results are summarized in table 4.

Roughness measurements are included in this study mainly
to monitor deterioration of the two pavements over time. The
smoothness cannot be directly compared because the pave-

ments include different surface materials and numbers of
courses.

The readings indicate that the pavement with recycled base

was initially smoother than the resurfaced pavement. One
layer of hot asphaltic mixture was placed over the resurfaced
pavement and two were placed over the recycled pavement,
which helped level out the recycled section.

The follow-up testing in 1987 again showed the recycled
pavement to be somewhat smoother than the resurfaced pave-

ment. Neither pavement showed an increase in roughness.

The roughness numbers measured in 1987 are not significantly
different from those measured in 1986.

Dynaflect Deflections

Results of Dynaflect testing are shown in figures 3 and 4 and
are summarized in table 5. Deflections measured before con-

struction were essentially the same on the two portions of the
project. The amount of variation in deflections, as indicated
by the standard deviations and coefficients of variation, is also

essentially the same.
After construction, the deflections were reduced by approx-

imately half. The deflections measured on the recycled pave-

ment were slightly lower than on the conventional resurface.
The coefficients of variation show that the amount of varia-
bility is roughly the same as before construction.

Dynaflect measurements were made again in June of 1987.

These results are not directly comparable to the previous tests

because of the seasonal variation in deflection measurements

on bituminous pavements. Nevertheless, the readings indicate

that, even in the heat of summer, the pavement is now stronger

than before construction. Again, there is no significant dif-

ference between the two pavement types.

Analysis of Cores

Cores of the recycled pavement were taken in July 1987 after

the pavement had been in place for about one year. These

cores were analyzed for density, voids, and Hveeln R and S

values. Cores will be taken annually to evaluate any further
densification under traffic. The results of the 1987 analysis of
cores are shown in table 6.

Intact cores of the recycled material were very difficult to

take. The cores obtained were fragmented, An unsuccessful

attempt was made to core without water to allow determi-
nation of the in situ moisture content of the recycled base.

PROJECT COSTS

Past experience has shown that a new technique or material
is usually more expensive the first few times it is used than
when it is more widely used. This is due, in part, to contractors
becoming accustomed to the process and the problems they
may encounter, Also, competition increases as more con-
tractors obtain the necessary equipment and develop the
expertise.

In the case of this new recycling technique, the cost for the
recycled pavement was almost double the cost of the con-
ventional pavement. The cost breakdown was as shown in
table 7. If this recycling method is used more often in Indiana,
the costs are expected to drop somewhat.

Since indications are that the recycled pavement will have

significantly less cracking than the conventional pavement' at
least initially, the maintenance costs will be reduced. Life-
cycle costs for the recycled pavement may then be lower than
for the conventional pavement, depending on the relative
service lives of the two pavements. The continued evaluation
of this project should help estimate the service lives of the
pavements.
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TABLE 5 DYNAFLECT DEFLECTIONS SUMMARY

Before Àfter
Construction Construction

4-86 L1-86 6-87

Resurfaced Eastbound

Àverage sensor No. L (nils)

Standard Deviation (nils)

Coefficient of Variation (8)

Resurfaced lvestbound

Average sensor No. 1 (nils)

standard Deviation (nils)

CoefficÍent of Variation (8)

Recycled Eastbound

Àverage Sensor No. l. (nifs)

Standard Deviation (¡nils)

Coefficient of Variation (8)

Recycled Westbound

Àverage sênsor No. 1 (nils)

Standard Deviation (nils)

Coefficient of Variation (8)

L.44

o,37

25.7

L.52

o.42

27.6

r..50

0. 38

25.3

L.46

0.40

27.4

o.79 L.10

0. 18 0.25

22.8 22.7

0.84 L.24

o.20 0.34

23.8 27.4

o.73 L.24

0.L8 0.36

24.6 29.O

o.7L L.20

0. L6 0.30

22.5 25.O

TABLE 6 RESULTS OF ANALYSIS OF CORES

standard

.Avera<¡e Deviation

Density, pcf

Air Voids, I
Hveem Stabilities

s-value (1400)

R-value (7oo)

14L.s pcf

5.08

25

gL2

3. l_

2.L

1

L

lBased on smaLl sanple size due to difficulties in getting

sampJ.es of sufficient thickness for Hvee¡n testing.
2uncorrected for height of specinen.

CONCLUSIONS

After one year in service, the pavement with recycled base
seems to be perfonning at least as well as the conventional
pavement.

o The pavement with recycled base has less cracking than
the conventional pavement. The deflections are essentially
the same for the two types of pavements.

o Steps can be taken to improve the performance of the
recycled pavement. When a widening trench is cut, as in this
application, the trench should be rolled as specified for other
widening. The length of time the recycled base is left without
a surface should be limited to two weeks. This allows time
for the base to cure, but limits the length of time the pavement
is left open to traffic and weather.

o The efficiency of the recycling could be increased. The
capacity of the water trucks should be similar to avoid delays.
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TABLE 7 PROJEC"T COSTS

Ouantitv Unit Pricê Total Cost

Resurfaced Section

I{idening(and Trenching) 3663

HAE No. 9 Surface 6118

Tons

Tons

Tons

Tons

Cost per Lane Mile

L Tons

57,300 SYD

5L,533 LFT

460 Tons

7r560 Tons

3,780 Tons

Cost per Lane Mile

9z¡. oo S84,249.00

iz3,z5 çL42,243.5o

97O. O0 $3, 640. 00

$23. 00 $18, 308.00

$248,440.50

ç25,454 .97

$70. 0o 970. 00

ç2.20 $t 26, 060. 00

s0. 20 $L0, 306. 60

$L50. oo 969, ooo. oo

$21-. oo gLsg, z6o. oo

$24.00 s9o,72o.oo

$454,916.60

$46,6r.0.3r.

Pat,ching

Vledqe and Level

Total

Recycled Section

Patching

Mitl ing

Trenching

AE-L50

Bit. Binder

HAE #LL Surface

Total

52

796

Obviously, keeping the paver and other equipment in good
repair would reduce down time.

¡ Further evaluation is necessary to determine the long-
term performance and to estimate the service life of the recy-
cled base, but at this point the recycled material is performing
well.

o The recycled pavement cost nearly twice as much as the
conventional pavement, but costs would likely drop if the
process were used more. In this case, one more course of
bituminous mix was placed over the recycled base, signifi-
cantly increasing the cost over that of the resurfaced section.
Life cycle costs for the recycled pavement may be lower than
for the conventional pavement if the service life is compa-
rable, due to reduced maintenance costs.

RECOMMENDATIONS

The experience with this recycling technique in Indiana has
been very favorable so far. There is great interest in using
the technique on more projects. Future uses may include the
following:

o The use of more exotic binders, such as foamed asphalt,
rejuvenators, polymer modifiers, etc.

o Improving granular bases or gravel roads; this may be
especially attractive for county highway departments.

o Adding virgin aggregate, if needed, by spreading it on
the roadway ahead of the recycling machine.

o Surfacing the recycled base with a double chip seal instead
of a hot mix surface; again this may be especially useful on
low-volume roads, such as county roads.

Further evaluation may show that this type of base can be
used on roadways with higher traffic volumes. The increase
in traffic volume due to the auto plant will be monitored on
State Road 38. Until further evaluation shows that this type
of base can withstand higher traffic volumes, it will only be
used in low or moderate traffic volurne situations in Indiana
(under 2,500 directional ADT).

This cold, in-place recycling technique appears to be a via-
ble way to rehabilitate old bituminous pavements and to pre-
vent reflective cracking. Its use for widening bituminous pave-
ments, as in this case, seems especially appropriate.

Publication of this paper sponsored by Committee on Pavement
Rehabilitation.
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Data Acquisition for Mechanistic-Empirical
Overluy Design Equations for Reflection
Crackirg in Flexible Overlays

P. W. JavawrcxRAMA, R. E. SvtlrH, R. L. LvttoN, eNp M. R. Tlneoo

This paper describes a mechanistic-empirical design procedure
developed to assist pavement engineers in determining when
flexible overlays of ftexible pavements will develop reflection
cracking. A mechanistic equation based on fracture mechanics
was developed to predict when reflection cracking was expected
to occur. Data on in-service pavements rvere collected for six
environmental regions. The equations were used to predict the
occurrence of reflection cracking. The performance data were
then used to calibrate the mechanistic equations to three dif-
ferent damage levels. The linal design equations were placed
in a user-friendly microcomputer design program. This paper
tries to demonstrate the data collection requiremenfs and prob-
lems associated with developing mechanistic-empirical design
equations. This approach to developing design equations has
great promise; however, the data must be complete and accu'
rate for the approach to be used fully. Some of the problems
encountered are described, along with the approaches used to
solve these problems.

Asphalt concrete overlays are one of the most common reha-
bilitation treatments applied to asphalt concrete pavements.

Design procedures for these overlays have traditionally been

empirical (1). In recent years, several mechanistic design

approaches have been developed that use the strain at the
lower surface of the asphalt layer as a fatigue related design

criterion (1). This approach relies on the relationships devel-
oped between the calculated strain in new pavements and

fatigue damage due to traffic loadings.
Reflection cracking is a common form of asphalt concrete

deterioration in overlaid pavements, caused by cracks in the
original pavement propagating through the new asphalt layer.
These cracks in the overlay deteriorate over time, leading to
failure of the overlay (2). The need for design procedures to
address the problem of reflection cracking of asphalt concrete
has long been recognized. Such a design methodology, using
principles of fracture mechanics to predict overlay life against

reflection cracking, was presented by Jayawickrama and Lyt-
ton (3). This work demonstrated how the mechanistic model
could be calibrated using in-service overlay performance data
to obtain design equations. The data used in that study were
collected from the state of Texas and, therefore, represent
the environmental conditions prevailing only in that part of
the United States. This paper describes a recently completed

project that expanded this effort by collecting data from 11

different states so that all six of the climatic regions shown in
figure 1 and described in table 1 are represented.

The boundary between the wet and dry zones is the
Thornthwaite Index contour 0, which indicates the moisture
balance between annual rainfall (+) and the potential evapo-

transpiration (-). The boundary between the no-freeze and

the freeze-thaw cycling zones represents the contour along
which freezing temperatures will penetrate the pavement to
a depth no greater than 5 inches (130 mm) (a). The boundary
separating the freeze-thaw cycling and the hard freeze-spring
thaw zones represents the contour along which freezing tem-
peratures persist in the ground for more than 60 days contin-
uously each year (5).

Environmental data adequate to define these boundaries
were collected from participating state highway agencies, county
soil maps, and the National Atmospheric Bureau. Data
describing the properties and condition of the pavements over
time were collected for use in developing mechanistic-empir-
ical design equations for asphalt concrete overlays on flexible
pavements for each climatic region. These results were then
integrated into a microcomputer-based design program
described elsewhere (ó).

To develop a mechanistic-empirical design equation, a

mechanistic equation is selected or developed that accurately
models known forms of failure in the pavement; however, it
is generally impossible to model all factors influencing the
pavement failure mode. The mechanistic model is calibrated
using performance data collected on pavements to reflect the
influence of these factors. Data used in the mechanistic model
must be available on the pavement sections used for the cal-
ibration process.

This paper briefly describes the process of selecting an

appropriate rnechanistic equation and the empirical calibra-
tion process. The model defined the data required for the
calibration process. The problems encountered in collecting
and using data from in-service pavements is described. A
complete and detailed description of the design method is

presented elsewhere (3, ó).

REVIEW OF MECHANISTIC MODEL
DEVELOPMENT

The mechanisms generally thought to lead to reflection crack-
ing are the vertical and horizontal movement of the underlying
layers. These damaging movements may be caused by traffic



244 TRANSPORTA'NON RESEARCLI RECO RD I I9ó

FIGURE I The six climatic rcgions in the United States (l).

loading, thermally induced contractions and expansions, or a
combination of these mechanisms.

Figure 2 illustrates the changes in bending and shear stresses
that occur within an overlay as a wheel load passes over a
crack in the original pavement. These stress conditions cause
the crack to propagate into the overlay, due to shearing move-
ment in one direction followed by a bending ¡novement ancl
again by shearing movement in the opposite direction. In
addition to the influence of the traffic loads, contraction and
expansion of the pavement and the underlying layers with
changes in temperature also contributes toward the growth
of reflection cracks. In these three mechanisms of crack growth,
the stresses generated cause a crack to form in the overlay
and grow with repeated application. The principles offracture
mechanics are used to determine the rate of crack growth due
to these mechanisms. In this process each crack growth mech-
anism is treated independently, and their influence is com-
bined in a final design equation.

The recent developments in linear elastic and viscoelastic
fracture mechanics concepts have enabled a rational design
approach to the problem of reflection cracking of overlays.
Experimental investigations carried out at Ohio State Uni-

TABLE 1 DESCRIPTION OF CLIMATIC
REGIONS

Region Character of the Region

versity (7-9) and Texas A&M University (10-]2) have ver-
ified the applicability of fracture mechanics principles in pre-
dicting fatigue life of asphalt conclete mixes. The results indicate
that the rate of crack propagation in asphalt concrete can be
predicted by using the ernpirical power law relation developed
by Paris (13).

dc

ñ = A(^K)"

where

AK : stress intensity factor amplitude,
A,n = f.racture parameters of the material,

c = crack length, and
N = number of load applications.

Integrating Equation L we obtain,

¡v. = [" dc

' Jo A(AK),,

where

N¡ = numbel' of load applications to failure
l¿ = thickness of the overlay

The use of Paris' crack growth law to deterrnine the overlay
life requires a knowledge of the stress intensity factor, K, and
the material constants, A and n, within the in-service overlay.
The stress intensity factor, K, in the overlay due to each of
the crack growth mechanisms was determined by using a for-
mulation that combines beam-on-elastic founclation theory
and the finite element method. In the beam-on-elastic foun-
dation analysis the original surface layer and the overlay are
modeled as a bea¡n. The base course and the subgrade are

(l)

(2)

I
)
J
4
5

6

Wet, No-Freeze
rilet, Freeze-Thaw Cycling
Wet, Hard Freeze,'spring Thaw
Dry, No-Freezc
Dry, Frceze-Tharv Cycling
Dry, Hard Freeze, Spring Thaw
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FIGURE 2 Strcsses induced at a cracked section
due to a moving wheel load.

represented as a homogenous elastic meclium supporting the
beam. In order to calculate the stress intensity factors accu-
rately and deter¡nine their variation with the crack length, a
finite element method was used (ó).

The use of the mechanistic model for the analysis of crack
propagation through an overlay requires a knowledge of over-
lay stiffness as well as fracture pararneters, A and n. The mix
stiffness is cletermined using the nomograph procedure out-
lined by Van der Poel (14) and Mcleod (/5). In this study,
computerized versions of the nomographs were used. In addi-
tion, the cornputer programs profile the slope, m, of the log
of the mix stiffness versus log of the loading time curve which
is used to cletermine the exponent, n, in Paris'equation as

shown below:

n:2/m (3)

Theoretical justification for equation 3 can be found else-

where (1ó). This relationship has been verified for asphalt
concrete mixes by Gennann and Lytton (10) and Molenaar
(17).

The following empilical relationships, developed based on
the crack growth tests of asphalt concrete mixes, were used

to determine the parameter, A:

For traffic associated cracking:

n -* -2.2 - 0.5 log ,4 (4)

For thermal cracking:

n = -0.92 - 0.42logA (5)

The propagation of reflection cracks is the result of all
three failure rnechanisms (bending, shearing, and thermal)
acting sirnultaneously. However, in the integration of the
Paris' equation the three failure mechanisms are treated
independently.

It is recognized that this idealized model may not provide
accurate estimates of the stress intensity factors induced by
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the different loading mechanisms in the various mixes. How-
ever, the model can be used to establish the forrn of the
equation that reflects the correct influence trends of the var-
iables. The form of the regression model in the empirical
calibration was selected to incorporate the influence of the
combined action of the three mechanisms into the final design
equation. The in-service performance data is then used in the
regression analysis, which compares the mechanistically cal-
culated time-to-crack formation with recorded crack devel-
opment to develop equations that reflect the expected per-
formance in each of the six climatic regions.

DATA NEEDS

The data required by the mechanistic equation to calculate
the time until the pavement develops a reflective crack must
be available for the in-service pavement sections used in this
process. This same data will be required for use in the design
program. The following information is required for calculating
the overlay life using the mechanistic equations in this project:

. Laboratory data on the bitumen and the mix-to char-
acterize the asphalt material used in the overlay,

o Deflection test data-to characterize the existing pave-
ment structure,

o Environmental data pertaining to the location, and
o Traffic data.

In order to combine the influence of the three different
mechanisms, the mechanistically computed overlay responses
are regressed against crack development rates in the overlays.
Therefore it is also necessary to collect data on ovellay
performance,

DATA ACQUISITION

Previous studies indicated that sufficient data were not avail-
able to develop one overlay design equation for the whole
United States, prirnarily because of the excessive amount of
data required to account for climatic and regional differences.
However, they did indicate that sufficient data were available
to develop regional equations (18). Considerable effort is

required to collect data adequate for use in calibrating
mechanistic empirical design equations, Many state highway
agencies have some of the data needed to develop mecha-
nistic-empirical equations; however, very few have all of the
data needed.

DATA SOURCE LOCATION

The information on available data (i,8,i,9), along with other
sources, were used to begin the search for in-service data.
Many of the agencies stated that they did not have all such
data for their pavements. Others were reluctant to participate
in the project because the data lequired were not readily
available or retrievable. Those agencies that did have the
needed data generally did not have all required data in one
file set.
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In many instances during the data collection effort, it was
found that the required data on a desiral¡le in-service pave-
ment section was missing from the files. So an agency would
often start with 30 to 40 candidate in-service pavement sec-
tions on which the researchers expected to collect data only
to end with 5 to 15 sections with adequate data for use in the
project. As a result, the researchers nevet'knew the number
of sections on which daÊa could be collected until they were
on site at the agency. In some instances, it was not possible
to be sure that the data were usable until after the data was
collected and reduced into common-analysis units. When the
data were normally stored in several different files, each file
would often have a different referencing or cataloguing scheme,
making it difficult to cross reference the data elements. So
even when data could be found, it was not always possible to
identify corresponding data sets, such as which asphalt prop-
erties corresponded to a given section of pavement.

DATA REDUCTION

Raw data were collected fro¡n several different agencies, as
shown in table 2. In many instances the data gathered by the
research team were not measured or collected in the same
form by the various highway agencies from which it was gath-
ered. When data in different forms are used, they must be
reduced to similar forms of material and response character-
istics before they can be used in developing the desired
mechanistic-empirical design equations.

Asphalt Material Characterization for the Overlay

The stiffness of the asphalt-concrete overlay must be known
in order to determine the fracture properties and was calcu-
lated using the Van der Poel or Mcleod method (14, 15). To
use the Van der Poel method, the following properties of the
bitumen and the mix must be known:

o Penetration at77oF,
o Ring and ball softening point,
o Asphalt percentage in the mix or volume concentration

of aggregate,
o Time of loading, and
o Age of mix or time in service.

Many of the pavement sections did not have ring and ball
softening point data. In those cases, the Mcleod procedure
was used which requires the following data.

o Penetration at77"F,
o Viscosity at275'F or viscosity at 140oF,
¡ Service Temperature,
o Time of Loading,
o Asphalt percentage in the mix or volume concentration

of aggregate, and
o Percent of air voids.

Any set of data that could be used in either of these two
procedures was accepted. These data were generally deter-
mined from laboratory test results found in construction rec-
ords. In some cases they were the result of many specific tests
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made for the project, which was the original intent; however,
in other cases, asphalt properties were from asphalt sources
tested over the period of time during which the project was
constructed.

Mix design properties were taken from quality control rec-
ords in the construction records in most cases. When these
were not available, the mix design parameters were taken
from standard mix design requirements in effect at the time
of the overlay construction; however, this may add error to
the results. Time of loading was selected to represent a moving
wheel load of a truck; service temperature was selected based
on environmental information for the areas; and age of rnix
was based on construction date. Availability, or locating, the
asphalt cement and mix design properties for the overlay were
major problems of this data collection effort.

Characterization of the Existing Pavement Structr¡re

The mechanistic model represents the existing pavement prior
to the overlay as a beam on elastic foundation. The stiffness
characterizing the surface and foundation support can be
determined from deflection testing data on the existing pave-
ment prior to the time of the overlay, in conjunction with
layer thickness. A record ofconstruction history was obtained
for each section used in this analysis to determine the thick-
ness of each layer and its date of construction; in some cases

this was supplemented with coring reports. It would have been
beneficial to have had deflection data across a series of cracks
in the pavement prior to the overlay to determine the load
transfer level; however, those data were not available. Many
projects with otherwise usable data were discarded from this
project when deflection data could not be located for them.

Climatic Data

The temperature and rnoisture information defining the cli-
matic zone in which the pavement section is located were
described earlier. The 24-hour temperatul'e drop and average
monthly temperature were the other two climatic data ele-
ments required. They were found in the same sources.

Traffic

Traffic data regarding the average number of 18,000-lb equiv-
alent single-axle loads (ESALs) per day over the life of the
overlay were collected from the highway agencies. Where they
had some other measure of traffic such as average daily traffic
(ADT), their conversion system of converting ADT to ESAL
was used. It was then converted to average ESAL per day.
Several of the agencies expressed reluctance at providing traffic
data because they were not sure of its accuracy.

Performance (Distress)

The mechanistically computed development of cracking is
compared to the observed crack development in the regres-
sion process. To determine the amount of reflection cracking
that developed over time, distress data regarding reflection
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cracking after the application of the overlay is required. Since
the performance used in the mechanistic approach considered
damage that varied from zero to one, the distress data had
to be transformed into equivalent levels of damage (/8). Even
had this not been required, the data would still have had to
be transformed into a common set. Each agency collects dis-
tress data in its own form, and virtually no two agencies used
the same distress identification system. The distress identifi-
cation system from each agency was used to develop a
conversion similar to that used in the initial program (3).
The transformations used to convert the distress from each
data set into a common damage function are presented else-
where (ó).

DEVELOPMENT OF PERFORMANCE CURVE

The observed damage levels over time and traffic were used
to develop a mathematical equation to describe the growth
of damage, or overlay reflection cracking, with increasing time
and increasing number of load passes for each pavement sec-
tion included in the project. By comparing the mechanistic
crack development time with observed time to reach various
levels of damage, design equations could be developed for
different amounts of allowable reflection cracking.

Two forms of reflection cracking were considered: trans-
verse and longitudinal. It was hoped to use both distress area
and severity; however, only distress area was available for
many of the in-service pavements. As a result, only area was
used for the final equations.

Different forms of equation have been used to fit the observed
pavement distress data over increasing time or axle load appli-
cations. The following equation was selected for use in the
present analysis since it is in accordance with the physical
boundary conditions (18):

I - e-bt¡'04

where

I = the damage rating of the pavement
N = the number of load applications in 18-kip ESALs

p,9 = characteristic parameters

An equation that relates the damage level of the distressed
pavement to the number of load applications is commonly
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retþrred to as a structural perfolmance curve, The damage
rating of the pavement is a variable that ranges between 0,
representing a smooth riding or undistressed surface, to l,
representing a severely darnaged pavement structure. There-
fore, the performance curve of a pavement will be bounded
by 0 and 1. Pavement distress observations show that the
performance curue starts out holizontally, bounded fiom below
by a rating of 0. As the number of load applications increases,
the curve will asymptotically reach the damage rating of L
These boundary conditions imply that the functional perfor-
mance curve should be sigmoidal, or S-shaped.

Nonlinear regression analysis techniques were used to develop
the performance cures to define a relationship between dam-
age and the number of load applications, N,r. This allows the
number of applications to be determined at any desired level
of damage. Several problems were encountered in using these
progl'ams. The nonlinear regression procedures are not always
straightforward, especially if the data are not well defined
through the entire area defining all parameters in a curve.
Thus, there is not always one unique curve that will fit the
data points and meet the convergence criteria, Since many of
the data sets contained data with damage levels only to levels
of 0.1 or less, several sets of regression parameters could be
fit through those points and still meet the convergence criteria.
Luckily, the major differences in predicted values are above
damage levels of 0.5 and have little impact on the results used
in this project.

Because some of the distress identification procedures report
distress in condition categories, for example, 5 to 15 percent
equals distress rating of 2, some of the distress data had pla-
teaus, as illustrated in figure 3. When regression was con-
ducted, parameters could be calculated to define the curve
shown as A in figure 4, or another set could be calculated to
define the curve shown as B in figure 4. The performance
curves for this type of data were forced to follow the shape
identified as Curve B in figure 4 because it was believed that
the observed data was in the earliest stages of distress devel-
opment. Allowed to develop further, it is expected that they
would develop the S-shape defined by Curve B in figure 4.

In some of the in-service pavement sections, no distress had
developed at the time of data collection resulting in all zero
damage levels. These sections could be ignored; however,
ignoring pavements that were performing well would bias the
data. To use these data, average p and B values for the non-

(6)
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Nre
FIGURE 3 Distress data rvith plateaus.
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zero data sets within each climatic/pavement type group were
determined. Those values were used to define the curve through
the all zero data points, as illustrated in figure 5. If the all-
zero points extended to the right of the curve from the average

values, the p values were increased until the curve extended
through all of the reported zero points as shown in figure 5.

This allowed the influence of the all-zero points to be included
in the analysis.

RESULTS

A final set of design equations to acldress reflection cracking
were developed that allow the designel to select a damage
level of 0.33 for a moderate amount of reflection cracking,
0.50 for a high amount, and 0.44 for an intermediate amount.
They have been placed in a user-friendly microcornputer pro-
gram that can be used by highway engineers to determine
when reflection cracking is expected to develop in an overlay
of desired thickness for different asphalt cement and mix
properties. This research has extended the work that began

in NCHRP Project ZO-1 , Task 17, Phase II, and includes
design equations for six climatic regions for asphalt overlays.

This is a major step forward in developing design equations
that address the performance problems of asphalt concrete
overlays. The best available data was used to calibrate the

Nra

FIGURE 4 Curves fitting data with plateaus.

Nre

FIGURE 5 Using all zero data points.

mechanistic equations; however, they would be more reliable
if the data used to calibrate the mechanistic equations were
more complete and comprehensive. They can be improved
by using more accurate in-service data when it becomes

available.
The data used to calibrate the mechanistic equations were

collected from agencies with data on pavements of the type
needed in the desired climatic zones. The data did not come

from a designed experiment, and all the problems inherent
in using this type of data are incorporated into these design

equations. One of the biggest problems with this type of data
is that unknown biases exist, making it impossible to deter-
mine the true reliability of the resulting data. In addition, the
variability and reliability of the data collected were generally
unknown. This does not mean that the equations are unre-
liable, but it does mean that the reliability of the design equa'
tions developed using this type of data cannot be accurately
defined.

The mechanistic empirical approach to overlay design has

been shown to be feasible and practical. It has also shown

the need for collecting accurate data with variability and reli-
ability information included for use in developing mechan-

istic-empirical equations. The mechanistic empirical approach
provides an excellent means to develop design equations that
are soundly based on mechanistically correct concepts with a

limited number of parameters. However, they will only be as

uJ
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ô
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CURVE WITH
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good as the data used'to calibrate them. Until accuracy of
available data is known, accuracy of the resulting design equa-
tions will be unknown.

RECOMMENDATIONS

The data collection problems in this and other projects dem-
onstrate the need for a comprehensive centralized data col-
lection effort if mechanistic-empirical procedures are to be
used in the pavement engineering field. The data required to
calibrate these and other mechanistic empirical design equa-
tions should be collected in the Strategic Highway Research
Program (SHRP). These data should be collected in a manner
to avoid the problems of possible bias and uncertainties that
occur in using available data to calibrate mechanistic equa-
tions. These data can then be used to update this first set of
design equations.
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Serviceability Index Base for Acceptance of
fointed Concrete Pavements

Wrnren¿ H. Tnn¡prn AND SrnvnN L. Cuu¡e¿

This paper describes the techniques and relationships devel-
oped to design a Serviceability Index (Sl)-based measurement
system for acceptance ofjointed concrete pavement construc-
tion in Louisiana. Pavement roughness statistics obtained from
Mays Ride Meter equipment, a Surface Dynamics Profil-
onreter, and a Chloe Profilometer tvere regressed to establish
an AASHO Road Test-based SI measurement system for con-
ccte pavernents with 2O-foot joint spacings (SI JCP 20). A
1986 panel rating of 25 concrete pavements confirmed the
validity of the model. Field testing of 50 newly constructed
concrete pavement test sections provided a relationship between
the SI JCP 20 model and profile statistics frorn rolling profi-
lograph equipment and a l0-fl rolling straightedge. The research
resulted in the development of a rational lnethod of providing
specification limits for profilograph equi¡lrnent that relate to
pâvernent rideability. Specification limits in terms of profile
statistics are provided to indicate the quality of paving nec-
essary to construct a jointcd concrete pavetnent with a Ser-
viccability Index of 4.5.

The constructed ride quality of jointed concrete pavemerìts
has been the subject of considerable research in Louisiana,
generally resulting in the conclusion that roughness that is
built into new pavernents has increased as transvelse joint
spacings were recluced. In an attempt to revelse this trencl,
efforts have been made to establish a level of rideability that
is consideled acceptable and that is also reasonably con-
structable. A specification index that can be related to ride
quality has been incorporated into a system for determining
contractol compliance to the specification limits.

The research contained herein describes techniques and
lelationships used to accomplish:

o The selection of a specific level of AASHO Road Test
based Serviceability Index (SI), which was set as a bench mark
for ride acceptability on new jointed concrete pavements and

o The development of mathematical relationships to imple-
ment a specification procedure that is manageable under field
conditions and utilizes relatively inexpensive but repeatable
test equipment. Conversion relationships arnong a variety of
roughness measuling devices were developed to facilitate field
determination of the selected SI level for jointed concrete
pavements with 20-ft transverse joint spacing. The devices
include two different types of rolling profilograph, a Chloe
profilometer, a Surface Dynamics Profilometer (General
Motors), a Mays Ricle Meter trailer system, and a 10-ft rolling
straightedge.
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Louisiana Transportation Research Center, 4101 Gourrier- Ave-
nr¡e, Baton Rouge, La. 70808.

SERVICEABILITY INDEX REQUIREMENTS

Paving specifications for jointed concrete in Louisiana have
traditionally been expressed in terms of the percent of project
length that exceeds a 7s-in deviation in 10 feet as measured
with a rolling straightedge. Surface tolerance specifications
which have allowed up to 6 percent of the length of a project
to be out of tolerance have typically resulted in "as con-
structed" Serviceability Index (SI) levels of between 3.0 and
4.0 for jointed concrete pavements. In an effort to increase
the as-constructed SI level the surface tolerance specifications
were amended and reduced from 6 percent to 0 percent, as
measured with the rolling straightedge. At the same tirne, a

decision was made to set a minimum acceptable SI level and
to conduct research necessary to provide a limiting specifi-
cation index that would produce this target SI.

At the request of the Federal Flighway Administration,
Louisiana DOTD adopted a target SI of 4.5 for construction
of jointed concrete pavements. The basis for selecting this
particular serviceability level was that it is an integral part of
thc assumptions in the current AASHTO clesign for rigid
pavements. Jointed concrete pavements at the AASHO Road
Test were constructed to a mean SI of 4.5, which, using equa-
tion 1, translates tc a slope variance (SV) of approxirnately
2.2 (r).

SI : 5.41 - 1.80log (1 + SV)

Flexible (non-jointed) pavement sections frorn the Roacl Tesl
were constructed to a mean SI of 4.2, which, by equation 2,
translates into an SV of approximately 1.7.

SI = 5.03 - 1,.91los (1 + SV)

A comparison of jointed concrete and flexible pavelnent
smoothness using slope variance measurements indicates that
the non-jointed sections at the Road Test contained less built-
in roughness, since lower values of slope variance indicate a
smoother pavement. A comparison by SI, however, seems to
contradict the slope variance trend, since the jointed pave-
nlent was rated higher on a scale of 0 to 5, with 5 being
perfectly smooth. This apparent contradiction is attr.ibutable
to the panel service ratings (PSR) from which equations I
and 2 were derived. The panel ratings confirm that at equal
levels of serviceability rating, jointed-concl.ete pavements typ-
ically contain a greater measure of roughness. A dual method
of relating roughness measurements obtained from jointecl
and non-jointed pavements is, therefore, indicated. This fact
is graphically illustrated in figure 1,

Recognition of these trends is necessary for a contracting
agency to correctly use AASHO-based SI to establish con-

(1)

(2)
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struction limits for both jointed and non-jointed pavements

to control ride quality.

SERVICEABILITY INDEX FROM FIELD
MEASUREMENTS

Research studies since the early 1970s in Louisiana have

involved a variety of rolling devices, each designed to provide
an index of pavement roughness. The flow chart shown in
figure 2 contains an overview of the procedures followed and

the relationships between test equipment that lead to an

AASHO-based SI measurement system for control of jointed-
concrete paving.

A Mays Ride Meter (MRM) trailer system (with a suspen-

sion system modified according to Georgia DOT specifica-
tions to increase repeatability) provides a convenient means

of estimating the SI of a pavement. Since 1975 MRM response
measurements have been closely correlated to data from a

Surface Dynamics Profilometer (SDP) at the Texas SDHPT
using a procedure that relates SI to the inches-per-mile response

measurement of the MRM (2). The SI equation indicated in
figure 2 is a function of the vehicle ride characteristics of an

individual vehicle (expressed as a and å) in conjunction with
the MRM response index, inches-per-mile.

o_
ZJ
tr
É.

J
l¡Jz<,

0 10 20 30 40 50 60 70 80 90 lod

MEN SLOPE VARIAI.ICE

FIGURE I Panel rating versus slope variance for rigid
and flexible pavements-AASHO Road Test.

/*or, ilETEN

\ 
$nftrtel 

/

R1

T

/ SURFACE \
I DYNAIT rcs 

\

Yo'l!?fy

' 
-,lnMra\

Sl = 5e'T'

^otìtï,ut'*\--s?. Non Joìnted ^/ I

\ Pavement / I

/ CHLOE \
/pRo 

F IL0M ET ER', (sr)
\ Joi nted /
\ a^ó.rôla f

,/røo\
PAN EL RAT IN G

(sl)
Joi nted

\onc..terl

- JCP
nted ',7R3

Jo
'TEN FOOT

RO LL¡N6
TRAIGHTEDGst

I'lay
ron

Rq,

R5

^c\
FILOG
Tyoe A

' SPLU IFILA I IUN

LMNS FOR

ACCEPTANCT OF

d*or'rou^
. Type I
\ (intmile)

(in/miìe

APH.
(zo-Foot Joint l
.. Spacing) /

FIGURE 2 Regression relationsnips (Rl-R7) for Sl'based acceptânce
procedure using profilograph equipment.



Temple and Cumbaa

The test sections used in the MRM-SDP correlation pro-
cedure have primarily been flexible, non-jointed pavements.

The resulting relationships between the SI and inches-per-

mile produced reasonable results when applied to flexible
pavements in Louisiana; however, when applied to jointed
concrete pavements, the SI predictions seem low. A review
of pertinent literature confirmed the need for a dual rating
system as previously indicated (1).

The Chloe Profilometer provided a mechanism for estab-

lishing a relationship between MRM-SDP SI for non-jointed
pavements and a MRM-SI for concrete pavements with a 20-

ft joint spacing, hereafter referred to as "SI JCP 20." In 1975,

a field study of jointed-pavement roughness was initiated to
develop the correlation. The results of the testing are pre-
sented in equation 3 and in figure 3.

IMRM, sDP(sI)l = t_t).Sn e, SI JCP 20) (3)

The regression analysis was perfolmed in terms of SI values
instead of using slope variance (SV) since the SVs of the two
pavement types are not equal at a given SI level. Using this
relationship, Louisiana DOT was able to implement a dual-
rating system with correctly based SI relationships for field
testing with MRM equipment, as depicted in figure 4.

PANEL RATING VERIFICATION

I¡r 1986, as a result of the Louisiana Transportation Research
Center's (LTRC) participation in NCHRP 1'-23(2), a panel

rating of 25 jointed-concrete pavements was conducted using
36 raters. MRM tests were also conducted on the rating sec-

tions to provide LTRC with an opportunity to verify their
SDP-Chloe based SI relationship.
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FIGURE 4 Mays ride meter (in/mile) versus SI for
rigid and llexible pavements-Louisiana.

The results of the comparison, equation 4, provided a nearly
1:1. relationship between the 1986 panel rating and the "SI
JCP 20" measurement as depicted in figure 5.

SI JCP 20 = O.94(Ratins) + 0.19 (4)

The SDP-SI (non-jointed) when applied to jointed pave-
ment does not correspond to the 1986 panel rating data with-
out the benefit of a correctly based panel relationship (Chloe)
for jointed pavement as expressed in equation 3. This again
illustrates the fact that panel raters respond differently to
jointed-concrete and non-jointed pavements.

01234
PAliTL RATING

FIGURE 5 SI JCP 20 versus panel rating.
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SPECIFICATION COMPLIANCE

Hand-operated rolling equipment can be used to provide con-
struction personnel with verification of specification compli-
ance in a timely manner. Vehicle response type measurement
systems cannot be used as effectively to control a paving oper-
ation on a day-to-day basis, due to the physical limitations of
heavy equipment being placed on concrete pavements that
are gaining strength. The hand-operated devices must also
provide reproducible results to instill in the users the level of
confidence necessary for a successful testing program. Loui-
siana DOT has traditionally used only the 10-ft rolling straight-
edge for acceptance testing; however, because of calibration
and reproducibility problems, the agency is now phasing in a

rolling profilograph for concrete pavement acceptance.

IO-FOOT ROLLING STRAIGHTEDGE

The rolling straightedge is a relatively inexpensive test device

that can be used to control roughness during the paving pro-
cess. Research testing with a carefully calibrated straightedge
has resulted in a general correlation between "SI JCP 20"
and the percentage of a test section that exceeds a 7e-in devia-
tion in 10 feet, expressed as equation 5 and depicted in fig-
ure 6.

SI JCp 20 = 2.0 + 2.5 eeo.rcsott (5)

Results of the testing indicate that in general a paving level
of SI JCP 20 equivalent to 4.5 is possible only where there
arezeÍo deviations beyond 7s-in in 10 feet. Surface tolerance
specifications were amended in 1986 to require a "zero pet-
cent" specification in an attempt to implement this level of
paving quality. Under the new specification, the consequence
of non-compliance is surface grinding instead of a provision
for contract payment reduction. The success of this approach
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FIGURE ó SI JCP 20 versus l0.foot rolling
straightedge (percent out of tolerance).

TRANSPORTATION RESEARCH RECO RD I 196

in achieving the desired level of serviceability is currently
being evaluated. In addition to calibration difficulties, it was

observed that two rolling straightedge devices that were pulled
together in the same wheelpath occasionally did not identify
the same locations as needing grinding. Observations such as

these quickly undermine confidence in a specification system

that, at times, results in substantial quantities of ride correc-
tion on the part of the contractor.

ROLLING PROFILOGRAPH

Research underway using a 25-ft rolling profilograph (Ames
model, designated Type A in figule 2) is producing improve-
ments in terms of measurement repeatability and in the inter-
pretation of exactly where ride correction is necessary. The
profilograph is styled after the California profilograph in that
the axes of the reference platform wheels are not uniformly
spaced along the length ofthe device. Support is instead pro-
vided on each end by a group of wheels. Internal equipment
calibration prior to testing is apparently not necessary for
measurement reproducibility for this device. The pavement
profile, which is graphically recorded, can be referenced to
determine exactly where grinding is needed. Follow-up testing
after grinding can be used to determine the need for additional
reduction in the inches-per-mile statistic required for speci-
fication compliance.

Profile statistics (inches/mile) were calculated from the pro-
file graphs on 50 test sections (0.2 miles in length) using both
a 0.l-in and a 0.2-in blanking band for compat'ison. The pro-
filograph roughness statistic accounts for only the rnagnitude
of each bump or dip, whereas the rolling straightedge statistic
accounts for the length of each deviation beyond a selected
tolerance. For this reason profilograph testing on projects that
contain many deviations of a srnall magnitude (such as 0.05
in) will result in a significantly lower summary statistic when
using the 0.2-in band. Smoothness specification limits must,
therefore, reflect the size of blanking band used to surnmarize
the profile data,

A correlation between profilograph statistics and the SI JCP
20 reference data is depicted in figures 7 and 8 for the 0.I-in
and 0.2-in bands, respectively. The equations for the two
relationships are expressed as equations 6 and 7.

0.1-in band:

in/mile = 124.5 - 26.4 (6)

0.2-in band:

in/mile = -1.9 + g9g1 .4 e(-¡.7ó(sr)) (7)

The results indicate that to achieve an SI of 4.5, approxi-
mate specification limits should be 6 in/mi using a 0.1-in band
and I in/rni using a 0.2-in band. The 12-inlmi specification
limit currently used by several contracting agencies is likely
to produce a SI level less than 4.0 using the 0.2-in blanking
band relationship.

Another style of profilograph (Rainhart, designated Type
B in figure 2) was used to test 18 sections. The device contains
12 reference platform wheels with axes evenly spaced along
its length. The two different types of profilograph consistently
agreed on the location of bumps and dips, altlìough not to
the same magnitude of surface deviation, as indicated by the
relationship in equation 8 and figure 9. Specification limits
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FIGURD 7 Ames Profilograph (i¡r/milc) with 0.l.inch
blanking band versus SI JCP 20.

expressed in inches-per-mile must recognize the proper SI
equivalency associated with a particular style of profilograph
used to conduct field tests.

in/mi, Type, - (in/mile' TyPllA) - 4'18

SIGNIFICANCE OF REGRESSION EQUATIONS

Statistical tables indicate that the six regression relationships
developed in the study each contain correlation coefficients
that are significant at all levels. Variance in test data is expressed
as R2 (coefficient of determination) and s2 (residual mean
square) in table 1.

ADDITIONAL RESEARCH

LTRC is using the rolling profilograph to evaluate roughness
in newly constructed jointed concrete pavements to determine
among other things:

o The magnitude and frequency of surface deviations typ-
ically occurring in paving projects,

o The location of surface deviations with respect to trans-
verse joints created by sawing or by using inserts, and

o The success of grinding as a ride correction technique.

Early indications are that using the l0-ft rolling straightedge
as an identifier for grinding does not result in significant
improvements in SI measured after ride correction. Addi-
tionally, it appears that profilograph and rolling straightedge
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FIGURE I Ames Profilograph (in/mile) with 0.2-inch
blanking band versus SI JCP 20.

equipment often do not identify the same locations as needing
ride correction.

CONCLUSIONS

1. Rating panels react differently to jointed concrete and

non-jointed flexible pavements at equivalent levels of mea-

sured roughness; therefore, models used to predict the pave-
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TABLE 1 REGRESSION RELATIONSHIPS
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REGRTSS ION
HODELS VARIABLES STAT I STI CS

Referenced in
Figune 2 DE PE NDINT I NDTPENDENT R2 g2

RI

Surface Dynamìcs

SI Profilometer (Non Jointed)
Mays Meter

In/Mile (Non Jointed) 0. 99 0,32

R2

I'lays Meter

SI (Non Jointed)
Chloe Profilometer

sl (JCP 20*) 0. 96 0. 04

R3

Mays Meter

SI (JCP 20)

Panel Rating

SI IJCP 20) 0. 73 0.10

R4

Profilograph - Type A

In/Nile 0.1" blankino band

Hays Meter

sr (JcP 20) 0.79 7.95

R5

Profilograph - Type A

ln/Mile 0.2" blankins band

Mays Meter

SI (JCP 20) 0.7 5 3. 03

R6

Profilograph - Type B

In/Mile 0.l" blankino

Profiìograph - Type A

InlMiìe 0. l" blankinq b(ìnd 0.9r 9. 43

R7

Mays Meter

sr (JcP 20)

Percent l0-Foot Roì 1 ì ng

out Straioht tdoe 0. 89 0. 05

ment Serviceability Index using the output from response type
roughness devices and profilographs need to reflect this fact.

2. Profile statistics from hand-operated profilograph equip-
ment can be related to a selected level of SI for development
of specification limits. A contracting agency can use this
approach to develop a rational method of specifying a level
of ride quality measured with profilograph equipment.

3. Roadway profile measurements obtained from two dif-
ferent styles of profilograph indicate that the devices agree
on the location of surface deviations but do not agree on the
magnitude of the deviations. The 10-ft rolling straightedge
often did not agree with the two profilographs on either the
location or the magnitude of surface deviations.

4. A Serviceability Index measurement procedure for
jointed-concrete pavements developed from field tests using
the Mays Ride Meter, the Surface Dynamics Profilometer,

Profi ì ograph
Type A - California Style (Ames)
Type B - Multi-l,lheeì/Multi-Axle (Rainhart)

*Jointed Concrete with 20-foot Spacing

and the Chloe Profilo¡neter was verified in 1986 by a 36-
member panel rating.
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Profilograph Correlation Study with
Present Serviceabitity Index

Rocnn S. W¡,rxrR AND HoNc-TsuNc LrN

Several slates are beginning to use roughness measurements
from the Rainhart and California profilographs for construc-
tion control of rigid pavements. Texas is also considering using
the profilograph for such purposes. However, the relationship
betrveen the roughness measurements providcd by these devices
and Present Serviceability Index (PSI), as obtained from the
Surface Dynamics Profilometer (SDP), is unknorvn. Since the
initial PSI of pavements is currently used in estirnating the life
of a pavement, the relatiortship between roughness measure-
ments from the profilograph and PSI is needed. The other trvo
roughness measuring devices used by the state, the Walker
Self-Calibrating Roughness Device (WRD) and the Mays Ride
Meter (MRM), have been correlated to PSl. A commolr mea-
sure of roughness, the PSI, is needed for all roughness mea.
suring units to maintain consistent measurements. The paper
provides correlations betrveen Present Serviceability Index (PSD'
as obtained frorn the Surface Dynamics ProfÏlometer (SDP)'
and Profile Index (PI) from the California and Rainhart Pro-
filographs. In addition to the correlations with PSI, correla-
tions are also provided between cach profilograph rvith one
another and l¡etween roughness data from the WRD. A math-
ematical model of the two profilographs is provided' and the
rncasuring capabilities of the trvo profilographs to various road
profile frequencies or wavelength componelrts is illustrated.

Several states al'e using roughness measurements from the
Rainhart and California profilographs for construction control
of ligid pavements. However, the relationship between the
roughness measurements provided by these devices and Pres-

ent Serviceability Index (PSI), computed fro¡n profile data
obtained with the Surface Dynamics Profilometer (SDP), is

unknown. Since the initial PSI of pavements is currently used

in estimating the life of a pavement, the relationship between
roughness measurements from the profilograph and PSI is

needed.
Texas is considering the use of the profilograph fol new

construction specifications. The SDP has been used by the
Texas State Department of Highways and Public Transpor-
tation (TSDHPT) for a number of years for obtaining road
profile measurements. These measurements are then used for
obtaining PSI. The PSI obtained has been found to provide
consistent, objective, and reliable results and is currently used

in the state as the standard for roughness measurements.
Because of the high use and maintenance costs of the SDP,
the less expensive Mays Ride Meter (MRM) and, more recently,
the Walker Self Calibrating Roughness Measuring Device
(WRD) are currently used in the state for large scale rough-
ness measurements. These two devices are correlated to PSI

Department of Computer Science and Engineering, The Uni-
versity of Texas at Arlington, Arlington, Tex. 76019.
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from the SDP to provide a standard roughness measurement
statistic. Since the profilographs may become the standard
roughness measuring device for accepting or rejecting new or
rehabilitated pavements, a study of its measuring capability
was needed.

STUDY PLAN

The initial study plan of the project was to select 20 to 25

rigid pavement sections 0.2 mi long and to measure these
devices with the California and Rainhart Profilographs, the
SDP, and the WRD. The profile index of the two devices
would then be computed using both a 0.1- and 0.2-in blanking
band. The PSI of the sections would also be computed for
both the SDP and WRD.

Details on the measuring equipment used and the data
sections selected are presented. The equipment used is owned
by the State Department of Highways and Public Transpor-
tation. Forty-one rigid sections were obtained as opposed to
the originally planned 20 to 25. These sections were selected
from newly constructed and older rigid pavements in the
Beaumont, Angleton, and Dallas areas.

Mathematical models of the two profilographs are devel-
oped, and the accuracy of the model is determined by com-
paring the actual profilograph output and the output pre-
dicted. The models could be used to investigate the effects of
different roughness wavelengths and amplitudes. Also included
are the power spectral estimates of the road profile data of
these sections, grouped according to PSI.

The Data Analysis section discusses the correlations per-
formed. These correlations include correlations between the
two profilographs for the two blanking bands, correlations
between the profilographs and PSI, correlations between the
profilographs and the WRD, and correlations between the
SDP and the WRD.

MEASUREMENT EQUIPMENT AND DATA
COLLECTION

Four different roughness measuring devices were used in this
research study: the Surface Dynamics Profilometer, the Cal-
ifornia and Rainhart Profilographs, and the Walker Self-Cal-
ibrating Roughness Device (also known as the Slometer).
Forty-one rigid pavement sections, each 0.2 mi long, were
selected in three different areas of the state. Each device was

used on each section to get roughness measurements.
A brief description of the roughness measuring devices is

provided in the next four sectio¡rs. The pavement sections,
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data collection procedures used, and corresponding roughness
measurements are given in the last section.

Surface Dynamics Profi lometer

The Surface Dynamics Profilometer was originally designed
by General Motors and built by K. J. Law Engineers in 1967.
The device has, as primary sensors, two accelerometers and
two linear potentiometers. The potentiometers are connected
to road-following wheels. The accelerometers determine the
amount and direction of vertical accelelation undergone by
the vehicle while the potentiometers and wheels measure the
distance from the vehicle body to the road surface. A profile
measurement is calculated by summing the double integral of
the accelerometer signal and the displacement signal from the
potentiometer (3). Recently, two non-contact, or Selcom laser,
probes were installed on the SDP, replacing the potentiom-
eter/road-following wheel combination (7).

California Profilograph

The California style profilograph used is a 32-Yz-foot-long
mechanical pavement roughness measuring device with 12

wheels, purchased from McCracken Co. The profilograph can
be quickly assembled or diassembled so that it can be easily
transported from location to location. When used to collect
roughness information, it is pushed by an operator at walking
speeds. It records roughness traces through a recording wheel
at the center of the device. As the profilograph travels, a

tracing pe¡r connected to the recording wheel picks up the
upward and downward rnotions of the wheel. The recorded
trace (profilogram) usually has a l-inch : 25-foot ratio in
the horizontal direction and actual variation in the vertical
direction.

Rainhart Profilograph

The Rainhart Profilograph operates on a similar principle as

the California Profilograph. The major difference between
these two devices is in the reference plane on which the

recording device is supported. The Rainhart Profilograph also

has 12 wheels; however, each wheel travels on a different
profile path, whereas the California profilograph travels only
on three profile paths (the left right wheels on one path, the
right four wheels on another, and the third under the record-
ing wheel). The Rainhart Profilograph, with a length of 26

feet 10 inches, is composed of a major body frame and four
rigid tripods, each being a rigid frame and wheels at each

apex. These four tripods are then connected to the major
body of the profilograph through a ball joint support located

on the geometric center of the tripods. The recording wheel

travels on the center path of the profilograph and records the
vertical movement of the recording wheels relative to the body
frame.

The profilogram recorded by Rainhart profilograph is pro-
cessed in the same manner as the California profilogram in
order to obtain the Profile Index (1). However, a blanking
band of 0.1 inch is typically used for Rainhart profilogram in
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calculation of PI. A similar ruler with a 0.1-in blanking bancl
can be used to count the scallops and to compute the index.

Although a 0.1-in blanking band is typically used when
comparing with the California profilograph, for the research
effort both a 0.1- and 0.2-in blanking band were used and
compared.

lflalker Roughness Device

Even though the profilometer produces accurate measure-
ments, it is rather expensive to obtain and operate. Because
of this the Mays Ride Meter and, more recently, the WRD
are currently being used in Texas for roughness measure-
ments. The WRD provides an estimate of the road profile.
From these measurements various statistics can then be
obtained. The WRD currently uses slope variance of the pre-
dicted profile, which has been correlated to PSI, to determine
the serviceability index (SI) ofthe road. Considelation is also
being given to providing other statistics such as RMSVA or
the International Roughness Index Statistic.

The'WRD consists of three components: a sensor unit, main
control module and, optionally, a computer for storing the
results. The device uses an accelerometer as its primary sen-
sor. Before using the device for measurements it is driven
over a short road section, which is used by the WRD to
perform a statistical model of the vehicle's response. The
model parameters determined in this dynamic calibration pro-
cedure are later used during the measuring process foL remov-
ing the vehicle's charactelistics. Iclentifying and rnodeling the
current or dynamic vehicle characteristics are referred to as

the self-calibrating process.
The WRD, in general, is a compact device that ca¡r be

installed and operated in virtually any vehicle. It is sirnple to
use and can be operated by one person. It is inexpensive
compared to the SDP and is not lnuch moLe than the cost of
the MRM with trailer.

Data Collection Procedures

Forty-one rigid pavements sections 0.2 mile long were selected
for the research. These sections were selected from roads in
the Angleton, Beaumont, and Dallas areas of Texas. Each
section was run by all four roughness measuring devices. The
general geographical section location and name given to each
section can be found in Walker and Lin (7).

The time and effort required to assemble and dismantle
each profilograph, as well as to operate them (such as traffic
control, etc.), played a major role in selecting the sections.
Additionally, attempts were made to select sections that had
various levels of roughness, although more sections were
selected for the newer and smoother sections. The larger num-
ber of smoother sections were selected, as one of the major
interests in the study was to determine the relationship between
PSI and profile index for control of newly constructed pave-
ments. Some older and rougher sections were selected, how-
ever, so that a broader comparison could be made in corre-
lating the devices with one another and to provide boundary
points for the models.

Table I provides a matrix of the processed measurement
values. The table provides the profile index of each profilo-
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TABLE 1 VALUES OFPROCESSED MEASUREMENTS

SECTION SDP
NAME PSI

2. rL
1.84 60.75 47 .25' 2.5

1.75
2.75
3.25
2.7 5
3.5

5. 56
4 .25

7
3.75
6.25
3.25

45 .25
53.25
50. 5

56
32. 5
34.5
27.5

60. 25
L7.75

t7
27

77.'.t5
26.25

22
15. 75
13.25
13.6
9.75

10 .25
10.5
9.75
8.75
3.25

1.5
1

6

A1B
A2A
A2B
A2C
A2D
AzE
A3A
A3B
A3C
A3D
A3E
A4A
A4B
B1
B2A
B29
B2C
B3A
B3B
B3C
B4
B5
B6A
B6B
B7A
B7B
B7C
B8A
B8B
B8C
D1A
DlB
D1C
DlD
D1E
D2A
D2B
D2C
D2D
D2E

70.75
7
5

10. 5
10.75
4.',l5

10.25
t2.25

13
L4.75
11.5
15.5

I1.25
51. 5
78. 5

73
78

38. 5
44.25
39. 75

90. s
34. 5
31.5

42 .25
42.75
46. 75

30
28
26

19.5
22 .5

18.75
21

18.75
10.75
9.25
6.25
18. 5

17 .25

4.44
4.22
4 .21.
4.28
4 .32
4.17
3. 99
4.1

4.22
4. 16
3. 88

4
2. 68
2.77
3.11
2.63
2.9

2.87
2.73
2.16
3.49
3.6

3. 84
3.01
3.03
3. 16
3 .27
3. 14
3.22
3.79
3.7

3. 85
3.9

4.02
4.51
4.58
4 .54
4.16
3. 97

3
2.25
4.25
3. ?5

2
2.25

7
4.5
9.5

2.75
b

5 .25
42 .25
61.5
55. 5

63.75
26.25
29.75
26.5

72.25
23.5

2L .25
24

24.5
28.25

30. 5
19.5
17.5

r8 .'7 5
11.5

12.25
t2
16

9.75
5

3. 75
1.75
9. 75

9

26. 5
176 4. 33

0.75 232 4.17
o.25 249 4.05

245 4.06
0.5 205 4.27
0.5 205 4.27
r.4 81 3.89
0. s 192 4.26
1. 5 148 4.46

0.25 169 4.36
0.5 254 4.04

o.25 227 4.12
27 .75 811 3. 11

37. I 1601 2.57
34.8

40 2433 2.24
12.5 934 3
9.?5 764 3.16

t3.25 6L2 3.34
39. 5

I 555 3.41
7 .76 539 3.44
8. 25 554 3.42
7.5 1006 2.94

13.75 757 3.17
7.5 724 3.2
9. 5 688 3.24

10. 5 453 3. 58
5. 5 631 3. 31

2.75 524 3. 68
2.25 1521 3.6

3. 5 1120 3. 85
1.25 651 3.92

2 302 4.O2
2.5 295 4.37

r.25 204 4. 5
o.25 180 4.3
3.25 377 3. 93
t .75 3. 64

graph for the 0.1- and 0.2-in blanking bands' The profilo-
graphs were run only once on each section. The PSI readings

from the SDP are the average of two and three readings. The
average of three runs was used for the WRD except for the
Beaumont sections. For these sections, only one run was made.

The slope variance readings from the WRD are unscaled (the

'WRD provides these values along with SI). Measurements
from the WRD were made at 50 mph. Since three of the

sections could not be used at this speed only 38 sections were

used for the WRD data.

PROFILOGRAPH MODEL DEVELOPMENT

The Rainhart and California profilographs operate mechan-

ically in a very similar fashion to measure pavement rough-
ness. In order to understand better the mechanical behaviors
of the profilographs, two mathematical models were built to
simulate the operation of the measurements. With the flexi-
bility of these two models, the responses of the models with
respect to various profiles can be investigated.

Mathematical Modelirig of Profilographs

With the information supplied by manufacturers and physical

inspections of the profilographs, two mathematical models

have been implemented such that, given an exact road profile,
they will produce profilograms as in real measurement from
the profilograph device. The following assumptions were
adopted during the development of both California and Rain-
hart profilograph computer models:

o All structural connections are perfect rigid connections'
This is true si¡rce all connections on the profilograph
are reinforced.

o Since hinge joints are designed with bearing on the pro-

filograph, all hinges and pivot joints are assumed to be perfect

pin connection structures such that no friction occurs. All
wheels are also assumed to have frictionless bearings.

o The profilograph is made of linear elastic material.
o The profilograph starts from a self-equilibrium state in

the vertical direction, and it remains in this condition through-

out the operation stage.
o The profilograph moves at a slow speed (usually less than

2 mph) such that dynamic effects can be neglected; in other
words, the mass (inertia) effect of the profilograph structure

is ignored.
¡ All wheels of the profilograph makes continuous contact

with the road. In addition, a point (knife-edge) contact

assumption for all wheels is adopted in the computer models.

Each wheel can travel on a different profile.

With the above assumptions, the profilograph can be mod-

eled as a skeletal-frame system. Detailed discussions of the
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development of the profilograph models are given in Walker
and Lin (Z).

Verification of the Mathematical Models

Two mathematical models for the California and Rainhart
profilographs were developed in accordance with the assump-
tions in the preceding section. They are later investigated by
comparing their response to profile data measured with the
SDP. The actual profilograph traces taken from the same
sections are compared to the model's predicted traces. Several
recordings have been made using both profilographs. Since
it is difficult to get all profiles under each wheel of the pro-
filograph for the model, the same profile measured and com-
puted from the SDP will be used as the real profile for all
wheel paths. This assumption can be justified when the sec-
tions measured have smooth lateral profiles. Furthermore,
the path of the profile recorded by the SDP is carefully aligned
with that of the recording wheel of the profilograph, since
the profile under this wheel has a direct influence on the
results produced by the model.

Figure L shorvs a recording from the California profilo-
graph, SDP measured profile, and the result generated fi'om
the mathematical model. The profiles computed from the SDP
are also shown in the corresponding figures (the SDP com-
putes two profiles in one run. The right wheel profile from
the SDP is the one coinciding with the path of the recording
wheel of the profilograph). It should be noted that the profile
recorded by the SDP is in digital discrete form such that there
are some minor discrepancies compared with the analog
recording frorn the actual profilographs. The results presented
are computed using profile from the SDP for sample rates of
2 samples per foot. The Profile Index is also computed for
each result using a 0.2-inch blanking band for the California
device and 0.1-in for the Rainhart profilograph. The calcu-

P¡'ofi le lndex¡ 10.?t

Data lncnemer¡t. 6.00
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lation procedures for PI follows specification as described by
Georgia Highway Department and by State of California
Department of Public Works (1, 4).

Inspection of the results reveals that the mathematical model
produces a trace similar to the profilograph recording. The
accuracy of the discrete profile fed into the rnodel is the major
factor influencing the results. That is, the greater the sample-
per-foot resolution of the profile data used, the better the
comparison. The better results were found as the sample rate
of the profile data was changed from 2 to 10 and 20 sarnples
per foot. Another factor influencing the accuracy is the fact
that the models assume a point-contact wheel as cornpared
to rubber wheels used in the actual device. The latter acts as

a filter that smooths out some of the micro behavior of what
the models predict. The models were used to compute the
profile index for all 41 sections and compared to the actual
measurements. In general, the results from the computer model
are comparable to the real profiloglaph recordings.

Frequency Response Study Using the Model

In order to understand the behavior of these two models, a
profile of unit-amplitude sine function for all wheel paths is
fed into the models, and the simulated recordings are gen-
erated. That is, the function P(x) : sin(2rzxiÀ) is used for
each wheel, where À is the wave length or period of the sine
function.

Figure 2 shows the simulated recordings from two profi-
lograph models for unit amplitude sine function profiles with
a wave period equal to 390 inches. Figure 3 shows the same
results but with a sine function of shorter wave period, or 195

inches. It is noted that the maximum amplitude produced
depends on the period of the input sine function. In Fig-
ure 2, the California model produces a higher peak amplitude
than the Rainhart profilograph model. However, the situation

Profile Recorded by SDP Left Track

f.or¡t.!É.¡.frcrð. a.o Profiìe Recorded by SDP Rlght Tracl (used as lnput proflle for a'll wheels ln model)

Generated Profllogram from l,lodel

0.q¡ ?5.æ 50.ûl ?5.q, læ.([ l¡s.q) rso.00 ¡?s,qt a¡.æ ¿2s.o ?50.m 2rs.æ sr,æ !ã.æ t5/0.(ttrtttltttttttt

Recorded Profilogram from Callfornla Prol llogr¡ph
ñoÒ

FIGURE I Computed and recorded profilograms for California profilograph.
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is reversed in the shorter wâve period case, as shown in
Figure 3.

The models can be used to investigate the response of the

profilographs under various profile wavelengths. Figures 4

and 5 depict the maximum amplitude recorded from both
models under sinusoidal style plofiles of unit amplitude but
with different wave periods. It is interesting to note that the
models, and thus the actual profilographs, show amplification
and attenuation with respect to different wave lengths' Since

the model uses a point contact wheel assumption, it generates

a profilogram even for very small wavelengths. In the actual
profilograph device, wavelengths shorter than the wheel-

o G2 o¡ 0.6 ot 
F,oulo'¡) 

t¿ i* r.o

FIGURE 2 Responses of unit sinusoidal profile (period = 390 inches).

o o¿ ort o't u 
cno,rlor,¡l 

t¿ 14 t't

FIGURE 3 Responses of unit sinusoidal profile (period = 195 inches)'

pavement contact length cannot be measured. It is difficult
to estimate the exact wavelength for this cut-off region. How-
ever, results of wavelengths greater than, say, about 0.2 feet

should closely resemble the actual profilograph output.
Also note that the maximum amplitude recorded can reach

as high as twice (approximately 1.9) the input sine wave ampli-

tudes for the two models. However, the position of these

peaks occurs at different sine wave periods for different pro-

filographs. Since the Rainhart profilograph has equal wheel

adjacent distance in the longitudinal direction, the maximum

amplitude predicted could reach as high as twice the input
amplitude when the wave period matches the wheel patterns.



2
t.0
tt
1.7

t.t
t5
ll
TJ
t¿
t.t

t
oe
0t
q7
oa
05
0,
OJ
o2,
or

o

Cal ifornia

262

8r: wAtfE PsoD (ñ)

FIGURE I n..qu.n.y[""ffi"n,ographs. 
-'':- iA!{tt il

&{E!ilrtÈoo (tù
- à.nDr\

FIGURE 5 Frequency responses of profilographs.
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than the Rainhart device. This might account for the different
blanking band requirements in order to get similar amplitude
results.

Spectral Analysis of Pavement Profiles

The power spectral estimates of the road profiles, in con-
junction with the frequency response of the profilographs,
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As the wavelength increases beyond 25 feet (20 feet for Rain-
hart device), both models predict smaller maximum ampli-
tude. It is also observed that the ¡naximum amplitude recorded
decreases smoothly for waves with lengths greater than the
profilograph. At a wavelength of 100 feet, it records about
35 percent of the input wave amplitude for the California
profilograph and about 15 percent for the Rainhart profilo-
graph. One other observation is of interest. For wavelengths
above about 18 feet, the California device response is greater

Cal ifornia
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FIGURE 6 Pavement spectral density.

could be useful in investigating the measurelnent capabilities
of the profilographs. For example, it is noted that the pro-
filographs will underestimate some frequencies and overes-

timate or exaggerate others. If the sections investigated in
this or other studies represent the population of rigid pave-

ments and the profilograph measurement effects are well cor-
related to ride, then the devices would be useful for construc-
tion control. On the other hand, if a new construction method
adds frequencies in the range that is over- or underestimated,
then undesirable results could be obtained.

The power spectral estimates were run o¡r all 41 sections

and the average power presented in plots for various rough-
ness classes in Figure 6. These estimates could be useful in
comparing the road frequencies with the way the profilo-
graphs measure the various profile wavelengths. Also, the
response of the statistics used in determining the PSI values

from the SDP, RMSVA, and slope variance values from the
WRD could be investigated. These results are included to
indicate a future research area.

DATA ANALYSIS

In this section the data collected will be correlated and pre-
sented. First, a comparison between the Rainhart and Cali-
fornia profilographs will be shown. This comparison will include

the Rainhart versus California units for 0.1- and 0.2-in. blank-
ing bands. Also each profilograph will be compared with the

other for each of these two bands. The two profilographs will
then be compared with PSI fro¡n the SDP. This comparison
will include all sections, then only those with a profile index
less than 20, since this is in the range where most new pave-

ment construction would likely fall. A comparison between
the WRD and the two profilographs is given. Finally, a com-
parison between the WRD and SDP is presented. Table 2

provides the equations for the linear regressions used.

California versus Rainhart Profilographs

As indicated earlier, profile indexes from the 41 sections were
computed for both profilographs and for both the 0.1- and

0.2-in blanking bands. A simple linear regression was com-
puted for each combination (the regression coefficients are
given in Table 2). The correlation coefficient and standard
error of regression are indicated. The independent variable
used for each case is the variable along the x-axis, although
no reason was used in selecting one particular variable over
the other as the independent or dependent variable.

Figure 7 illustrates the relationships between the California
profilograph using the 0.1-in blanking to the 0.2-in blanking.
As previously discussed, the currently accepted practice has

been to use the 0.2-in blanking band when computing the
profile index for the California profilograph. As one would
expect, there is a high correlation between these two plots:
an R2 of 0.99. The 2.38 standard deviation reflects both the
differences in the measurement process and the human errors
in computing the profile index. The measurement error in the
reading of the profile index from the charts was typically about
one profile index value.

Figure 8 depicts the relationship between the 0.1- and 0.2-

in blanking bands for the Rainhart profilographs. As can be

noted, the correlation and standard error of regression is not
as good, 0.91 and 4.78 respectively. This difference could
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PS¡ < 2.0
PS¡ 2.0 - 3.0
PSI 3.0 - 3.5
PSI 3.5 - 4.0
PSt > 4.0
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TABLE 2 COEFFICIENTS OF REGRESSION MODELS

Depe¡rdent Indepe¡rdent Reg¡essÍon Coeff. Standard R
Varlable Variable Constant Linear Err, Squared

cPI_0 . 2 "
RPI_o . 2 "
RPI_o . 1 "
RFI_o . 2 "
RFI_o, 2"
RFI_0. 1 "
PSI
PSI
P9I
PSI
PSI
PSI
PSI
PSI
WRD-SI
}IRD-SI
PSI

cPr_o. 1 " -5.275
RPI_o. 1 " -4.052
cPï_o. 1 " -4.710
cPI_o.2" -4.352
cPr_o.1" -7.789
cPI_o. 2" -0.024
cPI_o.1" 4.629
cPI_o.2" 4.443
RPI_o. 1 " 4.477
RPr_o.2" 4.255
scPl_o.1" 5.199
scPI_0. 2" 4. 819
SRPI_0.1" 4.77t
SRFI_o. 2" 4.344

sqrt(CPI_0 .2" ) 4.765
sqrt(RPI_0.1") 4.696

1<¡s(VIRD_SV) 8.432

o.8577 2.379 0.989
0.7642 4.783 0.911
o.7537 3, 670 0. 966
0. 6829 4.577 0. 921
0.5804 5.220 0.894
0.8764 3.344 0.972

-0.03881 0.2230 0.742
-0.04762 0.2335 0.705
-0.06946 0.r907 0.824
-0.111.1 0.2632 0.628
-0. 3147 0 .2789 0.856
-0. 3049 0 .2795 0. 855
-0.3161 0.2835 0.852
-0.3118 0.3403 0.786
-o.2897 0. 1933 0. 901
-0.2920 0.2119 0.882
-1.8281 0.2246 0.882

Note:

CPI: Californía Profile Index 9CPI: Square
RFI: Rainhart Profile Index SRPI: Squa¡e
PSI: SDP ProfiLe Service Index
WRD_SI: llRD Se¡viceability Index
WRD_SV: WRD Slopè Variance (unscaled)

root of
root of

0.l-in blanking band and Figure 10 for the 0.2-in blanking
band. Figure 11 illustrates the 0.l-in blanking band for the
California vs. the 0.2-in blanking band for the Rainhart, and
figure 12 illustrates the reverse. Notice that the California 0.2-
in blanking band versus the Rainhart 0.l-in blankirìg band
provides the best correlation and standard error of 0.97 and
3.34. The 0.1-in vs.0.l-in blanking bands in figure 9 also has
a 0.97 correlation but a slightly higher standard elror, 3.67.
However, when the 0.2-in blanking band is used for the Rain-
hart device the correlation and standard error get worse.

From these results, the stairdard practice of using a 0.l-in
blanking band for the Rainhart device and a 0.2-in blanking
band for the California device appears to be the best com-
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FIGURE 7 California 0.2-in versus 0.1-in blanking bancl profile index.

likely be explained by recalling the frequency response char-
acteristics illustrated in Figure 4. Recall from this figure that
the California device gave a much greater response to many
of the frequencies than the Rainhart device, almost twice as

much in some cases. This greater sensitivity to roughness
values could account for the correlation differences. For
example, one would expect a similar, or even poorer, cor'-
relation if 0.2- and 0.3-in blanking bands had been used for
the California device. The 0.2-in blanking band does not
measure as much roughness.

Figures 9 through 12 show the correlations between the two
devices for each blanking band. Figure 9 illustrates the dif-
ferences between the California and Rainhart devices for a

0
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bination. The 0.l-in blanking band used for the California
unit gives close to the same results as the 0.2-in blanking band;
however, the 0.2-in blanking band used for the Rainhart pro-
filograph appears to lose too much roughness information.

California and Rainhart Profilograph versus PSI

Figures 13 through 16 provide relationships between PSI from
the SDP and profile index for all sections used and for both

265

profilographs and blanking bands. Figures 17 through 20pro'
vide similar information, except that a square root transfor-
mation has been applied to the PI values and a regression
performed with PSI. From these figures it is noted that the
California 0.1-in and 0.2-in blankings give the same results
(RSQ = 0.86 and STD = 0.28). The Rainhart 0.1-in blank-
ing, once again, appears superior to the 0.2-in blanking as

the R2 drops from 0.85 to 0.79. The variation between PSI

and profile index is greater for the rougher sections, as one
would expect. Figures 21 through 24 provide relationships of
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FIGURE I Rainhart 0.2-in versus 0.1-in blanking band profile index.
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FIGURE 9 Rainhart 0.1-in versus California 0.1-in blanking band profile index.
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the smoother sections, or those with a profile index of 20 or
less, as measured using the 0.2-in blanking band on the Cal-
ifornia profilograph. This range was selected, as the greater
use of the profilograph has been in construction control for
new pavements where pavements with a profile index of 12
or less are usually considered acceptable. The 0.2-in blanking
band data of the Rainhart device once again gave the poo¡est
results. However, the 0.1-in blanking band for the California
unit gave somewhat better results than the 0.2-in blanking
band. As previously indicated, the same set of sections was

TRANSPORTATION RESEARCH RECORD I 196

used in all cases. The Rainhart 0.1-in blanking gave the better
results.

In these figures, a linear regression was performed between
PSI and profile index. The regression line is shown along with
the 90 percent confidence bands. It should be noted that, in
regression, the independent variable is the one considered
with the least error. If the PSI is the standard, then one might
want to regress the other way or use an inverse regression.
Since we wanted to examine the standard error of the PSI
values, and were really not sure which had the least error,
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tr.tGURE l0 Rainhart 0.2-in vs. California 0.2.in blanking band profile index.
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FIGURE f f Rainhart 0.2.in vs. California 0.1-in blanking band profile index.
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the regression was performed as indicated. From the figures,
the range of profile index values for various PSI values can
be investigated.

California and Rainhart f"onbgopl,s vs. t{RD

Figures 25 and 26 provide the correlations found between SI
predicted by the rtrRD and profile index. Only the profile
index values using the 0.1-in and 0.2-in blanking bands are
given. The others were slightly less correlated as found above.

267

As also noted in Chapter2, not all the sections were included.
The SI values shown are obtained from the regression per-
formed in the next section, relating the WRD slope variance
statistic to PSL As noted, a slightly higher correlation was
obtained between SI from the WRD than PSI with the SDP
(0.88 vs. 0.86 for the California). An R'zof 0.91 was obtained
when the slope variance statistic was correlated directly to the
profile index from the California profilograph. The SI values
currently used with the WRD are those modeled from flexible
pavements. Since the PSI model for the SDP is different for
flexible and rigid pavements, these SI values were not used.
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FIGURE 12 Rainhart 0.1.in vs. California 0.2-in blanking band profile index.
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FIGURE 13 PSI vs. California 0.1-in blanking band profile index.
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FIGURE 14 PSI vs. California 0.2-in blanking band profile index.
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FIGURE 15 PSI vs. Rainhart 0.1-in blanking band profile index.
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the California device. The most common practice has been
to use this combination. Using a 0.l-in blanking band for the
California device gave good results. It gave better results for
the correlation done with PSI on the smoother pavements.
However, using a 0.l-in blanking band for the Rainhart pro-
filograph gave significantly better results than the 0.2-in blanking
band. The California profilograph was easier to operate.

A good correlation was found between PSI from the SDP
and the profile index from the two profilographs. For all
sections investigated, the California profilograph correlated
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CONCLUSIONS

This research effort was initiated to determine relationships
between roughness measurements from the California and
Rainhart profilographs and PSL

The research indicated that there exists a high correla-
tion between the Rainhart and California profilographs. The
best correlation found between the two devices from the sec-

tions tested was when a 0.1-in blanking band was used for
the Rainhart device and a0.2-in blanking band was used for
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slightly higher to PSI than the Rainhart. The current model
used for computing PSI from the SDP does not appear to give
many sections with PSI values much greater than 4.5. This
made it difficult to get many sections above 4.5, which is
needed to establish points in this upper range. The Rainhart
profilograph using the 0.1-in blanking band gave the best
results for the smoother pavements.

A good correlation was also found between SI and the slope
variance statistic provided by the WRD and the profilographs.

269

The California profilograph also was found to be slightly bet-
ter correlated.

This study is useful for investigating PSI relations with pro-
file index and in comparing data from the two profilograph
types. As noted, the Rainhart and California Profilographs
are currently being used by several states for construction
control measurements and may be the best devices for such
measurements. The profilograph is less expensive than most
currently used roughness measuring devices, is easy to under-

rttxtr0¡: t¡ltoþ P¡cta lB
FIGURE 16 PSI vs. Rainhart 0.2-in blanking band proÍile index.

cl¡'1mrtA 0.r s6f (Fntril¡ mr)
FIGURE 17 PSI vs. square root of California 0.1-in blanking band profile index.
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FIGURE 18 PSI vs. square root of Californla 0.2-ln blanking band proflle lndex.
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FIGURE 19 PSI vs. $qua¡e root of Ralnhart 0.11n blanking band prolile index.
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FIGURE 20 PSI vs. square root of Rainhart 0.2-in blanking band profile index.
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stand, has a low operations cost, and requires no special skills
from the operator. However, the frequency response of these
two devices to road profile are such that the effects of some
roughness frequencies can be underestimated and others over-
estimated. Thus, although such devices may be best, partic-
ularly for new construction, based on the models developed,
they do appear to have certain limitations.
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Establishing Relationships Between
Pavement Roughness and Perceptions of
Acceptability
AnuN Ganc, AraN Honowrrz, eNp Fnro Ross

A psychological scaling experiment rvas conducted in Wiscon-
sin to establish relationships between pavement roughness and
users' perceived need to improve the road. A total of 32 road
segments were selected for user evaluation. Dxcept for their
surface, they had very similar characteristics (speed limit, length,
terrain, trafäc volumes, scenery, etc.). Physical roughness was
measured rvith both a response-type instrument (roadmeter)
and a profilometer. Fifty paid subjects were selected randomly
from the general population. They rvere asked to rate ride
quality on both the traditional Weaver/AASHO categorical
scale and on a newly designed magnitude estimation scale. In
addition, subjects were asked, using a Likert scale, about their
willingness to resurface and were asked to estimate the amount
of extra time they would be willing to spend to avoid a par-
ticular segment, considering its roughness. The experirnent
yielded several useful mathematical relations between physical
roughness and userst willingness to resurface. It rvas found
that the magnitude estimation scale was preferable lo the Weaver/
AASHO scale for measuring subjective roughness. Surpris-
ingly, the roadmeter rvas better than the profilorneter for mea-
suring physical roughness.

For the most part state DOTs assign dollars for pavenrent
resurfacing on the basis of the statistical distribution of rough-
ness across the highway system, political considerations, and
budgetary limitations, rather than on rigorous consideration
of highway users' satisfaction. There is a consensus of previous
studies that the definition of a roughness standard should
reasonably be guided by the degree of user satisfaction or
dissatisfaction that can be expected at any particular level of
roughness (/-5). Indeed, several studies have established a

relationship between mechanical measures of roughness and
the percentage of users saying that the road should be resur-
faced (1-3, 6, 7). From the public's viewpoint pavement
roughness, more than structural adequacy, drives the desire
for pavement improvement.

In Wisconsin, the present serviceability index (PSI) is used

to establish a standard for pavernent roughness, called a "ter-
minal" roughness level. The terminal roughness level is defined
as the roughness level (expressed in PSI) at which a pavement
is considered to be deficient ancl hence in need of improve-
ment. The terminal levels in Wisconsin are 2.5 for the Inter-

A. Garg and A. Horowitz, College of Engineering and Applied
Science, University of Wisconsin-Mihvaukee, P.O. Box 784,
Milwaukee, Wis. 53201. F. Ross, Division of Highways and
Transportation Services, Wisconsin Department of Transporta-
tion,718 Clairemont Avenue, Eau Claire, Wis.

state system, 2.25 on principal arteries, and 2.0 on other roads.
PSI, in Wisconsin, is determined by converting the output of
a roadmeter (a response-type instrument that yields inches
per mile) to a 0 to 5 scale.

The objectives of this study were to establish more precise
relationships between pavement roughness, user satisfaction
with ride quality, and the perceived need to improve the road
(willingness to incur costs to make the pavement smoother).
In order to meet these objectives, a psychological scaling
experiment was conclucted. Fifty Wisconsin drivers, selected
randomly, were asked lo rate 32 r'oad segments. Rather than
being representative of all Wisconsiu roads, most test seg-
ments were selected to have PSIs of 1.0 to 4.0. The segments
were chosen to be similar in length, speed limit, terrain, traffic
volume, and scenery. Subjects rated several different aspects
of ride quality on both traditional scales (such as the Weaver'/
AASHO scale) and on scales specifically designed to achieve
a better undelstanding of terrninal roughness.

PSYCHOLOGICAL SCALING ISSUBS

Of most interest here are automobile users' perceptions of
pavement roughness. Although the manner in which human
beings rate pavement roughness is necessarily an empirical
problem, the known facts of psychophysics set certain valu-
able guidelines. An observer is sensitive not only to the phys-
ical stimuli he or she is trying to measure, but also to a large
number of other factors that can distort judgment to varying
degrees (5). This makes the task of subjectively measuring
ride quality more difficult, although it is still quantifiable.
Since human observers are susceptible to external influences
in communicating their psychological impressions, most psy-
chophysical studies use a scale to measure psychological expe-
rience and relate this to physical measurement. Then, psy-
chological measurements can be estimated from measurements
of the physical correlate. The original PSI (4 was developed
within this type of framework. However, it appears that this
subjective measurement procedure was developed without
full cognizance of the basic principles of subjective rating scale
construction (5).

Although sorne attempts have been made to correlate ride
quality (a subjective measure) with pavement roughness (an
objective measure), little information exists to define this rela-
tionship. Nearly all studies (2, 3, 6,7) have used a category
rating scale, usually the Weaver/AASHO scale, which was
the original basis for PSI. Most of these scales suffer from
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the erlor of leniency, the halo effect, and the error of central
tendency (5). The Weaver/AASHO scale uses five categories,
and there is additional concel'n that the scale does not effec-
tively use a subject's power of discrimination. Hutchinson (5)
suggests that cues of a very general character such as "excel-
lent," "poor," etc., should be avoided. Further, if the scale

is to be manipulated mathernatically (as in ride quality studies),
one must be able to measure psychological ratios (ratio scale)
or at least differences (interval scale). In other words, a linear
relationship should exist between the different sets of scale
values. Hutchinson (5) suggests that such a relationship is not
possible with the Weaver/AASHO scale. Based on a study of
different scales, Holbrook (1) suggested that for predicting
ride quality fi'om physical measures of pavement roughness,
magnitude estimation scales are preferred over categorical
scales. This suggestion has not, as yet, been rigorously tested.

In a classical magnitude estimation experiment subjects rate
a series of comparative stimuli as a fraction or multiple of a

given rating for a single, standard stimulus (8). For example,
a subject may be asked to rate the brightness of lights. The
subject is first presented a standard amount of light and is
told that this amount of light has a rating of 10. The subject
is then presented a comparative stimulus. If the subject thinks
that the light is one-half as bright, it would be rated "5."
Conversely, if the subject thinks that the light is twice as

bright, the rating should be "20." Thus, a magnitude esti-
mation scale has a minimum value of zero and a maximum
value of infinity. Extensive tests of magnitude estimation scales

have demonstrated that they possess the ratio property.
Magnitude estimation is best implemented in a laboratory

where both standard and comparative stimuli can be alter-
nately presented to subjects in rapid succession, This proce-

dure cannot be implemented on a road course because it is

not possible to find a sufficient number of identical road seg-

ments to serve as standard sti¡nuli. An alternative procedure,
adapted for this study, is to first train the subjects about
characteristics of the standard stimulus by repeated exposure.
Then, subjects are presented several comparative stimuli, again
presented the standard stimulus, again presented several more
comparative stimuli, etc.

In order to implement this procedure, the comparative seg-

ments (stimuli) were organized into loops with all loops orig-
inating and terminating at the standard segment. Figure 1

shows the thlee loops used in this study. Since it is important
that the standard segment remain distinct in the subjects'
minds, one of the rougher segments (PSI : 1.6) was chosen.

The standard segment was given an arbitrary value of 10.

EXPERIMENTAL DESIGN

The unusual requirements of this experirnent necessitated the
adoption of different procedures than have been used in pre-
vious studies. These procedures are briefly reviewed here.

Road Segment Selection

The study was conducted in rural Sheboygan County near
Plymouth, Wisconsin. As shown in Figure 1, the course for
the study was divided into three loops (4, B, and C). The
foops A, B, and C included, respectively, 9,72, and 11 com-

FIGURE I Geographical location of road
segments.

parative segments. In addition, a "standard segment" was

located near the center ofthe course; thus, there were a total
of 33 segments. All segments were 0.5 mi long. Of the 32

comparative segments, 11 were portland cement ancl 21 were
bituminous concrete. Only six comparative segments had four
lanes; the remaining twenty-six had two lanes. The standard
segment was portland cement and hàd two lanes,

The comparative segments were selectecl to represent dif-
ferent levels of pavement roughness, with PSIs ranging from
i.1 to 3.9. Successive segments were close to each other so

as to minimize driving time and associated physical and mental
fatigue to the subjects. All segments had a posted speed limit
of 55 miles per hour. None of the segments was on freeways.

Vehicle Selection and Operation

A single, mid-sized car was selected because it is most rep-
resentative of a typical car driven on Wisconsin highways.
The car speed was maintained at 50 mph on test segments
using cruise control. Windows were always rolled up to min-
imize road noise and wind effect on the subjects. Air con-
ditioning was used as needed. Subjects were passengers and
were required to wear seat belts. No smoking was allowed in
the car.

Subject Selection

It was deemed critical to this study that the panel be repre-
sentative of Wisconsin road users. Potential subjects were
recruited at a nearby driver's license office and were asked

several background questions. This background information
was later used to select fifty subjects, twenty-five males and

twenty-five females. The subjects represented a variety of age

groups, family income groups, occupations, and places of res-
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idence (rural versus urban). Subjects were paid to participate
in the study.

Data Collection Forms

Three different forms were filled out by the subjects. Infor-
mation about each subject was collected on the Background
Information Form. A Road Segment Evaluation Form was
used to rate subjective ride quality and related issues for each
comparative segment. A Course Evaluation Form was used
to rate passenger comfort, personal well-being, weather con-
ditions, and driver skill. Thus, for each subject the Back-
ground Information Form was completed once, the Road Seg-
ment Evaluation Form was completed 32 times, and the Course
Evaluation Form was completed three times, once for each
loop. All three forms and instructions were assembled in loose-
leaf notebooks.

The Background Information Form was used to obtain
information on subjects'backgrounds (age, sex, formal edu-
cation, household income, etc.), driving habits (type of car,
years of driving, miles driven/week, etc.), overall impression
of Wisconsin highways, and relative importance of a number
of variables related to subjects' satisfaction with an auto-
mobile ride. A total of 25 different pieces of information were
collected on subjects' backgrounds.

Two different psychophysical scales were used to rate pave-
ment ride quality. One was the traditional five-point Weaver/
AASHO scale, the other a newly designed magnitude esti-
rnation scale where the standard segment was arbitrarily
assigned a ride quality rating of 10.

The acceptability of pavement ride quality was determined
using two different scales. The first question asked subjects
to agree or disagree with this statement: "State and/or county
money should be allocated within the next year to resurface
or reconstruct this road in order to improve its ride quality."
The second question determined how much extra time sub-
jects would be willing to spend to avoid this type of pavement
over a 50-min trip.

Previous studies had used a two-point (yes, no) scale for
determining the acceptability of pavements, whereas this study
has adopted a five-point Likert scale ("strongly agree" to
"strongly disagree"). A five-point scale allows subjects to
avoid definitive statements when the ride quality is neither
very smooth nor very rough. Furthermore, a Likert scale can
better provide a statistical relation between acceptability rat-
ing and pavement roughness.

In addition to ride quality and acceptability, the subjects
were asked to rate other aspects of the ride (amount of traffic,
appearance of the road surface, scenery, safety of the road
and importance of the road) on five-point semantic differ-
ential scales. It was believed that some of these factors, along
with subjects' background, could have some effect on ride
quality and acceptability ratings, in spite of efforts to minimize
such effects.

The purpose of the Course Evaluation Form was to deter-
mine if the subjects felt well, if the seats were comfortable,
if the seating room was sufficient, and if they were satisfied
with the driver. These ratings were collected in order to deter-
mine if adverse conditions influenced subjects' ratings of ride
quality.
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Data Collection Procedures

Each subject was randornly assigned a passenger seating posi-
tion in the car. A research assistant drove over the standard
segment six times, so that subjects were fully aware of the
ride quality offered by that segment. Then the research assis-
tant started evaluation of one of the three loops (A, B, or
C). The order of the loops was randomly preselected. After
each segment, the research assistant made a safe stop so that
subjects could fill out the Road Segment Evaluation Form.
The research assistant drove the car to a nearby rest area for
a short break; then the procedure was repeated for the
remaining loops.

Course Evaluation

In general, seating room, comfort of seats, interaction with
other passengers, skill of the driver, personal well-being and
weather conditions received very favorable responses from
the subjects. Mean ratings for the six variables and the three
courses ranged from 1.5 to 1.9, where "1" was most desirable
and "5" was most undesirable. Thus, it would seem that none
of these six variables had an adverse effect on ride quality
and acceptability ratings.

Physical Road Roughness Measurement

Physical roughness of each segment was measured three times
with the Wisconsin DOT response-type instrument-a road-
meter. The roadmeter yielded inches per rnile, which was
transformed into PSI. In addition each segment was measured
by Michigan DOT with its profilometer. The profile was con-
verted into a 0 to 100 scale of roughness called the Ride
Quality Index (RQI). Michigan actually uses two versions of
RQI; this study used the newer, more sophisticated version,
so it is referred to here as "new RQI." No attempt was made
to find an optimal transfer function between road profile and
subjective evaluation of roughness.

MAJOR FINDINGS

Physical and Subjective Measures of Road Roughness

In the past, studies on road roughness have used averages (or
mean values) for each segment to determine correlation coef-
ficients and to perform regression analysis. However, statistics
based on raw data are more desirable and powerful. All the
statistics reported in this study are based on raw data unless
otherwise stated. Correlations based on average values from
the subjects will, in general, be substantially higher than those
based on raw data. For example, Table I compares correlation
coefficients based on raw data with those based on mean
values.

Throughout this discussion, "ride quality rating" refers to
the results of the magnitude estimation experiment.

Besides those correlations found in Table 1, extensive cor-
relation analysis was performed on all variables from the Road
Segment Evaluation Form. Most interestingly, road surface
appearance was found to be highly correlated with all mea-
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TABLE 1 COMPARISON OF CORRELATIONS BASED ON RAW DATA WITH THOSE BASED ON MEANS FROM THE
FIFTY SUBJECTS

Varl abl e Correlatlon on 8aw !¡tE Correìatfon on lleans
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Varlable
No. Varlable Ìlo.

234
varlable ¡lo.

234

I

2

3

4

5

Rlde Quallty Ratlng

Heaver/A^SH0 Ratlng

PSI

Neur RQI

¡loney Alìocated

-0.7r -0.58

r 0.53

I

0.48 0.5ì

-0.46 0.68

0.85* 0.49

I -0.42

ì

-0.96 -0.85

I 0.80

I

0.70 -0.93

-0.68 0.93

0.85* 0.9?

I -0.7t

I

tlndependent of subJect varlablllty

sures of road roughness (subjective, physical, and accepta-
bility). The measure of road roughness with the highest cor-
relation with road surface appearance was the WeaveriAASHO
scale (0.72). A lower correlation (0.59) was found between
the ride quality rating and road surface appearance. It is

understandable that the Weaver/AASHO scale would be highly
correlated with the road surface appearance because of the
general nature of the cues; the scale tends to capture other
aspects of the road in addition to physical roughness. How-
ever, the ride quality rating does not have general cues, so it
is less sensitive to other aspects of the road, such as road
surface appearance, safety features, etc.

A typical objective of a ride quality study is to determine
a quantitative relationship between subjective perceptions and
physical measures of pavement roughness in order to make
routine psychological estimates from measurement of the

FIGURE 2 Relationship between
mean subjective ride quality rating
and PSI. (The regression shown is on
the mean ride quality rating from the
50subjects;r=0.85.)

physical correlate. Least-squares regression analysis resulted
in the following equations:

Ride Quality Rating : 13.76 - 2.33 PSI

(r = 0.s8 SE : 2.56) (1)

Ride Quality Rating : -4.31 + 0.187 New RQI

(r = 0.48 SE = 2.78) (2)

Weaver/AASHO Rating = 1.48 + 0.637 PSI

(r = 0.503 sE : 0.78) (3)

Weaver/AASHO Rating = 6,44 - 0.051 New RQI

(r = 0.46 sE = 0.82) (4)

These relationships are illustrated in Figures 2-5. Note that

FIGURE 3 Relationship between mean
subjective ride quality rating and new
RQI. (The regression shorvn is on the
mean ride quality rating from the 50
subjects; r = 0.70.)
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FIGURE 5 Relationship between mean
ride quality rafing on Weaver/AASHO
scale and PSI. (The regression is shorvn
on the mean Weaver/AASHO rating from
the 50 subjects; r = 0.68.)
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FIGURE 4 Relationship between mean
Weaver/AASHO scale and PSI. (The
regression shown is on the mean Weaver/
AASHO rating from the 50 subjects; r =
0.80.)

TABLE 2 RESULTS FOR STEPWISE FORWARD REGRESSIONS OF SUBJECTIVE MEASURE OF RIDE QUALITY
AGAINST PSI AND OTHER ASPECTS OF THE RIDE

Correìatlon
Dependent
Va ri abl e

Road Surface
Constant Appearance PSI

Amount of
Safety Trafflc

Coefficlent
(r)

Standa rd
t rror

Rtde Quaìity Ratlns 2.44

8.08

7.81

8.55

I .92

| .?9

0.96

0.99

-t .52

-l .69

-l .72

0. 62

0. 59 -0. 35

0. 59

0.67

0.69

0. 70

2.54

2.33

2.21

2.25

Heaver/^^SHO Scale Ratlng 5 .05

4.06

4.14

4.04

-0. 70

-0. 59

-0. 49

-0.49

0.21

0 .32

0. 32

-0.19

-0.t8 0.0s

0.72

0.75

0.77

0.77

0. 64

0.6l

0.59

0. s9

only the mean values from the fifty subjects for the ride quality
and Weaver/AASHO ratings are plotted in Figures 2-5; the
regression lines in these figures were found from mean values
and differ slightly from Equations 1-4.

Based on the above linear regressions, it appears that road
roughness is best estimated by using the magnitude estimation
type of scale for the psychophysical measure (ride quality
rating) and PSI for the physical measure. The above rela-
tionship resulted in a correlation coefficient of 0.58 on raw
data and 0.85 on mean values from the fifty subjects. The
linear relationships between the subjective measures (ride
quality and Weaver/AASHO ratings) and new RQI was found
to be good, but not as strong as between the subjective mea-
sures and PSI.

Several other regressions were attempted to improve the
relationship between ride quality rating and PSI. These in-
cluded log transformation, polynomial equations, and others.
However, none of those equations resulted in a significant
improvement.

It is particularly interesting to note that PSI does not cor-
respond closely to the Weaver/AASHO scale, as it should.
Given the origins and interpretation of PSI, the y-intercept
of equation 3 should have been about 0.0, and the slope should
have been about 1.0 (dotted line on Figure 4). Either Wis-
consin's method of measuring PSI no longer replicates PSI
from the AASHO Road Test or the type oi panel used in this
study (a random sample of road users) differs substantially
from the type of panel selected for the AASHO Road Test.
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On balance, subjects were fat'less willing than the Wisconsin
l'oadmeter to rate a road as "poor."

Since appearance of the road surface, scenery, amount of
traffic, safety of the road, and importance of the road had

significant correlations with the subjective road roughness

ratings, forward stepwise linear regressions were performed
between the subjective measures, these variables, and PSI.

A level of significance of 0.01 was used for inclusion of an

independent variable. The resulting regression equations are
given in Table 2. It is clear from Table 2 that appearance of
the road surface has a strong effect on the ride quality rating
and an even stronger effect on the Weaver/AASHO scale

rating. Road surface appearance and PSI explain 45 percent
and 56 percent of the variation in ride quality rating and

Weaver/AASFIO rating, respectively. Thus, while PSI is
important in determining subjective measures of ride quality,
appearance of the road surface plays an equally important
role.

The effect of road surface appearance on ride quality ratings
is readily seen in Figure 2. There are three cornparative seg-

ments that received particularly favorable ride quality ratings
(about 3.0) but had PSI values of less than 4. These segments

deviate substantially from the regression line. All three seg-

ments had new surfaces (two portland cement and one bitu-
minous concrete) at the time of the experiment. There were
no cracks, patches, discoloration, or any other evidence of
deterioration. Objectively, howevet, there was some rough-
ness to the surface.

The ride quality ratings show that subjects were significantly
influenced by the excellent appearance of the road. The effect
of appearance is even more pronounced when the ride quality
rating is comparecl with new RQI (Figure 3).

Acceptability Measures

A series of linear regressions was performed to relate physical

measures of road roughness to acceptability measures (for
example, "money should be allocated"). Those regressions
included a number of subject background variables such as

seating comfort, use of seat belts, helpful road signs, per-
centage of miles driven on highways, privacy in vehicle, years

of formal education, sex, weather, lack of construction, etc.

However, the contribution of a single background variable
was very small, and the number of variables was very large.
By and large, little was learned from these regressions beyond
the information contained in Table 1. That is, both PSI and

new RQI are strongly related to the acceptability measures,
with PSI providing a somewhat better fit. The fit could not
be substantially improved by inclusion of information about
the subjects' backgrounds. This result is important because it
means that the results of this study (and similar studies) are

likely to be insensitive to the location from which the sample

is drawn.

Terminal Roughness

The major objective of this study was the determination of a
terminal roughness, in other words, a value of PSI, that causes

a predictable percentage of drivers to become dissatisfied with
the road surface. In the past, this dissatisfaction has been
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measured by asking the subjects to answer yes or no to a

question about spending tax dollars to improve the ride quality
of a given road. Some studies have used a third category of
undecided. In this study, however, a Likert scale ranging from
1 (strongly agree) to 5 (strongly disagree) was used.

It is first necessary to establish a single criterion for dis-

satisfaction; in other words, which value on the Likert scale

should be used to represent the "money-should-be-allocated"
level of dissatisfaction with road roughness. For example, the
value can range from 1 (strong agreement with the statement
that "money should be allocated") to 3 (neutral point). Ide-
ally, the cutoff value for "money should be allocated" should
depend upon several factors, such as percentage of drivers
dissatisfied, class of road (freeway versus local road), volume
of traffic served, importance of the road to the travelling
public, resources available, and so on. For the following dis-

cussion the criterion for dissatisfaction is set at 2.5. A value
of 3.0 must be interpreted as ambivalent, and a value of 2.0

is too strict, considering the likelihood of central tendency in
the scale. A value of 2.5 can be interpreted as being in slight
to moderate agreement with the idea of spending money to
resurface the road.

The percentage of subjects with a rating of.2.5 or less for
"money should be allocated" is plotted against PSI in Fig-
ure 6. The linear correlation coefficient between the per-
centage of subjects and PSI was 0.89. In addition to a linear
regression, curvilinear regressions were also tried. The linear
regression resulted in a slightly better fit. The following equa-

tions can be used to estimate percent dissatisfied (PD) from
PSI for a value of 2.5 for "money should be allocated."

PD = 72.49 - 19.74 PSI

(r : 0.89, SE = 8.2) (5)

PD=-19.81 +95.48/PSI

(r = 0.87, SE = 8.7) (6)

Equation 6 is recommended for determining the relation-
ship between PSI and the percent of dissatisfied subjects.
Equation 6 is recommended over equation 5 only because

FIGURE 6 Relationship between
percentage of subjects dissatislied with
ride quality based on a rating of 2.5 or
less for "rnoney should be allocated"
and PSI.
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TABLE 3 PSIs AS A FUNCTION OF PERCENTAGE OF RATERS DISSATISFIED
AND LEVEL OF DISSATISFACTION

Percent of Raters PSI
Dissatisfied

Í 2.5

50

45

40

35

30

25

20

t.36

1 ,47

r.60

I .74

I .9t

2.t3

2. 39

it appears to fit better at lower values of PSI (between 1

and 2).
If desired, terminal roughness can easily be determined for

any percentage of subjects dissatisfied from the graph, from
Equations 5 and 6, or from Table 3. For example, the terminal
roughness is 1.36 (PSI) for 50 percent of the Wisconsin drivers
to be dissatisfied (as estimated by a value of 2.5 or less on
the scale used for "money should be allocated"). This terminal
roughness is considerably lower than those currently used by
the Wisconsin DOT (2.0 to 2.5).

Willingness To Spend Extra Time

Subjects were asked to estimate the amount of time they
would be willing to spend to avoid each segment, assuming
they were to make a 50-min trip. The results are summarized
in Figure 7. In addition, extra time may be computed from
the following:

Extra time = 8.68 - 2.13 PSI

(r = 0.32, SE : 4.85) (7)

It is seen that the amount of extra time is small, but significant.
For example, Equation 7 shows that subjects were willing to

PSI

FIGURE 7 Relationship betrveen extra
time, in minutes, for a 50 min road trip
and PSI.

spend 5.5 minutes (or 11 percent) more time to avoid a road
with a PSI of 1.5.

These extra-time evaluations are analogous to time savings
benefits. They can be converted to monetary units by using
accepted values of time. Knowing the traffic volumes and
speeds on a road, and the rate of pavement deterioration, it
would be possible to compute total benefits of a new surface
and to compare them with project costs.

CONCLUSIONS

Analysis of subjects' evaluations of ride quality leads to the
following conclusions.

A number of subjects' personal and background variables
had statistically significant effects on both the subjective mea-
sures ofroad roughness and the acceptability ¡neasures. How-
ever, these variables were found not to be of practical sig-
nificance as they explained very little variation in either road
roughness or acceptability measures. This suggests that the
results of this study are generalizable; that is, they are not
dependent on the location from which the sample is drawn.

Even though magnitude estimation is most easily accom-
plished in a laboratory, it is possible to successfully use this
technique for measuring ride quality.

PSI has a higher correlation with the rnagnitude estimation
scale (ride quality rating) than with the Weaver/AASHO scale.
The magnitude estimation scale appears to have a greater
power of discrimination between various roads, and it is less
influenced by road surface appearance. Magnitude estimation
is the preferred method of rneasuring subjective ride quality.

The best physical measure of road roughness appears to be
PSI. PSI has the highest correlations with both the ride quality
rating and the Weaver/AASHO scale. In a completely hands-
off comparison, the less expensive roadmeter was found to
be superior to the profilometer in predicting both subjective
road roughness and the acceptability of the road. However,
both instruments failed to relate with subjective measures of
ride quality for those segments judged to be very good by the
subjects.

Appearance of the road surface is extremely important to
subjects rating ride quality.
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People are willing to spend approximately 1l percent (5.5
minutes on a 50-min load trip) mol'e time to take a better
ride quality road and avoid a road with PSI of 1.5. This rep-
l'esents a significant t'esource expenditure. It is recommended
that such time savings benefits be incorporated into evalt¡a-
tions of road resurfacing plans.

PSI, as measured in Wisconsin, does not closely ap-
proximate the We¿rver/AASHO scale. There can be two
explanations:

1. The measurement of PSI has sornehow changed since it
was first established, or

2. The subjects in this experiment differ considerably from
the subjects in the AASHO Road Test.

If the latter explanation is true, then it is likely that PSI,
regardless of where it is currently being measured, is not
properly reflective of the opinions of roacl users.

A panel can provide detailed information about the need
for road resurfacing. In order to properly use this inforrnation,
it is necessary to establish both a criterion level of dissatis-
faction and a percentage of roacl users who would be so
dissatisfied.
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DISCUSSION

MrcHepl S. JeNopr
JMJ Research, P.O. Box 144, Newtown, Pa. 18940.

This is a well written paper that presents potentially valuable
inforrnation. However, because of some omissions, misinter-
pretations, and possible mistakes, the results are not readily
applicable. The authors have not considered the results of
recent work by NCHRP ancl by Ohio DOT and have incor-
rectly interpreted a number of their references.

1. The authors state that little infolmation is available to
define the relationship between ride quality and roughness.
This is false. Studies conducted in Texas, Ohio, Louisiana,
New Mexico, Michigan, New Jersey, and Pennsylvania define
such relationships quite well (1-5). The data from Ohio, New
Jersey, Michigan, New Mexico, and Louisiana also reveal that
the relationship between roughness measured with a profi-
lometer ancl subjective ratings of ride quality are nearly iden-
tical for each of the five different states.

2. Perhaps the greatest problern in this paper. is the rela-
tively poor correlations that the authors have found between
physical measures of pavernent roughness and subjective ride
quality ratings. For profile-derived roughness measures the
authors have found correlations of at most .7 with (rnean)
ride quality ratings, which are far lower than the col.relations
found between profile measures of roughness and ride quality
ratings in Ohio, New Jersey, Michigan, New Mexico, Loui-
siana, and Texas. For four different models of profile-derived
roughness used in these other states, correlations between the
roughness and ride quality ratings were always in excess of
.9, and for the data from five states combined they were better
than .93. A numbel' of explanations for the authors' low cor-
relations can be suggested.

First, the instru¡nent used to collect profiles was the older
one-wheelpath unit of Michigan DOT, which is not as accurate
in measuring profiles as the more common two-wheelpath
velsions used in the states mentioned above. Although the
profile frorn one wheelpath can be accurately used to predict
rideability (3) the instrument used to collect this one-wheel-
path profile must provide accurate data; it is suspected that
the instrument used by \{isconsin DOT was not. In tests
conducted as part of the NCHRP research (3, ó) the older
one-wheelpath profilometer yieldecl correlations between RQI
and ride quality of .85, while for the two-wheelpath profilo-
metel these correlations between RQI and ride quality rose
ro .93.

Second, the magnitude estimation scale, which the authors
believe is preferred to the similar interval scale, may not be
yielding accurate and consistent rating data. As the authors
point out, magnitude estimation is best suited to laboratory
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research where the "standard" level can be presented to the
test subjects along with each test condition. Was this scale

pretested in any way to determine if it was suitable for such

ratings of ride quality? (It appears that the raw rating data
obtained with the magnitude estimation scale, as illustrated
in their final report, appeared to have rather high rater
variability, indicating a lack of consistency in the rating
procedure.)

Both Flolbrook (7) and Janoff and Nick (5) have shown
that the choice of rating scale has no effect on the quality of
the subjective ratings. The analysis by Hutchinson that the
authors use to support their selection of the magnitude esti-
mation scale as the preferred one was shown to be unimpor-
tant in panel ratings of ride quality (5). Although I believe
that Hutchinson is correct in theory, in application drivers
can use almost any scale to accurately and consistently rate
ride quality, as demonstrated by Holbrook and by Janoff and
Nick.

The instructions to the raters could also have had a signif-
icant effect on the quality of the ride quality ratings. In the
past research for Pennsylvania DOT (5) three different rating
scales were tested, and it was disclosed that with proper
instructions to the raters either one could be used to derive
accurate and consistent ratings of ride quality. This same result
was also found by Holbrook. Did the authors test their instruc-
tions in any way?

The authors' finding that surface appearance is affecting
the ratings of ride quality may also be a result of the instruc-
tions; Holbrook showed that the use of blindfolds had no
effect on such subjective ratings, hence with proper instruc-
tions appearance should have no effect on ride quality (7).

3. PSI is not a physical measure of roughness but a value
derived from a regression equation that relates a physical
measure of roughness (typically an RTRRMS inclex) with a

subjective rating of ride quality (such as mean panel ratings
or PSR). That the authors found a correlation of .35 between
their magnitude estimation scale and PSI and a correlation
coefficient of .9 between PSI and the Weaver/AASHO rating
is not unexpected. When RTRRMS data from New Jersey,
Ohio, and Louisiana were compared to ride quality ratings a

correlation of .79 was found for the Weaver/AASHO scale,
almost identical to the authors' results. Unless the surfaces
are separately analyzed for each type (BC, PCC, composite)
no better results can be expected.

The problem is that RTRRMS instruments do not provide
roughness data that are highly correlated with ride quality
ratings except for BC surfaces.(actually such instruments fail
to respond to all of the roughness frequencies present in PCC
or composite surfaces). On surfaces other than BC, and when
the range of ride quality is great, the correlations fall to very
low values. The authors should have analyzed the surface
types individually to disclose the effect of surface type on the
correlations.

The authors' conclusion that PSI, therefore, no longer
approximates the Weaver/AASHO scale is conjecture only.
A better explanation is that when RTRRMS are used, cor-
relations of .8 to .85 are typical; to increase the correlation
it is necessary to use profiles to measure roughness.

4. The Weaver/AASHO scale used bi, the authors (and

illustrated in their final report) is not the same scale that was

used by either Carey and Irick (8), Weaver (9), Janoff and
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Nick (5), or NCHRP (2,3); it is a cornpletely different type
of scale. The Weaver/AASHO scale is a vertical line, typically
5-in long, with major subdivisions at 1-in intervals (labelled
0,'1,2,3, 4, and 5) and minor subdivisions at 7z-in points
labelled "very poor" (at Vz-in) "poor" (at 1,Yz-in), "fair" (at
2t/z-in), "good" (at3%-in), "very good" (at4%-in), "perfect"
(at the top) and "impassable" (at the bottom). The authors'
scale includes the word and number cues but not the vertical
line. In addition, the instructions to the raters used by the
authors do not explain how to even mark this scale. In past
uses of the Weaver/AASHO scale the raters were told to place
a horizontal rnark across the scale (in other words, across the
vertical line) at the point that they feel best describes the ride
quality ofthe test section. It appears that on the authors'scale
the subject is instead placing a mark into one of the categories
defined by the 7z-in divisions. This is completely different
from past applications and hence the data (that the authors
refer to as Weaver/AASHO ratings) may be incomparable to
past applications of this scale.

5. The authors use a five-point Likert scale instead of a

two-point yes versus no rating to indicate need for improve-
ment, claiming that such a scale is better for the intended use.

Again no pretest or pilot results are shown, and it is suspected
that the results may suffer the same problems as those related
to the magnitude estimation scale.

6. In summary, the authors conclude that magnitude esti-
mation is the preferred rating plocedure and that PSI (or
actually RTRRMS indexes) are preferred to profile-derived
roughness for predicting ride quality. The opinion of this writer
is that these conclusions are unsupported. The correlations
between the roughness and rating data are too low in com-
parison to other recent ride quality research to draw such

conclusions and the authors' lack of attention to and misin-
telpretation of past research sheds serious doubts on the valid-
ity of their results.
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AUTHORS'CLOSURE

The basis of Mr. Janoff's criticism is that our results are in
disagreement with his own work. Such criticism is a two-edged
sword; it can raise doubts about the validity of Mr. Janoff's
earlier efforts in measuring ride quality. Indeed, the principal
reason for our conducting a ride quality experiment was dis-
appointment with the experimental design of the NCHRP
study to which Mr. Janoff refers. We chose not to make an
issue of Mr. Janoff's work in our paper. However, we were
particularly disturbed by the subject selection procedures,
instructions to subjects, the way stimuli were presented, and
the rating scales in the NCHRP study. That the results of the
two studies are different is unremarkable; we attempted to
correct problems in the NCHRP study design that we believe
could have skewed the results.

We believe the low correlations between subjective mea-
sures of ride quality and physical measures of ride quality
stem from the "hands-off" nature of our study design. We
chose to take physical measures from other sources so that
their transferability could be evaluated. The physical measure
from the response-type instrument (PSI in our case) behaved
as expected. The performance of the profilometer (new RQI)
was much poorer than expected. Based on ¡nany earlier stud-
ies (including Mr. Janoff's) we do ¡rot feel that the problem
stemmed from the quality of either equipment or data anal-
ysis. One-wheelpath profilometers have served quite nicely
in the past. Instead, it appears that cornplex transforrnations
of profilometer data are not applicable when there are sig-
nificant variations in study design (for example, location, sub-
ject selection, or stimuli presentation). A major lesson of
these comparisons is that engineers cannot take any physical
measure of ride quality at face value; they must fully under-
stand the conditions under which panel data were assembled.

Magnitude estimation is one of the most respected psycho-
physical measurement techniques. Its use in ride quality mea-
surement has been suggested by many authors, and an abbre-
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viated version was tried by Holbrook with very encouraging
results. Mr. Janoff has seriously misrepresented Holbrook's
conclusions. Holbrook states, "'lhe equations predicting ride
from physical input by means of magnitude estimation are to
be preferred" (Janoff's reference 7 , page 255). A magnitude
estimation scale is quite different from any of the three cat-
egorical scales tested by Janoff and Nick. Their conclusions
are not relevant.

Our experience indicates Hutchinson's criticism of the
Weaver/AASHO scale is correct in practice as well as in the-
ory. It is unfortunate that Mr. Janoff decided to disregard
Hutchinson's advice.

We found intersubject variability to be about the same for
magnitude estimation and for the Weave¡/AASHO scales. We
did not address this issue in our paper because it is uninter-
esting. Mr. Janoff's erred during his casual inspection of sum-
mary data from our full report.

PSI is a physical measure of ride quality; its peculiar his-
torical origins cannot alter the fact that only mechanical data
are used to cornpute it.

Our conclusion that Wisconsin's PSI no longer approxi-
¡nates the V/eaver/AASHO scale is based on Figure 4 in our
paper. Regardless ofsurface type, the regression line is plainly
at the wrong angle.

Mr. Janoff has apparently received incorrect information
about our depiction of the Weaver/AASHO scale. It was
purposefully identical to the one used in his NCHRP study.
In regard to another scaling issue, we are perplexed why Mr.
Janoff believes an ad hoc 2-point scale of acceptability is
inherently superior to a Likert scale-a standard tool of
psychometrics.

We appreciate Mr. Janoff's interest in our research. How-
ever, we do not feel that his discussion is helpful for either
understanding or extending our work.

Publication of this paper sponsored by Committee on Surface
P r op e r t ies-V e h ic Ie I nte ract io n.
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Use of the Inertial Profilometer To Calibrate
Kentucky Department of Highways
Mays Ride Meter Systems

Ersou B. SreNcrnn, RoTANDS L. RIzrN¡ERGS, Jauns L. BuncuETT, AND
DoNaro C. Ro¡rNsoN

The National Bureau of Standards (NIIS), the Commonwealth
of Kentucky Department of Highways (DOH), and Surface
Dynamics, Inc. joined in a project in the Colnrnonwealth of
Kentucky to calibrate five Kentucky DOH vehicle-mounted
Mays Ride Meter (MRM) systems. In this project, an NBS-
operated inertial profilometer system was used to measure the
elevation profiles of selected pavement test sections. The mea-
sured elevation profiles were used to compute the Standard
Mays Ritle Meter Index (SMRMI) values for each pavement
test section. The computed SMRMI values rvere then uscd as

reference values for the calibration of the actual Kentucky
DOH MRM systems. The profilomctcr was used to identify
suitable pavement sections from test sites selected by the Ken-
tucky DOH using an MRM systern. The site selection process
included sr¡ffïcient repeat runs fo estal¡lish a meân SMRMI
value for each ¡ravernent and a standard deviation from that
mean for thc repeat runs. Six pavement test sites with the
desired SMRMI values and lorv standard deviations rvere
selected. Thc I'ive Kentucky DOH MRM systems rvcre thelr
driven over the selected test sites a number of tinres to deter-
mine a mean rneasured value and a starrdard deviation abo¡lt
that ¡neasured mean value for each systetn on each pavement
test site. The test data frorn the profilorneter antl the fÏve
Kentucky DOH MRM systems rvere used to develop a cali-
bration equation and expected standard deviation for each of
the MRM systems. The resulfing calibration equations will be
used by the Kentucky DOH to compute SMRMI vah¡es for
each system. Included in thc project was a correlation of the
Ohio Department of Transportation inertial profilometer with
the NBS-operated inertial profilometer to establish the validity
of using another identically constructed inertial profilometer
for the same calibration procedure.

The inertial plofilorneter was developed in the early 1960s by
Elson Spangler and William Kelly at the General Motors
Research Laboratory in Warren, Michigan. The profilonreter'
was designed to be a research tool that woulcl allow pavement
profiles to be brought into the laboratory for use as computer
input data for vehicle suspension stuclies. The first presen-

tation of the inertial profilorneter was made by Spangler and
Kelly (1) at the Transportation Research Board Annual Meet-

E. B. Spangler, Surface Dynanics, Inc., 800 West Long Lake
Road, Suite 145, Bloomfield Hills, Mich., 48013. R. L. Rizen-
bergs ancl J. L. Ilurchett, Kentucky Department of Highways,
Roo¡n 701, Clinton and High Streets, Frankfort, Ky.40622. D.
C. Robinson, National Bureau of Stanclarcls, Acoustics Mea-
suring Group, Gaithersburg, Md. 20899.

ing in Washington, D.C., in 1965. Through the efforts of the
General Motors Corporation, the technology associated with
the inertial profilometer has been made available for use in
the highway testing comrnunity. Early inertial profilorneter
irnplementations were used by Michigan (2), Pennsylvania,
Kentucky (3), and Texas (4) and by Brazil as part of a Worlcl
Bank project. Mol'e recent irnplernentations are in use in five
states including Texas, West Virginia, Minnesota, Michigan,
and Ohio and in Chile, as part of a Worlcl Bank ploject.

INTRODUCTION

The most recent irnplcrne¡rtation is an inertial plofilometer
purchased by the Fecleral Highway Administration (FtlWA)
from K. J. Law Engincers, Inc., and was being evaluated by
the National Bureau of Standards (NBS) foL the FHWA dur'-
ing the work reported in this paper. In May 1987, the NBS,
the Comnronwealth of Kentucky Department of Iligltways
(DOfl), the Ohio Departrnent of Transportation (DOT) and
Surface Dynarnics, Inc. joined in a projcct in the Common-
wealth of Kentucky to calibrate five Kentucky DOII vehicle-
nrounted MRM systerns using an NBS-operated inertial pro-
filonleter to perform this calibratiort. Fourtcen pavement test
sections in the vicinity of Frankfort, Kentucky, were selected
as candidate sites for the calibration of Kentucky DOH MRM
systems. Seven of the pavement test sections wel'e portlancl
cemcnt concrete ancl seven wele bituminous concrete.

PRO¡'ILOMBTBR MBASURBMENTS AND
ANAI,YSIS

The elevation profiles of all the p¿ìveÍnerìt test sections were
measured with an NBS-opelated ineltial profilometer mul-
tiple times to evaluate the precision of the measuring rnethod.
After the nrultiple measurer¡ìents of the elevation profilcs of
the foul'teen paverìrer)t test sections, a SMRMI value was

conrputecl for each test section.
The SMRMI value is a computecl output of a coluputet'

sinrulation of an MRM systern including the vehicle a¡rcl the
MRM measuring instrument. The MRM vehicle parameters
("Golden Car") used in the computer sirnulation are tllose
proposed in NCHRP Project l-18 (5), which are being defined
further in a new proposed ASTM standard. The inputs to the
computer simulation are the elevation profile rneasurentents
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TABLE 1 INERTIAL PROFILOMETER MEASUREMENTS
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six pavement test sites were chosen because they represented
a range of desired SMRMI values and because they exhibited
low standard deviations. Although there is a wide range of
standard deviations for each test site, it is important to note
that the six calibration test pavements selected exhibited about
a L percent maximum standard deviation.

Test site 201, a smooth bituminous concrete pavement, was
the site where the precision or repeatability of the NBS-oper-
ated profilometer was evaluated in detail. Twenty test runs
were conducted on this particular site. The results of twenty
tests runs are shown in Figure 1 as a plot of the computed
SMRMI value (inches/mile) for each of the twenty runs. The
variation in the computed SMRMI values can be attributed
to three factors:

. Variation in the profilometer's elevation profile mea-
suring performance,

o Variation in the path driven by the profilometer driver,
and

. Transverse variations in the elevation profile of the test
site pavement.

It is suggested that a test site \l,ith little variation in com-
puted SMRMI values (low standard deviation) would be a
test site with little transverse variation in the elevation profile,
and the computed SMRMI values would be less affected by
the path driven by the profilometer driver.

The computed cumulative mean SMRMI value (inches/mile)
is shown in Figure 2 as a function of the number of test runs
included in the computation. As would be expected, the com-
puted mean becomes more stable as the number of included
tests runs increases. The cornputed standard deviation of the
computed SMRMI values (inches/mile) as a function of
the number of test runs is shown in Figure 3. Again, as would
be expected, the standard deviation is reduced as the nurnber
of runs increases. Although some improvement is still occur-
ring at test run twenty, the majority of the improvement has
occurred by run ten and on the less variable sites, mea-
suring stability appears possible with five test runs with the
profilometer.

Standard
ll€an l{Rll

Standard
D€vlation

Site No. t¡teasurements Index Value
_ lin/¡ni) (in/ni)

PCC

101t
102
103
104 r
10 5r
r06
107

75.0
82 .4

100.5
103.0
14{.1
151.4
160.7

47 .l
{9.4
63.3
5?.5
83.5

111. ¡¡

133.9

0.34
2.52
0.82
0.57
1.38
1.5?
2.7L

0.56
0.45
0 .42
I .04
0.93
I .03
1 .38

9
5
6
5
9
5
5

BC

201 20
202. 5
203 5
204 6
205 5
2L6' l0
207* 6

made with the inertial profilometer. Using this computer sim-
ulation, the SMRMI value was computed for each of the
multiple profile measurements. The computed mean SMRMI
value and standard deviation for the multiple measurements
for each of the fourteen Kentucky DOH test sites are shown
in Table 1.

Although readings were taken every 0.1 mile, it was found
that averaging readings over a longer test section improved
the precision of SMRMI values computed from the profilo-
meter measurements. It was determined that the precision of
the measurements improved significantly as the length of the
test section was increased from 0.1 mile to 0.5 mile and con-
tinued to improve as the test section length was increased to
one mile. Where possible, all measurements were made over
a test section length of one mile.

The asterisks beside the test site numbers in Table I indicate
the final six test pavements selected for the calibration study.
Three of those sites were constructed with portland cement
and the other three with bituminous concrete pavement. These
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RUN NUMBER

FIGURE 2 Computed mean standard MRM index value by run number.
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vehicle 2678 had a mean MRM index value of 136.2 inches/
mile on test site No. 105 while vehicle 3664 had a mean MRM
index value of 184.8 inches/mile for the same site. Since the
SMRMI value as established by the NBS inertial profilometer
was 144.1 inches/mile, vehicle 2678 was measuring 5 percent
too low, and vehicle 3664 was measuring 28 percent too high.
The measurements shown in Table 2 clearly show the problem
associated with using uncalibrated MRM measurements and
emphasizes the need for good MRM calibration procedures.

The computed SMRMI values from the inertial profilo-
meter were then used with the computed mean MRM index
value for each Kentucky DOH MRM system to compute the
least-squares best fit straight line relationship between the
two data sets. This relationship is shown graphically in Fig-
ure 4 for Kentucky DOH MRM vehicle No. 2678. For the
data set shown in Figure 4, we can compute the slope and y-
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FIGURE 3 Standard deviation of the mean standard MRM index value by run number.

Simultaneous to measuring the Kentucky DOH test sites

with the inertial profilometer, the five Kentucky DOH MRM
vehicles were used to obtain MRM index values for each of
the six test sites. Each of the test sites was measured at least

ten times by each Kentucky DOH MRM system. The repeat
measurements were made to compute a mean MRM index
value and standard deviation about the mean for each MRM
system for each test site. The computed mean MRM index
value (x) and standard deviation (o) in inches/mile for
each Kentucky DOH MRM system for each of the six Ken-
tucky DOH test sites are shown in Table 2. Also shown in
Table 2 are the computed SMRMI values (from Table 1)

computed from elevation profile measured with the inertial
profilometer.

The MRM index values in Table 2 show a wide range values

for the different MRM vehicles. For example, Kentucky DOH
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¡(entucky Standard* l{ean {B{ Index Valug.(i) and Standaf4,Devtatlon 6) bv Kentuckv DOH Vehtcle No.
DOH Test ¡lean !flU{ 2678 3664 _
Slte llo. Index Value

TABLE 2 MEAN MAYS RIDE METER INDEX VALUES FOR KENTUCKY DOH MRM SYSTEMS

PCC

l0l

104

¡05

7 5.0

103.0

r44. I

70.3 3.98 98.3 2.83

98.1 4,22 139.3 t.44

136,2 4.25 t84.8 2.59

40.ó 3.14 69,2 4.5t

108.4 4,95 143,0 6.61

128.0 2,84 t63.0 3.53

72,9 r.47

t08.9 2,45

154. I 2,42

41.0 2.18

115.5 3.36

I 39. 6 3.77

76.2 0.85 77.7 2.78

t07.8 t.ó4 t04.1 3.19

150.3 t.73 t42.4 3.15

43.7 0.83 47.0 3.26

tot. r t.90 109.9 4.ót

127.4 2.34 t27.8 2.t4

BC

202

2t6

207

49.4

l¡t.4

133.9

Average Std. Dev. 3. 90 3. 58 3.32
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FIGURE 4 Calibration curve for Kentucky Mays Meter Vehicle No.
2678.

intercept for the least-squares best fit line through the data
points. The computed line slope and )-intercept can then be
used to develop a transform or calibration equation between
the MRM Index values obtained with the Kentucky DOH
MRM system and the SMRMI values computed from the
inertial profilometer elevation profile measurements. The cal-
ibration equation and the data set correlation coefficient (r)
for Kentucky DOH MRM vehicle No. 2678 are shown in
Figure 4.

Calibration equations and correlation coefficients for Ken-
tucky DOH MRM vehicles Number 3664,3665, 4323, and

4325 were developed using the sa¡ne procedure shown in Fig-
ure 4. The results for these four MRM systems are shown in
Figures 5 through 8. The high correlation coefficients for the
five Kentucky DOH MRM systems is an indication that the
"Golden Car" computer model used to compute the SMRMI
values is an accurate representation of the actual MRM sys-
tems. It is also an indication that the Kentucky DOH MRM
systems are in good condition and are functioning as expected.

The calibration equations for each of the five Kentucky
DOH MRM systems are summarized in Table 3. Also shown
in Table 3 are the average standard deviation for each of the
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TABLE 3 CALIBRATION EQUATIONS FOR KENTUCKY DOH
MAYS RIDE METER VEHICLES

Kentucky
DOH ¡IR¡|I
Vehicle No. Câlibratiôn Eduatiôns

2678 Ståndard URM - 7.16 + .987 (vehicle !lRl,l)

Àverage Std. Dev. - 3.90

3664 Standard l,lRl¡t = -8.47 + .837 (vehicle uru,l)

Àverage Std. Dev. - 3.58

3665 Standard MRM - 13.57 + ,847 (vehicle MRI|I)

Àverage std. Dev. = 2.61

4323 Standard ltRtt = 8.3{ + .934 (vehicle }tRü}

Average Std. Dev. - 1.55

4325 Standard t¡tRü = _1.62 - L.029 (vehicle üRM)

Àverage Std. Dev. - 3.32

five Kentucky DOH MRM systems (from Table 2). This aver- manufactured by K. J. Law Engineers, Inc., and to determine
age standard deviation is probably the best that might be if equivalent MRM calibrations can be obtained from two
expected for each system, since these values were computed identical inertial profilometers.
for pavement test sites that were initially selected for their The measuring results for the NBS and Ohio DOT profi-
low standard deviations when measured with the inertial lo¡neters are shown in Table 4 for the seven Kentucky DOH
profilometer. test sites. The SMRMI values for each profilometer are plot-

ted in Figure 9 for each of the seven sites. Also shown in
Figure 9 is the best fit straight line for the data point pairs,

PROFILOMETER CORRELATION and the y-intercept, slope, and the correlation coefficient (f
for the best fit straight line. The high correlation coefficient

Although the NBS-operated inertial profilometer was used to of 0.99934 would support the interchangeable use of identical
establish the SMRMI values for the Kentucky DOH calibra- inertial profilometers for the calibration of MRM systems.
tion test sites, a second K. J. Law Engineers, Inc., inertial
profilometer, owned and operated by the Ohio Department
of Transportation, was used to measure and compute the
SMRMI values for seven of the Kentucky DOH test sites used DISCUSSION
in the calibration project. This simultaneous measurement of
seven test sites provided an excellent opportunity to compare The calibration procedure developed in this project provides
the measuring performance of the two inertial profilometers a method that can be used to convert MRM measurements
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TABLE 4 COMPUTED STANDARD MAYS RIDE METER DATA

Nentucky
DOH Test
Site No.

NBS Profilometer Ohio DOT Profilometer

Nu¡nber 1
of Runs in/¡ni

Nu¡nber
of Runs

a
1n/mi

io
in/mi in/mi

PCC

r01

102

105

BC

4

5

4

20

4

4

4

7

5

9

20

5

5

5

75.1 0.15

85.7 0. ¡¡9

l¡13.1 O.26

{7.1 0.79

48.6 0.39

63,7 0.23

84,7 I .32

75. 1 0. 35

82. I 0.78

t41 . I 0.78

201

202

203

205

46.8 0.60

49. { 0.44

64,7 0.60

83. s 0,92

9 160
E

3 140
c
oci:i 12O

É,

oÉ
É80z
l-u' 60
U)(nz
ô40
UJ
l-e20
=.ooo

KY SITE 20

KY SITE IO

KY SITE 102

KI SITE 201

r00 120 140 1 60

COMPUTED OHIO STANDARD MRM (inches/mile)

FIGURE 9 Correlation of identical inertial profilometers.

Slope = 0.97331

Y lntercept = 1.36056

Corr. (r) = 0.99934

4020

made with individual MRM systems into SMRMI values. The

experiences gained in developing calibratio¡l procedure sug-

gest the following recommendations related to the calibration
and use of MRM systems, in particular, and to response-type

ride meters, in general:

o Due to the higher standard deviation values for MRM
systems compared to the profilometer, measurements should

be made by averaging multiple repeat measurements for each

test site. Ten repeat measurements would be desirable.
o One calibration site for each pavement type should be

used periodically to confirm the calibration of individual MRM
systems. The confirmation would consist of computing the

standard mean MRM index value for ten repeat measure-

ments at each site. A deviation from the expected SMRMI
value would indicate a change in the system and the need for
recalibration.

o A change in the measuring characteristics of an individual

MRM system would indicate the need for a full calibration
on all calibration sites. As in the original calibration, the mean

of ten repeat measurements would be used with the SMRMI
value to compute a new calibration equation and correlation
coefficient.

o A reduction in the correlation coefficient computed in
the recalibration process might be an indication that the SMRMI
value for one or more of the established calibration test sites

has changed. A significant reduction in the computed cor-
relation coefficient would be an indication that the SMRMI
values for the calibration test sites should be reestablished
using an inertial profilometer.

Although it would be a significant task, it would be desir-
able to monitor the time stability of calibration sites with an

inertial profilometer to develop a short-term (24-hour) and

long-term (daily, monthly and annually) time history for each

site. A research project in this area may be highly desirable.
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CONCLUSION

o MRM systems can be effectively calibrated using an iner-
tial profilometer.

o The observed variability between MRM systems supports
the need for an accurate system calibration.

o Additional research is required to investigate the time
stability of both the MRM systems and the pavement sections
used in calibration.
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Road Characteristics and Skid Testing

Javrns C. Wen¡¡orp

This paper reports the results of many years of skid tests and
macrotexture and microtexture measurements as well as newer
sets ofdata obtained during a mini-test conducted in connection
with a Federal Highway Administration (FHWA) study to
develop a normalization procedure for seasonal effects. The
mini-test was concerned mainly with the variation of skid num-
ber as a function of placement on the pavement; both lateral
and longitudinal placement were examined. It was found that
longitudinal placement was not significant if the entire test
section was uniform; however, lateral placement is very impor-
tant, as it can result in the skid numbers differing by more
than 10. All of the data available from this mini-test and
previous tests were used to correlate macrotexture (MTD),
microtexture (BPN), speed gradient data (SNo and PNG), and
ribbed- and blank-tire skid numbers (SNA and SN'). Linear
correlations between texture measurements and skid numbers
and between speed gradient data and skid numbers were found
to be adequate in the normal range of measured skid numbers.
Further work is needed before limiting values can be estab-
lished.

Early in the project, a test plan was developed to study the
variation of skid number in both the lateral and longitudinal
placement on a test section. The data showed very little vari-
ation in the longitudinal direction as long as the entire test
section was of the same construction and had no patching.

In the lateral direction, on the other hand, there was con-
siderable variation. Figure 1 shows the variation in SN with
lateral placement at four sites. Site 2 showed much wear (such
as rutting) compared with the others, which is reflected by
the SN. Site 4 was a fairly new road, while site I was a much
older road than the rest of the sites. Site 3 is located in a

curved section.
Figure 2 shows the variation of microtexture and macro-

texture (BPN and MTD) with lateral placement. The results
are similar to those deterrnined from tests conducted in Swit-
zerland (Figure 3) and presented by S. Huschek at a Per-
manent International Association of Road Congresses meet-
ing (1).

It can be concluded that lateral placement is critical and
that care must be taken in an ASTM E 274 test to position
the test wheel at the lateral location desired (for example, in
the center of the left wheel track).

CORRELATIONS

An initial experiment (called a minitest) was conducted to
compare the correlation of the skid numl¡er (SN) from a blank
tire (SN¡) with that from a ribbed tire (SNR) with texture and
SNu (skid number at speed y). SNv is obtained from the

Pennsylvania Transportation Institute, The Pennsylvania State
University, University Park, Pa. 16802.

following equation:

SNy = SNo e-PNclroo'v

where SNs and PNG are the regression coefficients given
below.

Similarly, texture was also correlated to SNo and PNG and,
thus, indirectly, to SNr. Five sets of data were collected by
the Pennsylvania Transportation Institute (PTI) at the test
track and at several sites around State College. Two sets were
collected by the Texas Transportation Institute (TTI) at its
calibration site. Table 1 lists the sites, their locations, and the
testing dates. Figure 4 shows ribbed- and blank-tire SNs for
the test track. The database included test data taken during
a previous project at Penn State in the fall of 1978 and spring
of. 1979, as reported by J. J. Henry (2). Mean texture depth
(MTD) was measured for macrotexture (in milli-inches), and
British pendulurn number (BPN) was the measure for micro-
texture. All data given for skid number as a function of speed
(SNu) are for the ribbed (ASTM E 501) tire.

SN' AND SNft VERSUS TEXTURE

The first correlation was performed for SNB and SN'ì with
MTD and BPN. Linear and nonlinear regressions were per-

formed; in all, thirteen different forms were tried. The three
models with the highest correlations and smallest standard
deviations are as follows:

Motlel R2 S

Al + 81 SNi* + Cl (SNR)',
A2 + BT,SNB + C2 SNÂ

^43 + 83 SNR
Dl + EI (SNB/SNA) + Fl (SN',/SNR)'?
D2 + Ez (SN" - SNR) + F2 (SN" - .SNn)'
D3 + E3 SN' + F3 SNn

BPN =
BPN =
BPN =
MTD =
MTD =
MTD =

.90 8.3

.86 9.6

.87 9.3

.88 10.2

.84 11.8

.83 t2.4

There were very few differences among these models for
either measurement. The following two equations are plotted
in Figure 5.

BPN : 11.0 - 0.472 SNa + 1.59 SNR (2)

MTD : 40.9 + 1..77 SND - 1.20 SN/? (3)

SN¿, SNß VERSUS SNV

SNo and PNG were also correlated with SNB and SNÀ. The
results of these regressions suggest the following models:

Model R2 S

= 5.6 + 1.8 SNR - 0.72 SN' .96 4.7

= 1.1 + 0.02 sN/? - 0.03 sN" .79 0.3
SNo
PNG
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FIGURE 2 Variation in BPIV and MID with
lateral placement.
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FIGURE 3 Transverse measurements in the right half of the
right lane of an 8-yr-old heavily traveled asphalt pavement'
PIARC tire, 0.ü)2-in (0.5-mm) water depth (I).

These equations are plotted and presented graphically in fig-

ure 6. Álthough the model for PNG can be improved to

Rz = .82 if (SNÃ)l/'? and 1(SN')t/2 are added, there are not

enough data points to ensure an improvement. In addition'

this change makes the relationship nonlinear.

TEXTURE VERSUS SNV

A similar set of correlations was performed to establish the

relations between SNo and PNG with MTD and BPN. The

regressions for PNG were good' indicating that MTD and

PÑG are highly correlated' SNo and BPN showed high cor-

relations within a given time period and region but not ìñ/hen

different times and regions were used. The best regression

model for PNG follows:

PNG: -0.26=0.tgA/ilm
R2 = 0,92, S = 0.14 (4)

The regression model for SNo gives the following:

SNo = 9.1 + 0.95 BPN R2 : 0'32, S = 17.3 (5)
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TABLE 1 SITES FOR MINITEST

SÍte
Number DaÈe Loca t íon

PSI

PS2

8lt5l85

614186

614186

517186

5lt2/86

3127 l86

313U86

TesE Track,

PA Rr. 45E,
and 3175

PA Rt. 45t{,
and 3l7O

TesI Track,
and 3. I

TesE Track,
and 5.2

Section 2

between 3/70

between 3/75

between 3

between 4. I

PS3

PS4

PS5

TX6

ÎX7

SRS No.

SRS No.

5

7

I to-a
Cn Gtovôl

5 oonrc
Cf, 610{ol

t PCC
gu?loD Orqc

PCC
Groovôd

2 p-z
Llmaslono

, ooaFc
L¡múlonr

FJ. I
Llmúldt ' FJ.I

Limcalona

SNaqR

FIGURE 4 PTI sk¡d test facility results.

when all the sites are used. If site PSI (earlier test) and sites
TX6 and TX7 (another region) are removed so that all the
data are for the same region and time frame, the regression
model becomes:

SNo = -68.+ + 2.41 BPN R2 = 0.98, S = 2.8 (6)

These results lead to the conclusion that, at a given time
and place, the two texture parameters (BPN and MTD) are
highly correlated to SN6 and PNG. However, the tire responds
to factors other than BPNand MTD; and, thus, the prediction
of SN from texture cannot be used for different times and
locations. The ribbed- and blank-tire SN measurement method
does not have this limitation.

SNO AND PNG MEASUREMENTS

SNo and PNG are defined by a skid number/speed model
referred to as the Penn State Model (3). SNo is related mainly
to microtexture, and PNG is related mainly to macrotexture.
The model is used to calculate SNu, the skid number at
velocity 7:

.tNv = sNo e- PNGIø 'v (7)

If the logarithm of each side is taken, this relation becomes:

lnSNu = lnSNo - #" (8)
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FIGURE 5 Constant SNo and PNG versus SNt and SNR.

FIGURE 6 Constant SN¡ and PNG versus SIV'and SNR.

If

lnSNo = y, lnSN6 = A, -# : B, and V = ¡

then equation 8 can be written as a linear regression:

y=A+Bx (9)

Thus,,it is possible to run a skid test at several speeds,

perform a linear regression of the ln SN with V, and obtain

the constants, A and B, of the regression.

Good results can be obtained by performing five skid tests

at 30, 40, and 50 mph. If a transient test is run, then the same

procedure is used except that SNT20, SNT30, SNT40, and

SNTSO for a 50-mph test or SNT20, SNT30, and SNT40 for
a 40-mph test are used in place of SNro, SNrq, and SNae, where

'I'hen

SNo = ln-t14

PNG = -B x 102

(10)

(1 1)
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New, Good
Oense Groded

SN8=20

Old, Polished Povoments

30
SNR . RI88ED TIRE (E5Ot)

FIGURE 7 Acceptance criteriâ (shaded ârea) using blank-
tire skid numbers (SNfs).

SNTV is the skid numbeì'at speed Vobtained from a transient
test.

SUMMARY

A summary of the relationships developed is given in Figures
7 through 11, which show lines of constant SNo and PNG on
graphs of SN' versus SNR. Also included is a line of constant
BPN equal to 55 and a line of constant MTD equal to 0.03
inch. These two values were suggested by Huschek and rep-
resent the limits on microtexture and macrotexture (for 55
mph) in Switzerland (1). Figures 7 through 11 illustrate var-

Open Groded

, Good
Dense Groded

Old, Pol

SNR =35

sNR - RTBEEO TrRE (E5Ot)

FIGURE 8 Acceptance criteria using ribbed-tire skid
numbers (SNfn).
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sNR - RtBEED T|RE (E5Ot)

FIGURE 9 Acceptance criteria using both blank- and
ribbed-tire skid numbers (SNå and SNfo).

ious criteria for acceptable pavements. The limits of the
acceptable regions, which are superimposed on data from a
1978 study (2), are shown only as an example. For instance,
if only blank-tire skid numbers (SNf) are available and the
level of20 is chosen, the acceptable region will be above the
line at SNfo : 20 in figure 7. On the other hand, if only
ribbed-tire skid numbers (SNfo) are available and the limit of
35 is chosen, only the pavements to the right of the line
SNfo = 35 in Figure 8 will be acceptable. If data from both
tires are available and the same limits are chosen, the upper
right quadrant of Figure 9 will contain acceptable pavements.
If mean texture depth (MTD) and British pendulum numbers
(.8PM) are available, the acceptable region will be to the right

Test Speed = 65 kmlh (4O mi.zh)
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l,lew, Good
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Old, Pol¡shed Povements

sNR - Rt88ED T|RE (E5Ot)

FIGURE f0 Acceptance criteria using sand-patch MTD and
BPN.

mi/h

ç
N()
l¡J

l¡J
fr
t-
Yz
J
û)

I

d)z
Ø

\t
N
tf)
l¡.1

l¡J(l
t-
Yz
J
.I¡
I

c¡z
.t)

çN
lf)
l¡J

l¡J

c
t"-

Yz
)
(D

I

d¡z
U'

(¡
N()
¡¡J

l¡J
E
t-
:<z
J
d¡
I

(D
z
an

Tost Speed = 65 km/h (aO milh)



Test Speed =65 km/h (a0 mílh)

\t
N()
l¡J

l¡Jg
1-

Yz
J
(I¡

t
oz

at,

Wambold

New, Good
Groded

SNR - RIBEED TIRE (EsOI)

FIGURE U Acceptance cr¡teria using skid number/speed
intercept (SNq) and percent normal¡zed gradient (PNG).

of the BPN = 55 line and above the MTD = .030 line in
Figure 10. Finally, if SNo and PNG data are used, the accept-

able region will be to the right of the sNo = 50 line and above

the PNG : 1.0 line in Figure 11. The levels of acceptability
shown in the figures are not intended to be conclusive. Further
research should be conducted to determine levels of accept-

ability from accident data. However, it is clear that the use

of any one or two of these parameters would delimit different
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areas of acceptance, and, thus, some roads that are acceptable

on the basis of one criterion are unacceptable on the basis of
other criteria.
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Obtaining Skid Number at Ary Speed from
Test at Single Speed

]anrns C. WeMsoru

This paper reports the results of a set of tests from New York,
Pennsylvania, Texas, and Florida that were used to correlate
skid number measurements made with ASTM ribbed and blank
tires with skid number (SN) data recorded at any speed [in
other words, the calculation ofSN at any speed from the deter-
mination of the skid number/zero speed intercept (SNo) and
percent normalized gradient (P¡yG)1. Correlations were made
with actual data at three or four speeds. Similarly, SNo and
PNG were determined from transient tests of a ribbed.tire run
at a single speed, and these results were correlated with the
actual speed data. It was found that a transient skid test made
with a ribbed tire at 40 or 50 mph, or a locked-wheel test with
both the ribbed and blank tire at 40 mph, produced excellent
results. SN could be calculated over a rânge of 20 to 60 mph
with a correlation (l?'?) better than 0.96 and as high as 0.99.

Two methods stand out as lending thelnselves to a new skid
tester design: the method employing a ribbed and a blank tire
in combination, and the spinup method. A series of tests was
undertaken to determine the feasibility of these methods.
With one minor exception no special equipment or instru-
mentation was constructed or obtainecl. The available friction
testers were used, and a large number of the tests were con-
ducted as part of the overall testing program of this project.

The objective of the experiments was to determine if the
results of ribbed/blank tire tests and of spinup/spindown tests
can be used to compute SNo and PNG, hence the SN/speed
relationship. The reference was the SNn and PNG obtained
from lockup tests with the ribbed ASTM E 501 tire at several
speeds. Tests the results of which were to be compared were
made at the same locations and wheel tracks of public high-
ways, or of the Pennsylvania'Iransportation Institute Skid
Resistance Research Facility, and as close together in time as
practical in order to eliminate as many extraneous variables
as possible from the comparisons.

The ribbed/blank tire comparisons were made in only one
(left) wheel track, thus eliminating the effect of the possible
differences between wheel tracks. This required changing the
tires, or rather the wheels to which either a ribbed E 50i or
a blank E 524 tire had been mounted. This procedure elim-
inated errors that could be caused by differences in water
application and instrumentation of the two wheels of the two-
wheel tester. Thus the results of the tests were kept free of
influences that might obscure the validity of the comparisons.

Department of Mechanical Engineering and Vehicle/Surface
Interaction and Safety Program, Pennsylvania Transportation
Institute, The Pennsylvania State University, University Park,
Pa.16802.

For the spinup/spindown investigations, the standard locked-
wheel tests were used except that oscillograph chart speed
was set at the maximum to get optimutn resolution. The test
wheel speed trace was quite free of noise, and the force trace
was smoothed visually. This permitted wheel speed and force
to be related, thereby obtaining the transient skid numbers
fSNy.çD (spindown) and ZSN'SU (spinup). Examples of such
charts are reproduced as Figure 1.

The following data sets were used:

SNro, SNoo, SNro, ancl SN.B, or SNro, SNrn, SN.,n, and SNofi,

and ISN"SU, TSN"SD

to calculate from either one of the first two sets of PNG and
SNo by perforrning a least squares fit of the three points to

sNv = sN e-PNclroo'v (1)

This equation is referred to as the Penn State Model (1).
Taking the log of each side:

ln SNu : ln SNn - #,
If ln SN, = y,ln SNo = á, and PNGI100 : B then

y=A-BV (2)

A linear least-squares fit can then be used to calculate A
and B, from which SNo and PNG result. These are considered
the actual or standard SNo and PNG to which everything else
is to be correlated.

In a similar manner, PNGSU, PNGSD, SN.SU, and SN.SD
(SU and SD, referrirrg to spinup and spindown, respectively)
can be calculated from the transient skid numbers ?nSNySU
and TSNTSD. In addition, the following regressions were
performed:

PNG = At + Bt SNfo + Cr SNI'0

= A2 + A, SNå + C, SNoBo

+ orr,Æffi + rrln,/SñTo

SNo = As * & SNÍ|, + C, SNj{,

= Aa + 86 SNå + Co SNfo

+ oorÆffi + r,on/Sffi
For each pair of SNn and PNG calculated (test at three

speeds, spinup, spindown, and SN'and SNß), CSNro, CSNoo,

and CSNro could then be calculated (C inclicating the calcu-
lated skid numbers).

Next, the correlations were obtained. The following com-
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TABLE 1 CORRELATIONS OF SNO AND PNC FROM RIBBED/BLANK TIRE TEST

COEFFICIENTS

Eouation NY (ALL) NY (S) NY(C) NY(S) + FL

NY(S) +

FL+TX

A -0.582

B t.59

c 9.97

-0.704

1.77

6. 19

-0.8 172

1.9292

2.90 t

-0.80t

t.784

B. 571

-0.495 -0.851 -0.3ó5

I .48 2.03 t.32

ll.9 0.3 l2 .8

Q -0.0272

ß 0.0102

Y 1.23

-0.0303 -0.0254

0.0ts8 0.00ó26

l. l0 I .33

-0.04t9 -0.0173

0.0 r59 0.0032

1.44 1.057

-0.0336

0.0188

I .06

-0.0317

0.0175

1.0372

a -0.8s8

B -7.66

c 124.0

D -79

E -382

-1.53

t7 .2

188.0

-315

-53 7

-0.876

2.778

- 11 .29

- 19.0

45.5

-0. 682

2.894

-t2.75

24.7

3 5.4

-0.801 -0.73

-8.7 24.6

137.0 -293

-52 -227

-t+24 981

a -0.0204

ß -0. zeo

Y 3.99

õ 2.75

E -12.8

-0.0417 -0.0202 -0. r02

-0.4ó -0.307 0.43

6.41 4.2r -5.33

-4.86 3.12 -24.2

-19. r -13.14 24.8

-0.0t98

0.069

-0.680

4 .708

2.504

-0.0 1996

0.0t06

0.113

3.844

-0.49

¡2

Eouauion NY (ALL) NY (S) NY(C) FL Ny(S) + FL

NY(s) +

FL+TX

| 0.92

2 0.77

3 0.96

0.90

0.70

0.96

0.9ó

0.90

0.99

0.95

0. 89

0.99

0.90

0.99

0.99

*

*

0.99

0.85

0.95

0.8s

0.94

0.78

0.96

0.794 0.90 0.87 0.99

'i

I

*1oo fçw daca points co give five coefficients
Equations:

l. SNg = {r5¡B + B'SNR + C

2, P¡lÇ - sr5¡B + $r5¡R * y

3. SNO 3 A'SNB + 3r5¡R * ç

. 4. .PNc = ¡r5¡B + $r5¡R * y

./SNR+D//SNB+S

../SnR+ô/.,/SNB+e
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TABLE 2 R, VALUES OF SNO AND PNC WITH
.tNfo AND SNfo

sn¿.oB sN4oR

sNo

PNG

.0s9

-.832

.869

-.lst

parisons were made to determine the correlation factor R2 (or
R, if so noted):

SNo with SNgSU

sNosD

SNo from SNR and SN'

SNo from SNR, .SN', SNR, and l(SNB)v'z

PNG With PNGSU

PNGSD

PNG from SNR & SN'

PNG from SNÀ, SNB, SNR, and l/(SNa¡vz
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What follows are the comparisons of CSN' with the measured
SNu for each of the four methods.

RESULTS OF RIBBED/BLANK TIRE METHOD

The results of the correlation of S1V6 and PNG are given in
Table 1. In the case of the New York sites, straight and curved
sections were first combined [NY (all)] and then separated

[NY(S) and NY(C)]. When the New York sites were com-
bined with the Texas and Florida sites, only the straight, or
tangent, sites were used since the non-tangent sites produce
a poor correlation in calculating PNG.

The correlation coefficients (R'?) of Sl/o and PNG for the
four equations are given in Table 1. The R2 values N(S), FL,
TX, and combined are excellent for SNo (R2 = 0.94 for all
sites combined to R2 = .99 for the Texas sites). The corre-
lations of PNG are also very good but less than for SNo. The
R2 values range from .778 for all sites combined to .99 for the
Texas sites, and can be improved slightly by using (SNn¡vz
and 1/(SNB)I/2. However, the improvement is not worth the
added complexity of the calculation.

Table2 shows the correlation, using all of the New York
sites, between SNo and PNG, with SNfo and SNfo. This cor-
relation shows that the ribbed tire is mostly sensitive to SNo
and only mildly sensitive to PNG. The blank tire is sensitive
mainly to PNG and has very little sensitivity to SNo.

TABLE 3 SNO AND PNG CORRELATIONS (R' VALUES) USING SPINUP AND SPINDOWN
METHOD, NEW YORK SITES

sNo sNoT40SD sNoT40SU SNgT5OSD SNqT50SU

sNo

sN9T40SD

SN6T40su

sN6T50sD

SN6150sU

.902

I

.890

.932

I

.898

.919

.933

I

.90t

.959

.955

.959

I

PNGT4OSD PNGT4OSU PNGT5OSD PNGT5OSU

PNG

PNGT4OSD

PNGT4OSU

PNGT5OSD

PNGT5OSU

*.208/ .8 to

I

o.zool.ott

.6 t6

I

n.Bt¿,/.90

.538

.495

I

o.603/ 
. B to

.730

. 531

.909

I

Note: *All. sices/tangent only sices
Numbers níÈhout, an asterisk represent, results for all siLes.
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TABLE 4 CORRELATTONS (N' VALUES) OF CALCULAI'ED CSNV FOR SPINDOWN AND
SPINUP TESTS WITH MEASURED SNY

Calculated
SN
(Measured )

*sNg a PNc T5OSD T4OSD T5OSU T40SU S i t,e

sN3o

SN¿*O

sN5o

sN3o

sN4o

sN5o

.992

.994

.987

.995

.996

.994

.97 4

,97 |

.964

.987

.987

.984

.989

.991

.993

.978

.98I

.979

.980

.9Bs

.986

.989

.989

.985

NY

NY

NY

TX

TX

TX

*v"1,r." calculated from actual speed data.

vCSNV.SN6e-

RESULTS OF SPINUP/SPINDOWN METHOD

Two separate sets of spinup and spindown tests were per-
formed. One set included all of the New York sites, the cal-
ibration site at the Texas Transportation Institute, and the
Bryan, Texas, sites, Table 3 shows the correlations of SNo
and PNG with the spinup and spindown tests run at both 40

mph and 50 mph on the New York sites. SNn correlates with
all the tests with an R2 of about .9, showing very good
correlation.

Table 3 also shows the values of R2 when PNG is compared
with the values of PNG computed from spinup and spindown
tests. These tests showed lower correlations than those for
SNo. However, the results at 50 mph were considerably better
than those at 40 mph. When the curved sections are removed,
all the R2 values improve-the 40 mph tests more than the
50 mph tests. Once the curved sections were removed,
the correlations were very good: R2 values ranged from .611
to .90.

In summary, it may be said that good PNG correlations
are fairly easy to obtain, but very good SNo correlations can
also be obtained easily. This indicates that macrotexture is
less homogeneous than microtexture.

The next set of correlations was performed by using the
SNo and PNG values calculated from the various tests to
calculate CSNro, CSNoo, and CNSro. These were then corre-
lated with the SNrn, SNon, SNrn values actually measured.
Table 4 gives the correlation values (R2) for each speed for
all the New York sites and for the Bryan and TTI sites. While
the SNo and PNG correlations were good, these results show
that when the SNo and PNG values were used to calculate
CSN' the calculated values were excellent. For all the speeds

and methods, the lowest.R2 value was .964. In fact, the spin-
down and spinup tests produced results almost as good as the
values calculated directly for the curve fit to the actual speed
data.

Because these results were so good, calculated CSNro and
CSNoo were also compared with those values calculated from
the original speed data. Again, the same correlations were
found. The tests were then run at the PTI Skid Resistance
Research Facility at speeds up to 60 mph, and again no sig-
nificant degradation of results was found.

SUMMARY

The results of these tests show that the spinup or spindown
transient tests can be used to obtain skid number versus speed
data from 20 mph up to at least 60 mph from a single test at
one speed. Similarly, a ribbed and blank tire can be used and
similar results obtained.

It is recommended that where a standard SN cannot be

obtained at 40 mph a transient test be made. Frorn those data
an SN can be calculated for 40 mph so that all test data would
be reported at the same speed. If this method were always
used, then on the basis of the reported SNo and PNG one
would know whether the microtexture, o¡' the macrotexture,
or both, needed corrective action.
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Concrete Pavement Rehabilitation for the
Texas State Department of Highways and
Public Transportation

Janans L. Bnowx

In order to formulate recommendations for rehabilitation
strategies that should be considered for concrete pavements
the author has: (a) Reviewed the performance of different
solutions used in Texas, (b) Revierved the performance of other
methodologies in other states, and (c) Examined costs ofseveral
recent projects in Texas and Kentucky. This paper surnmarizes
the findings and recommendations.

Historically, rehabilitation of concrete pavernents has con-
sisted of (1) attempts to stabilize pumping with asphalt under-
sealing, joint sealing, and grouting; (2) repairs varying from
spall repairs to joint replacement to full slab replacement;
(3) leveling atternpts include grinding, mudjacking, ancl thin
asphalt overlays; and (4) strengthening with thick asphalt
overlays, bonded and unbonded concrete overlays, and retro-
fitted tied portland cement concrete (PCC) shoulders.

Recent work by the concrete paving industry has lumped
many of these items into a program called concrete pavernent
restoration (CPR). The author feels this program, properly
applied, is a viable approach to contracting for deferred main-
tenance, and that CPR should often be used to restore the
pavement to an acceptable operating condition. It is also
believed that the reason such maintenance is often deferred
in Texas is the difficulty of performing such maintenance under
heavy traffic. It is further believed that soon after completion
of CPR there will again arise the need for maintenance and
it will be again deferred. In other words, there comes a time
in the life of all heavily trafficked concrete pavements when
either strengthening or replacement is needed. This paper
deals with those situations.

The following types of PCC pavements have been built in
Texas and are discussed hereafter. They are plain concrete
pavements (CPCD) with a variety of load transfer devices and
active joints from twenty to fifty feet; jointed reinforced con-
crete pavements (JRCP), with 50- to 60Vz-ftjoint spacing; and
continuously reinforced concrete pavements (CRCP).

The following rehabilitation solutions have been
considered:

1. Simple asphalt overlays,
2. Asphalt overlays with crack relief layers,
3. Asphalt overlays after cracking and seating the PCC,

Pavement Design Section, Highway Design Division, Texas State
Department of Highways and Public Transportation, llth and
Brazos, Austin, Tex. 78701.

4. Bonded concrete overlays, and
5. Unbonded concrete overlays.

Within certain limits it is believed all of the above solutions
can provide a viable extension of life of the existing pavement.
It is also believed that a sixth solution, complete reconstruc-
tion, will ultimately be necessary. The expected performance
of each type of rehabilitation for each type of pavement is
discussed briefly below.

Reflected joints through simple asphalt overlays have usu-
ally been the scourge of this solution for jointed PCC pave-
ments. Water enters the broken asphalt at the reflection crack,
and potholing, crack spalling, and stripping often follow.

Simple asphalt overlays should, therefore, be limited to
pavements with less traffic and good load transfer across the
joints. The only reasons that justify the need for such overlays,
then, are slickness ancl loughness. In sum¡nary, a slick or
rough, but sound, jointed PCC might be successfully overlaid
with asphalt concrete pavement (ACP). (Sawing of the ACP
over the old joints is being researched in some states. This
may be an improvernent on this technique.)

Texas'experience has indicated that sirnple asphalt overlays
have been very successful when placed over repaired CRCP.
Based on the perforrnance of more than 20 such projects
ranging in age from one to eighteen years, it appears con-
servative to expect a ten-year life for such solutions (results
of unpublished condition surveys conducted on asphalt over-
lays of 8-in CRCP in Texas in 1986). Thickness of the asphalt
overlays has varied from 1 inch to 6% inches. Current rec-
ommendations are to carefully repair the CRCP with full-
depth, fully reinforced patches and place a 3Vz-in to  Yz-in

ACP overlay.
One asphalt overlay with a crack relief layer has been tried

in Texas. Several projects in Arkansas and other states have
also been built (/). Mixed success has been reported. One
factor that has not been completely resolved with this tech-
nique is how much joint movement-both horizontally and
vertically--can be accommodated by what size aggregate in
the crack relief layer. Additionally, the crack relief layer acts
as a drainage layer with all the attendant problems associated
with outlets. In summary, enough success has been reported
with this technique to not rule it out, but specific recommen-
dations on optimizing the design are not possible.

Many projects using the "crack and seat" or "break and
seat" technique followed by an asphalt overlay have been
built in recent years. California and Kentucky (2) have been
leading states using this method. Existing PCCs in California
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are plain pavements without reinforcement and only aggre-
gate interlock for loacl transfer. Stabilized subbases are usually
present. Kentucky, on the other hand, uses mesh reinforce-
ment and dowels. The California overlays are approximately
3%-in, plus a fabric reinforcement. The Kentucky overlays
are approximately 6Y2-in thick. Other states are also trying
this technique.

Questions related to factors that should be optimized include:

1. How close should one be to crack the pavement?
2. How thick should the ACP overlay be?

3. How much difference does reinforcement make?
4. How should breaking or cracking and the seating oper-

ation be inspected?
5. Is the fabric needed or beneficial?
6. Is drainage necessary?
7. What will the ultimate wearout and, thus, future reha-

bilitation be like?

Even with these uncertainties, it appears the technique used
in Kentucky is a viable one for rehabilitating CPCD and JRCP
pavements.

Bonded concrete overlays are being tried more and more
on highway pavements. This technique, developed to strengthen
sound airfield pavements to handle heavier aircraft, was first
used in the highway field for bridge deck repair. Many proj-
ects have been placed in the Midwest on jointed concrete
pavements (3). Two critical elements must be present, how-
ever, for bonded concrete overlays to be successful. Most
engineers believe that bondii'rg to an existing pavement is a
process that requires a sound existing pavement. Unfortu-
nately, these same engineers will likely differ widely in what
they determine to be a sound pavement. Second, bonded is

the critical word in bonded concrete overlay. Very careful
construction is necessary to achieve bonding.

Two full-scale bondecl PCC overlays of CRCP were built
in the late 1970s in Minnesota and Iowa, another in 1983-84
in Wisconsin, and one in 198G1987 in Houston, Texas. Some
debonding is being experienced on the Houston project at
this time. As will be shown later, this technique has an eco-
nomic advantage over unbonded PCC overlays in urban free-
way construction if it performs well.

Unbonded PCC overlays (4) have been used many times
throughout the United States. Provided the designer recog-
nizes that the existing pavement provides only an excellent
base upon which to build a new PCC and, therefore, does
not try to make the overlay too thin, unbonded PCC overlays
should last as long as a new PCC pavement.

COST PERFORMANCE

In order to determine the cost-effectiveness of some of the
previously mentioned techniques, fifteen full-scale Texas free-
way rehabilitation projects were studied. Additionally Drake
(2) provided data on 12 projects using the break and seat

technique. Table 1 summarizes the 27 projects. The projects
from Texas include two simple-asphalt overlays, one ACP
overlay plus extensive repairs, one bonded PCC over CRCP,
six unbonded overlays, and five reconstruction projects. Twelve
crack and seat projects from Kentucky are shown. Five ofthe
Texas projects are capacity improvement projects: two change
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from a six-lane freeway to an eight-lane freeway plus an
authorized vehicle lane (AVL); two change from a four-lane
freeway to an eight-lane freeway; and one changes from a

four- to a six-lane freeway. In Texas, three of the old pave-
ments were plain, eight were jointed reinforced, and five were
CRCP. All the old Kentucky pavements were 25-ft, jointed,
mesh-doweled pavements. Data on six "Texas Comparison
Projects" are also supplied. These were not PCC-rehabilita-
tion projects and are not discussed. The data are provided so

the reader can make comparisons, if desired.
Table2 summarizes bid prices for these projects. The col-

umn labeled "Unit Bid" shows the bid per square yard for
all paving items used on the main lanes and shoulders. The
column labeled "Total Cost of Paving" attempts to isolate all
costs associated with pavement rehabilitation. This column
includes repairs, mobilization, traffic handling, and pavement
markings for the Texas projects. It excludes drainage struc-
tures, grading, and frontage roads except where upgrading
the frontage road was explicitly required for traffic handling.
Figure 1 shows that the total cost of paving exceeds the unit
bid by significant amounts.

In order to develop a better estimate for optimal solutions,
estimates of pavement life were made as shown in Table 3.
Thirty-year, life-cycle cost calculations were made using these
estimates and a discount rate of 5 percent. The column labeled
"Net Present Worth" shows these results.

Note that the expected life estimates are the author's and
are based only on very limited evidence for most of the tech-
niques. Unfortunately, it is necessary to make decisions on
enormous construction outlays based on limited data.

These calculations indicate tremendous advantages for
solutions that incorporate significant portions of the existing
pavement into the new pavement, in other words the ACP
overlays, the ACP plus crack and seat, and the bonded PCC
overlay. Many engineers, including the author, believe another
factor, reliability, or the probability that the design will per-
form as expected, should be considered (5). Reliability should
be high whenever the consequences of failure are critical. This
factor, as well as the cost ofdelay for rehabilitation construc-
tion, has not been quantified but has subjectively influenced
the recommendations that follow.

Annual cost per-vehicle-mile, per-lane using present ADT
for the thirty-year cycle were computed and are also shown
in Table 3. Texas State Department of Highways and Public
Transportation rehabilitation funds are currently allocated on
a basis that is closely related to this number. The basis for
allocation is 50 percent for lane-miles and 50 percent for vehi-
cle-miles. Highways (or districts) with heavier traffic receive
more rehabilitation funds.

The recommendations that conclude this paper are based
on the following assumptions:

1. The previously stated assumptions about pavement life,
interest rate, etc., are accurate enough to be useful.

2. There is not enough rehabilitation money available to
select the longer life/higher life-cycle cost solutions for rural
freeway projects.

3. The potential cost savings for the bonded PCC overlay
outweighs the uncertainty associated with it.

4. The urban freeway capacity improvement projects are
not wholly funded with rehabilitation funds. Their excessive
costs must be balanced by the opportunity to effect user delay



TABLE 1 SUMMARY OF CONCRETE REHABILITATION PROJECTS_TEXAS PROJECTS

JO8 EXISTINC

I PAVEMENÎ

DBSCRIPTION

(B)

SHOULDBRS ÎIIPB I LAI¡88 ADl

(c)

LBNEM TOÎAL DATE

(MILBS) BID ¡.ET

( 106)

t

2

3

4

5

ó

7

8

9

t0

¡l
12

t3

l4

¡5

cRcP 3' ACP 0.L.

CRCP&JRCP 4' ACP O.L.

JRCP 3- ACP O.L. & REPATRS (3.t)*

CRCP 4' BONDBI} CRCP O.L.

JRCP ¡0" CRCP O.L.

cPcD 10" cRcP o.L. (6.1)

cPcD l0' cPcD o.L. (7.1)

cRcP t0' cPcD 0.L. (8.1)

cPcD t3" cPcD RBCONSTR (9.r)

JRCP 13' CRCP RECONSTR

JRCP 10" CRCP O.L. (r¡.t)

JRCP lt" CRCP O.L. (r2.1)

JRCP 14" CRCP RECONSTR (T3.I)

cRcP 12" cRcP RECoNSTR (I4.1)

JRCP 13' CRCP RECoNSm (r5.r)

3" ACP O.L.

4' ACP O.L. û 15' WIDBN (I7.t)

CoMPLEIE ACP RECONSÎR (t8.1)

10" cRcP REcoNslR (19.1)

t2" cPcD

8" CRCP IIDBNTNG (21.1)

ÎEXAS COMPARISON PROJECTS

3" ACP RURAL 414

1.5"e4'ACP URBAN 416

2' ACP RURAL 414

IO" CRCP RI'RAL 416

12" cPcD RURÁL 414

8" CRCP URBA}I 618

4' ACP O/L

4'ACP

3" ACP O/L

4'ACP

l0" cRcP

I0" cRcP

8"eI0" cPcD

¡0" AcP

l" AcP

13'cRcP

10" cRcP

ll'cRcP

t4" cRcP

12' cRcP

¡3'CRCP

RTTRAL 414 t5,000

URBAN 818 80,000

RURAL 416 26,000

uRsAr{ 818 t65,000

RURAL 414 17,000

RURAL 414 15,000

RURAL 414 2¡,000

RLR.ÀL 414 16,000

URBAN 414 20,000

URBAN 418 r35,ooo

URBAN 6/8+ÀVL 127,000

URBAN 6/8+AVL ¡75,000

RURAL 416 2ó,000

URBA!{ 418 73,000

l,R8A¡¡ 818 73,000

t4. t

3.3

3.9

3.4

14.9

9.5

r0.7

6.3

6.5

2.7

lt -7

¡4,000 4,2

90,000 5.ó

r ¡,000 8.3

7,000 8.8

35,000 4.3

90,000 r.9

rr,000 r3.2

2t,000 19.¡

38,000 2.4

12,000 7.5

12,000 12.5

45,000 7.9

22,000 rt.3

¡3,000 15.4

19,000 14.5

30,000 16.3

2r,000 5.1

2r,000 rr.l
22,000 rr.4

96.2 SEP 85

$6.3 ocr 83

920.5 SEP 86

$r0.8 APR 85

s21.2 APR 85

$t8.6 ocr 85

928.4 AUC 86

$t2.2 AUC 8s

$tó.4 ocr 85

$50.0 ocr 85

$34.1 APR 85

s70.0 JA¡r 8ó

$20.5 SEP 86

945.8 JA¡r 86

$68.9 l,lAR 87

4.1

1.5

3.4

2.5

L7 ACP

18 ACP

t9 ACP

20 NEt{

2t cRcP

I JRCP

2 JRCP

3 JRCP

4 JRCP

5 JRCP

ó JRCP

7 JßCP

8 JRCP

9 JRCP

IO JRCP

II JRCP

12 JRCP

AVERAGE:

93.4 r'rAR 87

$15.4 sBP 86

$ 8.6 MÀR 85

sll.2 sBP 86

$r8.5 NOV 85

$ló.6 AUC 86

ó.5' ÂCP U/ CRACK & SBAT

6.5" ACP Il/ CRACK T SEAT

6.5' ACP r{/ CRACK t SBAT

ó.5" ACP lrl CRACK & SBAÎ

6.5' ACP U/ CRACK e SBAÎ

ó.5" ACP l{/ CRACK t SEAT

ó.5' ACP ùIl CRACK E SEAÎ

ó.5" ACP ¡il CRACK & SEAT

ó.5' ACP U/ CPóCK T SEAT

6.5" ACP l.t/ CRÀCK t SEAT

6.5" ACP [l/ CRACK e SBÀ1

6.5" ACP t.l/ CRÀCK t SEAÎ

6.5" ACP W/ CRACK t SBAT

KtsNlUCKY PROJECTS

ó.5" ACP RUR.AL 414

ó.5" ACP RURAL 414

ó.5'ACP URBAN 414

6.5'ACP RURAL 414

6.5" ÀCP RURAL 414

ó.5'ACP URBAN 414

ó.5" ACP RURA¡, 414

6.5" ACP RURAL 414

6.5'' ACP RUR.AL 414

ó.5' ACP URTAN 414

6.5" ACP RI'RÁL 414

ó.5" ACP RURAL 414

414

$8.0 rEE 82

$9.3 JUL 82

91.5 ¡{AY 83

$4.9 JUN 83

s7.r JUN 83

$6.2 JUL 83

9ó.9 JUL 83

98.3 AUC 83

98.8 SEP 83

$8.ó SBP 83

$4.0 Nov 83

$6.8 JUN 84

î6.677,937.80

*S"" 
"Noa"" for lablesi' for addltlonôl Project 6Peclflc lnforûaÈlon'



TABLE 2 SUMMARY COSTS FOR CONCRETE REHABILITATION PROJECTS_
TEXAS PROJECTS

JO8 EXISÎING

I PAVTMENÎ

DESCRIPlION

(A) (8)

UNIT BID UNIT COSÎ UNIÎ BID

($/sY) 0F PAVTNC UNlr cosl

( 9/sr)

(D)

COST/MILE

(4 LA¡IES)

I CRCP 3' ACP O.L.

2 CRCPEJRCP 4' ACP O.L.

3 JRCP 3" ACP O.L. & REPAIRS

4 CRCP 4" BONDED CRCP O.L.

5 JRCP 10" cRcP o.L.

6 CPCD 10" CRCP 0.L.

7 CPCD I0' CPCD O.L.

I CRCP 10" CPCD O.L.

9 CPCD 13" CPCD REC0NSÎR

rO JRCP 13" CRCP RECONSTR

lt JRCP 10" cRcP o.L.

t2 JRCP ll' CRCP O.L.

13 JRCP 14' CRCP RECONSÎR

14 CRCP ¡2" CRCP RECONSTR

15 JRCP 13' CRCP RßCONSTR

RURAL

URBAN

RURAL

I'RTAN

&I,RÂL

RURAL

RI'RAL

RURAL

UREAN

URBAN

URAAN

URBAN

RUR.AI,

URBAN

URBAN

5.s6

9.85

ó.03

17 .79

19. t3

r 5.96

20.44

23.94

33. l3

35.25

35.80

39.32

4r.77

38.8r

28.68

8 0.70

13 0.76

20 0.30

25 0.7r

25 0.77

34 0,47

36 0.57

38 0.63

4t 0.8t

55 0.64

56 0.64

57 0.69

57 0.73

ór (14,2) 0.64

65 0.44

7

t4

t8

24

48

58

357,000

580,000

892,000

I , I t5,000

1 ,1 15,000

r,5 16,000

I,605,000

r,ó94,000

I ,828,000

2,452,000

2,497,000

2,54 r ,000

2,54r,000

2,720,O0O

2,898,000

3 r2,000

624,000

803,000

I,070,000

2,140,000

2,586,000

TEXAS COMPARISON PROJECTS

16 ACP

t7 ÂcP

18 ACP

19 ACP

20 NEfl

2t cRcP

3" ACP O.L.

4' ACP O.L. û 15' t{rDEN

COMPLETE ACP RECSÎR

IO" CRCP RECONSTR

12" cPcD

8" CRCP UIDENING

6.5" ACP t{/ CRACK e SBAÎ

ó.5" ACP r{/ CRÁCK e SEAÎ

6.5" ACP r{/ CRACK t SEAT

ó.5" ACP til CRACK e SEAÎ

ó.5" ACP t{/ CRACK e SEÂT

6.5" ACP r{/ CRACK & SEAÎ

ó.5" ÀCP r{/ CRACK e SEAT

6.5' ACP r{/ CRÁCK t sDAl

6.5" ACP I{/ CRACK E SBAT

ó.5' ACP lll CRACK e SEAÎ

6.5" ACP n/ CRACK ó SBAÎ

6.5'' ACP H/ CRÂCK E SEAÎ

ó.5" ACP t{/ CRACK û SBAÎ

KBNÎUCKY PROJECÎS

RI'RAL 6.22

RURAL 7.79

TRDAN 9.6r

RURAL 8.33

RI,RÁL 7.74

URBAN 6,29

RI'RAL 6.36

RURÂL 6.67

RI'RAL 9.88

URBAI{ 6.4t

RI'RA¡ ó.87

RUTâL ó.93

7,42

RURAL

URBAN

RURAL

RURAL

RURAL

URBAN

4.0ó

I 1.45

t3.21

18.55

24.rO

38.05

0.58

0.82

0.73

0.77

0.50

0.66

I JRCP

2 JRCP

3 JRCP

4 JRCP

5 JRCP

6 JRCP

7 JRCP

8 JRCP

9 JRCP

¡O JRCP

¡T JRCP

12 JRCP

AVERAGB:

t4

u
t5

t3

l3

t5

t2

t2

L7

It
ló

t3

l4

0.44

0.7 t

0.64

0.64

0.ó0

0.42

0,53

0.56

0.58

0.58

_0.43

0.53

0.55

ó01,000

488,000

ó39,000

646,000

567,000

777,0OO

6to,00o

538,000

ó05,000

526,000

763,000

6r4,000

ót4 ,500



TABLE 3 COST ANALYSETTEXAS PROJECTS

JOB EXISÎING TYPE DßSCRIPTION

I PAVEMENT

EXPECTBD UNIT

LIFE BID

lOlAL NBl ANNUA¡.

cosT oF PRasENl COSÎ

PAVINC T{ORTH /LN I'iI

($/sY) $/sr)* /vEHtcLE

(198ó $)

ADT ADT

/LANE

¡ CRCP RI'RAL 3" ACP O.L.

2 CRCPôJRCP URBAN 4" ACP O.L.

3 JRCP RT'RAL 3'' ACP O.L. & REPAIRS

4 CRCP I,'R8A¡I 4' BONDED CRCP O.L.

5 JRCP RURAL IO' CRCP O.L.

6 CPCD RURAL IO" CRCP O.L.

7 CPCD RURAL TO' CPCD O.L.

8 CRCP RURAL ¡0" CPCD O.L.

9 CPCD UR¡AN 13" CPCD RBCONSÎR

TO JRCP I'RBAN 13" CRCP RECONSTR

II JRCP I'RBAN IO' CRCP O.L.

12 JRCP URBAN II" ORCP O.L.

13 JRCP RURAL 14' CRCP RBCONSTR

14 CRCP URSAN 12' CRCP RECONSTR

15 JRCP URBAN 13" CRCP RECONSÎR

tó ÀcP

17 ACP

18 ACP

19 ACP

20 NEt{

2t cRcP

l0 5.5ó

r0 9.85

r0 ó.03

15 t7.79

30 t9. t3

30 15.96

30 20,44

30 23.94

30 33. 13

30 35.28

30 35.80

30 39.32

30 4r.77

30 38.8¡

30 28.68

I
I3

20

25

25

34

36

38

4t

55

56

57

57

6¡

ó5

¡ó

26

40

37

25

34

36

38

4t

55

56

57

57

6r

65

1.00 15,000 3,750

0.6¡ 80,000 10,000

2.16 26,000 4,330

0,42 165,000 20,ó30

r.38 17,000 4,250

2,r3 15,000 3,750

r.ót 21,000 5,250

2.23 tó,000 4,000

t.92 20,000 5,000

0,76 t35,000 ró,880

0.93 127,000 14,¡¡0

0.69 r75,000 19,440

3.09 26,000 4,330

r.57 73,000 9,r30

r.67 73,000 9,130

ÎBXAS COMPARISON PROJECTS

RURÂ¡. 3' ACP O.L. t0 4.06

URBA¡I 4" ACP O.L.t¡5" r''rDEN ¡0 11.45

RURAL CC}MPLSÎE ACP RßCOSÎR 20 I3.2I

RURAL t0" CRCP RECONSÎR 30 t8.55

RURÀL t2'CPCD 30 24.10

URBAN 8' CRCP UIDENING 30 38.05

7

l4

t8

24

48

58

l4

28

27

24

4g

58

0.93 14,000 3,500

0.44 90,000 15,000

2,33 l¡,000 2,750

4.8t 7,000 t,¡70

1.29 35,000 8,750

r.2r 90,000 u,250

KENÎUCKI PROJECTS

I JRCP RI,RAL ó.5" ACP l{/ CR ô SEAÎ 15 ó

2 JRCP RURAL ó.5'' ACP I.U CR & SEAÎ 15 8

3 JRCP URBAN 6.5' ACP I.'/ CR T SEAT 15 IO

4 JRCP RURAL 6.5" ACP !'/ CR T SBAT 15 8

5 JRCP RUR^AL ó.5" ACP I{/ CR T SEAÎ 15 8

ó JRCP I'RB^N 6.5" ACP t{/ CR e SEÀÎ 15 6

7 JRCP RTTRAL 6.5" ACP lll CR & SEAT 15 6

8 JRCP RURAL ó.5" ACP I,'/ CR E SEAT ¡5 7

9 JRCP RI'RAL ó.5" ACP }¡/ CR ú SBAT T5 IO

lo JRcp URBAN 6.5" ACP l{/ CR ú SEAÎ 15 6

u JRCP RURAL 6.5" ACP W/ eR e SEAÎ ¡5 7

12 JRCP RUR¡L 6.5" ACP U/ CR E SEAT 15 7

¡4

IT

t5

t3

l3

l5

t2

t2

L7

ll
t6

l3

l4

2t

Tó

22

t9

l9

22

t8

l8

25

Tó

24

¡9

20

1,77 ¡t,000 2,750

0,73 2¡,000 5,250

0.55 38,ooo 9,500

r.5r 12,000 3,000

r.5¡ 12,000 3,000

0.4ó 45,000 rr,250

0.76 22,000 5,500

1.28 13,000 3,250

t,24 19,000 4,750

0.51 30,000 7,500

1.06 2r,000 5,250

0.86 2r,000 5,250

r.02 22,000 5,520AVEPÁCB: ó.5" ACP U/ CR 6 SEAÎ



Brown

savings by "fixing it right the first time" and by the need for
greater reliability in the design solution.

RECOMMENDATIONS

Various concrete rehabilitation strengthening solutions have

been discussed and costs compared. For Texas, the follo\t"ing

recommendations are made.

UNIT BIO 
'/SY

FIGURE I Total cost versus unit bid.

TABLE4 COSTANALYSES
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1.. For non-freeway jointed pavements that must be over-

laid due only to slickness or roughness, uselYz'to3Vz-in ACP.
2. For all rural CRCP pavements experiencing punchouts

or spalling, repair the punchouts, full depth, fully reinforced,
and immediately overlay with3lz'to 4t/2'iÍ ACP.

3. For urban CRCP pavements, fully repair all structural
distress and then overlay with 3t/z- to 4t/z-in ACP or bonded

CRCP.
4. For rural JRCP or CPCD, either use the crack and seat

or combine the crack and seat with the Arkansas crack relief
layer.

5. For urban freeway capacity-improvement projects' con-

sider widening unbonded overlays now and in the future, as

well as unbonded overlays now.

Applying these recommendations to the projects reviewed,
in retrospect, one sees in Table 4 that six of the Texas selected

solutions were acceptable, four were marginal, and five would
not have been recommended.

NOTES FOR TABLES

Tables I and 4

(3.1) The ACP O/L and CRCP work for this job have been

separated into two separate projects for this analysis. Also,
the cost for the ACP O/L included $1,330,425.00 for repairing
the existing concrete Pavement.

vl
o
o

=
À
¡ro
t-
Øo(J
J
F.ot-

JOD EXISTING ÎYPE

I PAVEMENT

DESCRIPTION UNIT COST

OF PAVINC

( 9/sY)

NET

PRESENl

WORTH

($/sv)

ANNUAL

COST/LN MI

/VEHICLE

( 1986 S)

4 CRCP T'RBAN

2 CRCP URBAN

L2 JRCP URBAI{

IO JRCP URBAN

* JRCP/CPCD R OR U

II JRCP URBAN

r CRCP RI'RAL

¿" BONDED CRCP O.L. 25

4" ACP O.L. 13

rr" cRcP o.L. (r2.1) 57

13" CRCP R¡CoNSÎR 55

ó.5" ACP U/ CRACK ú SEAT* 14

lo" cRcP o.L. (rl.l) 56

3' ACP O.L. 8

0.42 165,000

0.61 80,000

0.69 175,000

0.76 r35,000

0.85 22,000

0.93 127,0oo

r.00 15,000

OK for use

0K for uee

OK for use

oK for u8e

0K for use

oK for use

0K for uae

1.38 17'000 narglnåI

t.57 73,000 Mrglnal

t.61 2l,000 mrglnal

1.67 73'000 úarglnål

L.9Z 20'000 not recoænded

2,13 15'000 not reco@ended

2.16 26'000 not reco@ended

2.23 ló,000 not recouended

3.09 26'000 not recomended

5 JRCP

t4 CRCP

7 CPCD

T5 JRCP

9 CPCD

6 CPCD

3 JRCP

8 CRCP

13 JRCP

RUPâL IO" CRCP O.L.

I'RBAN 12' CRCP RDCONSTR (T4.I)

RURÁL tO" CPCD O.L. (7.r)

URBAN 13" CRCP R3CONSÎR (15.t)

TRBAN t3' cPcD RECONSÎR (9.t)

RrrRÂL 10" cRcP o.L. (6.1)

RURAL 3' ACP O.L.E RBPAIRS (3.T)

RUnAL l0' cPcD o.L. (8.I)

RURA¡, t4" CRCP RECoNSÎR (13.1)

25

6l

36

65

4l

34

20

38

57

37

26

57

55

20

56

tó

25

6t

36

65

4l

34

40

38

37

I AVERACB VALI'ES FOR KENTUCKY PROJECTS
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__(6.1)5 percenr of job is 13-inch CRCp Reconsrruction (22,
173 sy).

(7.1) The project includes 8-inch CONC pAV for shoulders
and l3-inch CONC PAV RECONSTRUCTION.

21 percent of job is CRCp Reconsrruction (57 ,674 sy). pri_
mary Bid Item quantity does not include g1,312 sy óf eC
shoulders.

(9.1) 10 feet of rhe old lO-inch pCC was left in place for
outside shoulder base.

(11.1) Added lO-inch CRCP AVL.
(12.1) Added 1i-inch CRCP AVL, only 25 percent of bond

breaker/level up was included when calculating the costs for
rehabilitating rhe roadway since only 4.451 MÍ was overlaid
of the 16.012 miles leveled up. The bond breaker/level up
was let in DEC 83 as a separate O/L contract to Williams
Bros. Constr. Co, The table combines both projects together
for cost analysis.

(13.1) Same as Nore (3.1). The job included a weigh sration
a-nd frontage road work, which was not inclucled when totaling
the costs for rehabilitating the roadway, the 10- and 12_inch
concrete paving were substantial amounts of concrete used in
the frontage roads.

(14.1) The ramps for the highway are constructed with g_

inch CRCP.
(15.1) All 13-inch CRCP work was included while all g_

inch CRCP work was excluded. The project included a major
interchange at IH 20 and IH 35.

(17.1) The project includes some inlays and variable thick_
ness overlays.

(18.1) The description of COMpLETE ACp RECON_
STRUCTION includes; 2-inch ACp surf (new), a fabric
underseal, S-inch hot recycled ACp,6-inch lime treated base,
and 6-inch existing base. The project had a substantial amount
of salvaging and treating of existing base and subgrade.

(19.1) The project included an immigration statìon, which
was not included in the rehabilitation costs for the roadway.

TRANSPORTATION RES EARCH RECORD 1 19ó

(21.1) The project is an addition of new lanes (from 4 to 6
lanes) to the highway without overlaying the existing lanes.

Table 2

(6.2) The ratio is low due to substantial costs for shoulder
and fr. road work, which increased the UNIT COST FOR
PAVING, but was not included in the UNIT BID.

(14.2\The 8-inch CRCP cosr is included in the UNIT COST
OF PAVING but is not included in the UNIT BID.
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Relative Influence of Accelerometer and
Displacement Transducer Signals in Road

BoHpeN T. KurerowsKl, JoHx J. Hu¡nv, AND Jelrans C. Wenlnoro

Roughness Measurements

Highway agencies conduct regular testing programs to monitor
road roughness characteristics. Measurement of road rough'
ness does not present an extremely challenging problem con-
ceptually. On the other hand, the cost of the measuring equip'
ment is signilïcant. In this paper, the possibility of evaluating
road roughness without an accelerometer is considered. The
analysis of the frequency characteristics of displacement trans'
ducer and acceterometer signals indicates that the latter signal
carries very little additional profile-related information within
the frequency range of interest in the measurement of road
roughness. The analytical conclusions are confirmed by sta-

tistical analysis of actual road roughness data.

Roughness is a property of pavement surface that affects not

only ride comfort but also highway safety and vehicle energy

consumption. Highway agencies conduct regular testing pro-
grams to monitor road roughness characteristics' From a con-

ceptual standpoint, measurement of road roughness does not

present an extremely challenging problem. On the other hand,

the cost of the measuring equipment is a significant factor in
the evaluation of road roughness. The cost of commercially

available profilometers ranges from $35,000 to over $250,000'

The cost of response-type road roughness meters is signifi-

cantly lower, but these devices require periodic calibration
using profilometers.

The technique most widely employed in the United States

for obtaining road profile data is measurement of acceleration
and displacement between the test vehicle and the road sur-

face with an inertial profilometer (1). High-pass filtering of
the accelerometer signal followed by double integration gives

a record of the absolute vertical position of the vehicle body.

The displacement signal is then subtracted from the integrated

accelerometer signal to produce the road profile record, which

can be further processed to obtain road roughness measures.

An alternative approach to determining road roughness was

proposed by V/atugala (2). In this method the calculation of
the elevation profile is eliminated, and road roughness index

values are generated by the quarter-car model using the accel-

erometer and displacement transducer signals as the inputs.

This simplifies somewhat the data processing involved, but

the procedure is still relatively complex and costly.
In this paper, the possibility of evaluating road roughness

without an accelerometer is considered. The analysis of the

frequency characteristics of displacement transducer and

accelerometer signals indicates that the latter signal carries
very little additional profile-related information within the
frequency range of interest in the measurement of road rough-
ness. The analytical conclusions are confirmed by statistical
analysis of actual road roughness data.

FREQUENCY ANALYSIS OF THE QUARTER.CAR
MODEL

An objective measure of road roughness is based on the dynamic

response of the standard quarter-car model, which is shown

in Figure | (3, 4). The quarter-car dynamics is described by

the following equations:

M"2" + C"(2" - 2,) + K,(2" - 2,,) : 0

M,,2,, - C"(2" -2,,) - K,(2, - zu) = K,(w - 2,,) (2)

The road roughness index is expressed as

2,,)dl

The road profile, w, is calculated using the equatiolr

a

I
*Ø = J a(r) drdr - x(t) (4)

*n"r" åtn the displacement transducer signal' x(t), and

the accelerometer signal, a(t), are recorded by an inertial
profilometer.

A transfer function block diagram of the quarter-car model

employed in road roughness analysis is shown in Figure 2.

Road profile, lV(s), is the input signal to the system. The
displacement transducer and accelerometer lesponses to the

input are generated through the transfer functions G*rr(s)
and G*o(s), relating vehicle body displacement to road pro-

file, and body acceleration to road profile, respectively:

G*rr(s) =

and

G*o(s) =

L
f

Rn.= tlLJQ,-
0

(1)

(3)

(s)11(s)

wG)

A(s)
lv(s)

Pennsylvania Transportation Institute, The Pennsylvania State
University, University Park, Pa. 16802.

(6)
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K"/M. = 623;2 Mq/Mr = Q.l5

K¡lM" = 653Oi2 CelM. : @.6e-l

FIGURE I Standard quarter-car
model.

The relative displacement of the two masses y(t) = z"(t) -
2,.(f) represents the system output. It is related to the dis-
placement transducer and the accelerometer signals through
transfer functions Gr,r(s) and Go"(s) so that

Y(s) = Gnr(s) .ä(s) + G,.r(s) + ,4(s) (7)

Using Equations L and 2, and noting that

11(s)=2"(s)-W(s) (8)

the detailed expression for G*¡(s) in terms of the quarter-
car model parameters can be obtained as shown in the Appen-
dix, Equation A1.

Also, taking the Laplace transform of equation 4 we have

1

w(s) = *¿trl - H(s) (e)

and hence the profile-acceleration transfer function can be
found as

G*"(s) = s'[1 + G*,, (s)] (10)

A detailed expression for G*o(s) is also given in the Appen-
dix, Equation A2.

The other two transfer functions, G,,"(s) and Go"(s), can
also be expressed in terms of the quarter-car model param-
eters as shown in the Appendix, Equations A4 and 45. In
order to compare the relative effects of the displacement
transducer and accelerometer signals on the output signal
Y(s), the power spectral densities of the two signals will be
considered. First, the power spectral densities of l'l(7or) and
A(jø) are related to the power spectral density of the input
profile signal, W(ir), as follows:

S"(l'r) = S'(l'o)' lG*"(t'r)l'
and

S"(7'o) = s*(/'.,r)' lG*"(i't)l'
Next, the power spectral densities of the two components

of Y(7'<o), one due to I/(j<o) and the other due to A(io), are
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expressed as

S"'(ito) = S"(l'o) 'lG""(l'r)l'

S""(ir) = S"(t't¡) . lG""(lr)l'
Combining Equation 11 with Equation 13, and Equation

12 with Equation 14, the expressions for the power spectral
densities of the relative body-suspension displacement com-
ponents caused by the displacement transducer and acceler-
ometer signals, S"r(l'r) and Srr(7<o), are found:

S""(l'r) : S*(lr) lG*¡¡(jor)l'zlG,r"(lr)l'

S"t(,1'<,r) = S*(7'o) | G*"(io) l'?l G""(7'to) l,

In order to evaluate the relative effects of the displacement
transducer and accelerometer signals on the relative axle-body
displacement the function G(to) is introduced defined as

(13)

(14)

(1s)

(16)

o(a):#B

, \ lG*"(,¡'o)l'?lGo"(l'r)l'
o t o ) = ic* (/',Fiõ"f /'r) f-

(17)

Using equations 15 and 16, o(to) can be represented by

(1 1)

(12)

(18)

Employing previously derived equations for the transfer
functions on the right hand side of Equation 18, o(to) can be
expressed in terms of the quarter-car palameters, (see Equa-
tion A6 in the Appendix).

The plot of o(co) is shown in Figure 3. Function o(o) , intro-
duced above, represents a measure of the relative effect of
accelerometer and displacement transducer signals on the axle-
body displacement, which, in turn, is used to determine road
roughness, Equation 3. It can be observed from Figure 3 that
o(or) decreases rapidly with the increasing wave number of
the road profile. For profile wave number equal to approxi-
mately 0.05 cycle/ft the power spectral density of the axle-
body displacement related to the accelerometer signal con-
stitutes only about 10 percent of the axle-body displacement
cornponent related to the displacement transducer signal. It
can therefore be concluded that for wave numbers equal to
or greater than approximately 0.05 cycle/ft the dynamics of
the axle-body displacement can be accurately represented by
the displacement transducer signal only. In a recent study (5)
it was found that a subjective measure of road roughness
correlates best with the objective measure, represented by
the roughness index given by Equation 3, in the range of
frequency from 0.125 to 0.63 cycles/ft. It can be seen in Figure
3 that the contribution of the accelerometer signal to the road
roughness measure within this frequency range is negligible
in comparison with the displacement transducer signal. This
analytical conclusion will be verified by statistical analysis of

FIGURE 2 lllock diagram of the system generating relative axle-body displacement.



Kulakowski

WAVE NUMBER, cycles/ft

FIGURE 3 Function o(ct) representing relative effect of
âccelerat¡on and d¡splacement signals on axle'body
displacement.

actual road roughness data, which is presented in the next

section.

STATISTICAL ANALYSß

In order to validate the lesults of the analytical considerations
presented in the previous sectiorl, a statistical analysis of actual

data collected on 15 l'oad sites in Central Pennsylvania was

performed. The data were used to calibrate the Pennsylvania

DOT's Mays meters (ó).
First, the roughness index values were calculatecl for a full

quarter-car model using Equation 3. Both the displacement
transducer and the accelerometer signals were used as inputs.
Next, the accelerometer signal was rejected and only the dis-

placement transducer signal was used as the input to the quarter-

car model. This model, with a displacement transducer signal

only, will be referred to as the reduced model. The roughness

index values were averaged over 0.25-mi intervals. Each road
site was 0.5 mi long, and the total number of data points was

30. A regression analysis was performed to yield the following
two equations for 25 mph and 40 mph:

Âo. : 3.68 + 1.58Råc at 25 mph

and

Âoc = 5.66 + 1.58Rðc at 4o mph (20)

where carets and asterisks are used to denote road roughness

index values obtained with the full and leduced models,

respectively.
The standard deviation between the road roughness index

values obtained from the quarter-car model, Ro., and the

values predicted by equations 19 and 20, Roc was found to

be 8.51 in/mile and 8.53 in/mile, respectively. The correlation

INDEX FOR REDUCED MODEL,
Rð", inches/rnile

FIGURE 4 Correlation between roughness index values
obtained with standard and reduced quarter'car models at
25 mph.

coefficients characterizing the relationship between the com-
plete and the reduced model were 0.99 and 0.98, at 25 mph
and 40 mph, respectively. Therefore, it can be concluded that
the regression Equations 19 and 20 are statistically meaningful
at both speeds. These results are shown in Figures 4 and 5.

In order to further evaluate the usefulness of the reduced
model, calibration of the Pennsylvania DOT's Mays meter
was performed using the reduced modél, and the results were
compared with those obtained usirrg a complete quarter-car
model (ó).

The following formulas were obtained with the quartet-car
model as the calibration standard:

Âo. = 9.62 + 0.7272RMM at 25 mph (21)

and

Âo. = 13.1 + 0.664RMM at 40 mph

ROUGHNESS INDEX FOR REDUCED MOOEL,
Räc , inches/mile

FIGURE 5 Correlatiolr betrveen roughness index values
obtained with standard and reduced quârter'car n¡odels af
40 mph.

3r5

J
tdôo
=
J
J)
L6
<'E
qì
90tL<o
x.g
t¡Jo-
2o
-o(E
U'
U)
trJz
I(9
loÈ

3
b

o30
ROUGHNESS

(22)

j
UJoo
=
J
J
fo
L.-

Ec;
trÊ

o
x.E
l!

2t
É,

U'
U)t!z
I('
3o
È.

(1e)



316 TRANSPOR'|ATION RESEARCH RECO RD t t9()

FICURE I Mays meter cal¡bration data using reduced
quarter.car model at 25 mph.

reference. The following relations were obtained:

Âo" = 14.0 + 1..29R3c ar 25 rnph

Âo. = 4.06 + 1.53Rðc at 35 mph

Âo. : 11.6 + 1.60Råc at 55 mph
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FIGURD 6 Mays meter calibration data using standard
quarter-car model at 25 nph.

The distribution of the experimental data is shown in Fig-
ures 6 and 7. Using the reduced quarter-car model as the
calibration standard, the following equations were obtained:

Rå. = 9.03 + 0.456RMM at 25 mph (23)

Rð. : 6.97 + 0.401RMM at 40 mph (24)

The distribution of the calibration data is shown in Figures g
and 9. The standard deviations of the measured data from
the corresponding regression models \ryere found to be sig-
nificantly smaller for the reduced ¡nodel at both speeds: 7.g5
versus 12.68 at 25 rnph and 9.84 versus 11.53 at 40 rnph.

An important aspect of the Mays meter calibration pro-
cedure is its sensitivity to speed. In order to investigate the
speed effect, the road roughness index values obtainecl with
the reduced model at 25 mph, 35 mph, and 55 mph were
correlated, with the qualter-car model at 40 mph used as the

MAYS METER ROUGHNESS tNOEX, inches/mite

FIGURE 7 Mays meter calibration data using standard
quarter-car model at 40 mph.

The regression lines described by the above equations,
togethel with the line given by Equation 20 obtained for 40
mph, are shown in Figure 10. It can be seen that the effect
of speed is very slight between 35 to 55 rnph and that only
the results obtained for 25 mph differ silnificantly.

CONCLUSIONS

The results obtained from both the theoretical and the exper-
imental data analysis indicate that the amount of relevant
information carried by the accelerometer signal within the
frequency range related to the profile wavelengths that affect
road roughness is marginal. The determination of standard

o 70 t40 zto 280 3sO

MAYS METER ROUGHNESS tN0EX, inches/mile

FIGURB 9 Mays meter calibration data using reduced
quarter-car ¡nodel at 40 mph.
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FIGURE l0 Effect of speed on Mays meter
calibration lines using rcduced quarter-cal'
model.

road roughness measures can, therefore, be accomplished using

the body displacement data only. Elimination of the acceler-

ometer will certainly simplify the hardware of the road rough-
ness measurement system; but, more important, it will also

allow the software necessary to generate the roughness index
to be limited to the processing of the displacement transducer
signal. The computational process of calculating the road
roughness index without double integrating the accelerometer
signal will thus become considerably less expensive.

The results of the analysis presented in this paper, which
were obtained with actual displacement and acceleration data,
confirm the feasibility of the proposed reduced quartel'-car
model when used solely for the purpose of roughness index
determination.
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APPENDIX

Combining Equations I and 2 and taking a Laplace transfor-
mation, the transfer function G*r' (s) relating the displace-
ment transducer signal to the road profile is obtained:

G*"(s) =

_sa + C,IM, + C,lM,,s3 + KJM, + K,/M,, + K,lM,,s2

B(s)
(A1)

where the polynomial B(s) is
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-M¡r7,Substituting this for¡n into Equation 1 yields the following

expression for the transfer function G*^ (s):

/\ C,K,|M,M,,s3 + K,K,lMrM,,s2
urve(s) = B(r)

B(s) = * * #,* *9,,r * #,* #,,

K,IM,, S2
unv(s,l = B(r)

G,,',(s) = ry#

The transfer functions G,,r(s) and G"r(s) can also be obtained
from the model equations I and 2:

(^2)

(A3)

(A4)

(As)

Letting s : /b in Equations 41, A3, A4 and A5 and substi-
tuting into Equation 18, the expression for o(to) is found as

follows:

o(ø)

(K,K,lM,M,,)2 * a2 (C"K,lM"M,,)2

,, l(-,' * #"* #,. 
u;,)'. *(#". t;,)'l

(46)
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