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CHAPTER 1

INTRODUCTION

The major problem which faces the highway engineer today is not

how to design and construct new pavements, but rather how to evaluate,

maintain and upgrade existing pavement systems to meet today's traffic

demand for higher magnitudes of loading and frequencies.

The closing of a highway to permit conventional destructive

evaluation methods (test pits, plate test) may have catastrophic

consequences. Thus, the need for rapid nondestructive methods of

pavement evaluation has been recognized in recent years (U8* k9) , and

different methods of nondestructive pavement evaluation were developed

(50, 51, 52). However, these methods do not simulate actual traffic

loading or take cognizance of the complexity of the pavement - subgrade

interaction mechanism.

Recognizing the dimensions of the problem, and the need for a

rapid nondestructive method of evaluation, research activities were

initiated and developed at Purdue University over the last ten years

using transfer function theory.

The primary objectives of the present study is to develop,

design, and apply a rapid nondestructive technique to measure a

pavement's time dependent deflection response function. In addition,

this work seeks to develop a methodology that will account for the

complexity and variability of pavement - subgrade interactive

mechanism. To this end, it was hypothesized (a) that there exists a

Figures in brackets refer to references in the Bibliography.



relationship between a pavement's deflection response function (output)

and a vehicular forcing function (input) in the form of a time

dependent transfer function, (b) that the characteristics of this

transfer function indicate pavement performance and conditions and

the manner in which it attenuates energy induced by the passage of

a vehicle, and (c) that this time dependent transfer function can be

employed to predict pavement deflection response to a wide range of

vehicular loadings.



CHAPTER 2

REVIEW OF LITERATURE

In the early stages of development, design and/or evaluation of

a pavement system consisted of rule-of-thumb procedures based on judge-

ment and past experience. In the 1920 's, the U. S. Bureau of Public

«
Roads developed a soil classification system based upon the observed

field performance of soils under highway pavements (10) . This system,

in conjunction with the accumulated data, helped the highway engineer

to correlate performance with subgrade types.

Beginning in the late 19^0 's engineers were faced with the need

to predict the performance of pavement systems subjected to greater

wheel loads and frequencies than they had ever before experienced (11,

12, 23). Thus, a rational design procedure was introduced in the early

1950 's (8); however, severe breakup is still a common phenomenon on

some highways and runways (7, 11).

An important problem which the highway engineer faces today is

that of providing remedial measures to upgrade existing pavements to

meet today's traffic loadings and frequencies. This need has led many

investigators to develop various measuring devices and models of pave-

ment systems. Excellent reviews of the literature are available (9, 12,

26, 27, 28, 29, 30, 31).

Boyer and Highter (9, 12) reviewed the Winkler hypothesis,

* The Bureau of Public Roads is now called Federal Highway Administra-
tion (FEWA) (11).

**Figures in brackets refer to references in the Bibliography.



classical elastic solutions, viscoelastic theory, and other mechanistic

solutions

.

Hall (27), Green and Hall (28), and Yoder and Witczack (ll) dis-

cussed the use of test pits and plate bearing test, and in-situ tests.

They acknowledged that test pits and in-situ tests are destructive,

costly, and time consuming methods for pavement evaluation.

A. C. Benkelman, in connection with the Western Association of

State Highway Officials (WASHO) , used a long pivoted deflection beam,

presently known as the "Benkelman beam" , and measured deflections at

the pavement surface due to a moving load. Later the State of California

and the Road Research Laboratory automated the Benkelman beam and rena-

med it the "California deflectometer". The "La croix deflectometer" is

another version of the Benkelman beam that was developed in France (31).

A detailed study of the Benkelman beam may be found in reference (30).

Vibratory devices have also found some popularity, such as the

"Dynaflect". These induce a vibratory force on the pavement by means of

two small metal wheels (ll). Deflections are detected by means of sensors

spaced at specified distances ahead of the wheels. Applied loads are

quite small in comparison to vehicular loadings . Results have been cor-

related with those of the Benkelman beam.

The U. S. Army Engineer Waterways Experiment Station (WES), in

cooperation with the Royal Dutch Shell Laboratory, uses a vibratory

testing procedure of pavements as their nondestructive evaluation metho-

dology. The "dynamic stiffness modulus (DSM)" is determined and corre-

lated with pavement performance. Results have been reported by Henkelom



and Foster (32), Mawell (33), and by Green and Hall (28). Wave Propo-

gation techniques have been used by WES and the Air Force (31). Green

and Hall (28) noted that results of such tests were erratic.

In Table (2.1) is presented a summary of various existing measu-

ring systems ( 28 )

.

Swami, Goetz, and Harr (6) were the first to apply the "transfer

function theory" to study the stress deformation behavior of anisotro-

pic asphaltic mixtures (9) • They found that the transfer function was

independent of the loading input and was, for their tests, mainly a

function of temperature.

Ali (15) applied transfer function theory to flexible pavements.

He reported that:

"Temperature, surface course thickness and
spatial location have their respective
influences on the transfer function..."

Boyer and Harr (55) extended transfer function theory to an in-

service pavement system. He used installed linear variable differential

transducer (LVDT) gages in the pavement and conducted field tests at

Kirtland Air Force Base, New Mexico. He concluded that the characteris-

tics of flexible pavements could be represented by "time dependent trans-

fer (TDT) functions". He also succeeded in predicting pavement deflec-

tions using the calculated TDT functions.

Highter and Harr (56), using energy concepts, concluded that:

"Performance trends in airfield and highway
pavements can be predicted from knowledge
of~cumulative total peak deflection."

Figure (2.1) shows the effect of surface course thickness on the



to
c

s
•H
-3
cS 3

tlj 0) 0) p o< ° +2 0> 0> T3

^ p PC 3 p $& •H •£ 01

o ed O H a a) a)
*J

•H p to •H o •H •H a)

«sj -3 CJ p P -a 0) P •3 •3 6
E-i 0) 01 a •r4 0) <-\ c 0> 0) O
^ h •H bC £ %H -H £ B ea 1 Q

u
ft M 0) u

Q ft M M 3
<

„
0> 0> 01 0>

p & & & 3
w 0> p P •p P
1 g3

P
aS

>

a!

>

a

a)

>
u
3o

a)

L
3o

a)

s

s
§ „ „ , r.

JM o c c a 3 3
Eh ft 01 o o w o w O H O W
PC * U •H •H •H •H •H

W (0 T) T3 •3 3 p p 03 P in P CJ P O
Ah 3

§
c p o o 3 CJ 3 O -H CJ -H

O iH 3 3 a) a> 0> r-i 0) rH 0> E 0) e
PC 3 O o O > .h -H 3 H 3 rH 3 H 3
ft 3 ,D £> .a (h %H <(-! T3 Vi -3 Vh C v< p

S
0)

pc
0>

PC
0) 3o

01

Q
0) O
o s

0) O
Q S ££ 0) l>v

fc fc
0) 4) 01

p P P 01 •

aS 0) 0i a}

CO w
cWo §

e
1
p

X
•H

B

p
§

P
co

M 0> o o o o c Jh •H W

Q
H «H 01 £ 0> cj o 0) P

01 0) -H

a 3
o •H u 3

o
0)

0)

0) a;

pq pq
a}

CJ « 5 0)

n <
c
•H .H

PC 1-1

«H

td ^_^ ^_^ 01 01 1
a!

p &^^
rH 'rf ,Q o o a! JG o F> O 3: P
ft "

—

CO 2s CO PC o O — CO

S3oM
Eh

£
W 3
ft O
o

0)

•H
P

ft 3 a!

o H
a) c

bD
O

3 > o
iH

0) &
ft
o

a, bfi P 3 O u
M a a •p P P PU
o •H 0) at CJ b3

S3
&

H !> a) U cu

M 'h ^ ft & >
K 0) o> 3 E •H a)

ft PQ Q O M > ts

>H
PC
O
W < PQ o Q w (is

Eh
<U



6-9-8 Surface Course 6 inches Thick

Base Course 9 inches Thick

Subcase Course 8 inches Thick

10

a

a*

E

I

£

o

E
3o

10

10

10

FIGURE 2

6-9-8

*\ Q3—5J-0

4-9-8

3

Good -+- Fair

2

4— Poor

I PSI

Condition

THE EFFECT OF SURFACE COURSE
THICKNESS ON THE CONDITION OF A
PAVEMENT AS A FUNCTION OF ITS

CUMULATIVE TOTAL DEFLECTION. (12)



condition of a pavement as a function of its cumulative total

deflection obtained by Highter and Harr (56).



CHAPTER 3

TRANSFER FUNCTION

I) Introduction

By definition, a transfer function is the ratio of an operational

output (expressed as the Laplace transform of the output) to an opera-

tional input (Laplace transform of the input) of a time dependent sys-

tem (l, 2, 3). If a system is subjected to a dynamic input, l(t), and

evidences a resulting output 0(t), then mathematically, the transfer

function is given as

g(s)=^}
(3.1)

I(s)

where, s = complex variable

G(s) = transfer function

I(s) = Laplace transform of input function, l(t)

0(s) = Laplace transform of output function, 0(t)

Note that the transfer function is the ratio of two Laplace transforms,

and hence is a function of the complex variable "s" (5).

The Laplace transform of a function f(t) is defined as the integral

F(s) = / f(t)e"
st

dt, s > (3.2)

for those values of the complex variable "s" for which the integral

converges

.

II) Model

The Kelvin mass-spring-dashpot model shown in Figure (3.1) will

be used in this study to simulate the reaction of a pavement under
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"• ' "' ' /' • . >w / . m "• »

i
m

Y(t) = 0(t)

+ F(t)«I(t)

FIGURE 3.1 THE KELVIN MASS -SPRING- DASHPOT
MODEL.
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loading. This representation has been reported with considerable

success by Harr (1+5) and Boyer and Harr (55). The mass (m) , the spring

constant (k), and the dashpot constant (c) represent equivalent lumped

parameters of an actual pavement system. The governing differential

equation of motion may be written as (37)

my(t) + cy(t) + ky(t) = F(t) (3.3)

where, y(t) = system acceleration

y(t) = system velocity

y(t) = system displacement (output)

F(t) = forcing function (input)

m = system equivalent mass

c = system equivalent viscosity

k = system equivalent spring

Taking the Laplace transformation of both sides of equation (3.3)

yields

j^jmy(t) + cy(t) + ky(t)l = *£ |p(tl

or (H)

o
(ms + cs + k)y(s) - (mc + s)y(O) - my(0) = F(s)

Assuming that the pavement is at rest before the vehicle arrives; that

is, y(0) = y(0) = 0.0, produces

(ms + cs + k)y(s) = F(s)

from which

_ my(s )
- _

—

(3.1+)
F(s)L s

2
1 fl * 3E Jm m
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The terms in brackets in equation (3-k) will be called the "reduced"

transfer function of the system and will be designated as G(s), thus

G(s) = 1 (3.5)
2 . c A k

S + —S + —
m m

III) Determining Transfer Function

a) Closed form solution

From references (38, 39) the inverse transform of equation

(3.5) is found to be

(3.6)

-is*
e siny

sinh
^

G(t) =

m 4m

*>l

\
A.i!
' m km

2

-Is*
e

m km

G(t) =

km m

*<l

V/..2m
m km

(3.7)

c kThus, knowing m, c, and k of a system, or their ratios, (— , —)

,

m m

the reduced transfer function G(t) can be calculated using

either equation (3.6) or (3-7).

Rearranging equation (3.6) and substituting

•s/Z
\/mk

results in

-awt /
1

wVl-a2
tG(t) = sin wVl-a t (3.8)

wV 1-a
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Some characteristic plots of G(t) for a > 1, and a < 1 are

shovn in Figure (3.2).

b) Convolution technique

Real convolution is defined as

o(t)=r
Jo

g(T)F(t-T)dT

or from equation (3.*0

m J

•t

y(t) = i
/ G(T)F(t-T)dT (3.9)

'o

where

,

y(t) = response function

G(t) = reduced transfer function

F(t) = forcing function

Equation (3.9) may be written in difference form such as

k

y(tJ = z y G(TJ f (**-*„ i) ATn> k = */At ( 3 - 10)
k m i_, n k n-± n

n=l

The smaller the value of At, the better the approximation in

equation (3-10). An example of discrete convolution is shown

in Figure (3-3), and a detailed study of convolution conver-

gence is presented in Appendix (b).

Taking At in equation (3.10) at equal intervals, i.e.,

At.. = At. = = At = A, yields
1 d n

k

' lt
k> " I £ 0(t

n
)F(Wl>



1U

o

Time

a ) a < 1.0

o

b ) a > 1.0

Time

FIGURE 3.2 CHARACTERISTIC PLOTS OF THE REDUCED
TRANSFER FUNCTION G (t) .
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with T =0 and realizing that, F(t.-t .. ) «* F(t. . ), then
r\ k n ~x kxj.~n

^<V - I X ^VW.'
n=l

(3.11a)

or

F(t
k

) = in

k-1

A G(t
1

)

(3.11b)

k-1

G(t
k

) = m
fy(tk

) -a£ o(t
n
)F(t

k+1 _n
) I

A F(t
1

)

(3.11c)

Equation (3.11a) is called "explicit convolution" whereas

equations (3.11b) and (3.11c) are examples of "implicit

convolution".
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CHAPTER k

FIELD INVESTIGATION

I) Field Investigation

The field phase of this study had as its objective the develop-

ent , design, and use of nondestructive techniques for obtaining the

data needed to determine:

1. a highway's time dependent transfer (TDT) function,

2. a vehicle's forcing function,

3. the attenuation of energy in highway pavements

»

Boyer's work (12) at Kirtland Air Force Base, New Mexico, provided

the technical guidance for the early phases of the present investigation.

He reported that accurate deflection measurements could be obtained

using linear variable differential transducer (LVDT) gages embedded

in the pavement system. He also noted that accelerometer gages are

inadequate to the task because of their slow response and electrical

drift. Based upon Boyer's tests, it was decided to use LVDT's with an

accuracy of one one-ten-thousandths (0.0001) of an inch (details of

instrumentation are presented in Appendix A).

The initial LVDT installations (see Appendix A) were made on a

line perpendicular to the wheel path at a gravel pit road (near the

West Lafayette campus of Purdue University). The objectives of these

installations were to determine the width of the dynamic deflection

basin of a pavement , for a wide variety of trucks that enter the gravel

pit plant; and to help in designing and checking the nondestructive

measurement system (see Appendix A). Results of this test program
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indicated that the width of the deflection basin (for deflection less

than 0.0001 inches) extends less than four feet laterally from the out-

side edge of the wheel for highway pavements. The same result was

observed to be less than five feet for airfield pavements ( UT )

-

The time dependent response functions of the pavements were

recorded under varying ambient conditions, using the installed (LVDT)

gages at the gravel pit road, and for a wide variety of truck gear

configurat ion s

.

The analyses of the above mentioned results led this writer to

construct a light weight aluminum beam carrying six LVDT (s) which

would obviate the need to install gages in subsequent tests. A schema-

tic representation of the LVDT beam is shown in Figure (U.l). It should

be emphasized that measurements made with the LVDT beam are "nondes-

tructive".

The LVDT beam was first placed over the installed gages , and

pavement deflections were recorded by both systems. Figure (h. 2) shows a

plot of pavement deflections that were recorded by the LVDT beam versus

those recorded by the installed LVDT gages at the same lateral distances

from the edge of tire. It i3 of importance to note that the LVDT beam

deflection measurements were also checked with two other sets of insta-

lled LVDT gages at Eglin Air Force Base, Florida. In these tests, an

F-k aircraft was used as a loading vehicle (twenty five kips wheel load).

Tests were performed on a parking area as well as on an active taxiway.

Pavement deflections, at the same lateral distances from the wheel
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© Two Way Screw Jack

(D 3"O.D. Pipe

© Web without Flanges

(for Counterweight)

© Slots for LVDT ( s

)

FIGURE 4.1 SCHEMATIC REPRESENTATION OF THE LVDT
BEAM.
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Date

Trucks

Weights

Location

8.26. 1975

Single Axle.

Tandum

29000 lbs.

51000 lbs.

Gravel Pit Road

Pavement Deflection ( inch) (xlO
-3

), Installed LVDT GAGES

FIGURE 4.2 PAVEMENT DEFLECTION RESPONSES BY
LVDT BEAM AND INSTALLED LVDT
GAGES.
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path, showed the same relative equivalence a3 was demonstrated by

Figure (H.2).

II) Scope of Field Tests

The investigations were conducted at seven sites. Four sites were

in the greater Lafayette area. Table (U.l) and Figure (1+.3) show their

locations and cross-sectional characteristics, respectively. Locations

and characteristics of the other three sites are given in Table (k.2)

and Figure (U. 1*).

The investigations were designed and tests were performed to

account for certain factors which were thought to influence pavement

performance and time dependent transfer (TDT) functions. Listed below

are the various factors and the means whereby they were accounted for.

1. Ambient conditions: Table C+.3) provides a list of the ambient

conditions encountered at the test sites, at various dates,

during the testing program.

2. Gear Configuration: An Indiana State highway truck (tandem) was

used as the standard loading vehicle throughout the course of

this investigation. Various other trucks with different gear

configurations were tested at the gravel pit road. Table (k.k)

provides a listing of these vehicles.

3. Load: Load variations were achieved by varying the sand load

carried by the standard highway truck.

k. Tire pressure: The tire pressure on the standard highway truck

was varied between sixty five and one hundred psi.

5. Load repetitions: Counts of the number of vehicles that
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Site I

6" OEEEB^BEBE .64"

2.1"

Site 3

® Bituminous Coated Blended
Aggregate Surface

® Bituminous Coated Blended
Aggregate Binder

© Compacted Aggregate Base

® Bituminous Surface

© Bituminous Binder * 9

© Bituminous Base

Site 2

Hi 2.2"

Site 4

© Hac Surface Type B

® Hac Base

©AC Surface ( 3 Overlays

)

© Bituminous Coated, Compaci
Sand Gravel Base

® Compacted Sand and Gravel

FIGURE 4.3 CROSS- SECTIONS OF SUES 1, 2, 3 AND 4
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Bituminous

Cold Mix

Compacted
Stones

9.5"

Overlays Year

1 .

5" Cold mix 1934

4.0" Cold mix 1938
0.5" Kentucky Asphalt 1953

1
.0" Type 1 1967

0. 5" Type 4 Sand Mix

1.5" Type 3 1974

t Widened to 16 Feet

Site 5

Hot Asphaltic Concrete Surface Type B

Hot Asphaltic Concrete Binder

Hot Asphaltic Concrete Base 4.5"

Hot Asphaltic Concrete Base 4.5

Bituminous Stabilized Subbase

Special Treatment Subgrade

Sites 6,7

FIGURE 4.4 CROSS- SECTIONS OF SITES 5 AND 6 AND 7.
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traveled over each of the test sites were obtained on three

different days. Table (^.5) provides the average load repeti-

tions on each site-

6. Cross-section: Figures (U.3) and (k.k) show the cross-sections

of the pavement systems that were tested.

Ill) Signature

The signature of a vehicle will be defined as: the pavement time

dependent deflection response function that is measured or calculated

at the edge of the tires of the loading vehicle. Symbolically, the

signature will be designated as A(0,t) or y(0,t).

The overhang of the LVDT beam prevented the direct measuraaBt-of

the signature. However, pavement deflections could be and were measu-

red at different lateral distances from the edge of tire. A study of

the deflection basin at the embedded LVDT gages directed that the

deflection will follow the expression.

_ 1 N

y(x,t) = A(0,t)e
B *

(U.l)

where, y(x,t) = Measured deflection at lateral distance "x" from the

tire edge at time "t"

A(o,t) = Calculated deflection (signature) at the edge of tire

and time "t"

x = Lateral distance from the edge of tire to the LVDT

gage at which y(x,t) was measured

B,N = Parameters of the equation.
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IV) Measured and Calculated Peak Deflections

Throughout the course of this study, calculated peak deflections

will be defined as the largest deflection values of the signature during

the pass of a loading wheel; symbolically, it will be designated as A .

On the other hand, measured peak deflections will be defined as the

largest deflection values recorded by an LVDT gage at the various late-

ral distances from the tire edge. Symbolically, they will be designated

as y ; where, "R" is the lateral distance. For examples, a truck
x=R

having a single axle gear configuration will produce two calculated

peak deflections, one caused by the front tire and the other by the

rear tire. On the other hand, a truck having a tandem gear configura-

tion, will produce three calculated peak deflections: the front, inter-

mediate, and rear tires. Figure (H.5) shows a calculated signature,

measured deflections and peak deflections resulting from the passage

of a tandum gear truck.
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CHAPTER 5

DATA ANALYSIS

I) Hypothesis

The general hypothesis which serves as the basis of this

research effort is

:

There exists a relationship between a pavement's deflection

response function (output) and a vehicular loading (input)

in the form of a time dependent transfer (TDT) function.

The characteristics of the TDT function can be used as

follows

:

a) To reflect performance and condition of a pavement system.

b) To indicate the effects of ambient conditions.

c) To obtain the shape of the peak deflections curve

consequent to the passage of a wide range of vehicles.

d) To assess the lateral attenuation of energy following

the passage of a vehicle.

e) To predict the time response of a pavement system.

II) Data Reduction

At each of the test sites, and for each test, pavement deflections

were recorded at different lateral distances from the edge of the inter-

mediate tire (the datum of measured lateral distances ) on a line perpen-

dicular to the path of the vehicle (see Appendix A). The output signal

for each of the LVDT gages was continuously recorded (on a photographic

paper) using a six channels light beam recorder, as shown in Figure (5-1).

These output signals were digitized to discrete values at an equal time

interval that ranged between two-tenths of a second (0.2 sec.) to one

hundredth of a second (0.01 sec. ), using a LARR-V digitizer. The time
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interval was dependent on the loading vehicle's velocity. The maximum

number of data points, that were obtained from a single record, was

restricted to be less than one hundred and fifty values.

Pavement deflections, at each of the LVDT gages were calculated

using the following equation:

y(G
i
,t) = [Sl(G

i
,t) - RF(G

i
,0)]. CAL(G

±
)

where

,

y(G.,t) = Pavement deflections (inches) at gage G. and time t

G. = Gage number

Sl(G.,t) = Digitized electrical signal of gage G. at time t

RF(G.,0) = Reference point of gage G. at time zero, i.e.

pavement at rest.

CAL(G.) = Calibration factor of gage G .

.

Figure (5.1) shows the output signals of six LVDT gages, a digitized

electrical signal with repect to an arbitrary datum and the reference

point for each LVDT gage.

Ill) Formulation of Solution

The Kelvin model, shown in Figure (3.1), was assumed in this

study to represent the reaction of a point on a flexible pavement to an

induced vehicular loading. Equation (3.3), repeated here for convenience,

was the governing differential equation of motion (37):

my(t) + cy(t) + ky(t) = F(t) (3-3)

The forcing function [F(t)] in equation (3.3) also can be obtained

using a numerical procedure; such as, by implicit convolution, equation

(3.11b):
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P(t
k

) = m

k-1

-ity(tk ) . A ^ F(t) G(tk+i_n
)

A G(t
1

)

(3.11b)

In the subsequent development, the solution of equation (3.3) will be

refered to as the Newtonian solution

a) Signature

The pavement deflection response function at the edge of the

tire [y(0,t)] was calculated using equation (U.l). The lateral

distance (x) in equation (U.l) was measured with reference to

either the intermediate or the rear tire. This was done because

the front tire of a truck is offset from the path of the inter-

mediate and rear tires, Figure (5- 2b). This offset distance varies

with the particular truck model. Consequently, the lateral dis-

tance between the edge of the front tire and the first LVDT gage

is generally not the same as that of intermediate or rear tires.

Also, if the path of the truck is not maintained perfectly per-

pendicular to the LVDT beam, the lateral distance will vary.

During preliminary testing, using installed LVDT gages, results

showed that the parameters N and B in equation (U.l) are indepen-

dent of the wheel load. Based upon this finding, the parameters

N and B were calculated using peak deflection values caused by,

and recorded at different lateral distances from, the intermedia-

te and rear tires . These calculated N and B values were then used

with the measured peak deflections produced by the front tire at

different gages to calculate the lateral distance between the

edge of the front tire and the first LVDT gage.
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a. Truck on Scale ( Static Wheel Loads)

a b

A Offset Distance

b a

a b b a

b. Tandem Gear Configuration

FIGURE 5.2 STANDARD HIGHWAY TRUCK (a JON SCALES
AND (b)GEAR CONFIGURATION.
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The signature was calculated in two parts. The first part

was obtained using equation C+.l) and the calculated lateral

distance for the front tire. In the second part, for the interme-

diate and rear tires, equation (l+.l), and the measured lateral

distance were used.

b) Pavement's Velocity and Acceleration

After calculating the signature y(0,t), the velocity and

acceleration [y(0,t), and y(0,t)] were obtained numerically. Figure

(5.3) shows a typical signature and its associated velocities

and accelerations. Note that as shown in Figure (5. If), only two

values on the deflection curve are required to calculate the

velocity at a point, numerically: three points enter with the

calculation for the acceleration.

c) Forcing Function F(t )

The loading vehicle was weighed prior to testing at each site,

as shown in Figure (5. 2a), and the static wheel loads were recorded.

The total weight on each of the intermediate and rear dual tires,

tires a and b in Figure (5.2b), is assumed to be equally divided

between the two tires.

The lateral distance between tires a and b, Figure (5.2b), of

a dual set varies with truck model and tire size. To account for

this effect, an equivalent static force was obtained for each set

of dual wheels. The first approximation of this force is obtained

as shown in Figure (5-5). Subsequent iterations will be explained

in the next subsection.
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d) Newtonian Solution

Suppose that the curve in Figure (5.6) represents a typical

signature that is caused by the passage of a tandem gear truck.

Pavement deflections, velocities, and accelerations can be obtai-

ned for each increment of time, by procedures previously outlined.

With the dynamic wheel loads* taken as the equivalent static

weights, as a first approximation, equation (3-3) produces the

following three equations

:

my(t
pFF

) + cy(t
pFF

) + ky(t
pFp

) = F(t
pFp )

my(t
ppi

) + cy(t
pFI

) + ky(t
ppi

) = F(t
ppi ) ( 5 .l)

my(t
ppR

) + cy(t
ppR

) + ky(t
ppR

) = F(t
ppR )

where, t
ppp , t

pFI » and t
ppR

are the times of occurence of peak

forces due to the front, intermediate, and rear tires, respecti-

vely.

The three equations (5-1) are seen to contain six unknowns:

m > c» k, t
ppp , t

ppi , and t
ppR

. The following methodology was

developed to overcome the indeterminancy and provide a solution.

Step 1

Because of the inertia of a pavement, the times of peak deflec-

tions and peak forces do not coincide. Suppose that each of these

three time differences, for each of the wheel sets, are assigned

arbitrary values. Then, the corresponding deflection curves, such

as Figure (5.6), can be used to provide the times t„„, t__,_, and
PFF PFI

PFR
in equation (5.1). Given these times, the parameters m, c,

* As truck velocities in this study range from creep speed to five miles
per hour, the dynamic force of the front tire is taken to be equivalent
too the static weight.
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and k can then be calculated

Having the parameters m, c, and k, and equation (3.3), the

forcing function F(t) can be computed at each increment of time.

These computations will also provide the three times at which

the peak values of F(t) take place. If these values agree with

those times chosen arbitrarily, the process is transfered to step

2 below. On the other hand, if the calculated three times do not

agree with those values originally assigned, the new calculated

times are used in equations (5.1) and new numerical values of the

parameters m, c, and k are obtained.

The procedure is repeated until the times to peak forces at

the beginning and the end of an iteration are equal. When this is

satisfied, the first step in the solution procedure is had.

Step 2

Six regions of the signature are shown in Figure (5.6). Three

regions represent the loading portions of the curve (labeled L

in the figure) corresponding to the front, intermediate, and rear

tires. The other three regions represent the unloading or rebound

portions of the curve (labelled R in the figure).

The points of inflection on each loading part of the curve

represent conditions of zero acceleration of the pavement. The

respective times at these points of inflection were obtained by

a numerical differentiation procedure.

Figure (5.6) also shows three points of peak deflections,

which represent conditions of zero velocity. Using equation (3.3),
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with the conditions at the three points of inflection and at the

three points of peak deflections; the following six equations

were obtained:

= F(t
n

cy(t
IF

) + ky(t
IF

cy(t
I;[

) + ky(tn

cy(tTR ) + ky(t
IR

my(t
pF

) + ky(t
pF

my(tpx ) + ky(t
pi

my(t
pR

) + ky(t
pR

IF

= F(t
II

= F(t
IR

= F(t
PF

= F(t
PI

= F(t
PR

(5-2)

(5.3)

where, (t XTJ , (tTX ), (t Tr.) are the times at the points of inflec-
lr ±1 In

tion that were produced by the front, intermediate and rear tires,

respectively: (t„J, (t^-), (t_,_.) are the corresponding times at
rr ri. irt\

the peak deflections.

The three equations (5-2) are seen to contain five unknowns:

c, k, F(t XTJ, F(t T_), and F(tTD ). Assigning arbitrary values for

two of the F's, the parameters c, and k can be computed.

The three equations (5-3) display four unknowns: m, F(t )

,

F(t_ T ), and Ftt^). With the k parameter known from above
PI FK

[equations (5.2)], after assigning an arbitrary value to any one

of the F's the remaining unknowns can also be found.

With the first iteration of step 2 providing measures of k, c,

and m, the forcing function F(t), equation (3.3), can be calcula-

ted at every increment of time. The calculated values of F(t) are
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then examined with respect to the following questions:

1. are the calculated values of F(t) at the points of inflection

and the points of peak deflections equal to those originally

assigned?

2. are the calculated parameters m, c, and k compatible with those

calculated in step 1?

3. are the time differences corresponding to the peak forces and

peak deflections equal to those calculated in step 1?

k. are the calculated peak forces in steps 1 and 2 of equal

magnitude?

If the answer to any of these questions is negative, the process

reverts to step 1. On the other hand, if all answers are affirma-

tive, the Newtonian phase of the solution is had.

The values of the parameters m, c, k obtained in the Newtonian

solution must also satisfy the results of implicit convolution ,

e) Implicit Convolution Solution

Having the m, c, k parameters from the Newtonian solution, the

time dependent transfer (TDT) function can be calculated using

either equation (3.6) or (3-7). The equivalent forcing function

can be computed using equation (3.11b) at the edge of the tire,

as well as at each LVDT gage. The equivalent forcing functions

are then compared, at each increment of time, with the corres-

ponding Newtonian forcing functions. If the two show agreement

at each increment of time, the m, c, and k parameters can then

be considered to represent those of the pavement system.

If the agreement between the two procedures is not good, the
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values of the m, c, k parameters are altered, and the process

returns to step 1 of the Newtonian solution, expect that the time

delay can now be calculated and need not be assumed.

Figure (5-7) presents several typical representations of the

forces obtained from the Newtonian and implicit convolution

procedures. Had the check been perfect, the dotted and solid lines

would have coincided. Not granted such results, the methodology

then increments the value of the parameters (m, c, and k) to

effect the coincidence of the lines, this will be called the

rotation of the axis of convolution (Appendix b) . The successful

accomplishment of the rotation yields the desired m, c, k

parameters

.
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CHAPTER 6

TEST RESULTS

I) Data for the Measured Deflection Response Functions

Appendix D provides lists of the relevant* digitized data of the

deflection response functions that were obtained at the test sites.

II) Time Dependent Deflection Response Functions

Figures (6.1) through (6.7) display typical measured pavement

deflection responses at seven sites [see Tables (U.l) and (U.2)], and

the calculated signature (G ) at the edge of the tire, using the stan-

dard highvay truck. The sequence of letters, G, , on the figusieji desi-

gantes the particular gage number at which deflections were recorded.

For example, G
?

denotes the second gage from the edge of the tire.

Shown also are the measured lateral distances (x) between the gages and

the tire. Figures (6.8) and (6.9) show measured deflections at site 1

(Table U.l) due to the passage of a single axle, and a double tandem

truck, respectively.

Five test series were performed using the standard highway truck

at sites 1-k under varying ambient conditions. Some results are presen-

ted in Tables (6.1) and (6.2). Note that no measurable deflections were

recorded at any of the test sites for an ambient temperature of twelve

degrees below zero Fahrenheit (-12 F).

Pavement deflections at the edge of the tire (the datum of lateral

measurment) were calculated using equation C+.l). Some corresponding

values of N and B parameters are given in Tables (6.1) and (6.2). Also

* Relevancy will be discussed in section I of Chapter T«
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tabulated are some typical calculated peak deflections at the edge of

the tire for the front, intermediate, and rear tires of the loading

vehicle

.

III) Peak Deflections

Figures (6.10 - 6.l6) show the peak deflections corresponding to

the passage of the standard highway truck at sites 1-7- The solid curves

in the figures represent measured peak deflections versus lateral dis-

tances from the edge of the tire. Calculated peak deflections [A(0,t),

equation (l+.l)] are shown as dashed lines.

IV) Equivalent Forcing Functions

Figures (6.17 - 6.23) show the equivalent forcing functions at the

indicated lateral distances from the edge of the tire. These functions

were obtained by the implicit convolution procedure [equation (3.11b)].

The sequence of letters, G . , as before, designates the gage number at

which the equivalent forces were calculated. The equivalent forces

denoted as G , represent the loading vehicle's forcing function.

V) Energy Attenuation in the Pavement

Figures (6.2U - 6. 30) provide plots of the calculated equivalent

peak forces versus lateral distances from the edge of the tire.

VI) Time Dependent Transfer Function

Figures (6.31 - 6.37) show typical plots of the time dependent

transfer functions (TDT) for each of the test sites.

Table (6.3) provides a listing of the following characteristics

of the TDT functions at sites 1-1+

:

a) peak value of the TDT function.
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TABLE 6.3 PEAK VALUES OF TDT FUNCTIONS, TIME TO PEAK AND

TIME TO FIRST ZERO FOR SITES 1-7-

SITE AIR DATE MAGNITUDE TIME TO TIME TO

TEMPERATURE OF FIRST PEAK FIRST ZERO

(°F) FIRST PEAK (sec) (sec)

1 75 8-26-75 .06k .11*2 .1*30

75 .06k .lUl .1+22

22 3-17-76 .065 .11*3 .1+36

22 .06U .1U5 .1+52

6k 5-13-76 .06k .11+1 .1+25

6k .063 .11*1 .1+28

78 7-30-76 .061+ .139 .1+02

78 .061+ .11*1 .1*17

80 9-13-76 .o6fc • lUl .1+20

80 .06U* .11*1 .1+20

2 82 8-25-75 .061 .138 .1+33

82 .061 .138 .1+32

22 3-17-76 .065 .162 .721

22 .065 .161 .728

68 5-13-76 .061 .138 .1+31

68 .061 .138 .1+31

80 7-30-76 .061 .136 .1+18

80 .061 .136 .1+16

3 75 8-26-75 .062 .132 .371*

75 .063 .137 • 398

2k 3-17-76 .152 .357 1.21*5

2k .152 .357 1.21*5

68 5-13-76 .066 .11+6 .1*35

68 .067 .11+7 .1*37

80 7-30-76 .063 .135 .378

80 .061* .135 .378

1+ 82 8-26-75 .066 .138 .370

82 .066 .138 .370

68 5-13-76 .061+ .133 .361

68 .066 .137 .369

80 7-30-76 .063 .133 .365

80 .063 .133 .361*

5 80 8-12-76 .lkk .311+ .906

6 80 8-12-76 .130 .281+ • 993

7 80 8-12-76 .11*3 .321 .830

* The loading vehicle was an automobile (Ford)
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b) time from zero to the peak value .

c) time from zero th the first zero value of the TDT function

The values of the m, c, k parameters used in the calculation of

the TDT functions are listed in Table (6.U).
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TABLE 6.1+ EQUIVALENT MASS (m) , EQUIVALENT DASHPOT CONSTANT (c)

AND EQUIVALENT SPRING CONSTANT (k), FOR SITES 1-7

SITE AIR DATE " 2lb-sec
c k

TEMPERATURE lb-sec lb

(°F) in in in

1 75 8-26-75 11*737 126768 1057555

75 11*011 120523 1036256
22 3-17-76 16811 11*6677 1191238
22 17837 156771 1205615
61* 5-13-76 11+211 122100 101+0020

61* 11*1*11 125212 101*9215

78 7-30-76 11*008 116203 1096398
78 11*587 121616 1081680
80 9-13-76 11*287" 120921 1056121
80 11*287* 120921* 1056121*

2 82 8-25-75 5779 531*00 1*27321

82 6726 6186O 1+98591*

22 3-17-76 1271*1+ 130815 5771+61

22 13ll*9 13601*1 596908
68 5-13-76 6392 589UI* 1+7539 1*

68 63I+I* 58577 1+71831

80 7-30-76 6629 6099*+ 51*+653

80 61*12 58321 1+97851

3 75 8-26-75 2108 17553 18U913

75 2835 23665 226159
21* 3-17-76 62579 2l*957l+ 6I+7I+U9

21* 62508 2l+929lt 61+6721

68 5-13-76 1+258 31*922 293205
68 3960 32121 270032
80 7-30-76 2295 18263 191+587

80 2287 18163 19I+OOI

1* 82 8-26-75 2075 15021* 1761+36

82 2075 15011 1761+38

68 5-13-76 201*3 151+13 181+161*

68 2669 1921+5 228302
80 7-30-76 2068 16163 181*582

80 2060 16153 1851*82

5 80 8-12-76 29681 107911+ 1+55321

6 80 8-12-76 1*1*761* 182826 828039

7 80 8-12-76 21*027 91+1*07 333023

* The loading vehicle was an automobile (Ford).
• Standard highway truck(empty)

.
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CHAPTER T

DISCUSSION

It was hypothesized herein that there exists a relationship between a

pavement's deflection response function (output) and a vehicular loading

(input) in the form of a time dependent transfer (TDT) function. The

characteristics of the TDT function can be used as follows:

a) as indicators of the performance and condition of a pavement system.

b) to indicate the effects of ambient conditions.

c) to obtain the shape of the peak deflection curves consequent to the

passage of a wide range of vehicles.

d) to assess the lateral attenuation of energy following the passage

of a vehicle.

e) to predict the time response of a pavement system.

The procedures for obtaining TDT function were previously outlined in

Chapter 5. Analyses of the data included:

1. Modeling the peak deflections as a function of lateral distance to

calculate the signature (pavement's deflection, with time, under

the edge of a tire )

.

2. Calculating the vertical velocity and acceleration at various

points on the surface of a loaded pavement.

3. Calculating the TDT function.

k. Calculating equivalent forces at various lateral distances from

the edge of a tire.

5. Predicting a pavement's deflection response for a range of loading

vehicles.

Items 1 and 2 are required to calculate the TDT function. Items 3, k and
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5 are necessary to investigate the validity of the working hypothesis.

I) Signature

Deflection data collected at the test sites were considered good and

sufficient only when the paths of loading vehicles were such that the

intermediate and rear tires passed within eight inches, laterally, from

the front of the LVDT beam. All passes at greater lateral distances were

disregarded (and were not digitized).

The overhang of the LVDT team and the bulge of the side of the tire

prevented the loading wheel from coming closer than three inches from the

front of the beam. The signature was obtained using equation (H.l) and

the measured deflections from the LVDT beam.

The LVDT beam was placed at the side of the embedded LVDT gages at

site 1 (gravel pit road). The loading vehicle was then driven, so that

the intermediate and rear tires passed over one of the embedded gages.

Pavement deflections were recorded under the tire and at the various

gage positions on the LVDT beam. The signature was calculated using

equation (i+.l).

The region between the straight lines in Figure (T-l) designates the

locus of the pairs of calculated and measured signatures for various

lateral positions of loading vehicles. The solid line represents the

correspondence between the measured and calculated signatures within the

accuracy of the measurements (0.0001 inch). This last condition was found

to hold for all tests when the intermediate and rear tires of the loading

vehicle passed within eight inches (8") from the front of the LVDT beam.

Discrepancies between calculated and measured values were noted for

vehicular paths at greater lateral distances than eight inches (8"). For
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this reason, deflection data collected at the test sites were not used

when the intermediate and/or rear tires of loading vehicles passed at a

lateral distance greater than eight inches from the front of the LVDT

beam. Care was taken throughout the testing period to direct the loading

vehicle as close to the front of the LVDT beam as the bulge of the side

of tires permitted.

II) N and B Parameters of Equation (^.l)

In general, throughout this research study, four passes of the test

vehicle were made, during each testing period at each of the test sites.

On the average, one of these paths was more than eight inches laterally

from the front of the LVDT beam which did not satisfy the criterion of

calculating the signature (see section I above). Hence, from the other

three paths, the two closest to the beam were chosen for analysis.

The field testing phase of this study lasted about one and a half

years. Therefore, analysis and/or discussion of test results reported

herein are for the range of data collected during this period.

Values of N and B parameters, the considered test sites, and the air

temperature recorded during the test, are listed in Tables (6.1) and (6.2),

Figure (7.2) shows plots of the values of N parameter (to an arithmetic

scale) against the corresponding values of B (to logarithmic scale), for

sites 1,2, 3 and h. Examination of the figure suggests that N and B may

be related functionally as

N C. + C
g

log B (7-1)

where C , C are constants depending on the characteristics of the

pavement section at each site. Analyses of the data have indicated the

constants to be independent of temperature, number of load repetitions
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and loading vehicle. Corresponding values of the constants were

calculated for each of the four sites and are listed in the figure.

The N and B parameters of equation (U.l) may be thought of as

descriptors of the distribution of deflections from the edge of a

loading tire. For example, if N is equal to two, equation (U.l) resem-

bles the normal (gaussian) distribution with B being proportional to

the variance. Thus, as might be expected, changes in values of N and

B for a pavement section reflect the distribution of deflections and

structural characteristics of that section.

Figure (7.3) represents four typical normalized* peak deflection

curves as a function of lateral distance for sites 1, 2, 3 and h. The

corresponding values of N and B parameters and the values of ( VB)

are indicated in the figure. It can be seen that the higher the value

of ( VB
) , the farther the lateral spread of the deflection. Again, the

analogy to the normal distribution should be noted for N equal to two.

For this state, (Vb) is seen to be proportional to the standard devia-

tion, the well-known measure of the scatter of data about its mean.

Most tests were conducted with the same loading vehicle at creep speed,

and hence the input energy was fairly constant , the amount of the

lateral spread may be thought of as a measure of the lateral attenuation

of energy in the pavement. These observations gave rise to the use of

the N and B parameters as indicators of a pavement's performance.

Figure (f .h) shows plots of the B parameter as a function of the

number of load repetitions (see Table H.5) for sites 1, 2, 3 and h. The

solid symbols in the figure designate conditions at a temperature of

twenty two degrees Fahrenheit (22°F). Open symbols indicate the
* Normalized with respect to the deflection value under the edge of
loading tire, the maximum deflection.
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temperature range of sixty four to eighty degrees Fahrenheit. The

straight lines between the data points were obtained from a least squares

analysis. The coefficients of correlation, (R ), the y-intercepts and

the slope of the lines are indicated in the figure (page 100). The number

of trucks, pickup(s) and automobiles traveling over each of the road

sites is also listed in the figure as a percentage of the total traffic

at the site. Examination of Figure (f .h) indicates that in all cases,

the B parameter decreases with increasing load repetitions during the

period of study. In addition, the steeper the slope of the line, the

higher the percentage of trucks traveling the site. For example, in the

case of site 1, the gravel pit road, which displays the steepest slope

for the B parameter, ninety percent of the vehicles were trucks.

Whereas at site 2, which gave the flattest slope, there were only five

percent trucks. The percentages for the two intermediate sites were as

listed in the figure. Recalling that the B parameter reflects the lateral

spreading of the peak deflection basin, it follows that the steeper the

slope the more rapidly will the peak deflection be channelized. Conse-

quently, more work will be done to the pavement in the near vicinity of

the wheel.

Plots of the N parameter with load repetitions are shown in Figure

(7.5). It can be noticed that the N parameter also decreases with increas-

ing load repetitions. However, the slope of the lines, obtained from a

least squares analysis, show much less variations than did those for the

B parameter.

Figure (7.6) shows a schematic representation of the typical deflec-

tion basin with corresponding relative values of the N and B parameters
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at one site. It can be seen that the smaller the value of the parameters

the more rapid the lateral attenuation of enery and consequently the

deeper it penetrates under the wheel. As noted above, implicit in this

is that as N and B decrease, more work is done to the pavement section

in the vicinity of the wheel load. Consequently, greater distress might

be expected to occur with fewer passes. Visual observations tend to

confirm this. Site 2, which showed the smallest values of N and B was

the site which exibited the greater distress, even though this section

had the least number of trucks as a percentage of vehicles. Unfortunately,

it was not possible to determine when the various sites were constructed.

However, it is interesting to speculate that the construction might be

related inversely with the sequence of the B and N values. For example,

site 2 might have preceded site h which in turn would precede sites 1

and 3.

The N and B parameters were also determined for two sites on

interstate highway 6k in Indiana (see Table H.2). Site 6 was trafficked

six months prior to the testing period. Site 7 had been completed but was

not -opened to traffic prior to the date of testing. Both sites had the

same pavement cross-section. Figure (7-7) shows plots of normalized peak

deflections as functions of lateral distance for both sites. The N and B

parameters, as well as the peak deflections under the edge of the front,

intermediate and rear tires are also listed in the figure. It can be seen

that: a) the N and B parameters for the trafficked section (site 6) are

higher than those of the closed section (site 7), b) the deflection basin

for site 6 is wider than that of site 7, and c) deflections under the

edge of tires on site 7 are much higher than those of site 6. Recall that
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the higher the values of the N and B parameters, the lower the peak

deflection and the wider the deflection basin. The rather narrow deflec-

tion basin of the closed section is a consequence of the pavement not

having been subjected previously to a wide lateral distribution of

vehicles. Given normal lateral traffic distribution which had occured

on the trafficked section, the deflection basin would then be expected

to widen as shown in Figure (7-7) • This observation indicates the need

of monitoring newly constructed pavements more closely (see suggestions

for future research).

Further examination of Tables (6.1) and (6.2) indicates that at an

air temperature of. twenty two degrees Fahrenheit,the values of N and B

parameters are larger than those listed at higher temperatures. This is

a consequence of the more uniform deflection for the colder pavement.

Conditions for a temperature of twenty two degrees Fahrenheit are desi-

gnated in Figures (7.^) and (7-5) by the solid symbols. The number shown

in brackets next to each of these symbols indicates the equivalent number

of years of traffic needed to travel over the road site so that the data

point will fall back on the straight line representing the site. These

numbers were calculated using the noted slopes of the lines and relating

observed load repetitions with time.

Some additional aspects and uses of N and B parameters will be

presented in the subsequent section entitled "Pavement Evaluation".

Ill) Time Dependent Transfer (TDT) Function

The characteristics of the time dependent transfer (TDT) function

may be thought of as scaling a pavement system's interactive mechanism,

which acts to transfer an induced loading (input) to a deflection
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response (output )

.

Figures (6.31) through (6.37) presented typical plots of the TDT

functions for sites (1-7). Various characteristics of these functions

were summarized in Table (6.3); viz. the first peak (maximum), time to

first peak, and time to first zero. These may be thought of as the basic

descriptors of the TDT functions. The values are seen to be independent

of the wheel load (Table 6.1), of the type of loading vehicle, and of the

gear configuration.

The response of a pavement section to a loading vehicle is sensitive

to changes in temperature (28). This is mirrored in the characteristics

of the TDT function. In Table (6.3), the characteristic values of the

TDT function were seen to be higher at an air temperature of twenty two

degrees Fahrenheit relative to those at higher temperatures. These range

from small differences at site 1 (the thickest surface course) to a factor

of three for the time to first zero for site 3.

The characteristics values of the TDT functions for sites 5, 6 and

7 (Table 6.3) are higher than those for the other four sites (site 5 was

overlaid in 1975, sites 6 and 7 were constructed in 1976, sites 1, 2, 3

and k have been in service over five years without major rehabilitation).

These three sites are in better conditions than the others. Hence, the

possibility exists of using the characteristic values as indicators of

performance. The data studied in this work indicates this area to be a

fruitful pursuit for further research. Of special importance at the

present writing is the noted relationship between these measures and

the action of pavement systems.

The TDT functions were also used to examine the lateral attenuation
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of energy. Figures (6.2h) through (6.30) showed typical plots of the

distribution of equivalent peak forces as a function of lateral distance.

Examination of the figures indicates that energy (as scaled by the

equivalent force) follows an exponentially decaying function. The more

rapid the attenuation, the more energy is available to do detrimental

work in the vicinity of the tire. Some additional discussion of energy

attenuation will be presented in the section entitled "Pavement

Evaluation".

The characteristics of the TDT function (as stated above) of a

pavement section were found to be independent of wheel load, of type of

loading vehicle, and of the gear configuration. This implies that if

the TDT function of a pavement section is known, then its time response

deflection function can be predicted for another loading vehicle. The

TDT functions for sites 1,2,3 and k were obtained and cataloged using

a loaded Indiana State Highway truck, which had a gross-weight of about

fifty thousand pounds. The forcing functions were also obtained for an

automobile and for the same truck when empty at site 1. The gross-weights

of the automobile and of the empty standard highway truck were approxi-

mately forty-four hundred and twenty-four thousand pounds, respectively.

The forcing function for each of these vehicles was then explicitly

convoluted with each of the TDT functions for sites 2, 3 and k; the

predicted pavement deflection response functions were obtained. The

automobile and the empty standard highway truck were then driven to sites

2, 3 and h and deflection measurements were made consequent to the

passage of the two vehicles next to the LVDT beam. Figures (7.8) through

(7.10) show plots of the predicted and the measured deflections as
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functions of lateral distance. The success of the method is evident.

The same order of results had been reported previously by Boyer and

Harr (55) and Highter and Harr (56). However, in the present series

the correspondence could even be demonstrated for an automobile.

Figure (7.11 ) shows the time response of measured and predicted

deflections for site 2. The time scale on these figures was adjusted

so as to provide for the coincidence of the peak values. This was

necessary because it was not possible to control the speed of the

vehicles so as to be the same at all sites.

The successful prediction of pavement deflection response func-

tions for a wide range of axle loads, gross loads and gear configura-

tions should not be interpreted as unlimited liscense to use transfer

function theory . Even though the transfer was made between an automo-

bile and a truck, the induced loadings produced small strains and the

material acted in its "elastic" range. This condition is the basic to

the use of superposition and of convolution.

IV) Pavement Evaluation

Pavement evaluation consisted herein of two phases: a) subgrade

evaluation using the TDT function and its parameters and b) structural

evaluation using deflections and the N and B parameters of equation

(fc.l).

IV. I Subgrade Evaluation

a) Modulus of Subgrade Reaction (k )

Table (6.k) provided a list of the equivalent mass (m),

equivalent spring (k) and equivalent dashpot (c) of the
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Kelvin-mas s-spring-dashpot model used in this study. A methodo-

logy vas developed whereby the modulus of subgrade reaction

(k ) can be estimated from the spring constant (k), the tire

pressure (p) and the wheel load (q). The procedure is as

follows

:

1) The contact area (a) and its radius (r) are calculated

as shown in equations (l) and (2) in Figure (7.12).

2) The equivalent contact area (a ) at the surface of the
e

subgrade, at depth (T) is obtained using equation (3).

It is assumed that the applied load is distributed 1 : 8

as shown in Figure (T«12). For thin pavements (surface

course thickness less than three inches) experience

indicates (58) that 3 can be taken as unity. For thicker

surfaces 8 = 1.5 recommended.

3) The modulus of subgrade reaction (k ) is defined as the
s

ratio of the reactive pressure under a slab relative to

its deflection, under standardized test conditions (see

Reference 58). Symbolically, using notation in Figure

(7.12) and assuming* y = y , this becomes
P s

k = (7.2say
e 'p

Examination of the results in Tables (6.1), (6.2) and

(6.1+) show that Q/y can be approximated by the Kelvin

model's (k) to within about ten percent. For example,

* This assumption is conservative in the sense that v > v
p

J
s
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Contact Area = a (I)
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THE KELVIN -MODEL.
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in Table (6.1) for site 1 on 3-17-76,

Q = (|) (6276 + 8715 + 955*0 = 8182,

y = (h (0.0050 + O.OO69 + 0.007M = O.OO6I4,

hence, Q/y = 1,272,000 lb/in. From Table (6.U), the

spring constant (k) for this case is 1,191,238 lb/in.

(A ratio of 1.07). Hence, equation (7-2) may be taken

k .*-
s a

e

which is given as equation {k) in Figure (7.12)

b) California Bearing Ratio (CBR )

Using the relationship developed by AASHO (5^), Figure

(7-13), the value of CBR can be obtained once the modulus of

subgrade reaction is had.

c) Soil Support Value (SSV )

Figure (T.lk) shows a plot of SSV as a function of CBR as

given by AASHO (57). Hence, having the values of the CBR from

(b) above, SSV is had.

d) Elastic Modulus (e )

Huekelom and Foster (6l) have correlated the modulus of

elasticity and CBR's using results of a wave propagation test

in the linear elastic range. This correlation, Figure (7.15),

takes the form,

E = 1500 CBR (7-3)
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In Table (7-1) is given calculated values of (k ), (CBR ),

(SSV) and (E) for the data obtained in this study. In the last

column are shown CBR values provided this writer by the Indiana

State Highway Department after the values for CBR, had been
k

calculated,

e) Dynamic Stiffness Modulus (DSM)

Figure (7.l6) shows a typical plot of normalized equivalent

forcing function as a function of normalized signature. Nor-

malized here means that all numerical values of the equivalent

force and the signature were divided by the peak values of

the equivalent force and the peak deflection, respectively.

The break point on the curve has been found to correspond to

the point of inflection (point of zero acceleration) on the

signature-time plots, Figures (6.1) through (6.8).

A dynamic stiffness modulus (DSM) was calculated as

DSMs! |(-l + -i)
(13)

where F^ A
1

and F
2

, L^ are the values at the point before and

the point after the point of inflection on the signature-time

plot. A listing of calculated values of DSM (are given in

Table (7.2). It should be noted that the DSM values increase

with decreasing temperature. This had been reported earlier

by Green and Hall (28) in their discussion of Waterway

Experiment Station (WES) evaluation methodology using vibra-

tory equipment.
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TABLE 7.2 CALCULATED DYNAMIC STIFFNESS MODULUS (DSM) , SITES

1, 2, 3, h, 5, 6 AND 7

SITE DATE AIR
TEMP.
°F

DYNAMIC STIFFNESS MODULUS
DSM kips/inch

AVERAGE DSM
(kips/inch)

FRONT INTER-
MED ATE

REAR

1 8-26-75 75 131+2 11+91 1267 1326

1328 130U 1185 1272

3-17-76 22 1726 1565 1386 1559

1596 1559 1360 1505

5-13-76 6k 15^ 1H25 1319 1U29

li+OO 1381 1290 1357

7-30-76 78 1391 1367 1373 1377

11+01+ 1312 1269 1328

9-13-76 80 1357 1309 1312 1326

2 8-25-75 82 785 888 721 798

7k6 7M+ 660 717

3-17-76 22 Ik6 rjk 698 739

856 935 762 851

5-13-76 68 590 57^ 5lh 579

58U 568 569 57>*

7-30-76 80 818 788 678 761

827 81*8 8U2 839



TABLE 7.2 CONTINUED
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SITE DATE AIR
TEMP.

°F

DYNAMIC STIFFNESS MODULUS
DSM kips/inch

AVERAGE DSM
(kips/inch)

FRONT INTER-
MEDIATE

REAR

3 8-26-75 75 267 21*6 237 250

3-17-76 21+

291

875

325

85U

278

71+7

298

825

5-13-76 68

875

360

852

362

71+8

338

825

353

7-30-76 80

297

237

373

279

353

299

31+1

272

299 268 281 283

k 8-25-75 82 216 198 188 201

5-13-76 68

216

232

197

22l+

188

210

200

222

7-30-76 80

233

225

211

205

211

206

218

212

225 205 206 212

5 8-12-76 80 579 551 506 5^5

6 8-12-76 80 1068 1103 960 101+1+

7 8-12-76 80 * 1*1+2 k60 1*51
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IV. II Structural Evaluation

a) Introduction

The performance of pavements as measured by the present

serviceability index (PSl) is related to the logarithm of the

number of load applications (58). The amount of energy input

in a pavement system consequent to the passage of a vehicle

can vary from a compact automobile to a heavy eighteen wheeled

truck. Thus, any procedure to predict the performance of

pavement sections with reasonable reliability must also be

able to account for the induced energy of a moving traffic

stream of variable composition.

Highter and Harr (56) studied deflection data gathered at

the AASHO road test and collected at Kirtland and Pease Air

Force Bases. Using this information, they derived a regression

equation relating present serviceability index (PSl) to

cumulative total peak deflection (Figures 2.1 and 7. IT).

Their studies indicated that "there is a threshold cumulative

total peak pavement deflection at which distress develops in

asphaltic concrete pavement". Based on the AASHO data, they

concluded that twelve hundred feet (1200 ft) of cumulative

total peak deflection will cause distress in highway

pavements; twenty two hundred feet (2200 ft) for runway

pavements. In this study, it was assumed that each pass

produced one coverage.

In the present research, a study was conducted of the

induced energy into a pavement using the concept of work.
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Figures (T.l8) and (7-19) show typical plots relating the

equivalent forcing function and the signature for one pass of

the standard highway truck. The areas bounded by the three

hysteresis loops are measures of the work done to the pavement

by the moving vehicle.

Figure (7. 20) shows a plot of the work done (the area

encompassed by the loops) as a function of total peak

deflection (the sum of the deflection of the front, inter-

mediate and rear tires) per pass. It should be noted that

the data plotted in the figure represent eight tests at

different air temperatures using the same vehicle, see Table

(6.3) site 3. Examination of the figure indicates that the

work done to the pavement is related to the total peak

deflection. Figure (7-21) shows a plot of the work done as

a function of air temperature. Note that at twelve degrees

Fahrenheit below zero (-12 F) the pavement system is

effectively rigid. Recognizing that the work done on a

pavement system by a moving load is related to total peak

deflection and ambient temperatures , a pavement evaluation

procedure was developed as part of the present study. In

concept, it is an extension of the findings of Highter and

Harr (56).

b) Lateral Placement

The lateral placement is defined as the distance between the

nearest edge of the pavement structure and the wheel path,

Figure (7. 22a). Studies indicate the position of a vehicle on
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o Front Tire

& Intermediate Tire

a Rear Tire

Wheel Load Pavement
f Surface

ef lection at this Point is a
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Temperature = 80° F
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FIGURE 7.18 EQUIVALENT FORCING FUNCTION Vs.
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o Front Tire

a Intermediate Tire

a Rear Tire

Temperature = 24° F

16

Signature (inch) (xlO )

FIGURE 7.19 EQUIVALENT FORCING FUNCTION Vs.

SIGNATURE, SITE 3.
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Data from Eight Tests

Using the same Loading

Vehicle

Total Peak Deflection per Pass of a

Loading Vehicle

0.15

FIGURE 720 EQUIVALENT WORK Vs. TOTAL PEAK
DEFLECTION PER PASS OF A
LOADING VEHICLE, SITE 3.
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FIGURE 722 LATERAL PLACEMENT AND ITS
DISTRIBUTIONS.
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a highway depends upon the highway geometry, vehicle gear

configuration, time of the day, ambient conditions, and

pavement markings (11, 59, 60, 63).

In Figure (7- 22b) is shown normal and uniform distributions

of the lateral placement of vehicles . Suppose that two

vehicles designated by subcripts (l and 2) travel along the

pavement. Their corresponding frequencies and distances from

the edge of the pavement are denoted by f , f and x , x_.

Using equation (l+.l), due to the passage of vehicles 1 and

2 at points a and b, point d on the surface of the pavement

at a distance z from the edge (Figure 7.22b) will experience

a cumulative total peak deflection given by

y(z) = yx
exp [- | Uz-x^f] + y2

exp [- | (|z-x
2 |

N
] (7.4)

where y = total peak deflection of the signature at point

a due to the passage of the front, intermediate

and rear tires for vehicle 1.

y?
= same as above for point b and vehicle 2.

x.. , x
p

= lateral distance

For (P) passing vehicles equation (7.*+) becomes

P

y(z) = I y. exp [- | (|z-x.|)
N

] ;i=l, 2, 3...P (7.5)

P

I
i=l

For a width of the traffic area (R), a width of tire print

(W), the total number of segments (j) is given by
4 Figure(7.23]

W
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The number of passes of a loading vehicle over segment (i)

{ its center is located at a lateral distance of (x. ) from

the edge of the pavement) is given by Pf . , where (P) is the

total number of passes over the pavement section and f . is

the frequency of the vehicle passing over the i segment.

For (P) passes over the (j) segments, with each segment having

a frequency of f . , equation (7-5) gives for the cumulative

total peak deflection at a lateral distance z from the edge

of the pavement.

J

I
i=l

y(z) = P I f. y. exp [- | (Iz-xJ)*] (7.6)

A somewhat similar expression was given by Deacon (63) and

Yoder and Witczak (ll)

n
e

- max I Pj f
Jx

Fj (7-7)

where n = equivalent repetitions of a standard vehicle*

producing a unit of damage ,

P = number of passes within time interval "t",

f
Jx

= frequency,

F = equivalent wheel load factor, and

i = total number of passes at a specific distance

It should be noted that for x. = z, equations (7-7) and (7.6)

* Any vehicle can be defined as a standard if the pavement deflection
it produces is assigned unity. Pavement deflections due to any other
vehicles can then be scaled relative to the standard.
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are identical. However, equation (7.7) does not account for

the lateral position of the vehicle.

To explore the significance of the differences between

equations (7.6) and (7-7), consider points d and b, Figure

(7.22b), located 25 and 28 inches from the edge of the

pavement. If it is assumed that each was passed over 100

times by a standard vehicle* [F = 1 in equation (7-7), fj

and f will be equal to 0.5 in both equations]. Taking
Jx

y. = F as a unit of damage, the cumulative damage at point

d, given by equation (7-7) will be

1

n = 7 200 (0.5) (l) = 100 units of damage

3-1

Equation (7.6) will produce

y(z)= 200 (0.5) (1) + 200 (0.5) (l) exp [- | (|25-28|)
W

]

For interstate 6h, site 6, N = 0.87 and B = 6.87 (see Table

6.1); hence y(z) = 100 + 68 = l68 units of damage. These

results indicate that equation (7. 7) would underestimate the

damage by about 60% for the considered case,

c) Passes and Equivalent Coverages

Equivalent coverages (C ) is defined herein as the ratio of

the cumulative total peak deflection [y(z)] at a point on the

pavement to the total peak deflection (A) caused by one pass

of a standard loading vehicle* at that point. The equivalent

* See previous footnote.
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coverages to passes ratio (C /P) is defined as the ratio of

equivalent coverages at a point of interest to the total

number of passes of a standard vehicle along a pavement

section. From these two definitions it can be seen that

e A

e _ y(z )

P PA (7.8)

The term PA in equation (7-8) may be thought of as the

cumulative total peak deflection at a point due to P passes

of a standard vehicle at that point. The ratio C /P in equation

(7-8) represents the percentage of the total energy of the

stream of vehicles available to do work at a point on the

pavement surface.

d) Peak Deflections and Vehicular speed

Highter and Harr (56) found peak delfections to be dependent

upon the horizontal velocity of loading vehicles, Figure

(7«2U). Observations indicate that at speeds above 35 mph the

number of peak deflections of multi-wheeled vehicles are

reduced. For example, at creep speeds, a tandum truck will

produces three distinct peak deflections per pass, Figure

(7.25a). The same vehicle will produce two (Figure 7.25b)

or even one peak deflection (Figure 7-25c) at higher speeds.

This is a consequence of the inertia and damping of the

pavement. That is, at high speed, the pavement will not have
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a) Vehicle Speed (Creep)
Time

b) Vehicle Speed (about 35mph)
Time

c) Vehicle Speed (about 50 mph)
Time

FIGURE 7.25 SCHEMATIC REPRESENTATIONS OF THE
INFLUENCE OF THE SPEED OF A
TANDEM TRUCK ON THE NUMBER OF
PEAK DEFLECTIONS OF A POINT ON THE
PAVEMENT SURFACE

.
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enough time to rebound under one set of wheels before the

other set passes over the point.

V. Simplified Pavement Evaluation

Simplified procedures have been developed which will permit one to

obtain approximations to parameters of a pavement without recourse

to computer program PPP in Appendix C. The procedures will also be

illustrated below by examples,

a) N and B parameters

The H and B parameters can be approximated using Figures

(7.26) -obtained from Equation (U.l), page 28 - and (7-27).

1. Pavement deflections at various lateral distances from the

edge of a tire are measured (using the LVDT beam) and plotted

as a function of these distances, Figure(7.27)

.

2. Deflections at lateral distances of 6, 9 and 15 inches are

then obtained from Figure (7. 27 ) . These are designated as

yg, y , and y , respectively.

3. The ratio* ln(y__/y,-)/ln(yQ / y,-) is then calculated and

located on the left ordinate axis of Figure (7. 26 ) . The value

of the N parameter can then be determined as shown in the

figure. The N values are located on the abscissa axis.

U. Having the N parameter, the corresponding value of N'= 9 - 6

can then be obtained on the indicated right ordinate axes.

5. B value can then be calculated from the expression.

B = N» / |ln(y
9
/ y6 )|

* Natural logarithm
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b) Subgrade Evaluation

The peak deflection under the edge of a load tire can be

calculated using N and B parameters and the measured

deflections from above. The modulus of subgrade reaction

(k ), California bearing ratio (CBR), soil support value

(SSV), and the elastic modulus (E) can then be estimated

following the procedure outlined in previous sections.

c) Structural Evaluation

Having N and B and the peak deflection (Figure 7. 2h may be

used to estimate the deflections at other speeds), the

cumulative total peak deflection can be calculated (for any

number of load repetitions). The condition of the pavement

section may then be estimated using either Figure (2.1)

or (7.17).

VI. Case Study

A pavement evaluation test was performed on site 3 using the LVDT

beam. The following peak pavement deflection data were obtained.

Deflection Lateral distance

(inch) (inch)

7
k

= .0255 k

y
?

= .0178 7

y13
= .006U 13

y22
= .0008 22

The vehicle speed was 2.25 mph,
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the tire pressure was 83 psi and the tire load was 6003 pounds

a) M and B parameters

1. The data are plotted in Figure (7- 27) as a function of

lateral distance. The desired values of y>, y , and y are

then determined to be .0203, .0132, and .00^2 inches,

respectively.

2. The deflection ratios are formed

V y6
=-65, y

15
/ y6

= .21

ln(y
15

/ y
6

) / ln(y
9
/ yg

) = 3.62

3. Using Figure (7. 26):

N = 1.6, N' =16, B = 37

b) Subgrade Evaluation ( see Figure 7.12)

1. The peak deflection under the edge of tire is calculated

using equation (l+.l)

yp
= .0255 exp(+-^-(10

1,6
) = .0327 inches

using this value of y and equation (H.l) as a chek,

y^.0255, y6
=.0203, y

?
=.0178, y =.0132,,

y

15
= .00U2

2. Equivalent spring constant:

k = Q/yp
=6003/.0327 = 18357^ lb/in

3. The contact area:

a = Q / p = 6003 / 83 =72 in
2

h. Radius of contact area:

r ={&/w = U.8 in

5. Equivalent area 2U inches below (T=2l+) the surface

a = (r + T)
2
TT = 2602 in

2
e
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6. Modulus of subgrade reaction:

k = k / a = 18357 1* / 2606 = TO pci
s e

7. California bearing ratio:

from Figure (7-13). CBR
k

= 2.0

8. Soil support value:

from Figure (7-lM. SSV = 3.0

c) Cumulative Peak Deflection (Structural Evaluation)

1. From Figure ( 7. 2k) (extrapolating linearly) the ratio of peak

deflection at speed of 2.25 mph to that at 55 mph:

.0385 / .015 = 2.6

Expected deflection at the site for loading vehicle speed

of 55 mph:

.0327/ 2.6 = .0126 in

2. From Table (H.5) the traffic per year was found to be:

30,000 trucks, 60,000 pickup(s), 210,000 cars

Taking the deflections of an automobile to be (1/5)* that

of a truck and of pickup to be (l/3) of a truck.

The cumulative total peak deflection per year is found to be:

.0126 (30,000 + 60,000/3 + 210,000/5)/12 = 97 feet/year

3. To account for freezing and subfreezing temperatures a factor

4.

of .6 is recommended for the state of Indiana; hence the

estimated cumulative total peak deflections are:

97 (.6) = 58 feet /year

* The factors 1/3 and 1/5 are dependent upon the wheel load of each

vehicle, the presented ratios were obtained from Table (6.1) and

deflection data on site 1.

Based on average temperature in Tippecanoe County, Indiana (70).
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h. Present serviceability index (PSI)

Using the equation on Figure (7-17), for a PSI = 2

2 = .031 + .383 (3.02) + .077(6) + .071 (3.02) (6)-

.0022D + 5.56 x 10~7 D
2

from which

D
2

- 3957D + 1683^53 - 0.0

D = 510 feet

That is distress is estimated to occur for a cumulative

total peak deflection of 510 feet. Given 58 feet /year it is

estimated that the pavement can function understated condition

for 510 / 58 '- 9 years

.



11+9

BLANK PAGE



150

CONCLUSIONS

On the basis of the results of this study, the following conclusions

are made for the flexible highway pavements investigated:

1. A relationship was found to be valid which related the pavement

deflection response function (output) and a vehicular input in the

form of a time dependent transfer (TDT) function. The characteristics

of the TDT function can be used as follows

:

a) as indicators of the performance and condition of a pavement

system.

b) to indicate the effects of ambient conditions.

c) to obtain the shape of the peak deflection curves consequent

to the passage of a wide range of vehicles.

d) to assess the lateral attenuation of energy following the

passage of a vehicle.

e) to predict the time response of a pavement system.

2. The results obtained from the LVDT beam (linear variable differential

transducers) were found to be in extremely close agreement with the

embedded LVDT gages.

3. The lateral extent of the deflection basin was found, in all cases,

to be less than fifty inches from the edge of the tire of the loading

vehicle.

U. The deflection basin extending laterally from the edge of a tire of

a loading vehicle was found to follow the equation
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y(x,t) = y(0,t) exp (- - x )

The N and B parameters in the above expression, for a particular site,

were found to be independent of the gear configuration or wheel loads

of the loading vehicle. They did depend on the number of load repeti-

tions. It vas found that they provide a measure of lateral attenuation

of induced energy. In particular the B parameter was found to be a

good indicator of the rate of dissipation of the applied vehicular

loading

.

5. The parameters contained within the TDT function were shown to be

properties of a given pavement section. As such, changes in their

characteristics were found to reflect corresponding changes in

pavement conditions. As had been found to be the case in previous

studies by Highter, Boyer and Harr (56), the TDT function can be

used to predict the deflection basin for a wide range of vehicles,

gear configurations and loadings. It was demonstrated that predicted

deflections could even be made for an automobile from the TDT function

obtained from a standard highway truck.

It was found that the parameters of the TDT function; in particular,

the spring constant (k) might be related to many current design

parameters used in highways; CBR, and modulus of subgrade reaction,

as well as the stiffness modulus of the pavement.

6. Results have been simplified and approximate procedures are presented

whereby computations can be performed using developed nomographs to
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provide information as to the performance of highway pavements.

In this regard, an evaluation procedure is offered that can provide

a measure of the number of years for which a pavement can be expected

to perform adequately.
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SUGGESTIONS FOR FUTURE RESEARCH

The results of this investigation have deomonstrated the ability

to evaluate pavements and to determine when remedial measures might

be required. Four sites were tested in the vicinity of West Lafayette,

Indiana. No knowledge was available of when these pavements had been

built or the degree to which they had been rehabilitated. Consequently,

it is advisable that a study be undertaken to examine newly constructed

pavements to assess the general validity of the evaluation prodedure.

The new section of Interstate 6U represents one such point in time:

a start has been made. It is recommended that studies be continued so

that the changes in the transfer function can be assessed periodically.

The development of the LVDT beam offers a nondestructive rapid test

whereby the evaluations noted above might be made. However, the recent

findings using a newly developed noncontact LED beam (light emitting

diodes) suggest far greater speed of testing for that device. It is

recommended that efforts be expended to employ this apparatus in the

nondestructive testing and evaluation of highway pavements.
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