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ence of bedrock near the surface of the subgrade. 
The values of the load-carrying capacity and required 

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

REFERENCES 

1. J. L. Green and J. W. Hall, Jr. Nondestructive 
Vibratory Testing of Airport Pavements: Volume 
1-Experimental Test Results and Development of 
Evaluation Methodology and Procedure. Federal 
Aviation Administration, Rept. FAA-RD-73-305-1, 
Sept. 1975. NTIS: ADA 017 511/7SL. 

2. J. L. Green. Literature Review of Elastic Con
stants of Airport Pavement Materials. Federal 
Aviation Administration, Rept. FAA-RD-73-305-1, 
Sept. 1975. NTIS: ADA 056 195/lSL. 

3. R. A. Weiss. Nondestructive Vibratory Testing 
of Airport Pavements: Volume 2-Theoretical 
study of the Dynamic Stiffness and Its Application 
to the Vibratory Nondestructive Method of Testing 
Pavements. Federal Aviation Administration, Rept. 
FAA-RD-73-205-2, April 1975. NTIS: ADA 013 
681. 

4. R. A. Weiss. Subgrade Elastic Moduli Determined 
from Vibratory Testing of Pavements. Federal 
Aviation Administration, Rept. FAA-RD-76-158, 
Oct. 1977. NTIS: ADA 055 158. 

5. H. Tomita. Field NDE of Airport Pavements. 
Materials Evaluation, Vol. 33, No. 7, July 1975. 

6. Use of Nondestructive Testing Devices in the 
Evaluation of Airport Pavements. Federal Aviation 
Administration, Advisory Circular AC 150/5370-
11, June 4, 1976. 

7. Airport Pavement Design and Evaluation. Federal 

Aviation Administration, Advisory Circular AC 
150/5320-6B, May 28, 1974. 

8. W. Heukelom and C. R. Foster. Dynamic Testing 
of Pavements. Trans., ASCE, Vol. 127, Pt. 1, 
1962, pp. 425-457. 

9. J. A. Allen and M. R. Thompson. The Effects of 
Nonconstant Lateral Pressures on the Resilient 
Response of Granular Materials. Department of 
Civil Engineering, Univ. of Illinois at Urbana
Champaign, May 1973. 

10. M. R. Thompson and Q. L. Robnett. Resilient 
Properties of Subgrade Soils. Transportation Re
search Laboratory, Department of Civil Engineer
ing, Univ. of Iliinots at Urbana-champaign, Final 
Rept. UILU-ENG-76-2009, 1976. 

11. J. W. Hall and D. R. Elsea. Small Aperture Test
ing for Airfield Pavement Evaluation. U.S. Army 
Engineer Waterways Experiment Station, Vicks
burg, MS, Miscellaneous Paper S-74-3, Feb. 1974. 

12 . R. L. Hutchinson. Basis of Rigid Pavement De
sign for Military Airfields. U.S. Army Engineer 
Ohio River Division Laboratories, Cincinnati 
Miscellaneous Paper 5-7, May 1966. ' 

13. W. R. Barker and W. N. Brabston. Development 
of a Structural Design Procedure for Flexible Air -
port Pavements. U.S. Army Engineer Waterways 
Experiment Station, Vicksburg, MS, Tech. Rept. 
S-75-17, Sept. 1975. 

14. R. A. Weiss. Pavement Evaluation and Overlay 
Design by the Combined .Methods of Layered Elastic 
Theory and Vibratory Nondesti·uctive Testing. 
F ederal Aviation Administration, in preparation. 

15. F . Parker, W. R. Barker, R. C. Gunkel, and 
E . C. Odom. Development of a Structural Design 
Procedure for Rigid Airpart Pavements. U.S. 
Army Waterways Experiment Station, Vicksburg, 
MS, to be published. 

16. D. N. Brown and 0. 0. Thompson. Lateral Dis
tribution of Aircraft Traffic. U.S. Army Engineer 
Waterways Experiment Station, Vicksburg, MS, 
Miscellaneous Paper S-73-56, July 1973. 

Publication of this paper sponsored by Committee on Pavement Rehabili
tation Design. 

Pavement Evaluation by Using 
Dynamic Deflections 
Gary W. Sharpe, Herbert F. Southgate, and Robert C. Deen, Bureau 

of Highways, Kentucky Department of Transportation, Lexington 

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

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

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



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

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

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

SIMULATION OF ROAD RATER BY 
ELASTIC THEORY 

Characteristics of Road Rater 

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

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

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

1
2.67 kN (600 lbf). Once the dynamic 

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

Superposition Principles 

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

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

Input Parameters for Simulation by Using 
Chevron Computer Prog1·am 

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

Reference Conditions 

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

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

). 

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

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

Input 

Poisson's ratio 
Asphalt concrete 
Granular base 
Subgrade 

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

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

concrete 
E (GPa) 

Asphalt concrete 

Subgrade 

Value 

0.40 
0.40 
0,45 

0.183 
0 .231 

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

and 508 

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

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

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

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

ADJUSTMENTS FOR NONREFERENCE 
CONDITIONS 

Moduli of Asphalt Concrete from 
Field-Test Data 

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

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

Adjustment Factors for Road 
Rater Deflections 

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

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

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

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

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

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

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

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

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



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

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

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

EVALUATION OF PAVEMENT 
STRUCTURE 

Describing Shape of Deflection Bowl 

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

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

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

Estimating Subgrade Moduli 

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

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

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

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

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

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

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

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

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

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

Estimating Effective Structure 

To evaluate effective structure, lines of equal deflection 

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

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

) there was 
very little change. 

Procedure for Evaluating Effective 
Str uctw·e 

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

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

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

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

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

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

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



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

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

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

The following situations have been observed from 
limited field evaluations. 

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

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

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

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

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

E3 - SUBGRADE MODULUS OF ELASTICITY (PSI) 

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

ffi 8 
I-

~ 6 
::::i 
...J 

::? 4 

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

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

ci 4 
z 

a:: 
w 
~ 2 
a:: 

0 
<l 

26 1.6 mm 

(103") 

' AC -.... 

' 
218.3 mm AC 

(8.6") 

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

261.6 mm AC ( 10.3") 

TEST OATE 9/29177 

LANE NO. I 

OUTSIDE 
INSIDE 

WHEEL TRACK • 
WHEEL TRACK • 

Cf) 
w 
J: 
u 

2 ~ 

z 
0 

10 ' i= 
u 

8 w 
...J 
LL 
w 

6 0 

a:: 
4 0 

Cf) 

z 
w 
Cf) 

2 
ci 
z 

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

0 
<l 
0 
a:: 

E3 - SUBGRADE MODULUS OF ELASTICITY (PASCALS ) 

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

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

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

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

z 
0 

10·• 4 

8 

6 

4 

g 2 
_J 
LL. 
IJJ 
0 

0 10·• 
IJJ 
t; 8 
IJJ ..., 
0 6 
a: 
a.. 

0 z 

a: 
IJJ 

4 

!;i 2 
a: 

0 
ct 
0 

ROAD RATER NO. I MEASURED DEFLECTION (INCHES) 

(a) 

6 8 10" 4 2 

E1 = 8.27 GPa {l,200,000 PSI) 

TEST DATE 7/6/77 

127.0 mm AC (5") 

177.8 mm DGA (7") 

4 6 8 16-3 

h " 
/, ~ 

/ '/ 

2 

THEORY 

"/ .:~ ZONE OF NORMAL 
~ / VARIATION 

• /. '/ 
FOUNDATION 

PROBLEM 
SUPPORT ~/ 

/ / 
/ / 

/ / 
/ 

SLAB PROBLEM 

STATION A • 

STATION B • 

STATION C • 

45 

en 
IJJ 
:I: 
(.) 

2 z 

z 
0 
~ 

10-3 ~ 
_J 

B LL. 
IJJ 
0 

6 
0 
IJJ 
I-

4 
(.) 
IJJ ..., 
0 
a: 
a.. 

2 0 z 

a: 
IJJ 
I-

10-4 ~ 

B 
0 
<( 

6 0 
a: 

a: 1~'L.....,c-----'----'--'--.l.-..L.....L...L-1...J....,,...----'---..L...-..___.__,__,__._ ...... 4 
io-3 2 4 6 8 10·2 2 4 6 8 10·1 

ROAD RATER NO. MEASURED DEFLECTION ( MILLIMETERS) 

ROAD RATER NO. MEASURED DEFLECTION (INCHES) 

10-1 rr'4'--r--f6-r--'8i-r-'il0i'---
4 
___ :;:.2--,.---;4-,---,6r--,,--;:;B-r\0,._-_

3 
___ _,2'----r---i 

en 8 
a: 
IJJ 
ti 6 
:::E 

3 
~ 4 

z 
0 

B 2 
IJJ 
_J 
LL. 
IJJ 
0 

0 10·2 

IJJ 
1-u e 
IJJ ..., 
0 6 
a: 
a.. 

0 
z 

0 
<( 
0 

4 

(b) 

E1 = B.27 GPa { 1,200,000 PSI) 

172.7 mm AC ( 6.B") 

482.6 mm DGA ( 190") 

LANE NO. I 

OUTSIDE WHEELTRACK • 
INSIDE WHEEL TRACK 

TEST DATE 9/29177 
/ . ~ '/ . . /, / 

// 
0'/ 

THEORY 

FOUNDATION 

SUPPORT 

PROBLEM 

/•/ 
• / /--- ZONE OF NORMAL VARIATION 
/• 

/ / 
/ / 

/./ 
/ SLAB PROBLEM 

en 
IJJ 
:I: 
(.) 

2 ~ 

z 
0 
~ 

10-3 ~ 
_J 

e LL. 
IJJ 
0 

6 
0 
IJJ 
I-

4 
(.) 
IJJ ..., 
0 
a: 
a.. 

2 0 
z 

a: 
IJJ 
I-

10- 4 ~ 

B 
0 
ct 

6 0 
a: 

a: ,~,'-::----'--~---'---''---'-'--'--'-..0....,,----'---'--~-..__.._...._..__.~4 
10"3 2 4 6 8 10"2 2 4 6 B 10·1 

ROAD RATER NO. I MEASURED DEFLECTION (MILLIMETERS) 



46 

Kentucky Department of Transportation or the Federal 
Highway Administration. This report does not constitute 
a standard, specification, or regulation. 

REFERENCES 

1. E. J. Yoder and M. W. Witczak. Principles of 
Pavement Design. Wiley, New York, 2nd Ed., 
1975. 

2. K. Majidzadeh. Dynamic Deflection Study for Pave
ment Condition Investigation. Ohio Department of 
Transportation, Columbus, 1974. 

3. N. K. Vaswani. Design of Flexible Pavements in 
Virginia Using AASHO Road Test Results. HRB, 
Highway Research Record 291, 1970, pp. 89-103. 

4. Methods of Test to Determine Overlay Require
ments by Pavement Deflection Measurement. 
California Division of Highways, Sacramento, Test 
method California 356-D, Oct. 1973. 

5. G. Peterson and L. W. Shepherd. Deflection 
Analysis of Flexible Pavements. Utah State High
way Department, Salt Lake City, Jan. 1972. 

6. G. Peterson. Predicting Performance of Pavements 
by Deflection. Utah State Highway Department, Salt 
Lake City, May 1975. 

7. A. C. Bhajandas, G. Cumberledge, G. L. Hoffman, 
and J. G. Hopkins III. A Practical Approach to Flexi
ble Pavement Evaluation and Rehabilitation. Proc., 
4th International Conference on the Structu1·al Design 
of Asphalt Pavements, Univ. of Michigan, Ann Arbor, 
1977, pp. 665-673. 

8. S. P. Timosh.enko and J. N. Goodier. Theory of 
Elasticity. McGraw-Hill, New York, 3rd Ed., 
1972. 

9. S. H. Crandall, N. C. Dahl, and T . J. Lardner. 
An Introduction to the Mechanics of Solids. McGraw
Hill, New York, 1972. 

10. H. Yuan-Yu. Elementary Theory of Structures, 
Prentice Hall, New York, 1970. 

11. R. C. Deen, H. F. Southgate, and J. H. Havens. 
Structural Analysis of Bituminous Concrete Pave
ments, Division of Research, Kentucky Department 
of Highways, Lexington, i971. 

12. M. W. Witczak. Asphalt Pavement Performance at 
Baltimore-Washington International Airport. As
phalt Institute, College Park, MD, Res. Rept. 74-2, 
1974. 

13. M. W. Witczak. A Comparison of Layer Theory 
Design Approaches to Observed Asphalt Airfield 
Pavement Performance. Proc., Association of 
Asphalt Paving Technologists, Vol. 44, 1975, pp. 
219-263. 

14. G. W. Sharpe, H. F. Southgate, and R. C. Deen. 
Pavement Evaluation Using Dynamic Deflections. 
Division of Research, Kentucky Department of 
Transportation, Lexington, Aug. 1978. 

15. H. F. Southgate and R. C. Deen. Temperature 
Distribution Within Asphalt Pavements and Its Rela
tionship to Pavement Deflection. HRB, Highway 
Research Record 291, 1969, pp. 116-131. 

16. H. F. Southgate and R. C. Deen. Temperature 
Distribution Within Asphalt Pavements. TRB, 
T1·ansportation Research Record 549, 1975, pp. 
39-46. 

17. H. F. Southgate, R. C. Deen, J. H. Havens, and 
W. B. Drake, Jr. Kentucky Research: A Flexible 
Pavement Design and Management System. Proc., 
4th International Conference on the Structural De
sign of Asphalt Pavements, Univ. of Michigan, Ann 
Arbor, 1977, pp. 269-297. 

18. H. F. Southgate, D. C. Newberry, R. C. Deen, and 
J. H. Havens. Resurfacing, Restoration, and 
Rehabilitation of Interstate Highways: Criteria and 
Logic Used to Determine January 3, 1977, Needs 
and Costs. Division of Research, Kentucky Depart
ment of Transportation, Lexington, 1977. 

19. H. F. Southgate, G. W. Sharpe, and R. C. Deen. 
Case Histories of Pavement Evaluations Using 
Dynamic Deflections. Division of Research, Ken
tucky Department of Transportation, Lexington, in 
preparation. 

20. LaBelle Consultants. Pavement Investigation. 
Huntington Beach, CA, 1977. 

Publication of this paper sponsored by Committee on Pavement Condi
tion Evaluation. 

A Rational System for Design of 
Thickness of Asphalt Concrete 

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

Highways, Kentucky Department of Transportation, Lexington 

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

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

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


