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Operating Characteristics and User Satisfaction of 

Commercially Available NDT Equipment 

ROGER E. SMITH and ROBERT L. LYTTON 

ABSTRACT 

The results of a recent study conducted for FHWA are presented herein. The ob
jective of the study was to develop a ready reference that describes available 
nondestructive testing (NOT) devices and methods for use in designing the 
thickness of asphalt concrete overlays for flexible pavements. The report was 
developed to serve as a guide to practicing highway engineers who are consider
ing the purchase of new equipment or developing (or modifying) overlay design 
procedures for flexible pavements. A conscientious effort was made to determine 
and evaluate factors that agencies noted as important decision criteria in 
selecting NOT devices. The analysis was limited to equipment currently avail
able from commercial sources. Equipment characteristics were provided by the 
manufacturers. To determine user feelings concerning the NOT equipment, a ques
tionnaire was sent to selected agencies and available literature was reviewed. 
Summary tables of equipment characteristics and operating capabilities are pro
vided. Selected overlay design procedures that use NOT input were described in 
the reporti however, in this paper only basic equipment characteristics and 
user comments concerning the equipment are discussed. 

In this paper the results of a recent study con
ducted for FHWA (1) are described. The objective of 
the study was to develop a ready reference that 
describes available nondestructive testing (NOT) de
vices and methods for use in designing the thickness 
of asphalt concrete overlays for flexible pavements. 
In the following sections basic equipment charac
teristics and user comments concerning the equipment 
are presented. 

DESCRIPTION OF NOT EQUIPMENT 

Four general classes of NOT equipment are routinely 
used to collect deflection data (1): static deflec
tion equipment, automated beam deflection equipment, 
steady-state dynamic deflection equipment, and im
pulse deflection equipment. The basic characteris
tics and costs of each of the commonly used com
mercially available NOT devices are given in Table 1. 

Static Deflection Equipment 

Devices that measure the deflection response of a 
pavement to slowly applied loads are generally 
classed as static deflection equipment. The most 
commonly used equipment in this class are Benkelman 
beam devices. Other equipment that has been used in
cludes plate bearing test equipment and curvature 
meter (~). 

The Benkelman beam was originally a 12-ft 
(3.65-m) beam pivoted at the third point. This pro
vides an 8-ft (2.44-m) probe with the extreme tip 
resting on the pavement and supported at the near 
third point by a pivot point. The rear end is a 4-ft 
(1.22-m) cantilever beam that moves upward when the 
pavement deflects downward. A dial indicator rests 
on the rear end and measures this movement. 

This type of device requires a loaded truck to 
create the deflection to be measured. It has been 
used for many years, and much of the early work in 
deflection-based overlay design for flexible pave-

ments was based on this device (}r!l· The deflection 
measurements are made by using one of two more or 
less standard procedures: AASHTO T256-77, "Standard 
Recommended Practice for Pavement Deflection Mea
surements" !2li and the Asphalt Institute's rebound 
deflection testing procedure (~) • 

Generally, only the maximum deflection is mea
sured with beams. The major technical problems as
sociated with the beams include ensuring that the 
front supports are not in the deflection basin, and 
the difficulty or inability in determining the shape 
and size of the deflection basin. 

Automated Beam Deflection Equipmen t 

Commercially available equipment that automates the 
Benkelman beam process is the La Croix Deflecto
g raph. It has been used widely in Europe and other 
parts of the world i however, it has not been used 
widely in the United States. The traveling deflec
tometer is a similar device that was built for the 
California Department of Transportation and has been 
in use by that agency for several years. 

The La Croix Deflectograph consists of a two
axle, six-tire truck with deflection-measuring beams 
connected to a placement frame and necessary dis
placement measurement and recording equipment. The 
beam probes (one for each dual wheel set) are 
mounted on a common frame mounted below the truck 
and pivot. The frame with both beams is placed on 
the road surface in front of the oncoming dual 
wheels. As the wheel approaches the beam tip, the 
beam rotates about the pivot and the rotation is 
measured by inductive displacement transducers. This 
measurement continues until the wheels pass the beam 
tip. During this period the beam remains in the same 
location as the vehicle approaches it. The beams and 
frame are then lifted from the pavement surface, 
moved forward, and repositioned to begin a new 
cycle. The system can be set up to record the de
flection basins as the vehicle approaches the beams. 
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TABLE 1 Characteristics of Commercially Available NDT Devices 

Static 

Device Name 
Minimum 

Principle of Operation Load Actuator System Load (lb) 
Weight on Type of Local 

Maximum Load (lb) Plate (lb) Transmission 

Benkelman beam (AASHTO) 
Deflection beam (British) 
La Croix Deflectograph 

Dynaflect 

Road rater 
Model 400 II 

Model 2000 

Model 2008 

Falling weight deflectometer 
KUAB 50 

KUAB 150 

Dynatest model 8000 falling 
weight deflectometer 

Deflection beam 
Deflection beam 
Mechanized deflection 

beam 
Steady-state vibratory 

Steady-state vibratory 

Steady-state vibratory 

Steady-state vibratory 

Impact 

Impact 

Impact 

Loaded truck axle 
Loaded truck axle 
Moving truck loaded 
with blocks or water 

Counter rotating 
masses 

Hydraulic rotating 
masses 

Hydraulic rotating 
masses 

Hydraulic rotating 
masses 

Two dropping masses 

Two dropping masses 

Dropping masses 

Note: 1 in.= 25.4 mm, 1 lb= 4.45 N, 1 lb= 0.45 kg, NA= not applicable. 
8Costs $71 ,000 without truck, but requires 1 to 3 man.months to install on purchasers' vehicle. 

bane in each wheelpath. 

cCircular plates are available. 

The load on the rear axles can be varied from 12,000 
to 26,000 lb (5 442 to 11 791 kg). The vehicle can 
move at 1.25 to 2.5 mph (2 to 4 km/h) while collect
ing data at 12- to 20-ft (3,5- to 6-m) intervals. 

The technical problems of automated beam equip
ment are similar to any beam equipment. If the de
flection basin is large, the point used for ref
erence may be in the basin. In addition, it is 
difficult to determine deflection at a given point. 
It cannot be used to determine load transfer across 
a joint or crack. Also, the large amount of data 
collected by this equipment requires automated col
lection and analysis. 

S t eady-State Dynamic Deflec t i on Equ ipme n t 

Any device that produces a sinusoidal vibration in 
the pavement with a dynamic force generator is 
classed in this group. The most commonly used com
mercially available devices are the Dynaflect and 
various models of the road rater. These devices 
place a static load on the pavement surface. A 
steady-state sinusoidal vibration is then induced in 
the pavement with a dynamic force generator. The 
magnitude of the peak-to-peak dynamic force (high to 
low) must be less than twice the static force to 
ensure that the device does not bounce off the pave
ment surface. This means there must always be some 
amount of dead weight or static force applied . As 
the dynamic peak-to-peak loading is increased, this 
preload must also be increased. Some researchers are 
concerned that this preload changes the stress state 
of the existing pavement and may cause the pavement 
to exhibit an altered response to the load. There
fore an inertial reference is used, and the magni
tude of the deflection change can be compared di
rectly with the magnitude of the dynamic force. 

Dynaflect 

The Dynaflect was one of the first pieces of com
mercially available steady-state dynamic deflection 

NA NA 
NA NA 
Empty truck Loaded truck wheel 
weight weight (9 ,000) 

1,000 1,000 

500 2,800 

1,000 5,500 

1,000 8,000 

1,500 12.000 

1,500 35,000 

1,500 24,000 

NA 
NA 
NA 

2,100 

2,400 

3,800 

5,800 

Truck wheels 
Truck wheels 
Truck wheels 

Two 16-in.-diameter 
urethane-coated steel 
wheels 

Two 4 x 7-in. pads with 
5.5-in. center gape 

Circular plate 18 in. 
diameter• 

Circular plate 18 in. 
diameter 

Sectionalized circular 
plate 11.8 in. diametel 

Sectionalized circular 
plate 11.8 in. diamete/ 

Circular plate 11.8 in. 
diameter 

devices. It is a trailer-mounted device that can be 
towed by a standard automobile. 

A static weight of 2,000 to 2,100 lb (907 to 952 
kg) is applied to the pavement through a pair of 
rigid steel wheels. The dynamic force generator uses 
a pair of unbalanced flywheels, which rotate in 
opposite directions at a speed of B cycles per sec
ond to produce a 1,000-lb (4.45-kN) peak-to-peak 
force. The deflection is measured by using five 
velocity transducers (qeophones). The transducers 
are suspended from a placing bar normally placed in 
the cent er of the loaded a r ea and at 1-ft (305-mm) 
intervals. The testing frequency and deflection 
measurements of all five transducers register on the 
standard digital control unit simultaneously. This 
unit also controls thA Aquipment npAration. An 
optional data terminal is available that controls 
the operation, prints the data on paper tape, and 
records the data on magnetic cassettes. 

The normal sequence of operation is to move the 
device to the test point and hydraulically lower the 
loading wheels and transducers to the pavement sur
race by using the remote control unit. A test is run 
and the data are recorded. At this point the operator 
has the option of raising both the sensors and the 
loading wheel or only the sensors. If the next test 
point is nearby, the sensors can be raised, and the 
device can be moved to the next site at speeds up to 
6 mph (9.7 km/h) on the loading wheels. 

Technical limitations of the device include: peak
to-peak loading is limited to 1,000 lb (4.45 kN), 
load cannot be varied, frequency of loading cannot 
be changed, the deflection directly under the load 
cannot be measured, and it is difficult to determine 
the contact area. 

Road Rater 

The road rater is the second series of steady-state 
dynamic deflection equipment commercially available. 
There are three production models: 400 B, 2000 , and 
2008. They vary primarily in the magnitude of the 
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Method of Type of Type of Basic Cost Contact Area 
Recording Data Carriage Prime Mover ($) (in.2) 

Manual NA NA 1,000 NA 
Manual NA NA 1,500 NA 
Manual, printer, Truck None 166,500' NA 
or automated 

Manual, printer, Trailer Tow vehicle 22,185 -32 
or automated 

Manual, printer, Trailerd Tow vehicle 30,580 56 
or automated 

Manual, printer, Trailer Tow vehicle 40,800 254 
or automated 

Manual, printer, Trailer Tow vehicle 64,000 254 
or automated 

Manual, printer, Trailer Tow vehicle 70,000 109 
or automated 

Manual, printer, Trailer Tow vehicle 85,000 109 
or automated 

Manual, printer, Trailer Tow vehicle 86,500 109 
or automated 

dE:arlier versions of the model 400 were mounted on vehicles. 

ePJates of other diameters are available. 

f Solid plates and plates of other dimensions are available. 

load they apply. These models are all trailer 
mounted, although the 400 B can be mounted in the 
cargo bay of a van. The static weights are created 
by the weight of the force actuator system and hy
draulic pressure against the trailer . The load is 
applied to the pavement surface through a steel 
loading plate. The standard loading plates are 4 x 
7-in. (101.7 x 177.8-mm) steel pads with a S.5-in. 
(140-mm) center gap for the model 400 B and an 18-
in.-diameter (457.2-mm) circular plate for models 
2000 and 2008; however, other sizes and shapes of 
loading plates are available for all models. The 
dynamic force generator uses a lead-filled steel 
mass that is accelerated up and down by a servo
controlled hydraulic actuator. 

The deflection is measured by using four velocity 
transducers that are lowered onto the pavement at 
the same time the loading plate is lowered. One 
sensor is located in the center of the loaded area, 
and the remaining three sensors are attached to an 
arm trailing the plate, normally at 1-ft (0.3-m) 
intervals from the center. 

Both the amplitude and frequency can be changed. 
This allows different dynamic peak-to-peak loadings 
of 500 to 3,000 lb (2.2 to 13.3 kN) for the model 
400 B; 1,000 to 5,500 lb (4.4 to 28.9 kN) for the 
model 2000; and 1,000 to 8,000 lb (4.4 to 42.l kN) 
for the model 2008. The force is measured with a 
strain-gauge-type force transducer in all models. 
The loading frequency can be varied continuously 
f com 5 to 70 cycles per second at O .1-cycle-per
second increments. 

The signals from the transducers are all reg
istered simultaneously with the force and frequency 
on liquid crystal meters of the standard control 
box. This unit also controls the complete operation 
of the device, including setting or changing the 
force and frequency. An optional automated system 
that uses a Hewlett Packard model 85 computer 
(HP-85) is available for the equipment, which will 
control the complete operation, print the results on 
paper tape, and record the data on a magnetic 
cassette. 

3 

Vibratory No. of Normal Load 
Frequency and Deflection Measuring Deflection Spacing of Measuring 
Range (Hz) System Sensors Sensors System 

NA 
NA 
NA 

8 

5-70 

5-70 

5-70 

NA 

NA 

NA 

Dial indicator I NA None 
Dial indicator I NA None 
Inductive displacement 2b NA None 

transducers 
Velocity transducers Center and at None 

I-ft intervals 

Velocity transducers 4 Center and at Load call 
1-ft intervals 

Velocity transducers 4 Center and at Load cell 
I-ft intervals 

Velocity transducers 4 Center and at Load cell 
I-ft intervals 

Seismic deflection s Center and 0.6 Load cell 
transducers to 8,0 ft 

Seismic deflection Center and 0.6 Load cell 
transducers to 8.0 ft 

Velocity transducers 7 Center and 0.6 Load cell 
to 7.4 ft 

The normal sequence of operation is to move the 
device to the test point and hydraulically lower the 
test plate and deflection sensors to the surface by 
using the remote control system next to the driver. 
A test is run at selected loads and frequencies, the 
loading plate and sensors are lifted from the sur
face, and the device is ready to move to the next 
test site. 

Technical limitations of this equipment include 
the limited load levels for some models, the need 
for a heavy static pre load for the heavier devices, 
and the nonuniform loading configurations. 

Impulse Deflection Equipment 

Equipment that delivers a transient force impulse to 
the pavement surface is included in this group. The 
equipment uses a weight that is lifted to a given 
height on a guide system and is then dropped. The 
falling weight strikes a plate, which transmits the 
force to the pavement. By varying the mass of the 
falling weight or the drop height or both, the im
pulse force can be varied. 

In addition to the advantages listed for the 
dynamic deflection devices, loadings in the range of 
actual wheel loadings can be obtained. The impulse 
equipment has a relatively small preload compared 
with the actual loadings. The resulting deflection 
closely simulates deflections caused by a moving 
wheel load. 

Some dynamic deflection equipment such as the 
FHWA thumper and road rater can be used to generate 
an impulse-type loading by placing a static load on 
the pavement and reacting against that load with 
half-sine wave deflection impulse. However, preload 
problems still persist for the road rater devicco. 

Oynatest Falling Weight Deflectometer 

The most widely used falling weight deflectometer 
(FWD) in the United States is the Oynatest model 
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8000 Falling Weight Deflectometer System. It is 
trailer mounted and can be towed by a standard-sized 
automobile. 

The impulse force is created by dropping weights 
from different heights. By varying the drop heights 
and drop weights, a force range of 1,500 to 24,000 
lb (7 to 105 kN) can be developed. The weights are 
raised hydraulically and released by an electronic 
signal. The weights drop onto a rubber buffer system 
(different for each weight configuration) to provide 
a load pulse in approximately a half-sine wave form. 
The load is transmitted to the pavement through an 
11.8-in.-diameter (300-mm) loading plate. The im
pulse load is measured by using a strain-gauge-type 
load transducer (load cell) • 

The deflection is measured by using up to seven 
velocity transducers with one in the center of the 
loading plate and the remainder mounted on a bar 
that is lowered automatically with the loading 
plate. The information from the transducers and load 
cell are fed into an HP-85 computer, which records 
the information on paper tape and a magnetic cas
sP.tte, The f!P-85 also controls the complete opera
tion. The display, printed results, and stored re
sults can be in either metric or standard units. 

The normal sequence of operation is to move the 
device to the test point and hydraulically lower the 
loading plate and transducers to the pavement. A 
test sequence is then completed by using the desired 
number of drops at each height selected. The loading 
plate and sensors are then hydraulically lifted, and 
the device is ready to move to the next site. 

KUAB Falling Weight Deflectometer 

The KUAB is mounted in an enclosed trailer that can 
be towed by a standard-sized automobile. The impulse 
force is created by dropping a set of two weights 
from different heights. By varying the drop heights 
and weights, the impulse force can be varied from 
2,698 to 35,000 lb (12 to 150 kN). The two-mass 
falling weight system is used to create a smoother 
rise of the force pulse on pavements with both stiff 
and soft subgrade support. 

A rise time from no load to peak load is devel
oped in approximately 28 microseconds, which ap
proximates the load development time of a vehicle 
traveling at approximately 44 mph (70 km/h) • The 
load is transmitted to the pavement through an 11.8-
in.-diameter (300-mm) loading plate. On smooth pave
ments a solid plate is recommended. On uneven sur
faces a segmented steel plate with hydraulic load 
distribution is used. 

A load cell is used to measure the load genera
tion of the equipment. The deflection is measured by 
uaing five absolute seismic displacement transducers 
(seismometers) that are lowered automatically with 
the loading plate. One sensor is placed through the 
middle of the loading plate: the remaining sensors 
can be placed from 7.9 to 100 in. (200 to 2500 mm) 
from the center of the plate. The signals from the 
seismic displacement transducers and load cell are 
fed into an HP- 85 computer. The HP-85 also controls 
the complete operation of the device. 

The normal sequence of operation is the same as 
for the Dynatest FWD. The trailer is completely en
cased, including the bottom, in a protective cover. 
The bottom cover is automatically opened for the 
test. The test system is supported by a three-leg 
guide system that is lowered to the road for the 
test sequence. 

Phoenix Falling Weight Deflectometer 

The Phoenix FWD is also trailer mounted. The mast 
and weight are mounted by a pivot so they can be 
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transported in a horizontal position for long dis
tances, but they can also be placed upright for 
testing and travel in the test area. 

A single weight can be dropped fr-om difft:ren t 
heights to develop impact loads of 2, 248 to 11, 240 
lb (10 to so kN) • The load is transferred to the 
pavement through an 11.8-in.-diameter (300-mm) 
plate. The deflection is measured by using three 
deflection sensors. One is located in the center of 
the loading plate, and the others are located at 
11.8 and 29.5 in. (300 and 749 mm) from the center. 

These sensors are set automatically by the equip
ment as the plate is lowered. The force is calcu
lated based on drop height. The deflection measure
ments are recorded on an HP-85 computer, which also 
controls the operation of the equipment. 

The primary advantages of the impulse deflection 
equipment are that the created deflection basins 
closely match those created by a moving wheel load 
of similar magnitude, and that the magnitude of the 
force can be quickly and easily changed to evaluate 
the stress sensitivity of the pavement materials 
being tested. 

USER COMMENTS ON EQUIPMENT 

Several factors were reviewed to determine which 
factors should be considered when making a decision 
to purchase an NDT device. Information included 
availability, cost, characteristics, principle of 
operation, estimated maintenance cost, estimated 
cost of operation, estimated cost of data reduction, 
ease of use, and traffic control requirements. In
formation on data bank availability and data acqui
sition systems was also collected. 

To get input from actual equipment users, a 
review was made of printed information and a ques
tionnaire was sent to a select group of users. Nine 
state agencies were selected primarily on the basis 
of available information that indicated that the 
state had been active in the use or development (or 
both) of deflection-based overlay design procedures 
for flexible pavements. In addition, agencies were 
selected to cover all types of NDT equipment as much 
as possible. Agencies that use more than one type of 
equipment were also given precedence over those that 
use only one device. The states contacted were 
Arizona, Californl~, Florida, Illinois, Kentucky, 
Minnesota, Pennsylvania, Texas, and Virginia. 

The U.S. Army Corps of Engineers Waterways Ex
periment Station was contacted because of its work 
in evaluating several devices (7). Great Britain and 
South Africa were contacted be~use of their use of 
the La Croix Deflectograph. 

Home of the equipment used by states replying to 
the questionnaire are older models that are no 
longer available from the manufacturer. Their per
formance may not represent the performance of the 
newer models that are currently available and 
described earlier. In particular, the road raters 
used by Kentucky and Pennsylvania, along with the 
FWD used by Arizona, are no longer production 
models. This will be so noted when appropriate. 

The responses from each of the agencies contacted 
are given in Table 2. 

DATA SUMMARY OF USER COMMENTS 

Selected data for the deflection beams, Dynaflect, 
FWDs, road raters, and automated beam equipment are 
presented in tabular format in the basic report. The 
data from each user agency are presented along with 
the means and standard deviations for each selected 
item (the mean and standard deviation may have lim-
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ited use with the small number of data points). All 
readers are cautioned against reading only the sum
marized totals. Much of the variation that appears 
is caused by the difference between users rather 
than equipment. For instance, one could infer from 
the tables that the average daily traffic control 
costs are higher for the Dynaflect than for the road 
rater. However, if the data in Table 2 are studied, 
it will be noted that every agency that used more 
than one automated device reported the same traffic 
control costs for both devices. As a result, it can 
be surmised that there is no significant difference 
in traffic control costs attributable to different 
automated NOT devices. 

5 

Time in Service 

The time in service of the NOT equipment varied from 
less than l year to more than 20 years. Benkelman 
beams have been in service the longest. The Dynatest 
FWDs have been in service the least amount of time 
(no KUAB or Phoenix FWDs were reported in service in 
the United States). The mechanized beams, Dynaflects, 
and road raters vary in service time from 5 to 17 
years. No La Croix Deflectographs are currently used 
in the United States. 

The time in service, as well as the number of 
agencies owning a particular device, may be a func
tion of how long the device has been available. No 

TABLE 2 Summary of Agency Responses to Questionnaire 

Number of Professional 

~ 
Type & Model Length of Time Personnel in Qualifications of Crew 
of Equipment Used (years) Operating Crew Engineer Technician Driver 

Arizona (AZ-0) Dyna fleet 12 2 x 
(AZ-Fl Falling Weight Oellectometer 3 2 x 

California (CA-TO) Travelling Dellctometer 18 2 x x 
(CA-0) Oynallect 17 1 x 

Florida (FL-Fl Falling Weigh~ Oitflectometer 1 2 x 
(FL-0) Dyna fleet 16 2 x 

Illinois (IL-0) Road Rater 200-8X 8 2 x 
(IL-BB) Benkelman Beam 20- 3 x x 

Kentucky (KY-A) Road Rater 200 12 1-2 x x 

Minnesota (MN-F) 1 1-2 x 
(MN-A) 5 1 x 

Pennsylvania (PA-A) Road Rater 400 10-12 1 · )( 

Texas (TX-0) Oynallect 100-SA 18 2 x 
Virginia (VA-0) Dyna fleet 16 1 x 

VA-BB) Benkelman Beam 20- 3 x x 
Great Britian (GB-OF) Oellectogragh 16 2 x x 

(GB-BB) Benkelman Beam 20- 3 x x 

South Africa (SA-OF) Oellectograph 10 2 x x 
WES (WE-RR) Road Rater 2008 5 1 x 

(WE-F) Falling Weight Oetlectometer 2 < x 

A= ROAD RATER TO= TRAVELLING DEFLECTOMETEA 

D= OYNAFLECT BB = BENKELMAN BEAM 

F= FALLING WEIGHT DEFLECTOMETEA OF = LaCAOIX OEFLECTOGAAPH 

Purpose of Collectin~ Data 
Number of Number of Number of 

Agency Overlay Layer Mat'I Load Condition Pavement Test Points Load Levels Man-Hours 

Oesiari Prooefties Limits Evaluation Management oer Day oer Point per Test Day 

AZ-D YES YES NO YES NO 75 1 16 

AZ-F NO YES NO YES NO 75 2 16 

CA-TD YES NO NO YES NO 1500-2000 I 16 

CA-D YES NO NO YES NO 420 1 8 

FL-F NO NO NO YES YES 100-200 1-3 16 

FL-D NO NO NO NO NO 200-400 20 

IL-A YES YES NO YES YES 150-200 1 12-16 

IL-BB YES YES NO YES YES 100 1 18-24 

KY-A YES NO NO YES YES 300-400 1 8-16 

MN-F YES YES NO NO NC 200-300 1-4 8-16 

MN-A YES NO YES NO NO 360 1 8 

PA-A YES NO YES NO NO 150-400 1 8 

TX-0 YES YES YES YES YES 150-400 1 16 

Vll-0 YES NO YES YES YES 100 1 24 

VA-BB YES NO YES YES YES 50 , 24 
GB-OF NO NO NO YES YES 2500-4000 , 24-32 

GB-BB NO NO NO YES NO 100 1 16 

SA-OF YES NO NO YES YES 3000 1 8 

WE-A YES YES YES NO YES 200 2 18 
WE-F YES YES YES NO YES 200 2 
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TABLE 2 continued 

Date Storage 
Medium 

Supporting Data Needed 

~ 
.. 

= :; D ~ '; ; " .. 
~ 0 0 .. 0 

~ 
.. 

i .. ~ ~ 
.. ,. 

~ 
.. .. 

~ 0. c 0. .. " .. ;; 0. 0 

" ii: " 0 " ii: c .. .. ;; i 0 .L w ... 0 ... !! .;; a: .!! " c-o 0 "'" " .. 0. .. " u " :c Vi 0 .. " ; .. .c .. .. .c .... 
Cost lo I- .;; ;;; ii: .. .. 

0 ;;Cl) E<> ; Cl) eu e E <>,. .. s i ~ I: E .. 
~y 0 "' "" --o c "' .. Prepare & Analyze " " • "' " "' .. 

'; .. "- =>o .. .. :>o .. .. ;; .. .. "' "' " .... a~ .. .. .. 11 • .. .. 2 . II ,. ,. 
< " ::EC WO.. ::! (J c wO.. One Day ' s Data _, _, :f IL :z: CD "' Cl) 

AZ-D x x $25 YES .. • .. 
AZ-F x l( S25 Vii$ .. • • 
CA-TD x x S200 YE~ 

CA-D x x $200 YES 
FL-F x x x x 8-16 hrs , 

FL-D x x 
IL-R x x $500-$600 YES NO NO NO NO NO NO YES 
IL-BB x x $250-5300 YES NO NO NO NO NO NO YES 
KY-R x x x x $300 YES NO NO NO NO NO NO NO 
MN-F x x x x YES YES YES YES NO NO YES YES 
MN-R x x x x YES NO NO NO NO YES YES YES 
PA-R x x S100 NO NO NO NO NO NO NO NO 
TX-D x x x x $50 YES NO NO NO NO NO NO NO 
VA-0 x x $75 YES NO NO NO NO YES YES YES 
VA-BB x x $75 YES NO NO NO NO YES YES YES 
GB-OF x x $145-$725 YES NO NO NO NO NO NO YES 
GB-BB $15-$50 YES NO NO NO NO NO NO YES 
SA-OF x x x $200 NO NO NO NO NO NO NO NO 
WE-R x x $500 YES NO NO NO NO T T T 
WE-F x x $500 YES NO NO NO NO T T T 

Enviromental Enviromental Traffic Control Methods 
Testing 

Corrections Restrictions 
"' "' 

" " 
c .c 

'" "' ,. ,. 
(/) 

.. c "' _, 
Traf fie " "' " .. " ;; .. 

"' 
n _, 

" "' c 
~ c c i c "' " "' c " Control " 0 0 " "~ "u E <> .. .. " c =~ ~-t .c 

E . !? "' .. E Average Annual :;; "'"' "' "' Cost Per 
Agency .. 0 " " .. .. o2 0"' ~ .. ... ::E "' Cl) I- M:i1n1on3n c e Co 91 3: CD ::l;(,) ::l;CD IL IL Test Day 

AZ-D NO NO NO YES $5000 YES NO YES YES YES YES $750 

AZ-F NO NO NO YES $5000 YES NO YES YES YES YES S750 

CA- IO NO NO NO YES $3000 YES NO YES NO YES YES $600 
CA-0 NO NO NO YES YES NO YES NO YES YES $600 

FL-F YES YES YES YES YES YES NO YES NO $140 

FL-0 NO NO NO YES NO YES NO NO NO NO YES $140 

IL-R YES NO YES NO NO YES YES YES NO YES YES $200 

IL-BB YES NO YES NO YES $1600 YES YES YES NO YES YES $250-300 

KY-R YES YES YES NO YES 5100 NO NO YES NO YES YES $100 
MN-F YES NO YES NO YES NO .. 
MN-R YES NO YES YES YES YES NO YES NO YES NO .. 
PA-R YES NO YES NO NO $5600 NO NO NO YES YES $200 
TX-0 NO NO NO NO YER $850 YES YES -- -- YES YES $100-$500 
VA-D YES NO NO NO YES $875 YES YES YES YES YES YES $250 
VA-BB YES NO NO NO YES YES YES YES YES YES YES $250 
GB-OF YES YES YES $2900-4350 YES NO YES -- - -- --
GB-BB YES YES YES $15-70 YES NO YES -- -- -- --
SA-OF NO NO NIA •• NO YES NO YES NO 
WE-R YES NO YES NIA YES $1000 NO NO YES YES YES NO $200 
WE-F YES NO YES NIA YES $,500 NO NO YES YES YES NO $200 .. Exact coat unknown, however, no difference in traffic control lor FWD and Road ~ler. ...... Eacorl Vehicle• 

Included In 101 al cool 
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particular inference should be made from these two 
statistics as far as reliability or usefulness is 
concerned. 

Crew Size 

All agencies reporting on the Benkelman beam indi
cated that they used a three-person crew. All agen
cies reporting on the mechanized beams indicated a 
two-person crew. All other devices had a one- or 
two-person crew. 

It appears that the crew of three for the Benkel
man beam and crew of two for the deflectograph are 
valid requirements. The number of personnel required 
for the crew of the current generation of Dynaflect, 
FWDs, and road raters will depend on the data re
cording and control system and testing requirements. 
The Dynaflect and road rater standard equipment 
require recording the data from a digital readout by 
hand. These devices can be more efficiently operated 
with an additional person to record the data. 

Both of these can be equipped with an optional 
data recording system, and an automated data record
ing system is standard equipment on FWDs. In this 
mode they can be operated efficiently by a single 
operator. However, i f the equipment must be accu
rately sited over a specific point, a second person 
may still be needed, although the Dynatest FWD has 
been sited with remote video. This is not normally a 
requirement in routine testing of flexible pavements. 

Some concern was mentioned in the literature to 
indicate that a crew of two was necessary with auto
mated equipment. A second operator was used to re
lieve the first operator because of operator fatigue 
<.!!..>. 

Pro fessional Qualificatio n of Crew 

All agencies indicated that they normally used ex
perienced engineering technicians as the operating 
crew. Some agencies indicated that they used an 
engineer on the crew when they conducted research 
studies or other nonroutine testing. Those reporting 
on the Benkelman beam and deflectograph and travel
ing deflectometer indicated they also used a truck 
driver. Operator training requirements varied sub
stantially. The range was from 1 day to 3 months: 
however, the equipment operation training portion of 
this time was normally 1 to 3 days. The remainder of 
the time was devoted to training the operator in 
selecting the proper testing locations and condi
tions. The majority of the long training periods was 
devoted to on-the-job training . 

Number of Test Points Per Day 

The lowest number of points tested per day was 
reported for the Benkelman beam. The range was 50 to 
100 points per day. The traveling deflectometer and 
La Croix Deflectograph had the largest number at 
1,750 to 3,250 points per day. The La Croix manu
facturer stated that 12,000 measurements a day for 
12.4 to 18.6 miles (20 to 30 km) could be achieved. 

The range for the other devices was from 75 to 
420 points per day. It is interesting to note that 
the Dynaflect had both those values reported. It was 
expected that the oynaflect would have the largest 
number of points per day because it can test at only 
one load level and one frequency. Arizona and Vir
ginia reported the lowest number of test points per 
day (75 and 100, respectively) for the Dynaflect. 
The low production rate appears to be caused by 

7 

their test procedure and travel time between test 
points. There is no relation between the number of 
persons in the operating crew and the number of test 
points per day. For the Dynaflect, 200 to 300 points 
a day would appear reasonable with some lost time 
for travel to the test site, calibration, setup, and 
tear-down. If the travel time to and between sites 
is short, then a total of 300 to 400 points a day is 
possible. 

The road rater would appear to have a similar 
range of test points per day when only one load and 
one frequency are used at each test site. Although 
the model 400 appears to have a slightly higher num
ber of points per day than others, it must be real
ized that these models are no longer available. With 
the models available, there should be no difference 
in test rates among the 400 B, 2000, and 2008 models. 

The Dynatest FWD has a slightly lower number of 
test points per day reported. However, all reporting 
agencies indicated that they ran more than one load 
level at each site. Therefore, the number of tests 
would be at least double the number of points. Ap
proximately 200 points a day should be reasonable 
for moderate travel time to and between sites with 
two drop heights. 

It should be noted that agencies that use equip
ment with more load-level capabilities tend to use 
more test time per test point because they often run 
more than one load level at a test point. As with 
vibratory devices, which are normally run at a 
steady load level and frequency for a short period 
to reach a steady pavement response (9) , some of the 
agencies that use the FWD reported using a II seating 
load" on flexible pavements before testing. Either 
of these operations takes a small amount of addi
tional time, about 15 to 30 sec per site. More ac
curate data comparing NOT devices in a controlled 
situation are required to develop a more accurate 
assessment of this parameter. It appears that the 
agencies that use more than one load level are 
sacrificing speed to collect more informat i on at 
each site. 

Cost Per Test Point 

The cost to collect one day's data, or cost per test 
point, was an item that was considered. However, the 
different manners in which state agencies handle 
costs such as overhead made i t almost impossible to 
get meaningful cost data. It was decided to use man
hours instead of cost data as often as possible. 

Maintenance Costs 

The average annual maintenance costs of the various 
pieces of equipment were evaluated. This information 
was not reported on 8 of the 16 replies. Obviously, 
the Benkelman beam should, and did, have the lowest 
maintenance cost. However, the cost does not include 
the maintenance cost of the loaded truck required 
for the testing. The deflectograph and the traveling 
deflectometer have the highest maintenance cost at 
more than $3,000, which reflects the cost of main
taining both the vehicle and a rather complicated 
electrical and mechanical system. 

Average annual maintenance costs vary consider
ably for the other equipment. Most of the reporting 
agencies indicuted that the maintenance costs 
reported were estimates. Some agencies, such as in 
Pennsylvania where the model 400 road rater is used, 
included vehicle maintenance, fuel, and depreciation 
costs with the NOT device because the road rater is 
mounted on the vehicle. Other agencies, such as 
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Texas, were careful to avoid reporting tow vehicle 
costs. The mean maintenance cost for each device was 
between $2,000 and $3,500 per year. However, because 
of the large variation and small sample, no finding 
of significant difference can be substantiated. Of 
the two agencies that reported on the maintenance 
costs of two devices, Arizona indicated no difference 
in the maintenance costs of the Dynaflect and the 
FWD, whereas the u.s. Army waterways Experiment 
Station indicated that the maintenance cost for the 
model 2000 road rater was slightly less than for the 
FWD. It should be noted that both of these FWD de
vices are older models that are no longer in produc
tion, but the costs indicate that major differences 
are not apparent. From the information available, it 
cannot be stated that there is a significant differ
ence in the average annual maintenance costs among 
the Dynaflect, road raters, or Dynatest FWD. More 
accurate long-term data are needed to address this 
point. 

Traffic Control Costs 

The traffic control costs do not reflect a signifi
cant cost difference based on equipment type. Of the 
agencies that reported on more than one piece of 
equipment, only Illinois indicated a difference. 
Because the Benkelman beam testing required more 
time in one location with a stopped truck, Illinois 
was required to use more controls for the beam than 
were used for the road rater. All other agencies 
reported the same costs for both devices. This would 
indicate that the differences in cost are caused by 
the local agency's policies rather than equipment 
type. Except for the Benkelman beam, data do not 
provide evidence to indicate that a significant dif
ference in traffic control cost exists among the 
equipment types. A good description of one state's 
traffic control procedure for NOT testing is given 
elsewhere (10) • 

Data Recording Method 

Five of the twelve reporting agencies indicated that 
their only data recording method was manual. Four 
agencies reported that they had automated data 
recording systems, and three more reported that they 
had machine-generated printouts. All of the com
mercially available devices, including the Benkelman 
beam, can be provided with an equipment-generated 
paper recording. The Dynaflect, road raters, 
deflectographs, and FWDs can be provided with auto
matic magnetic cassette data recording systems. Some 
of the equipment manufacturer& al&o provide pro~rams 
to sort data to help break pavements into uniform 
sections based on deflections. 

Data Storage 

The data collected from NDT devices are stored in 
computerized data bases by four of the agencies 
reporting. All other agencies store the data on the 
medium on which they collected it (i.e., data 
sheets, cassettes, and equipment-produced printouts). 

Towing Vehicle 

The cost of the towing vehicle should be practically 
the same for all trailer-mounted devices. The model 
2000 and model 2008 road raters are the heaviest de
vices and may require a vehicle with a larger towing 
capability. The general recommendations from the 
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various agencies and reports include a vehicle with 
a diesel engine and automatic transmission because 
of the length of time the vehicle engine idles dur
ing testing and the number of frequent starts and 
stops. The vehicle should be equipped with heavy
duty suspension and an appropriate tow package to 
pull the trailer-mounted devices. Air conditioning 
is recommended to reduce operator fatigue; Minnesota 
recorded temperatures of 120° F (49° C) with doers 
open in the unairconditioned cab of a tow vehicle 
(.!!_). High-intensity warning lights are recommended 
for safety. A distance measurement indicator for the 
vehicle and a pavement temperature sensing device 
that can make quick accurate readings, such as an 
infrared thermometer, are also recommended, 

The Dynaflect, Dynatest FWD, and KUAB FWD operate 
on the vehicle's electrical system; therefore heavy
duty, 100-amp charging systems are required for the 
tow vehicles used with them. Vehicles with bucket 
seats appear to work best for the systems that use 
the computer controlling and recording system. This 
allows a stand to be mounted between the two front 
seats on which the computer can be mounted. This 
mount should provide a stable support during testing 
and traveling. It should also allow the computers to 
be easily removed for more secure storage when the 
equipment is not in use. 

PREVIOUS STUDIES 

Several studies of various models of the NOT equip
ment had been conducted previously; these were re
viewed for this study. Summaries of the most per
tinent studies and comments are included in the FHWA 
report (_!). Although some reports discussed use of 
NDT equipment for other than flexible pavements, only 
the information pertinent to flexible pavements is 
discussed here, 

One of the most comprehensive studies was the one 
by the u.s. Army Corps of Engineers waterways Experi
ment Station (WES) (7), conducted between April 1978 
and July 1979. In that study the Benkelman beam, the 
Dynaflect, an early model of the Dynatest FWD, a 
model 400 road rater (vehicle mounted) , a model 510 
road rater, a model 2008 road rater, and a WES 16-
kip vibrator were all evaluated. 

Several characteristics were analyzed in the 
study. These included ease of operation, speed of 
operation, manpower requirements, initial costs. 
operating costs, transportability by cargo aircraft, 
accuracy and reproducibility of deflection measure
ments, accuracy and reproducibility of force and 
frequency measurements, accuracy and reproducibility 
of force, velocity and deflection signals, and depth 
of significant influence. 

University of Tennessee 

The most recent work available was completed by 
Moore and Righter (11) of the University of Ten
nessee. This report, published in February 1983, was 
prepared for the Tennessee Department of Transporta-
tion. The researchers basically considered the Dyna
flect, road rater, and Dynatest FWD in their study. 
They sent questionnaires to all agencies that they 
knew owned one or more of these three devices. They 
visited four agencies for personal interviews. 

The three devices were evaluated based on "eco
nomic considerations, operational characteristics, 
technical merits and other factors pertaining to the 
applicability of each device for pavement evalua
tions and for determining overlay design parameters 
for use in the State of Tennessee" (11). The evalua
tion considered all devices equally equipped with 
automatic control and data recording systems. 
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Moore was gracious enough to share the raw data 
from his questionnaires with the authors of this 
paper. Most of this information is discussed in the 
preceding section; however, some more detailed 
information on user satisfaction and reasons for 
purchasing equipment are presented in the basic 
report C.!l • 

University of Illinois 

Two reports (10,.!ll published as a part of IHR Proj
ect 508, Load Response Characteristics of Flexible 
Pavements, considered the Benkelman beam, an early 
model 2008 road rater, and a Oynatest FWD. The study 
compared the equipment primarily in terms of pave
ment response to load, with responses measured under 
moving wheel loads. Moving wheel-load-induced de
flections were measured with accelerometers im
planted in the pavement section. The electrical 
responses were double integrated to determine de
flection. The vehicle speed was measured by using 
timed responses of photocells at known distances. 

The data from these reports indicate that the 
surface response produced by the FWD more closely 
simulates a pavement response under a moving truck 
than does the road rater or Benkelman beam. The road 
rater tends to produce a stiffened response in the 
pavement system, which indicates a stronger pavement 
than actually is present under moving wheel loads 
because of the static preload and steady-state har
monic loading without rest. Benkelman beam deflec
tions are "quasi-static" loads that tend to overpre
d ict deflections compared with those of moving wheel 
loads. 

CONCLUSIONS 

The following conclusions were made based on the 
data presented in the report: 

1. Static load, automated beam, steady-state 
dynamic, and impulse NOT devices are all com
mercially available to u.s. agencies. 

2. Deflection beams, dynamic deflection devices, 
FWDs, and automated beam devices can be used to 
measure maximum deflection. 

3. The Dynaflect, road raters, Dynatest FWD, and 
KUAB FWD are equipped to more quickly and effi
ciently measure deflection basin parameters than the 
static and automated beam devices. 

4. All automated beam, dynamic, and FWD devices 
have been equipped with automated equipment to 
record measured parameters and control the test 
cycles to facilitate rapid measurements. 

5. Automated beam, FWD, and road rater model 
2008 devices can develop loads at or near normal 
design loads. 

6. Load as well as deflection can be easily mea
sured by road raters, Dynaflect FWOs, and KUAB FWDs. 

7. Devices that can produce several load levels 
up to or near design loads can be used to determine 
the stress sensitivity of the pavement system. 

8. Steady-state dynamic devices that use a rela
tively heavy static preload change the stress state 
in the pavement before the testing. 

9. All available NOT devices lack the capability 
for simple lateral movement to assist in precise 
load placement. 

10. There are significant advantages for using an 
NOT load that equals that of a heavily loaded truck 
wheel load (e.g., 9,000 lb). The response of the 
pavement to this heavy load can be accurately mea
sured and directly used for structural evaluations 
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and overlay design without questionable correlations 
or stress sensitivity assumptions. 

11. Automated NOT devices that have more than one 
load level and have load levels at or near design 
loads are more expensive than devices with rela
tively light loads. However, they provide addi
tional information about the pavement section. 

RECOMMENDATIONS 

1. The location of deflection sensors on equip
ment such as the Dynaflect, road raters, and FWOs 
should be standardized. 

2. Consideration should be given to standardiz
ing the size and shape of loading plates (at least 
for the equipment with load levels approaching de
sign levels). For equipment with load levels signif
icantly less than design loads, development of load
ing plate size and shape to develop a minimum 
surface contact pressure should be considered. 

3. The tire size and inflation pressure for 
trucks used as the loading vehicle for Benkelman 
beam testing should be standardized. 

4. Load as well as deflection should be measured 
by NOT equipment. 
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Discussion 

Goran Ullbcrg* 

The Swedish National Road Administration has used 
FWDs for the past 13 years, and since 1976 has used 
the KUAB 50 FWD. Measurements are currently made by 
the Bearing Capacity Group, VFY, Harnosand. Such 
measurements are made on a routine basis; some fig
ures from this work should be of interest to the 
readers because they probably reflect what a new 
user can expect to produce, after some "running-in 
time," with efficient equipment and efficient plan
ning. 

During 1984 more than 50,000 test points were 
measured. The distance between the points was 50 m, 
and the average capacity during 1984 was 264 points 
per day. Note that transportation time, time to find 
and mark out the test sites, "social visits" to the 
local road administrations, and so forth are included 
in the measuring time. Because measurements were made 
in an area the same size and shape as California, 
transportation time was significant; in some cases 
it took more than one day to transport the equipment 
to the site and back. During the main season--the 
spring--when the number of sites was sufficient for 

*Regional Road Administration, Box 186, S-871 01 
Harnosand, Sweden 
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more efficient transportation planning, the average 
capacity was 310 points per day. One peak force level 
(50 kN) was used in each point. Using three peak 
force levels in each point reduced the capacity by 
about 15 percent. The average crew size was l person. 

In regard to the costs mentioned in the paper-
cost to analyze one day's data, average annual main
tenance cost, and average daily traffic control 
costs-- in Sweden, they were substantially lower in 
all three cases. Although such a cost comparison 
would be interesting, detailed reports are not given 
here because it may not be possible to make a mean
ingful comparison of such costs between countries. 

Authors' Closure 

We appreciate the additional operating information 
provided by Ullberg. The operating rate for a single 
force level presented by Ullberg is similar to the 
rate for the Dynaflect, which is a single load level 
test. 

The test rates described in the basic report 
represent the testing program employed by the using 
agency as well as equipment operating capabilities. 
Ullberg's information further emphasizes the problem 
of comparing performance among different using agen
cies. All other agencies reporting on the FWD indi
cated that they used more than one load level. 
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Use of Nondestructive Testing in the Design of 

Overlays for Flexible Pavements 

ROBERT L. LYTTON and ROGER E. SMITH 

ABSTRACT 

The results of a recent study conducted for FHWA are described in this paper. 
The objective of the study was to develop a ready reference that describes 
available nondestructive testing (NDT) devices and methods for use in designing 
the thickness of asphalt concrete overlays for flexible pavements. The report 
was developed to serve as a guide to practicing highway engineers who are con
sidering the purchase of new equipment or developing (or modifying) overlay 
design procedures for flexible pavements. Selected overlay design procedures 
that use NOT input are reviewed. Important components related to the use of NDT 
data with overlay design procedures are discussed. The following items and 
their relation to overlay design of flexible pavements using deflection data 
are discussed in depth: seasonal influences on deflections, location of test 
points on the pavement surface, frequency of testing, need for cores and lab
oratory testing, type of NDT measurements (i.e., maximum deflection, basin 
characterization), additional field measurements that are required, corrections 
to NDT measurements for temperature and so forth, pavement properties calcu
lated or inferred from the NDT measurements, method used to distinguish between 
different design sections, relationships that are used to convert NDT measure
ments to design parameters, relationships that relate design parameters to the 
useful life of the pavement, and the NDT devices that are available for use. 

In this paper the results of a recent study con
ducted for FHWA <!l are described. The objective of 
the study was to develop a ready reference that 
describes available nondestructive testing (NDT) 
devices and methods for use in designing the thick
ness of asphalt concrete overlays for flexible pave
ments. Selected over lay design procedures that use 
NDT input are reviewed, and important components 
related to the use of NDT data with overlay design 
procedures are discussed. 

OVERLAY DESIGN PROCEDURE 

The data in Table l summarize the major features of 
the overlay design procedures. The common features 
in overlay design procedures that use NDT include 
the following: 

1. Season in which testing is performed for 
design purposes: 

2. Location on the pavement where tests are made: 
3. Frequency of testing along the pavement: 
4. Need for taking cores and performing labora

tory tests: 
5. NOT device(s) that are or may be used: 
6. Measurements that are made with the NDT 

devices: 
7. Other measurements that are made in addition 

to NDT: 
8. Corrections that are made either to the NDT 

measurements or to the calculated pavement prop
erties: 

9. Properties of the pavement or layers that are 
calculated or inferred from the NDT measurements: 

10. Methods that are used to distinguish between 
sections of pavement that require different thick
nesses of overlay: 

11. Empirical relations that are used to convert 
the NDT measurements to those that are used in 

design, such as (a) correlations between the deflec
tions measured with an NDT device and those produced 
by a design load, (bl correlations between layer 
material properties that correspond to the load 
level applied by the NDT device and the same mate
rial properties at design load level, or (c) corre
lations between an NDT deflection and a design 
strain at a critical point in the pavement struc
ture: and 

12. Empirical design relations that convert the 
measurement at design load into the number of load 
applications that the pavement can support. 

Each of these 12 aspects of an overlay design pro
cedure is discussed in the following sections. 

Testing Season 

The recommended testing season is normally the 
"critical period" for a pavement based on the time 
when deflections and stresses are the largest. There 
are some exceptions to this. The FHWA-Resource 
International, Inc. (RII) method (}ril uses the 
annual average condition, the Utah method (13) uses 
the fall, and the Kentucky method (_~) uses either a 
soaked California bearing ratio (CBR) laboratory 
test or the minimum in-place subgrade modulus. 

Test Location and Freguency 

NDT tests are usually made on the pavement in the 
outer wheelpath or in areas that show major dis
tress. 'l'est sections around 1, 000 ft (305 m) long 
are selected. Tests are made every 50 to 500 ft (15 
to 152 m). The closer spacings are normally used in 
areas with high severity distress or rapid changes 
in topography. The usual spacing is 100 to 200 ft 
(30 to 60 m). For reflection cracking purposes, 
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TABLE 1 Major Features of Selected Overlay Design Procedures 

Type_ of Corrections 
NDT Device Overlay Calculated or 

Design NIH Inferred Pavement 
Overlay Design Procedure Primary Alternative Method NDT Measurements Measurements Pavement Properties Properties 

FHWA-Austin Research Dynaflect Mechanistic Deflection basin design; Subgrade modulus 
Engineers, Inc. (2) deflection based on 

selected reliability 

FHWA-Resource Dynaflect Road rater, FWD Mechanistic Deflection basin Surface course Moduli of layers in 
International, Inc. (trailer and van) ( 4 deflections) modulus for a 3- or 4-layer 
(3,4) temperature; stress pavement 

level of base, sub-
base , and subgrede 
moduli 

Asphalt Institute (5) Benkelman Deflection Deflection (97th Temperature, season "Effective modulus" 
beam percentile) of pavement 

Shell Oil (6) FWD Mechanistic Deflection basin Surface course Layer elastic 
modulus for modulus 
temperature 

California ( 7, 8) Traveling Benkelman beam, Deflection Deflection (80th Temperature less 
deflectometer Dynaflect, road percentile) tan 50°F 

rater, Dehlen 
curvature meter, 
FWD 

Kentucky (9) Dynaflect Structure Deflection basin; Load level, temper- Subgrade modulus; 
deficiency maximum deflection ature, load effective AC 

(50th-90th percentile) frequency, AC thickness ; effective 
modulus, air voids. base course thick-
asphalt content ness 

Louisiana (10) Road rater Deflection Maximum deflection Temperature, Subgrade stiffness; 
(95th percentile) moisture spreadability; 

effective pavement 
thickness 

Pennsylvania (11) Road rater Dyna fleet Deflection Deflection basin Temperature, season 
(90lh percentile) 

Texas (12) Dynaflect Deflection Deflection basin Surface curvature 
index (SCI) 

Utah (13) Dynaflect Deflection Deflection basin; Temperature SCI; base curvature 
maximum deflection index (BC!); quali-
(80th percentile) tative condition 

of surface, base, 
and subgrade 

Virginia (14) Dynaflect Deflection Deflection basin; Spreadability; sub-
maximum deflection grade modulus; 

effective pavement 
thickness 

University of Illinois FWD Mechanistic Deflection; maximum Temperature, stress Basin area; AC 
(15,16) deflection (84th-97th level modulus; break 

percentile) point modulus of 
subgrade 

FHWA-Waterways FWD Structure Deflections at joints, Joint or crack load, 
Experiment Station (17) deficiency cracks, and centers shear, and moment 
(Lytton critique) transfer efficiency 

NCHRP-Texas FWD Deflection Deflections at joints, Joint or crack load, 
Transportation Institute cracks, and centers shear, and moment 
(18) transfer efficiency 

Note: FWD= falling weight deflectometer, AC= asphalt concrete, ESAL =equivalent single-axle load, and CBR =California bearing ratio. 

deflections on the loaded and 
crack or joint should be made, 

unloaded side of a 
as well as deflec-

tions in the center of an intact section. 

Required Co:c ing and Laboratory Testing 

The two overlay design methods that require labora
tory testing of samples are the FHWA-Austin Research 
Engineers (ARE) method Cl) and the Kentucky method 
(2_) • The FHWA-ARE method requires tests of the 
asphaltic concrete, base course, subbase, and sub
grade, with the latter three in a triaxial apparatus 
at different levels of confining pressure. The 
resilient modulus of the asphaltic concrete is 
determined at the mean annual temperature. The Ken-

tucky method determines a soaked CBR value for the 
subgrade sample and multiplies it by 1,500 to get an 
approximate subgrade modulus . 

NDT Devices Used 

Each overlay design procedure has a principal NOT 
device and may have several alternates. The use of 
any alternate device usually requires a correlation 
between the deflections measured by each device. 
However, there are fundamental difficulties with this 
approach. As noted in the reports by Majidzadeh and 
I lves (1_) and Southgate et al. (2_) , the correlation 
between the deflections measured by two different 
devices changes with the thickness and modulus of 
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Empirical Relations 

Section Delineation Criteria Required Correlation Design Assumption 

Statistically different maximum Layer moduli Fatigue rutting from 
deflection; severity of alligator AASHO Road Test 
cracking 

Statistical difference, required Layer moduli Fatigue from AASHO 
overlay thickness Road Test 

Statistically different maximum Deflection Design deflection versus 
deflection 18-kip ESAL/day 

Statistically different maximum Layer moduli; correlation Fatigue: strain versus 
deflection between subgrade and number of design loads 

base modulus 

Difference > 0.01 in 80 percent Deflection Tolerable deflection versus 
deflection design traffic; percent 

deflection reduction 
versus overlay thickness 

Significant difference in 90th Road rater deflection Total pavement thickness 
percentile deflection, versus subgrade versus 18-kip ESAL for 
subgrade modulus, or AC modulus various CB Rs; percent of 
thickness AC in pavement structure 

Statistically different maximum Deflection; Dynaflect Tolerable deflection versus 
deflection versus Benkelman beam 18-kip ESALs; percent 

deflection reduction 
versus overlay thickness 

Temperature adjustment Road rater deflection versus 
versus surface tempera- 18-kip ESAL design life 
ture; deflection; road rater 
versus Benkelman beam 

Statistically different maximum Deflection; Dynaflect Loss of serviceability 
deflection versus Benkelman beam index related to SCI 

and number of 18-kip 
ESALs 

Statistically different maximum Deflection; Dynaflect Maximum deflection versus 
deflection versus Benkelman beam number of 18-kip ESALs 

Statistically different maximum Deflection; Dynaflect Maximum deflections 
deflection versus Benkelman beam versus number of 18-kip 

ES A Ls 

Coefficient of variation of Strain versus deflection; Fatigue: strain versus 
maximum deflection road rater versus FWD number of 18-kip ESALs 
>20 percent 

Equivalent pavement Bonding condition versus 
section exponent 

Deflection Joint or crack deflections 
versus number of 18-kip 
ESALS 

each pavement layer and the modulus of the subgrade. 
Thus there is no unique multiplier that relates the 
deflections measured by one NOT device to those of 
another. The multipliers that have been found in 
field correlations must be regarded as applying only 
to those pavements on which the correlation was made. 

Even when the primary device is used, care must 
be exercised to ensure that the equipment has the 
configuration (loading plate size and shape, sensor 
locations, and so forth) for which the overlay 
design procedure was developed. In addition, the 
equipment must be operated in the same manner (load 
level, frequency, and so forth). 

The primary devices used include the Oynaflect, 
road rater, falling weight deflectometer (FWD), 
California traveling deflectometer, and Benkelman 
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Test 
Frequency Core Laboratory 

Test Season Test Location (ft) Required Testing 

"Worst" season; ACZ base, Resilient 
high deflection subbase, and modulus; 

sub grade triaxial tests 

Annual average Outer wheelpath 50-150 
condition 

"Critical" period 

Spring to early Outer wheelpath 50 
summer (1,000-ft 

sections) 

Soaked subgrade Subgrade Soaked CBR 
CBR or time test 
to weakest 
subgrade 

Wheelpath with 264 
most distress 
(0.2-mile-long 
section) 

Spring Outer wheelpath 100 
areas of greater 
distress (1,000-
ft sections) 

Fall Closer spacing 
around heavy 
cracking 

< 500 

Spring Outer wheelpath 100-200 

beam. The alternate devices include Oynaflect, road 
rater, FWD, Benkelman beam, and Oehlen curvature 
meter. Further discussion of correlations is con
tinued later. 

As an alternative to correlating deflections from 
different NOT devices, the FHWA-RII method (3) pro
vides for a separate analysis for each NOT device to 
determine the moduli of each layer in the pavement. 

NDT Measurements 

NDT measurements that are made are either a single 
deflection, a deflection basin, or deflections on 
the loaded and unloaded side of a joint or crack. 
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Other Measurements 

In addition to NDT measurements, the following mea
surements are also made: date and time of test. air 
temperature, pavement surface temperature, thickness 
of asphalt layer, mean air temperature over previous 
5-day period from a nearby weather station, and 
thickness of all layers from construction drawings. 
The air temperature should be measured every hour on 
bright, sunny days and as far apart as 3 or 4 hr on 
cloudy days with relatively stable air temperature. 
The temperature measurements are used in making 
temperature corrections using methods such as the 
one developed by Southgate and Deen (19). 

Correction to NDT Measurements 

Measured deflections are corrected to a standard 
condition that is used for design purposes. The most 
extensive set of corrections that are made to mea
sured deflections is applied in Kentucky (9) , where 
there are correction methods for load level, tem
perature, loading frequency, modulus, voids, and 
asphalt content of the asphaltic concrete surface 
layer. The normal corrections are for temperature 
and season. 

Most areas of the country experience significant 
changes in surface temperature and subgrade moisture 
content. Therefore a temperature increase tends to 
"soften" asphalt concrete, whereas a temperature 
decrease tends to "stiffen" asphalt concrete. This 
in turn affects the deflection measured by NDT 
devices. A typical correction procedure requires 
measurement of the pavement surface temperature and 
determination of the mean 5-day air temperature to 
estimate the mean pavement temperature. This tem
perature is then used to determine a multiplier used 
to adjust maximum deflection from the determined 
mean to an equivalent maximum deflection at a stan
dard temperature. All corrected deflections can then 
be compared (5,19). 

Some areas- Of the country experience significant 
seasonal variations in subgrade strength because of 
moisture changes and frost action. Figure l (5) 
shows the type of variation that could be experi
enced, Of course subgrade materials also affect this 
variation, and Figure 2 shows the effect of materi
als on season variation. Each agency must develop 
this relationship and adjust deflections to a stan
dard adjusted deflection, measure deflections at a 
standard time, or determine that no significant 
variation exists. Seasonal adjustment factors should 
account for differences in subgrade materials as 
well. Thus different adjustment factors may be 
required for different subgrade types, 
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FIGURE 2 Effects of subgrade materials on seasonal influence 
on deflections. 

California ( 8) makes no corrections except for 
temperatures less than 50° F (10° C). Louisiana has a 
method (lQ_) of correcting for moisture beneath the 
pavement by using the spreadability-versus-maximum
deflection chart. Some procedures, namely the FHWA
RII (l) , University of Illinois (15) , and the FHWA
ARE <ll methods, prefer to calculate the moduli of 
pavement layers directly from the NDT deflection 
measurements and then correct the moduli for tem
perature, stress level, and season. The FHWA-ARE 
method corrects only the subgrade modulus for stress 
level. 

The FHWA-RII method assumes that all pavements 
are composed of three or four layers and corrects 
each layer modulus for temperature or stress level. 
The stress level corresponds to the level that is 
imposed by the design load. The Shell method (6) 
corrects the modulus of the surface course for tem
perature by using a stiffness modulus chart that was 
developed for FWD loading conditions, 

Calculated or Inferred Pavement Properties 

The pavement properties calculated or inferred from 
deflection measurements range from qualitative 
ratings of the pavement layers [Utah (13)) to layer 
moduli [ (FHWA-RII (2)]. The pavement properties can 
be separated into flVe categories: 

l. Qm1l it:i'ltlVP r;it:ings, 
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FIGURE 1 Effects of seasonal influence on deflection in different climatic areas (5). 
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2. 
3. 
4. 

ties, 
5. 

Representative 
Representative 
Representative 

and 
Layer moduli. 

deflections, 
basin properties, 

pavement structural proper-

The pavement section is normally represented by 
elastic layers (Figure 3 contains four) of known 
thickness (except for the lowest layer, which is 
assumed to have infinite depth) and characterized by 
Young's moduli (E) and Poisson's ratios (m). When a 
load of known intensity is applied over a known 
area, deflections are created at some distance from 
the center of the loaded area. It is normally 
assumed that the load is distributed through the 
pavement system by a truncated zone (represented by 
the dashed line in Figure 3). 

Based on this concept, deflection d4 at a dis
tance r 4 from the center of load can only be due 
to the "elastic" compression of layer 4 because 
layers 1, 2, and 3 are outside the influence cone 
created by the load. Likewise, deflection d 3 at 
distance r 3 is due to the compression of layers 3 
and 41 the deflection at distance r 2 is due to 
compression in layers 2, 3, and 41 and deflection 
d1 is due to compression in all layers. 

This can be used, at least conceptually, to 
determine the influence of the various layers in the 
pavement structure. This general approach is used to 
back-calculate properties of pavement layers. 

More subjective analyses consider just the curva
ture and maximum deflection to determine general 
behavior. This concept is shown in Figure 4 from the 
Utah overlay design procedure !Ql , which uses rep
resentative deflection and basin properties to 
arrive at qualitative descriptions of the condition 
of the surface, base, and subgrade. The Dynaflect 
maximum deflection (DMD), the surface curvature 
index (SCI), and the base curvature index (BCI) are 
all used to arrive at these ratings. The dividing 
lines between good and poor are 1.25 mils (DMD), 
0.48 mil (SCI), and 0.11 mil (BCI). One mil is 0.001 
in. (0.0254 mm). 

Representative deflections are usually those that 
are larger than a selected percentile between 50 and 
97 percent, as estimated by using a normal distribu
tion. These percentiles apply to deflections that 
are measured at a crack or joint or between them. 

I 
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FIGURE 4 Use of deflection basin parameters to analyze 
pavement structural layers ( 13 ). 
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Representative basin properties include spread
a bili ty, SCI, BCI, and area. These are normally used 
with maximum deflection to determine structural 
properties (representative or moduli) of pavement 
layers. 

Representative structural properties of a pave
ment include the effective thickness of the pavement 
as in the Virginia (14) and Louisiana (_!.Q) methods, 
effective thickness of asphaltic concrete and base 
course as in the Kentucky method (9), and effective 
modulus in the Asphalt Institute method (5). Joint 
and crack load, shear, and deflection - transfer 
efficiencies are calculated from deflections on the 
loaded and unloaded sides of cracks in the existing 
pavement. 

Layer moduli that are calculated from deflection 
measurements usually include the subgrade modulus. 
However, in the FHWA-RII method !ll, all layer mod-

d4 

h1 m1 E 

h2 m2 E2 

h3 m3 E3 

........ , 
........ 

' 00 m4 E4 

FIGURE 3 Four-layer elastic representation of a pavement system. 
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uli are calculated for a three- or four-layer pave
ment. The Shell procedure (~) assumes a correlation 
between the subgrade and base course moduli and then 
determines the surface course modulus in an assumed 
three-l~yer pavement. The University cf Illinois 
procedure (~) assumes a modulus of the aggregate 
base course and determines the modulus of the 
asphaltic concrete and the break-point modulus of 
the subgrade, thus taking into account some of the 
stress sensitivity in these layers. 

Methods of Delineating Common Pavement Sections 

There are two methods used to delineate common sec
t ions of pavement to receive a uniform overlay 
treatment: one differentiates sections based on 
deflections and visual condition, and the other dis
tinguishes sections based on the required overlay 
thickness. In the first method statistical tests are 
made by using a mean and standard deviation of 
deflections of sections that are suspected of being 
different. In the second, used only by the FHWA-RII 
method (_l), required overlay thicknesses are calcu
lated for each deflection basin, and then statisti
cal tests are made by using the mean and standard 
deviations of the overlay thicknesses. In both 
methods a change in overlay thickness is made only 
if there is a significant difference either in the 
design deflection or in the design overlay thickness 
between two sections that are believed to be differ
ent. The design deflection is the one that is larger 
than 50 to 97 percent of all other deflections in a 
section, based on the reliability selected by the 
highway agency. The percentile for the design over
lay thickness is thought to be between 67 and 75 
percent, although there is not enough experience 
with the FHWA-RII method to say for certain. Cur
rently, the selection of the design percentile is 
left to the design engineer. 

Empirical Relations Between NDT Measurements and 
Desian Quantities 

There are three types of correlations between NDT 
measurements and design quantities: 

1. Correlations between deflections produced bv 
an NDT device and those produced by a design load, 

2. Correlations between material properties at 
the load level produced by the NDT device and those 
same material properties at the design load level, 
and 

3. Correlations between an NDT deflection and a 
design strain at a critical point in the pnvPmPnt. 

Correlations between deflections measured by dif
ferent devices are most common in these overlay 
design procedures, and they are usually relations 
between the Benkelman beam maximum deflection and 
that produced by the principal NOT device used in 
pavement evaluation. In Louisiana (10), Texas (12), 
and Utah (13) the correlation is wit'h"the Dynaflect, 
and in genE;r"a1 the multiplier is usually found to be 
between 20 and 30, In Texas the correlation was not 
between maximum deflections but between SCI values. 
In Pennsylvania (11) the correlation is between the 
maximum deflectio~of the road rater and that of the 
Benkelman beam. In California (8) correlations are 
available between the traveling- deflectometer and 
several other NDT devices, including Dynaflect, road 
rater, and Dehlen curvature meter. Indiscriminate 
use of correlations can lead to significant error. 
Further discussion is presented later. 
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correlations between material properties at dif
ferent load levels are usually done with the aid of 
stress-strain curves of the material at different 
stress levels. This is the case with the subgrade in 
the FH"wA-ARE i2) and the University of Illinois (15) 
methods and with the base, subbase, and subgrade in 
the FHWA-RII method (3). 

Correlations between an NDT deflection and a 
design Asphalt Concrete (AC) strain are used in the 
University of Illinois method. 

Empirical Des ign Life Relations 

Every overlay design procedure has an empirical 
relation between the number of design load applica
tions that a pavement can carry and a deflection, 
pavement thickness, or a calculated strain at a 
critical point in the pavement structure. In fact, 
overlay design procedures are fit into three cate
gories based on which value is used to specify the 
design life of the overlay: 

1. Deflection (based on deflections) , 
2. Structural deficiency (based on thickness), or 
3. Mechanistic (based on a calculated strain). 

Deflection overlay design procedures are used by 
the Asphalt Institute <2li the states of California 
(.!!_), Louisiana (.!Q_), Pennsylvania (ll), Texas (11_), 
Utah (13), and Virginia (14) i and the new NCHRP
Texas Transportation Institute (TTI) design proce
dure (_!!!) • Texas is unique in relating pavement 
design life to the SCI rather than to maximum 
deflection. 

Structural deficiency overlay design procedures 
are used by Kentucky (9) and by the FAA (17). 

Mechanistic overlay-design procedures "'i'i:e used in 
the FHWA-ARE (~), FHWA-RII (~), Shell (~), and 
University of Illinois (15) methods, all of which 
use a fatigue relation that relates the strain at 
the bottom of the AC layer to the number of design 
load applications. In addition, the FHWA-ARE method 
considers rutting and provides a stress-check proce
dure for reflection cracking. 

In all cases the design life relation is empiri
cal in that it must be based on field observations. 
The design strain is calculated for the design level 
of load, and in all cases the stress sensitivity of 
the material in at least some of the pavement layers 
is taken into account in making this calculation. 

Some of the commonly used NDT devices, such as 
Dynaflect or road rater, apply loads that are much 
smaller than the design loads. The moduli that are 
back-calculated from the deflections measured by 
devices with small loadings do not correspond to the 
moduli used in calculating the design strain. This 
means, in practice, that the moduli from the lightly 
loaded NDT devices must be adjusted to account for 
stress sensitivity. This adjustment is not a con
stant, but depends on the pavement section and the 
materials in the pavements. Methods for doing this 
explicitly are included in the FHWA-ARE procedure 
(_~) for the subgrade and in the FHWA-RII procedure 
<ll for all layers beneath the surface course. The 
Shell (.§_) and university of Illinois (15) methods 
use the FWD, which is capable of applying a design 
load level to an existing pavement. 

DESIGN ASSUMPTIONS AND REQUIRED CORRELATIONS FOR 
OVERLAY DESIGN 

The foregoing review of overlay design procedures 
indicates that all design methods that use NDT are 
based on at least one design assumption and one 

= 
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related NDT empirical correlation. The design as
sumptions that have been used or might be used are 
presented in the following list. The number of 
design loads [ 18 ,000 lb ( 80 kN) equivalent single
axle loads (ESALs)] in the useful life of an overlay 
is related to one or more of the following: 

1. The deflection it experiences under that 
design load, 

2. The amount of bending (SCI) it experiences 
under the design load, 

3. The effective thickness of the pavement above 
the subgrade, 

4. The tensile strain at the bottom of the 
asphaltic concrete layer under a design load, 

5. The compressive strain either in the subgrade 
or in the asphaltic concrete overlay material under 
a design load, 

6. The distressed condition of the underlying 
pavement and the thickness of the overlay, and 

7. The differential deflection across cracks or 
joints in the underlying pavement due to the appli
cation of the design load and the thickness of the 
overlay. 

Obviously, still other design assumptions could 
be made. In every case, however, the relation de
scribed in the design assumption must be based on 
field observations. 

The use of an NDT device in an overlay design 
procedure requires that a related correlation must 
be developed between the results of the NDT measure
ment and the design quantity that is assumed to con
trol the useful life of the pavement. Typical re
quired correlations include 

1. Deflections under the design load correlated 
with deflections under the NOT device, 

2. Bending (SCI) under the design load corre
lated with the bending (SCI) under the NOT device, 

3. Strain under the design load correlated with 
the deflection or strain under the NOT device, and 

4. Layer modulus under the design load corre
lated with the layer modulus under the NOT device. 

It should be noted that the first and second 
correlations would not be needed if the NOT device 
produced deflections and bending equivalent to those 
produced by design loads. The third and fourth cor
relations are used with mechanistic design proce
dures. In principle, any NOT device can be used with 
any design procedure, provided that the required 
correlation can be found. As a caution, it is noted 
that the design assumption must also be demonstrated 
by field observations to be valid for the pavement 
where it is to be applied. In general, those NDT 
devices that simulate design loads and produce 
equivalent deflections will be the most simple to 
use, thereby resulting in less error because of cor
relations. 

EVALUATION OF CURRENT OVERLAY DESIGN PROCEDURES FOR 
COMPATIBILITY WITH AVAILABLE NOT DEVICES 

Each of the required correlations discussed in the 
previous section relates NOT measurements to the 
design quantity that appears in the design assump
tion of an overlay design procedure. For the equip
ment to be compatible with the desirin procedure, 
this correlation must be possible. The NOT devices 
were separated into four categories: static deflec
tion, automated beam deflection, steady-state 
dynamic deflection, and impulse deflection. 

The static deflection devices include the plate 
bearing test, the curvature meter, the Benkelman 
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beam, and the deflection beam. For both beams it is 
possible to develop, either by observation or analy
sis, all four of the required correlations (i.e., 
deflection, curvature, strain, or layer modulus). 
For the curvature meter, the only required correla
tion it can develop is for curvature. For the plate 
bearing test, it is possible to develop, either by 
observation or analysis, all of the required corre
lations, except for curvature. 

The automated beam deflection devices include the 
La Croix Deflectograph and the California traveling 
deflectometer. It would be simpler to develop a 
required correlation for deflection or strain with 
these devices than for curvature or layer modulus. 
Theoretically, the required correlation for layer 
modulus could be developed by using some form of 
mechanistic analysis because the La Croix can be 
used to measure basin responses. 

The steady-state dynamic deflection devices in
clude the Dynaflect and the road rater models 400 B, 
2000, and 2008. In each of these, deflections are 
measured at a number of points on the pavement sur
face, which makes it possible to determine deflec
tions and curvatures directly and to calculate 
strains and layer moduli. Therefore, the required 
correlations can, in principle, be developed with 
each of these devices. 

The impulse deflection devices include the Dyna
test, KUAB, and Phoenix FWDs and the wave propaga
tion devices currently being developed at the Uni
versity of Texas and at the University of New Mexico 
for the u. s. Air Force. Because all FWDs measure 
deflections at several points on the pavement sur
face, it is possible, in principle, to develop all 
four required correlations with them. In addition, 
these devices produce impulse loads equal to design 
loads. The deflections produced by these devices 
have been demonstrated to closely simulate moving 
wheel load deflections. This allows, in principle, 
the direct use of the deflection, bending strain, 
and modulus data without correlations. 

The wave propagation methods both produce moduli 
of the pavement layers that correspond to a light 
load. Consequently, to use the wave propagation 
techniques it is necessary to develop the required 
correlation between layer moduli at different load 
levels. This is the only required correlation that 
can be used with wave propagation methods. 

CORRELATIONS BETWEEN NOT DEVICES 

Because correlation between NOT devices is the most 
common correlation used in overlay design proce
dures, additional discussion is presented. 

In general, a different correlation should be 
developed for each major pavement type and for dif
ferent pavement thicknesses within particular types 
of pavements because the correlation is not unique, 
as was noted quite clearly by Majidzadeh and Ilves 
(3). Correlations will also change with loading 
f;equency, as illustrated by Kentucky's method (2_), 
in which there is a correction to a standard loading 
frequency of 25 Hz. 

Because several of the overlay design procedures 
currently available were developed based on AASHO 
Road Test data and other deflection data from the 
Benkelman beam, deflection measurements from other 
devices have often been converted to equivalent 
Benkelman beam deflections by several agencies. A 
few for the Dynaflect are summarized to illustrate 
the variability that can be expected. In Arizona the 
conversion is 

BBD = 22.5 (DMD) (1) 
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where BBO is the Benkelman beam deflection and DMD 
is the Dynaflect maximum deflection. No data based 
on correlation were given. Arizona also uses the 
California overlay design method with their correla
tion between Dynaflect and traveling deflectometer 
(~). 

In Virginia the equivalents are as follows: 

No. of 
Points 
Correlated 
All points 

flexible 
Stabilized 

base 
Unstabilized 

base 

where BB is 
10- ') and D 
lo-'>. 

Se Regression 
Tests r (0.001 in.) Eguation 
ro=7 0.852 9.8 BB = 30.5 

- 12.3 
72 0.918 5.4 BB = 24.0 

- 0.0 
35 0.877 9.6 BB = 32.8 

- 8.6 

the Benkelman beam deflection 
is the Dynaflect deflection 

(in. 
(in. 

D 

D 

D 

x 
x 

Benkelman beam deflections are taken approxi
mately as recommended in AASHTO T 256-77 i however, 
the tip is placed only 2 ft (0. 6 m) forward of the 
wheel at the start of the test versus 4 to 4. 5 ft 
(1.2 to 1.4 m) as recommended in T 256-77. Also, the 
final position of the truck differs from that recom
mended by T 256-77. The tests were taken from seven 
flexible projects. Four of the projects had stabi
lized bases (21) • 

The Asphalt"°"Institute uses the following equation 
for equivalent measurements: 

BB= 22.30 D - 2.73 (2) 

where BB is the Benkelman beam rebound deflection 
(in. x 10- 3

) and o is the Dynaflect center deflec
tion (in. x lo-•). 

Benkelman beam deflections are rebound deflec
tions based on the Canadian Good Roads Association 
(CGRA) procedure. No information on the number of 
test points, test locations, pavement types, and so 
forth is provided for the regression equationi how
ever, it does ceflect a composite analysis (~). 

In Louisiana the following equation is used: 

BB = 20.63 D (3) 

where BB is the Benkelman beam rebound deflection 
1in. x 10-'i and D is the Dynaflect deflection 
(in. x 10 - '> • This equation is based on 54 com
parisons on 20 pavement sections of flexible pave
ment. The correlation coefficient was 0. 85 ( 10 •E• 
l!l. 

Correlations between most other devices and the 
Benkelman beam have been developed by various agen
cies. Correlations have been developed between dif
ferent dynamic deflection devices and between 
dynamic deflection devices and impulse devices. An 
agency that is developing such a correlation should 
use those developed by another agency as a guide 
only. The actual correlation must be developed for 
the agency's own test procedures, pavement sections, 
soil types, and environmental conditions to be 
valid. Even then, all of the problems discussed by 
Majidzadeh and Ilves <ll may be encountered. As dis
cussed previously, there is no unique multiplier 
that will accurately relate the deflection measured 
by one NDT device to the deflection measured by 
another. Changes in pavement layer thicknesses and 
moduli will affect any such multiplier (l,13) • 

Table 2 was prepared to show typical correlations 
between Benkelman beam readings and Oynaflect read
ings. The data in the table indicate that there is a 
large range of values for equivalent Benkelman beam 
deflections calculated from the same Dynaflect 
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reading. This is included primarily as a caution to 
highway engineers that a correlation developed by 
one agency may not be directly transferable. 

It should be noted that NOT equipment that can 
reproduce design loads and simulate moving wheel 
load deflections eliminates the need for many of the 
correlations. They also eliminate the error associ
ated with correlations. 

INTERCHANGEABILITY OF DATA 

Many times agencies vary in their testing programs, 
which makes use of another agency's data difficult 
even when they use the same type of equipment. For 
instance, agencies that use the road rater may vary 
considerably in the load, frequency, loading plate 
configuration, and sensor location, any of which 
will have a significant impact on the deflection 
data. Some agencies that use the Benkelman beam use 
the WASHO method (24) whereas others use the rebound 
method (5), thereby making it difficult to compare 
the results. Even the weights used for Benkelman 
beam measurements vary. Early California measure
ments used a 7,500-lb (33-kN) wheel load and later a 
9,000-lb (40-kN) wheel load Clr~). The British use a 
7,000-lb (31-kN) wheel load (25), and Florida uses a 
10,000-lb (44-kN) axle load (26). 

These data indicate the problems that can occur 
in trying to use data developed by another agency. 
The source, testing procedure, and equipment config
uration used in developing the data must be fully 
understood before data collected by another agency 
can be used. Failure to consider these can lead to 
significant error if data, or correlations based on 
that data, are used. 

CONCLUSIONS 

The following conclusions were made based on the 
data presented in the report: 

1. s~· ..... ~ral cv~rlay de:;!gn procedures fer fle::.i-
ble pavements that use deflections have been devel
oped. The mechanistic-based procedures can be used 
more directly by agencies other than the developing 
agency. Some field verification is still necessary 
with mechanistic procedures. 

2. In developing or selecting a deflection-based 
overlay design procedure, the following items should 
be considered: seasonal influences on the deflec
tions, location of test points on the pavement sur
face, frequency of testing, need for cores and lab
oratory testing, type of NDT measurements (i.e., 
maximum deflection, basin characterization), addi
tional field measurements that are required, correc
tions to NOT measurements for temperature, pavement 
properties calculated or inferred from the NOT mea-

TABLE 2 Benkelman Beam Readings Determined from 
Correlations with Dynaflect 

Benkelman Beam Readings ( 1 o-3 in.) 
Dynaflect 
Reading Asphalt Virginia 
(0.001 in.) Arizona Institute (all flexible) Louisiana 

0.5 11.2 8.4 3.0 10.3 
1.0 22.5 19.6 18.2 20.6 
1.5 33.8 30.7 33.4 30.9 
2.0 45.0 41.9 48.7 41.3 
2.5 56.2 53.0 64.0 51.6 
3.0 67.5 64.2 79.2 61.9 

Note: 1 in.= 25.4 mm. 

iii 
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surements, method used to distinguish between dif
ferent design sections, relationships that are used 
to convert NDT measurements to design parameters, 
relationships that relate the design parameters to 
the useful life of the pavement, the NDT devices 
that are available for use, and consideration of 
existing deterioration of the pavement. 

3. If an NDT device produces a load less than 
the design load, one of three general methods must 
be used to convert the measured deflections into 
usable parameters: (a) correlate the NDT deflection 
measurements from the light load device with those 
produced by the design load, (b) correlate the 
material properties calculated from the NDT device 
with those same properties that would be developed 
for the design load, and (c) correlate the light 
load deflection measurements with some measure of 
performance directly. All of these methods may pro
duce questionable results because of the stress 
sensitivity of the pavement and subgrade. 

4. There are significant advantages in using an 
NDT load that equals that of a heavily loaded truck 
wheel load [e.g., 9,000 lb (40 kN)]. The response of 
the pavement to this heavy load can be accurately 
measured and directly used for structural evaluation 
and overlay design without questionable correlations 
or stress-sensitivity assumptions. 

5. Available correlations are valid only for the 
typical pavement sections, materials, and environ
mental conditions that affect the pavement sections 
for which the correlations were developed. 

RECOMMENDATIONS 

1. Correlations of deflection measurements 
between devices should be used only with a complete 
understanding of the conditions for which they are 
applicable and with an understanding of the magni
tude of error involved, 

2. NDT response is load dependent. Analytical 
procedures to accurately characterize and model 
material properties that are stress dependent should 
be improved and refined. This becomes more critical 
as additional layers of overlays are added to pave
ments. 

3. Any overlay design procedure developed or 
adopted by an agency must be carefully field cali
brated for local conditions and materials. This will 
require the use of actual in-service pavement sec
tions. 

4, Computerized overlay design procedures should 
be made available to the field engineer who eval
uates pavements and designs overlays. Computerized 
methods should be developed for use with microcom
puters (256 K or less) • 
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Comparison of Falling Weight Deflectometer with 

Other Deflection Testing Devices 

OLLE THOLEN, JAY SHARMA, and RONALD L. TERREL 

ABSTRACT 

Pavement modeling has always been a complex and difficult problem for the high
way engineer. Currently, there are complex and precise computer programs that 
provide the engineer with a means of computing theoretical behavior. However, 
full-scale field testing has not kept pace, and new testing devices are just 
now becoming readily available. For many years the Benkelman beam was the stan
dard, and later developments tended to be compared with this method for ac
ceptance. However, it became apparent that better methods were required for 
adequate representation of pavement behavior under moving wheel loads. In this 
paper a summary of comparison tests conducted in Scandinavia is presented. The 
comparison included two designs of falling weight deflectometers (FWDs), Dyna
flP.ct, plate bear in11, travelinc;i deflectograph, vibrators, and Benkelman beam. 
These devices were used to test a variety of pavement structures. The results 
have revealed a wide range of deflections depending on the pavement section. 
These differences are caused by the magnitude and nature of applied load, time 
of loading, pavement thickness, and other factors. It appears that the FWD is 
well suited to a wide range of pavements and provides uniformly accurate re
sults that are consistent with actual pavement loading and behavior. 

Modeling of highway and airport pavements has been a 
difficult task since the beginning of road building. 
A pavement has many variables, such as thickness and 
type of materials, environment, traffic, and others. 
To account for many of these variables simultane
ously, full-scale testing, such as deflection mea
surements, has proved to be beneficial. 

The basic assumption in the behavior of pavements 
is that a pavement can withstand a number of repeti
tions of a given load before it fails. Failure can 

mean many forms of distress under some form of load
ing. If this loading is representative of traffic, 
then the strain or deformation could be related to 
performance by a failure model. 

During the past several decades a large volume of 
data from Benkelman beam testing has been compiled 
and in various ways compared with pavement perfor
mance. This large bank of knowledge has become the 
principal reason for continued reliance on the 
Benkelman beam. Therefore the correlation between 
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FIGURE 1 Comparison of different bearing capacity measurement methods 
on different road structures. 

the Benkelman beam and other devices has become the 
apparent test of acceptability. Some engineers have 
reasoned that the understanding of pavements and 
their behavior is applicable only if the Benkelman 
beam or some similar device is used. That sort of 
reasoning may lead to the conclusion that a new 
testing device with increased capability (accuracy) 
may be desired, but that it should still give re
sults closely correlated to the Benkelman beam. This 
prerequisite may be required by many engineers, in 
spite of the fact that the method does not relate to 
strain at traffic loading. 

In this paper an attempt is made to demonstrate 
the factors involved and the range of results that 
might be expected from several of the pavement test
ing methods that are available to the engineer. 

COMPARISON OF DIFFERENT METHODS 

The comparison of various pavement devices has been 
an ongoing process, and many of these comparisons 
were made in Scandinavia, where much of the early 
work on falling weight deflectometers (FWDs) was 
done <l-11). The goal of most of these studies was 
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FIGURE 2 Comparison of different bearing capacity 
measurement methods on different road structures, with 
deflections normalized to 11,250-lb load. 

to determine the behavior of pavements under differ
ent types of loading rather than to make a direct 
comparison of testing devices. 

Two particular studies are of note and have been 
well documented. The first study <2l by the Swedish 
Road and Traffic Research Institute included eight 
different pavement structures that were tested on 
eight occasions over a time period of slightly more 
than a year. Also, four testing methods were used: 
static plate bearing tests, FWDs, heavy vibrators 
(15 Hz), and a wave propagation test. Figure 1 shows 
the surface moduli of the eight different pavement 
sections; these have been averaged with time for 
each pavement structure. 

The second study (il included the evaluation of 
12 testing methods used in the Nordic countries on 
12 different pavement sections. Figure 2 shows the 
surface deflection for five of the testing methods 
for a range of pavements. The values plotted in Fig
ure 2 are normalized to 11,250 lb. The data in Table 
1 give an explanation of the various pavement types 
included in this study, and Table 2 gives a list of 
the deflection testing devices used. 

Examination of Figures 1 and 2 indicates that the 
use of the various testing methods results in the 
same general trends over the range of pavement 
structures. When both static and dynamic testing 
methods are used on the same pavement, the FWD sel
dom results in extreme values, as compared with some 
of the other methods. 

Tables 3 (2) and 4 <il are correlation matrices 
from the two research projects. It is apparent that 
most of the correlation coefficients are rather 
high. However, it must be kept in mind that the 

TABLE 1 Description of Pavement Sections 

Base Course Subbase 

Sec- Wearing Depth Depth 
tion Course3 Type (in.) Type (in.) Sub grade 

A Gravel Gravel Sand Peat on clay 
B Asphalt Gravel 12 Bark 40 Peat and mud on 

clay 
c Asphalt Cement slab 6 Gravel 12 Till and clay 
D Asphalt Gravel 28 Till and clay 
E Asphalt Crushed rock 51 Soil embankment 
F Asphalt Asphalt 12 Sand 12 Clay 

Gravel 2 
G Asphalt Asphalt 8 Sand 16 Clay 

Gravel 2 
H Asphalt Gravel 10 Sand 16 Clay 
I Asphalt Gravel 10 Sand 28 Clay 

a All pavement sections with an asphalt wearing course are about 2 in. thick or less. 
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TABLE 2 Identification of Testing Devices 

Symbol 

! 
II 

III 
IV 
v 

VI 
VII 

VIII 
IX 
x 

Testing Device 

Danish traveling deflectograph 
La Croix deflectograph 
Benkelman beam 
FWD (one-mass system) 
FWD (two-mass system) 
Heavy vibrator (39 kN, 17 Hz) 
Dynaflect (5 kN, 8 Hz) 
Static plate bearing test method 1 
Static plate bearing test method 2 
Dynamic plate bearing test 

TABLE 3 Correlation Coefficients (r) from Comparison 
of Surface Moduli Measured by Different Methods (S) 

Static 
Plate 
Bearing 

FWD 0.84 
Static plate bearing test 
Heavy vibrator 

Heavy 
Vibrator 

0.90 
0.75 

Wave 
Propagation 
Velocity 

0.86 
0.77 
0.78 

coefficients are not universal values that represent 
the two methods being compared: they also depend on 
the choice of tested structures. In fact, it would 
be relatively easy t o find populations with correla
tion coefficients near zero. 

Further evaluation indicates that a high correla
tion coefficient does not prove that the two methods 
are accurately measuring the parameter desired. For 
example, in Table 4 the coefficient for the two 
static plate bearing tests (VIII and IX) is O. 98. 
When the regression line was examined, the two tests 
on one pavement indicated the same static surface 
modulus, whereas on the other structure there was a 
difference of a factor of two. 

The correlation coefficients in these studies 
were consistently high, which indicates that the 
translation between different test methods may be 
reasonable, but only within a certain narrow range 
of pavement structures. Therefore, within these 
boundaries, a reasonable correlation could be de
veloped. 

It can be noted that the FWDs, particularly the 
two-mass FWDs, show high correlation coefficients 
when compared with the other most important families 
of testing devices--the vibrator and the Benkelman 
beam--along wi t h their relatives. The correlation 
between the heavy vibrator and members of the 
Benkelman beam family is poor. 

The fact that most test methods result in about 
the same measure of bearing capacity is not too sur-· 
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prising. It is not likely that a method would be 
used if it gave poor results. With some experience a 
pavement engineer can estimate the strength or bear
ing capacity without testing. However, when more 
accurate and useful information is t"equired 1 accu
rate testing becomes more desirable. Therefore, an 
approximate agreement betwee n method s may ma ke t he 
method useful for approximate surveys, but the 
choice of testing method for more precise evalua
tions is important. 

When a more detailed comparison of testing meth
ods is made, greater differences begin to appear. A 
complete analysis might be interesting, but would 
also be too lengthy. The following sections give 
examples of how the FWD compares with other methods. 

FWD Versus Wheel Load 

It is generally known that the deflection that oc
curs under a moving wheel load is dependent on ve
hicle speed. There may be a considerable difference 
between the deflection at normal traffic speed and 
at creep speed, which is used when testing with the 
Benkelman beam and the traveling deflectograph 
!l,12-15). Among other factors, the temperature of 
asphalt pavements plays a significant role, and uni
form results are more easily attainable at normal 
traffic speed. The goal in developing the FWD was to 
obtain the same deflection as that measured under 
traffic loads at normal speed. 

On one Dan ish test r oad with an a sphalt pavement; 
deflections at traffic loads, FWD tests, and Benkel
man beam tests were compared by means of accelerom
eters buried in the pavement (~) • The results con
clusively demonstrated that the FWD deflections were 
similar to those caused by traffic loads, whereas 
the Benkelman beam deflections were considerably 
larger. 

It was further noted in the tests shown in Figure 
2 that time of loading was a factor in pavements 
with thick asphalt layers and a peat subgrade. On 
pavements without these layers, the wheel load tests 
indicated smaller deflections than the FWD tests. 
This difference was most likely because the deflec
tions of the wheel load tests were not measured in 
the loaded area and because the reference beam may 
have had its feet within the deflection bowl. Typi
cal values of the deflection ratio between FWD and 
wheel loading at creep speed on these pavements 
ranged from 1.05 to 1 . 35. In another comparison, the 
difference between the two traveling deflectograph 
deflections was greater than the difference between 
deflections measured by FWD and traveling deflecto
graphs. 

TABLE 4 Correlation Coefficients (r) and Number of Test Points in Comparison 
Between Different Testing Devices ( 6) 

Testing Device 
Testing 
Device II v VII IV III VIII x IX VI 

I 0.66 
II 0.75 
v 0.91 0.67 0.95 

VII 0.84 
IV 0.86 0.73 0.87 
III 0.85 0.76 

VIII 0.98 
x 32 32 

IX 33 33 33 
VI 42 58 64 65 64 65 31 

Note: Correlation coefficients are given in the upper half of the table and the number of test pojnts is given in 
the lower half of the table, A description of the testing devices is given in Table 2. 

.. 
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Two-Mass Versus One-Mass FWD 

Commercially available FWDs operate on similar prin
ciples, but have three important differences: 

1. The force generating unit, 
2. The method of distributing load on the pave

ment, and 
3. The method of measuring deflection. 

Force Generation 

Typical force pulses from the one-mass system are 
shown in Figure 3 (16). The sharp rise of the force 
pulses does not accurately simulate moving wheel 
loads. Further, one-mass force pulses often exhibit 
high frequency distortions, as noted at the top of 
the second and third pulses in Figure 3. If this 
distortion occurs before the main peak, then the 
peak force measured is not compatible with deflec
tions measured by sensors farther away from the load 
plate. This phe·nomena could then be a source of 
greater variation, which results in nonreproducible 
values of bearing capacity. 

.... 
u 
Q{ 
c .... 

TIME 

FIGURE 3 Examples of force pulses by measurement 
with one-mass FWD at different normal conditions (16). 

To improve on this system the two-mass system was 
developed for the KUAB FWD. Typical examples of 
force pulses produced by this system are shown in 
Figure 4. The more gradual rise in the force pulses 
and th~ shape of the pulses are the same as those 
produced by moving wheel loads. The shape of the 
force pulses are always smooth for a wide range of 
pavement sections, and they are reproducible. 

.... 
u 
Q{ 
c ... 

TIME 

FIGURE 4 Representative examples of different force 
pulses from two-mass FWD system with rubber buffers_ 

Load Distribution 

Deflection tests are generally conducted on pave
ments in need of rehabilitation; the surface is 
often uneven because of wheel ruts, cracks, and so 
forth. Several tests were conducted (l_,16) on uneven 
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roads, and it was found that deflection errors 
ranged from 10 to 20 percent. To improve accuracy, 
the KUAB FWD was designed with a segmented circular 
loading plate as shown in Figure 5. Each of the four 
segments can move independently; thus a uniform load 
is applied to each even though the vertical position 
may be different. This is achieved by loading each 
plate with a plunger that is connected to a common 
oil chamber. The spherical bearings are designed 
such that the center of rotation is low, thus per
mitting controlled lateral movement of the plates 
when they are tilted. 

SECTION 

Plunger 

,---- Oi I Chamber 

Valve lo Oe-air and 
Refill Oil 

Plunger Guide and Oil Seal 

LJU-- The loading plate is divided into 
four equal parts, which are loaded 
In their points of balance by 
equal loads . 

QD 
PLAN 

FIGURE 5 Principle of hydraulic load distribution plate. 

Deflection Sensors 

Deflection measurement has frequently been a diffi
cult task in dynamic loading situations. Most FWDs 
use velocity transducers or geophones, and by inte
gration of the measured velocity the deflection is 
obtained. However, a problem with this method is the 
difficulty with field calibration. Relative calibra
tion is possible by placing all geophones next to or 
on top of each other and noting the similarity in 
deflection. This may be considered a reasonable 
method to check the device, but to give full proof 
of correct operation the comparison would have to be 
made on one pavement with a deflection rise time in 
the low range and on one pavement with a deflection 
rise time in the high range thus requiring an ana
logue recording of the deflection or some other means 
of measuring rise time and pulse shape. In addition, 
the comparison could be made on both small and large 
deflections, and finally some variables may be ex
pected to influence all geophones in a similar 
manner. 

The primary disadvantage of the relative calibra
tion method is that when a calibration change is 
discovered, the test does not supply any data for 
correcting the change. In other words, the relative 
calibration does not indicate what has changed 
(i.e., frequency of the .geophone, the damping ratio 
of the geophone, or some part of the electronics). 

To improve field calibrations, special seis
mometers were designed for the KUAB FWD. The seis
mometers use a mass-spring system as a reference and 
the sensing element is a differential transformer 
(LVDT). This system permits direct measurement of 
deflections, and because the mass and LVDT core are 
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suspended with springs, there is no problem of ref
erence. Calibration is accomplished with a micro
meter provided with each seismometer. Thus each 
seismomctGr can ba accurately calibrated in the 
field to measure deflections in the range of 0 to 5 
mm (0 to 200 mils). 

FWD Versus Static Plate Bearing Test 

Many comparisons of FWD and static plate bearing 
test methods have been made (l,5,6,B,10,11), and the 
general conclusion is that th-;r-; is no unique ratio 
between the deflections measured with each device. 
The static tests result in higher deflections on 
bituminous materials and on softer subgrades such as 
peat. Typical ratios of deflections for these situa
tions range from about 1.5 to 3. 

On stiffer materials, such as glacial till and 
gravels, the deflection ratios appear to approximate 
unity. On such materials there was no evidence that 
the scatter or difference between FWD and static 
plate bearing tests was any greater than the differ
ence between various plate bearing test procedures. 

FWD Versus Vibrators 

Testing with the FWD and heavy vibrators often re
sults in similar deflections. In one study (5) the 
overall ratio of the two deflections was unity: How
ever, there was a range in values: the FWD indicated 
10 to 20 percent higher modulus on thick asphalt 
pavements, but the reverse was true for unbound rock 
surfaces. During most of these tests only one fre
quency was used with the vibrator, thus interpreta
tion of the results was difficult. It was noted that 
a 10- to 30-percent difference in modulus resulted 
by altering the frequency; most likely this was the 
result of the time dependence of the asphalt layer, 
but phenomena related to resonance also could have 
been involved. 

Some testing agencies (17-19) believe that a sin
gle testing frequency with vibrators is insufficient 
to obtain reliable data. Also, resonance may be an 
important influence on results. FWDs appear to be 
somewhat less affected by this phenomena, however 
(17). Some data (6) have clearly revealed this inde
pendence, as noted in Figure 6. In this figure the 
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ratio of deflections is shown for several pairs of 
testing devices. The testing devices and pavement 
structures shown in this figure are noted in Tables 
1 and 2. There is a reasonably i'lide range cf force 
and frequency represented by the vibrator and Dyna
f lect. There is also a difference in impact time 
between the two FWDs. Deflections shown in Figure 6 
are mean values that have been normalized to 11,250 
lb. Pavement structures A and B are on peat subgrade 
and have low resonant frequency. 

Although there is a wide range of parameters 
among the various testing procedures, the difference 
between the vibrators is rather large. The validity 
of vibrators can certainly be questioned over a 
range of pavement types. Also noted in Figure 6 is 
the reasonable agreement between the two FWDs, in 
which the ratio of deflection values is approxi
mately unity. 

PRECISION OF TESTING DEVICES 

Variation in most testing is to be expected when a 
pavement is tested at several locations on the sur
face. The variation (or coefficient of variation) is 
caused by true variation in the quantity measured as 
well as lack of precision in the test. A small coef
ficient of variation means either that the variation 
in bearing capacity (or deflection) is small, or 
that the test method is incapable of detecting the 
variation. If the bearing capacity variation within 
the pavement section is small, then the precision of 
the test method may be determined on the pavement . 

From the data in the Nordic study (6), those sec
tions in which the coefficient of variation was less 
than 10 percent for at least one of the test methods 
were selected for further analysis (see Table 5). 
These values are given under the "Measured" columns. 
In this table the coefficient of variation of the 
bearing capacity within one pavement section is less 
than the lowest of the coefficients by the different 
methods. It could be assumed that a portion of the 
variation of each pavement is caused by bearing 
capacity variation and the remainder is caused by 
lack of precision of the test methods. The differ
ence in precision among methods can be estimated by 
assuming that the lowest coefficient of variation of 
each section is equal to the sum of the portions, as 
noted previously. The numbers under th" "Anjm;ten 
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0 IC:UAll FWD 
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FIGURE 6 Ratio of normalized deflections measured by different testing devices. 
A ratio of unity means that they compare well, whereas deviations from unity 
indicate relatively less similarity. Note that the bottom line gives deflections at 
which comparisons are made for each pavement section. 
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TABLE 5 Coefficients of Variation of Different Bearing Capacity Tests on Homogeneous Road Sections (1 6) 

Coefficient of Variation(%) of Different Pavement Sections 

c c D D E 

Test Adjusted Adjusted Adjusted Adjusted Adjusted 
Device Measured from Analysis Measured from Analysis Measured from Analysis Measured from Analysis Measured from Analysis 

I 8 7 17 16 7 6 9 8 26 25 
II 10 9 16 15 7 6 12 12 18 17 

III 10 9 19 17 15 15 12 12 22 22 
IV 13 12 19 17 6 5 12 12 16 15 
v 6 4 10 8 4 3 5 4 6 4 

VI 12 II 5 4 12 11 
VII 10 9 9 6 4 3 12 12 16 15 

Note: The numbers in the Adjusted from Analysls columns are estimates or the coefficient on a completely homogeneous section. The number of test points on each section and test 
method was 1 0. 

from Analysis" columns in Table 5 are estimates of 
the coefficients for a completely homogeneous pave
ment section. 

Another measure of quality of testing is to look 
at the width of 95 percent confidence intervals of 
the bearing capacity values at a test point. The 
data in Table 6 give these values for several of the 
test methods evaluated. The two-mass FWD revealed 
very good precision and very good repeatability-
much better than the other devices evaluated. 

TABLE 6 Relative Repeatability of Various Test Devices at a 
Given Test Point 

Test Method 

FWD (two-mass system) 
Dynaflect heavy vibrator and Danish traveling 

deflectograph 
La Croix deflectograph and FWD (one-mass system) 
Benkelman beam 

CONCLUSIONS 

Width of 95 Percent 
Confidence Interval 
at Test Point(%) 

20 

40 
50 
60 

The pavement studies conducted in the Nordic coun
tries have provided an excellent opportunity for 
comparing a variety of testing devices. The devices 
have all been used by various agencies and have be
come a part of design and analysis procedures. Al
though most new methods have been traditionally 
compared with the Benkelman beam, there is no evi
dence that indicates that this method is any better 
than any other. Thus there is no particular 
to attempt correlations to gain acceptance 
method. 

reason 
of a 

Pavement modeling that uses such approaches as 
elastic layer theory requires feedback from field 
tests that represent the actual behavior as closely 
as possible. Recent work in Europe and in the United 
States has demonstrated that load response using the 
FWD is very close to real-world conditions, and 
hence the FWD is being promoted as the best testing 
system. 

The study reported herein has provided an oppor
tunity to evaluate the relative mer its of two FWD 
systems as well as compare them to other methods. 
Based on the study, the following conclusions appear 
warranted: 

1. FWDs provide a force pulse shape that tends 
to simulate moving wheel loads better than the other 
devices compared in this study. 

2. In a comparison of the two FWDs, the two-mass 
system appeared to have better precision and better 
repeatability qualities (Tables 5 and 6) • 

3. The Dynaflect compared well with other 
devices, both in precision and repeatability; how
ever, it does a relatively poor job of simulating 
full-scale moving wheel loads. 

4. Pavement vibrators compared favorably with 
other devices, except in pavements with soft sub
grades, such as peat. 
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Asphalt Concrete Overlay Design Procedure for 

Portland Cement Concrete Pavements 
STEPHEN B. SEEDS, B. F. McCULLOUGH, and R. FRANK CARMICHAEL 

ABSTRACT 

The development and practical application of a reflection cracking analysis and 
overlay design procedure, which was developed for the Arkansas State Highway 
and Transportation Department, are described. The procedure is mechanistically 
based, but it is calibrated to the performance of experimental overlay sites in 
Arkansas and Texas. The procedure is incorporated into a computer program 
(ARKRC-2) for both existing pavement evaluation and overlay design. It con
siders asphalt concrete overlays and several techniques of reflection cracking 
control that may accompany overlay placement. These measures include bond 
breakers, stress-relieving interlayers, undersealing, and increased overlay 
thickness. The design procedure calls for a program of field measurements of 
vertical and horizontal slab movements to establish the potential for slab 
movement after overlay. Differential vertical slab movements are measured at 
joints (or cracks) by using a light-load deflection device (such as the Dyna
flect) • Measurements of horizontal slab movement are made over 2 or 3 daily 
temperature cycles at several existing joints (or cracks) by using a mechanical 
strain gauge. In the analysis procedure differential vertical slab movements 
are used to characterize load transfer and predict shear strains that will 
occur in the overlay under a simulated 18-kip axle load. Horizontal slab move
ments, on the other hand, are used to predict the maximum daily tensile strains 
that will be generated in the overlay during different seasons of the year. For 
both strain criteria, a fatigue-type approach is used to predict how long the 
overlay will last. A probabilistic distribution is then applied to the hori
zontal tensile (environmental) strain criteria, such that the overlay design 
can be based on a minimum tolerable level of reflection cracking over the de
sign life. For joints (or cracked areas) that have problems with poor load 
transfer and would thus generate excessive overlay shear strains, it is recom
mended that some type of slab repair or under sealing operation be performed. 
(The findings of the original study for Arkansas indicated that other control 
measures such as increased overlay thickness and stress-relieving interlayers 
are not cost-effective compared with remedying the cause of the poor load trans
fer problem.) Besides providing a general description of the analytical models 
and the ARKRC-2 program (which can be adapted to almost any environment in the 
United States), examples of the overlay design nomographs developed for the 
specific construction materials and environmental regions found in Arkansas are 
also presented. 
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In this paper a design procedure for asphalt con
crete overlays of existing rigid pavements is de
scribed. The procedure was developed for Arkansas 
(_!) by extending and calibrating the original FHWA
Austin Research Engineers (ARE) procedure (~l based 
on field measurements and performance observations 
in Arkansas (by the University of Arkansas and the 
Arkansas State Highway and Transportation Depart
ment) and in Texas (by the Center for Transportation 
Research at the University of Texas). The primary 
emphasis of the design procedure is the control of 
overlay reflection cracking through the examination 
of the two principle failure mechanisms: temperature
related horizontal slab movements and wheel-load
related differential slab movements at joints. 

The primary component of the procedure is a com
puter program (ARKRC-2) that uses a mechanistic 
analysis approach to predict the performance of as
phalt concrete overlay alternatives that incorporate 
various crack deterrent measures, including bond 
breakers, cushion courses or other intermediate lay
ers, undersealing, and increased overlay thickness. 
A secondary component of the procedure is one in 
which the computerized portion of the process is 
replaced by design charts and nomographs. These de
sign charts were developed based on a statistical 
analysis of the ARKRC-2 program in which (a) a fac
torial experiment involving the major independent 
variables was designed, (b) the treatment combina
tions were generated by using the ARKRC-2 program, 
and (c) the regression analyses were performed to 
develop the coefficients for the design equations. 
These equations and nomographs are capable of accu
rately considering several of the factors and condi
tions associated with the design of asphalt concrete 
overlays in Arkansas. They are also compatible with 
the AASHTO Pavement Design Guide format, but do have 
their limitations and constraints (beyond those of 
the program) that limit their application in other 
environments. 

This paper is organized such that the analysis 
and design for the two failure mechanisms are con
sidered separately. Within each part a description 
is provided on field data collection, general input 
data, the method of analysis, and use of the design 
charts. Because of the detail that would be re
quired, application of the actual ARKRC-2 program is 
not described. 

OVERLAY DESIGN CONSIDERING TEMPERATURE EFFECTS 

In this design procedure the adequacy of a given 
overlay strategy to withstand reflection cracking is 
established based on two types of failure criteria: 
overlay tensile strain and overlay shear strain. 
Shear strains are basically the result of the poten
tial for differential vertical movements between 
adjacent slabs underlying the overlay. Tensile 
strains, on the other hand, are the result of ther
mal stresses and temperature-related horizontal 
movements of the underlying slab. Because these two 
types of distress mechanisms are both associated 
with the existing concrete pavement, it is possible 
to estimate the amount of influence they will have 
on the development of reflection cracking by making 
some field measurements of concrete movement before 
placement of the overlay. In this section the design 
for considering the effects of temperature-related 
horizontal slab movements on tensile strains and 
reflection cracking in the overlay is described. 

Field Measurements of Slab Movement 

In order to predict the effects of cyclic tempera
ture changes, it is necessary to collect measure-
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ments of slab movement as a function of air temper
a tu re. The recommended procedure for doing this is 
to install metal reference points on both sides of 
several joints (or cracks) in the existing portland 
cement concrete (PCC) pavement and then measure the 
spacing between these points by using a Berry strain 
gauge over a range of air temperatures. To avoid 
some of the other external effects, it is recom
mended that these measurements be obtained at the 
rate of five different temperatures per day for a 
minimum of 2 consecutive days. 

The recommended installation procedure to obtain 
these measurements is to first drill holes on both 
sides of a joint (crack) and securely glue bolts 
into these holes to act as reference points. The 
bolts should have small drilled holes on their heads 
that function as seats for the Berry strain gauge. 
Figure 1 shows the placement of these brass bolts. 
The bolts should be placed out of the wheelpaths 
(preferably 12 to 18 in. from the pavement edge) to 
minimize wheel load disturbance. 

Although it is important to obtain a good sample 
of horizontal movement data from several joints (or 
cracks) in the existing PCC pavement, it is not an 
easy or safe process because of the need for traffic 
control. Consequently, it is up to the user or high
way engineer to determine the number of joints (or 
cracks) that should be measured. It should be recog
nized, however, that the procedure calls for the 
joint (crack) movement to occur over a drop in air 
temperature, and the more locations that are mea
sured, the more likely it is that joints (or cracks) 
with a high reflection cracking potential will be 
considered. For continuously reinforced concrete 
pavements (CRCPs), the measurements must be made in 
areas that exhibit the average crack spacing for the 
overlay design section. 

Figure 2 shows a sample form for collecting the 
horizontal movement data from a single joint 
(crack). The grid at the bottom of the figure is 
provided to allow the user to plot the data after 
recording it. These plots will be used later as an 
aid in selecting design movement data. 

General Input Data 

In addition to the field data needed to characterize 
temperature-related horizontal slab movements, there 
are a number of other inputs that would be con
sidered in a complete or comprehensive ARKRC-2 eval
uation. These other inputs (which are too numerous 
to describe in detail) are summarized as follows: 

1. Existing pavement characteristics, which in
clude pavement type, joint or average crack spacing, 
slab thickness, concrete creep modulus (i.e., elas
tic modulus under creep loading conditions) , thermal 
coefficient, and unit weighti 

2. Reinforcement characteristics, which include 
longitudinal bar diameter and spacing, elastic mod
ulus, thermal coefficient, and bonding stressi 

3. Overlay character is tics, which include over
lay thickness, creep modulus, thermal coefficient, 
unit weight, and bonding stressi 

4. Characteristics of control methods con
sidered, which include bond-breaker width, inter
mediate (cushion course) layer thickness, creep 
modulus, thermal coefficient, and unit weighti and 

5. Environment, which refers to the frequency 
distribution of er i tic al maximum daily temperature 
drops during the year. 
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FIGURE 1 Placr.mr.nt of hrass holts for measurement of horizontal slab movement. 

Project : 

REFLECTION CRACKING AllALYSlS DATA 

HORlZOllTAL SLAB MOVEMENTS 

Location: - ----------------:,----:----------
Joint/crack No, -------,...,.------- Recot"der _______ _ 
Slab Lengths: Upstream aide . Downstream side ____ _ 

Measurement Date Time of Pavement Joint/Crack 

Number Day 
Temgerature Width 

F (inches) 

1 
2 
3 

4 

5 
6 
7 

8 

~ 

10 

11 
12 
13 
14 

I) 

Pavement Temperature, °F 

FIGURE 2 Sample form for collecting horiwntal movement data. 

METHOD OF ANALYSIS (above a joint or crack) can be computed. These 
strains are determined for the different critical 
temperature conditions experienced by the pavement 
during a yearly cycle. A fatigue model is used to 
assess damage during each er itical period. Miner's 
linear damage hypothesis is then used to accumulate 

The basic concept behind the method of analysis for 
temperature-related slab movements is to apply the 
mechanics of force equilibrium in a pavement struc
ture so that critical tensile strains in the overlay 
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<t. 
(midslab) steel reinforement 

F om e Force in overlay at mids lab. 

F sm Force in steel at mids lab. 

Fem Force in conc r e te at midslab . 

F ft = Slab-base frict ion. 

F
0

c Force in overlay at crack (joint). 

F sc Force in s teel at crack. 

FIGURE 3 IDustration of the force balancing method used to achieve 
equilibrium in the pavement structure after overlay for the design 
temperature drop. 

the damage during these critical periods and predict 
the number of years to a certain level of reflective 
cracking. 

More specifically, the field measurements of slab 
movement are first used to characterize the slab
based friction relationship. This relationship is 
then adjusted for conditions after overlay, and an 
iterative process is applied until equilibrium be
tween all forces that act in the pavement structure 
(at a given design temperature) is achieved. A free 
body diagram of this is shown in Figure 3. The force 
in the overlay is ultimately translated into an 
overlay tensile strain by using its thickness and 
creep modulus. The bond breaker shown has the effect 
of increasing the length over which the overlay can 
absorb slab movements and thus reduces the maximum 
tensile strain. A cushion course, which is not shown 
in the figure, can also be considered and has the 
effect of absorbing a significant amount of strain 
(due to slab movement) before it reaches the overlay. 

Because it is recognized that the tensile strains 
that induce reflection cracking come about as the 
result of both direct thermal stresses and the 
temperature-drop-related movements of the underlying 
slab, and because the temperature variations are 
cyclic in nature, the reflection cracking that de
velops in the overlay must be attributed to fatigue 
or the accumulation of damage brought about by cy
clic loading. Therefore, it was considered essential 
that the fatigue damage concept be incorporated into 
the ARKRC-2 analysis and design procedure. The fol
lowing is the fatigue equation that was developed on 
the basis of a calibration of observed overlay per
formance in Arkansas and Texas: 

where 

NT average number of fixed strain cycles 
needed to develop a reflection crack at a 
g i ven location, 

(1) 

ET asphalt concrete overlay tensile strain for 
a given critical temperature drop, 

a 2 -3.70, 
a1 8.072 x lo-4 (EOV)-1.118, and 

EOV asphalt concrete overlay creep modulus 
(psi). 

The consideration of fatigue for a constant cy
clic loading condition is basically simple. A small 
complication is introduced, however, when the ef
fects of a variable cyclic load (such as that re
sulting from varying low temperature drops) are con
sidered. This consideration of variable load effects 
requires the assumption that Miner's linear damage 
hypothesis is applicable to the analysis of fatigue 
in flexible overlays. This is not a bad assumption 
and has been used in several other problems that 
deal with the analysis and design of highway -pave
ments. 

Information on the distribution of daily temper
ature drops for Arkansas was obtained from the Na
tional Climatic Center (NCC). This information was 
collected from a 7-year period (1974 through 1980) 
for both the maximum daily temperature drop and the 
difference between 50° F and the minimum daily tem
perature. The latter data were obtained because a 
study conducted at the Texas Transportation Insti
tute Cll indicated that the primary temperature
related damage suffered by asphalt concrete occurs 
when the temperature is less than 50° F. The results 
of the fatigue equation development verified this 
observation for conditions in Arkansas; therefore 
50° F was selected as a reference temperature for 
calculating the overlay tensile strains. Inspection 
of the Arkansas temperature data from NCC indicates 
that the differences between S0° F and the daily tem
perature are divided into 10-degree frequency ranges 
(classes) that identify the average number of days 
during the year on which the temperature drops a 
certain magnitude less than so• F. The total number 
of days from each range (class) for a given region 
is never equal to the total number of days in a year 
(365) because days on which the temperature stays 
higher than SO ° F are not counted. The seven tem
perature drops and correspondinq minimum temperature 
frequency ranges (classes) considered are given in 
Table l. 

The average temperature drops (less than 50° Fl 
are used by the program to estimate the correspond
ing overlay tensile strains. After these te~sile 
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TABLE 1 Temperature Drops and Corresponding 
Minimum Temperature Frequency Ranges 

R~nge of Ran~e of Avg Temperature 
Temperature Minlinum Drop Below 

No. Drop (°F) Temperature (°F) 50° F 

I I to 10 49 to 40 5 
2 11to20 39 to 30 15 
3 21 to 30 29 to 20 25 
4 31 to 40 19 to 10 35 
5 41 to 50 9 to 0 45 
6 51 to 60 -1 to-10 55 
7 61 to 70 -11 to -20 65 

strains (•Tl i are determi ned for each average 
temperature drop, the fat i gue equation is used to 
estimate the allowable number of cycles [(NTlil 
of a g i ven strain the overlay can carry before it 
cracks. Next, the incremental damage (di) accrued 
each year by each given strain level is determined 
by using the following equation: 

(2) 

where ni is the average number of days during the 
year on which the overlay is subjected to a given 
strain level (•Tl i. Because each strain level 
corresponds to a particular average temperature drop, 
ni is determined from the temperature dis t ribution 
data. 

Next, the yearly damage due to each individual 
stra i n level is accumulated according to Miner's 
hypothesis: 

D 

7 

L ni/(NTli 
i=l 

(3) 

where D represents the total damage experienced by 
the overlay during the course of l year. 

Because by definition "failure" occurs when D is 
equa·l to l.O, the number of years (YT) to failure 
of the overlay can r1nau.y be determined by us i ng 
the following simple equation: 

YT = l.O/D (4) 

It is important to note that because the fatigue 
equation represents an average number of cycles to 
the development of a reflective crack at a given 
location, Y"' represents the number of years to a 
reflection cracking level of 50 percent. In the next 
section on use of the design charts, an explanation 
is given on how YT can be adjusted for a different 
reflection cracking level. 

Use of Design Charts (Tensile Strain Criteria) 

As mentioned previously, the asphalt concrete over
lay design charts for the consideration of tensile 
strain criteria were developed by using a designed 
statis t i cal experimental analysis of the ARKRC- 2 
computer program. Because it was necessary to limit 
the number of factors considered in the experiment, 
the resulting design charts do have certain con
straints and limitations that pertain to material 
properties, construction methods, and climate (en
vironment). Figure 4 shows the design chart recom
mended for overlays on existing jointed concrete 
pavements in one of Arkansas' five climatic regions. 
Similar nomographs were developed for other climatic 
regions and for existing CRCPs as well. (Figure 'i 

identifies Arkansas' five climatic regions). A dis
cussion of the selection of inputs for the nomo
g raphs follows: 
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l. For each joint (or crack) measured and re
corded in the form shown in Figure 2, the user should 
determine the slope (o/oT) of the best-fit straight 
line through the data. On the basis of the inspection 
of the slope values for each line, the user should 
select a data set or series of data sets for use in 
analyzing the pot ent ial for reflection cracking in 
the section characterized by the data set ( s) • This 
means that, for some overlay projects, it may be 
necessary to identify and design different overlay 
sections. In selecting these sections, the user 
should recognize that those that have the highest 
slope values will have the greatest potential ror re
flection cracking (at least from the .standpoint of 
tensile strain) • The user should note too that the 
slope value is the most important characteristic of 
the data and that it is not necessary to separate 
sections that have approximately the same slope but 
different intercepts. Also, because of the inverse 
relationship between joint (crack) width and temper
ature, tC/OT should always have a negative value. 

2. SPACE defines the spacing between the joints 
of a jointed pavement or the average spacing between 
the cracks of a continuous pavement. If the existing 
pavement is CRCP, then the average crack spacing can 
be determined by counting the number of cracks in a 
section of the highway of known length and dividing 
the section length by the number of cracks. It is 
important to note that this information is used in 
conjunction with the horizontal movement data that 
should have been recorded from areas that exhibited 
the average joint or crack spacing. 

3. THOV defines the thickness (in inches) of the 
asphalt concrete overlay and represents one of the 
factors that can be varied in the selection of an 
adequate design for minimizing reflection cracking. 
THOV consists of the combined thickness of all 
binder and surface courses that are considered to 
increase the load-carrying capacity of the pavement 
structure. This variable should not include the 
thickness of any intermediate or strain-absorbing 
layers (such as an open-graded base course). 

4. TH2 is the variable that defines the thick
ness (in inches; of the intermediate layer that will 
be placed before the overlay (TH2 equals zero if 
there is no intermediate layer). An intermediate 
layer represents a material of certain thickness 
placed before the overlay to help minimize reflec
tion cracking brought about by underlying slab move
ments. The layer is different from a bond breaker 
layer in that it is designed to internally absorb 
some of the underlying slab movements before they 
reach the overlay layers. It is not effective in 
reducing reflection cracking brought about by poor 
load transfer across joints or cracks. 

In this design procedure TH2 can have a large 
effect on the critical tensile strain developed in 
the asphalt concrete overlay, particularly if the 
creep modulus of the layer is low. The strain
absorbing open-graded course used in Arkansas is 
such a material, but it does have its thickness 
limits. It can no t be less than 3 in. because some 
of the aggregate particles are as large as 2.5 in. 
Also, because of possible rutting and compaction 
problems, the open-graded course thickness should 
not be greater than 5 or 6 in. Consequently, if the 
user intends to use some other type of intermediate 
layer, care should be taken to ensure that its pos
sible thickness limits are considered. 

After all the necessary data have been obtained, 
the following simple design chart procedure may be 
used to arrive at a suitable asphalt concrete over
lay design alternative that considers the tempera
ture effects on critical tensile strains. (It will 
then be necessary to check this design alternatively 
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FIGURE 4 Asphalt concrete overlay design nomograph for jointed pavements in 
Arkansas Region B. (Caution: Be aware of restrictions on use of this nomograph.) 

FIGURE 5 Five composite Arkansas regions. 
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by using the shear strain criteria discussed in the 
next section) • 

First, the appropriate nomograph is selected 
based on the pavement type and region considered. 
Second, different overlay and intermediate layer 
thickness combinations (THOV and TH2) are tried 
until an opcimum design alternative for tensile 
strain criteria is reached. 

Finally, if the user is interested in either 
using a different failure criteria (other than 50 
percent reflection cracking) or estimating when dif
ferent levels of reflection cracking will be reached 
(based on tensile strain criteria), the following 
procedure may be applied: 

1. Select the level of reflection cracking con
sidered as a limit. This will range anywhere from l 
to 99 percent. 

2. Use the data in Table 2 to determine the 
z-value that corresponds to the selected reflection 
cracking level. 

TABLE 2 z-Values Corresponding to Different 
Levels of Reflection Cracking 

Reflection 
Cracking(%) 

1 
5 

10 
15 
20 
25 
30 
35 
40 
45 
50 

z-Value 

-2.330 
-1.645 
-1.282 
-1.037 
-0.841 
-0.674 
-0.524 
-0.385 
-0.253 
-0.126 

0.000 

Reflection 
Cracking 

55 
60 
65 
70 
75 
80 
85 
90 
95 
99 

z-Value 

0.126 
0.253 
0.385 
0.524 
0.674 
0.841 
1.037 
1.282 
1.645 
2.330 

3. Solve for the number of years (Y) that cor
responds to the desired level of reflection cracking 
by using the following formula: 

Y = (l.585)Z X Y50 (5) 

Dynaflect load wheels 
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where Y50 is the number of years before 50 percent 
reflection cracking is reached (as determined from 
nomographs) , and z is the standard normal variate 
(from Table 2). It should be noted that the accuracy 
of this prediction is decreased for very high or 
very low levels of reflection cracking. 

OVERLAY DESIGN CONSIDERING WHEEL LOAD EFFECTS 

This part of the asphalt concrete overlay design 
procedure is used to check the adequacy of the de
sign (developed in the first part) for the effects 
of wheel load on overlay shear strain. As in the 
first part, the description of this model is pro
vided in four segments: field data collection, gen
eral input data, method of analysis, and use of the 
design charts. 

Field Measurements of Slab Deflection and Load 
Transfer 

Because over lay shear stresses and strains develop 
primarily as a result of differential vertical move
ments at joints (or cracks) between adjacent slabs, 
it is important that some field measurements be made 
before the overlay is placed to characterize this 
distress mechanism. The best way to do this is as 
follows: for a number of joints (or cracks) within a 
given design section, load one side of the joint and 
measure the deflection on both the loaded and un
loaded sides. A light load is desirable so that the 
differential deflections measured will approximate 
those after placing the overlay. The Dynaflect is 
well suited for this measurement and was recommended 
for use in Arkansas. 

Figure 6 shows the recommended position of the 
Dynaflect and its geophones within the lane and with 
respect to the joint or crack. Note that the deflec
tion measurements are taken in the outside wheelpath 
of the outside lane. Note also that the load wheels 
and geophone l are located on the upstream side of 
the joint, whereas g eophone 2 must be detached from 
the mounting bar and placed on the downstream side 

/ 

Geophone 12 detached from 
mounting bar and placed on 
downs treat side of joint, 
directly across from 
Geophone Dl 

Geo phone 
mounting bar 

FIGURE 6 Required positioning of Dynaflect load wheels and geophones for load transfer deflection 
measurements. 
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of the joint, directly across from geophone 1. Read
ings from the other geophones may be recorded, but 
are not required. Henceforth, the deflections from 
geophones 1 and 2 (when in this configuration) will 
be designated as wa, (loaded side) and Wu 
(unloaded side), respectively. 

It is recommended that the deflections be ob
tained during a period representative of the base 
support conditions after overlay. In other words, 
measurements should not be made during spring thaw 
or after a significant rainfall because these satu
rated conditions are not representative of those 
after overlay. Late spring, summer, and autumn are 
probably the best times to obtain representative de
flection measurements. 

In order to achieve good reliability of the re
sults, it is also important to obtain a good sample 
of deflection measurements. The number of measure
ments recommended is dependent on the spacing be
tween the joints (or cracks) and the possibility of 
the use of some type of undersealant to improve poor 
load transfer areas. 

For the case of jointed pavements [jointed con
crete pavement (JCP) and jointed reinforced concrete 
pavement (JRCP)], it is desirable to obtain measure
ments at every construction joint. This is espe
cially true if an under sealant is being considered, 
because certain criteria will be provided later for 
the selection of which joints to underseal. If an 
undersealant is not considered and the joint spacing 
is less than 25 ft, it is probably adequate to ob
tain measurements at every other joint, so long as 
there are not any apparent problems with joint pump
ing. 

For the case of CRCP, it is recommended that de
flection measurements be obtained for a series of 
three to five cracks at intervals of approximately 
200 ft. Intervals of 100 ft are recommended if an 
undersealant is to be considered in areas where 
pumping is observed. 

After the data have been recorded, processing 
should begin by computing the deflection factor 
(Fwl for each joint (or crack) by using the fol
lowing equation: 

(6) 

where Wa, is the deflection on the loaded side of 
the joint, and Wu is the deflection on the un
loaded side. This data reduction is probably best 
accomplished with the aid of a computer. After the 
data are reduced, it is then useful to prepare a 
longitudinal profile plot of Fw versus distance 
along the roadway for later analysis. 

General Input Data 

Besides the field measurements of slab deflection, 
there are some inputs required for the overlay shear 
strain analysis: 

1. Overlay characteristics, which include dy
namic modulus and the combined thickness of any 
binder and surface (wearing) courses; 

2. Intermediate layer characteristics, which 
include the dynamic modulus and thickness of any 
type of cushion course or stress-relieving layer 
placed before the overlay; and 

3. Traffic, which refers to the number of lB-kip 
equivalent single-axle loads that can be expected 
over the design period. 

Method of Analysis 

The design for shear strain in an asphalt concrete 
overlay is based on a theoretical analysis of the 
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Dynaflect deflection measurements made on the slab 
before placement of the overlay (field measurement 
program) • The difference in deflection across a 
joint or crack is indicative of the load transfer 
and therefore the shear forces that will be carried 
by the overlay. Figure 7 shows the Dynaflect load 
and geophone configuration used to give the loaded 
and unloaded deflection values (w1 and wul • 
Figure B shows how these deflection values make it 
possible to estimate the amount of shear force 
(V0 ) that will be carried by the overlay layers. 
The deflections w1 and Wu on either side of 
a joint due to a load P (Figure Ba) can be simulated 
by two forces (P1 and P2) acting separately 
(Figure Bb) • From slab (or beam) theory, the magni
tude of a slab's deflection is directly proportional 
to the applied load; therefore 

(7) 

Because the total force that causes the deflection 
on both sides (P) is equal to P1 + P2 1 and be-

Dynaflect Load 

(upstream side of joint) 

~ geophone #2 

J,--~~'Ooo 0 ~ \j _--------l_l 

original PCC slab 

joint or crack 

direction of traffic 

w 

" 

FIGURE 7 Illustration of Dynaflect deflection load and geophone 
configuration for determining required deflection values. 

PCC Blab 

sub grade 

a) illustration of actual mechanism of load transfer 

PCC slob 

sub grade 

b) model showing effective forces P
1 

and P
2

, which result 
in identical deflections 

FIGURE 8 Load transfer diagrams. 

"u 

w 

" 
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cause the shear force after overlay 
to P1 - P2, the equation can be 
solve for V0 : 

(V0 ) is equal 
rearranged to 

(8) 

The next step in the determination of the maximum 
shear strain is to estimate the shear moduli of the 
overlay layer (s) • This is accomplished by using the 
following equation: 

G = E/2 (1 + v) (9) 

where 

G shear modulus (psi), with Gov for the over
lay and G2 for the intermediate layer; 

E design dynamic modulus of the layer during 
critical temperature conditions (psi) 1 and 

v = Poisson's ratio for the layer (0.30 recom
mended for asphalt cement hot-mix overlay, 
0.35 for open-graded course intermediate 
layer). 

These shear moduli are then used to determine an ef
fective overlay thickness, De (in inches): 

De = THOV + (G2/Govl TH2 (10) 

where THOV and TH2 are the thicknesses (in.) of 
overlay and intermediate layers, respectively. 

Next, the maximum shear stress in the overlay 
layers is determined. If a section (A-A) is taken 
out of the overlay if1 the region where the shea1 
force acts, then the distribution of shear stress 
along that section will be as shown in Figure 9. The 
following general equation defines the shear stress 
at any location along the face: 

T = VQ/Ib 

where 

-r = shear stress (psi) , 
v shear force (lb), 

(11) 

Q first moment of the area above (or below, de-

A 

1 • 
t • ovC!:r la 
~ I 
1 I 

PCC 
A slab 

joint (crack) 

Section A - A 

h 

b 
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I 
b 

pending on the position of the neutral axis) 
the location where strain is desired (in.'), 
moment of inertia (in.'), and 
width of section (in.). 

Note that for equilibrium of a small element taken 
at the top (or bottom) of the section, the shear 
stress must be zero. 

A simplification of this 
estimate the maximum shear 
axis of the cross section: 

Tmax 3V/2bh 

where 

equation can be used to 
stress at the neutral 

(12) 

V v0 , i.e., overlay shear force (lb), 
b width of the section (in.); for purposes of 

the overlay shear calculations, this value 
should be the width of the region of shear, 
which is approximately 25 in. for a dual-tired 
axle; and 

h height of cross section (in.); for the effec
tive overlay thickness (Del for overlay 
shear calculations. 

Next, 
(Yovl is 
tion: 

the maximum shear strain 
determined by using the 

Yov = -rovlGov 

in the overlay 
following equa-

(13) 

where •ov = Tmax• the maximum shear stress in the 
overlay (psi): ~.nd Gov is the overlay shear modulus 
(psi). 

Finally, the overlay life for a given shear 
strain is determined by using a fatigue-type rela
tionship based on asphalt shear strain. Unfortu
nately, the available literature did not provide a 
relationship that could be used effectively in the 
model. Therefore, it was necessary to adapt the 
overlay tensile strain equation (developed in this 
study) to consider the effects of shear strain. This 
was accomplished by using known relationships be
tween tensile and shear stress in the indirect ten
sile test and between normal and shear moduli [note 

VQ 

Tb 

n.n. 
JV 

2bh 

FIGURE 9 Distribution of shear stresses in the overlay. 
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that Equation 14 is from Anagnos and Kennedy <i> and 
Equation 15 is from Timoshenko and Gere (2_)]: 

1 = 2 • aT = 2 • EDV ' 'T (14) 

EDV/ [2 • (1 + "ov> l ( 15) 

where "ov is Poisson's ratio for the overlay. 
Thus, overlay tensile strain can be converted to 
shear strain by using the following equation: 

'T = Yov/ 14 (1 + "ov>l ( 16) 

Then, when this is substituted into the tensile 
strain fatigue equation and rearranged to solve for 
allowable overlay shear strain, the result is the 
following equation (which assumes a value of 0.30 
for Poisson's ratio of the overlay material): 

Yov = o. 7587 • (EDV)-0.3002 • (NT)-0.2703 (17) 

where NT= DTN18, the design 18-kip equivalent 
single-axle load (ESAL) applications that will be 
carried by the overlay before the development of re
flection crackingi and EDV is the dynamic modulus of 
the overlay material (psi) . 

This section has thus far described the mechanics 
of the shear strain model in predicting the allow
able 18-kip ESAL traffic. The design model incorpo
rated into the ARKRC-2 program is based on the same 
concepts, but is formulated in reverse order. The 
user specifies a design 18-kip ESAL traffic and a 
possible overlay strategy and the program back-cal
culates a critical deflection factor (Fwl. This 
factor is then used to single out the joints (or 
cracks) that are particularly damaging and may re
quire structural maintenance to reduce the potential 
for generating reflection cracking after overlay. 

EXAMPLE: DTN18 e 10 · 106 applicat lons 
EDV = 614,000 psi _4 
solution : Yov = 1.73 · 10 ln/in 
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FIGURE 10 Nomograph for estimating allowable 
overlay shear strain. 
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Thus if the Fw value for a given 
calculated by using Equation 6 [Fw = 
wµll is greater than the critical Fw, 
ommended that that joint or crack be 
fore placing the overlay . 

joint (crack) 
(w2 - Wµ) / (w1 + 
then it is rec
undersealed be-

use o f Desig n Charts (Shear Strain Cr i ter ia ) 

Because of the simple form of the overlay design 
equation for shear strain criteria, it was possible 
to develop a series of nomographs in which all of 
the independent variables (factors) are considered. 
In this final section of the second part of the de
sign procedure a description of how the design 
charts should be applied is given. 

First, with the overlay dynamic modulus (EOV) and 
the design traffic (OTN18) , use Figure 10 to esti
mate the allowable overlay shear strain. Then with 
the trial design (from tensile strain criteria), use 
the allowable overlay shear strain to determine the 
allowable deflection factor from Figure 11. Finally, 
draw a horizontal line on the longitudinal plot of 
the deflection factor that indicates the level of 
the allowable deflection factor (as shown in Figure 
12). If inspection indicates that a point or series 
of points exceeds the allowable deflection factor, 
then it will be necessary to either underseal those 
joints or use an increased overlay thickness. The 
design for the latter may be accomplished by reusing 
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EXA11PLE: 

EDV = 614,000 psi 
THOV • 3 in. 
ED2 • 20,000 psi 

"TH2 - 4 in. _4 Yov-1.73·10 in/in 

solution: F = 0.24 
w 
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0 -Nomograph Solves: F,., • 7.123·10-4 · Yov (EDV·THOV + 0.963·ED2 · rn 2) 

FIGURE 11 Nomograph for determining allowable deflection 
factor. 
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Region of joints 
which require un
ciPTRPa 11 na or 

increased overlay 
thickness 

1500 

Distance Along Roadway (feet) 

FIGURE 12 Graph of field deflection factors for 50-ft JCP illustrating application 
of ARKRC-2 maximum deflection factor in detecting joints that will cause 
premature reflection cracking in the overlay design considered. 

Figure 11 with various increased levels of overlay 
thickness (THOV) • 

SUMMARY 

A new procedure that has been developed for the de
sign of asphalt concrete overlays on existing PCC 
pavements is described. The procedure uses a mecha
nistic analysis to evaluate field measurements of 
slab movement and predict overlay performance in 
terms of future reflection cracking. The method has 
been incorporated into both computerized and design 
chart (nomograph) procedures. The computer-based 
procedure considers several methods of controlling 
r~fl~cticn cracking. l".lthcugh the 
equation is based on environmental conditions in 
Arkansas and Texas, the procedure is suitable for 
calibration and adaptation in almost any environ
ment. The design chart procedure described is based 
solely on environmental conditions and construction 
practices common to Arkansas, but it is po~siblc to 
develop similar nomographs for conditions in other 
states. 
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Project-Level Structural Evaluation of Pavements 

Based on Dynamic Deflections 
WAHEED UDDIN, A. H. MEYER, W. R. HUDSON, and K. H. STOKOE II 

ABSTRACT 

The framework of a structural evaluation system for pavements, which is based 
on the mechanistic evaluation of dynamic deflection data, is described. The 
computer program RPEDDl has been developed for the evaluation of dynamic de
flection basins measured on rigid pavements by nondestructive testing devices 
(a falling weight deflectometer and a Dynaflect). The analysis models presented 
in this paper include (a) a self-iterative procedure to determine in situ mod
uli of pavement layers, assuming a layered linearly elastic mediumi (b) a self
iterative procedure for determining nonlinear strain-dependent moduli of gran
ular layers and subgradei and (c) a procedure for predicting fatigue life and 
existing structural capacity. A methodology has been developed to eliminate any 
need for assuming initial values of moduli. This has also improved efficiency 
of the self-iterative basin matching procedure and ensured unique values of the 
in situ moduli. Implementation of the proposed computerized evaluation proce
dures also provides a rational way to delineate sections for rehabilitation de
sign. 

Nondestructive testing (NDT) for structural evalu
ation of pavements is an important part of selecting 
rehabilitation and reconstruction strategies in the 
project-level pavement management process. The de
velopment of mechanistic overlay design procedures 
<1-l> has placed more emphasis on obtaining in situ 
material properties by analyzing deflection data. 
The realization that pavement response is affected 
by applied stress level, rate, and mode of loading 
and demand for faster and easier test methods have 
led to the development of several other types of NDT 
devices, such as the road rater and the fallinq 
weight deflectometer (FWD) • The widespread use of 
applying a mechanistic approach to structural evalu
ation of pavement has resulted in (a) the measure
ment of deflection basins by recording dynamic de
flections at more than one point during the test, 
and (b) the application of multilayered linear
elastic theory for analyzing the measured basin to 
derive in situ Young's moduli, assuming a pavement 
model as shown in Figure 1. 

In this paper investigations performed for devel
oping a computerized structural evaluation system 
based on dynamic deflection basins are described. A 
computer program [RPEDDl (a rigid pavement struc
tural evaluation system based on dynamic deflec
tions--ver sion 1.0)] has been developed and is de
scribed in this paper. 

r. 
Semi lnf1nil 

or 
E = Young 's Modulus 
/Jo= Poisson's Ratio 

Variable ----------.--

(JJ 

Rigid Botrom Assumed 1f 
T4 is F1mte 

FIGURE 1 Multilayer linearly elastic model of 
pavement. 

37 

NDT DEVICES AND DYNAMIC DEFLECTION BASIN MEASUREMENT 

Only the Dynaflect and the FWD are considered in 
this study. Standard configurations of load and de
flection sensors (geophones) for the Dynaflect are 
assumed. Detailed descriptions of the Dynaflect and 
the test procedure are given elsewhere (4,5). The 
Dynaflect applies a sinusoidal vibrating lo;d of a 
1,000-lb peak-to-peak amplitude through two steel 
wheels that are 20 in. apart. Peak-to-peak surface 
deflections are measured by five geophones spaced 12 
in. apart, with the first geophone located midway 
between the loading wheels. The radial distances of 

the geophones from each loading wheel are 10.00, 
15.62, 26.00, 37.36, and 49.03 in. Basically, the 
FWD applies an impulse load by dropping a known mass 
from a predetermined height on a loading plate, which 
is assumed to be 11.8 in. in diameter in this study. 
An array of seven geophones is assumed in this re
search. The sensor at the center of the loading plate 
meaoureo maximum deflection. Other geophones are as
sumed to be 12 in. apart, with radial distances at 
0.0, 12.0, 24.0, 36.0, 48.0, 60.0, and 72.0 in. 

FWD results are presented graphically as a de
flection basin in this paper, plotted with radial 
distances as abscissas and normalized deflections as 
ordinates. FWD deflections are normalized with re-
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spect to a 1,000-lb force to remove the influence of 
test load variations on deflections. 

NOT EVALUATION OF IN SITU MODULI 

An NOT devic e positioned far from the pavement edge 
and midway between two transverse joints or cracks 
can be used for the purpose of in situ material 
characterization and structural evaluation. Uddin et 
al. (6) have reported that Dynaflect deflection 
basins-measured this way on continuously reinforced
concrete (CRC) pavements were practically free of 
temperature effects. A review of existing practices 
for the evaluation of deflection data and formula
tion of the self-iterative model developed in this 
study is presented in the following sections. 

Review of NOT Evaluation Procedures 

A detailed review of the published research on back
calculating moduli of two- or three-layer pavements 
using deflection basin parameters and layered theory 
is presented by Uddin et al. (7). A summary of de
flection basin parameters is presented in Table 1. 
Finite element models have also been used by some 
researchers (8). These methods were generally devel
oped by assuming fixed values of some parameters. 
Basin parameters do not use all the information that 
can be extracted from the use of the complete de
flection basin. Another limitation is that each pro
cedure has been developed for a specific NOT device 
and for some specific ranges of moduli. Generally, a 
bottom layer is assumed to be semi-infinite, which 
can result in considerable overestimation of error 
in the subgrade modulus if a rock layer exists 
within 20 ft (9). These considerations are often 
overlooked when - a user applies these procedures in 
practice. 

Inverse application of layered theory by fitting 
a measured deflection basin with a predicted deflec
tion basin using an iterative procedure is the most 
promising method for calculating in situ moduli. In 
the past few years a number of self-iterative com
puter programs have been developed that use this ap
proach, as summarized in Table 2. Some of the major 
features of these self-iterative procedures are as 
follows: 

1. Generally these procedures are designed to 
handle only flexible pavements. 
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2. Semi-infinite subgrade is assumed in nearly 
all procedures. Effects of the existence of a rigid 
layer at a finite depth of subgrade on computed de
flections and derived moduli are not addresged in 
the development of these methods. 

3. Corrections to the derived moduli for non
linear behavior of granular layers and subgrade are 
not considered in these procedures, with the excep
tion of OAF and ISSEM4. 

4. All these procedures are user dependent as 
far as the influence of initially assumed moduli on 
the convergence process and final moduli is con
cerned. 

5. Dynamic aspects of the dynamic deflection 
data and effect of loading mode are ignored in all 
these procedures. 

Research related to the self-iterative procedure 
developed in this study is presented in the follow
ing section. 

Parameters Affecting Deflection Basin 

To be precise, NOT data should be evaluated by using 
a dynamic analysis model. Dynamic loading on a pave
ment surface causes disturbances in the pavement 
subgrade system. If the pavement subgrade system is 
assumed to be linearly elastic, then a true dynamic 
analysis is possible by the application of the 
theory of stress wave propagation in layered elastic 
media. This theory is already being applied in the 
evaluation of dynamic moduli and layering in a pave
ment by the spectral analysis of surface waves <!>· 
At the present state of knowledge, the layered lin
early elastic theory can be used for mechanistic 
interpretation of dynamic deflection basins for all 
practical purposes. Therefore, the ELYSM5 computer 
program was selected for structural response analy
sis in this study. 

Young's Moduli 

A parametric study to investigate the sensitivity of 
theoretical deflection basins to the rate of change 
of moduli for a rigid pavement was performed in 
earlier research work (4). In that study one of the 
E values was varied by ±100 percent whereas the 
other E's were fixed at their original levels. 
Thicknesses and Poisson's ratios were fixed at con
stant values. An i nteresting c onclusion was t ha t a 

TABLE 1 Summary of Deflection Basin Parameters (7) 

Parameter 

Dynafiect maximum deflection (DMD) 
Surface curvature index (SCI) 

Base curvature index (BC!) 

Spreadability (SP) 

Basin slope (SLOP) 
Sensor 5 deflection (W 5 ) 

Radius of curvature (R) 
Deflection ratio (Q,) 
Area, in inches (A) 
Shape factors (F 1, F 2 ) 

Tangent slope (TS) 

Definition" 

DMD;d1 
SCI; d1 - d2 

BC!; d4 - ds 

SP= \I. ~di /Sd 1)\ x 100 
1=1 to S 

SP;( :Edi /4d 1)xl00 
1=1 to 4 

SLQP;d1 -ds 
Ws; ds 
R; r2 /l 2·dm [(dm/d,)- 11} 
Q,; rfdo 
A; 6[1+2(d2/d1) + 2(d3/d1) + (d4/d1)l 
F 1 ; (d1 - d3)/d2 
F2 ; (d2 - d4)/d3 
TS; (dm - dx)/x 

NDT Deviceb 

Dynaflect 
Dynaflect, road rater 

model 400 
Dynaflect 

Dynafled 

Road rater model 2008 

Dynaflect 
Dynaflect 
Benkelman beam 
FWD, Benkelman beam 
Road rater model 2008 
Road rater model 2008 

8 d =deflection; subscripts 1, 2, 3, 4, 5 =sensor locations; o =center of load; r = radJe.l distance; m =maximum deflection; x =dis
tance of ta nge nt point rmm the point of maximum deflection. 

bThe NDT ditwlce for whlcll lhe deflection parameter was originally defined. 
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TABLE 2 Summary of Self-Iterative Procedures for Evaluation of Pavement Modulus from Deflection Basins (7) 

Layered 
Procedure Pavement Model Theory Program 
Title Source (n = no. of layers) for Analysis NDT Method Input Output 

•• Anari and Wang, 1979; Pennsyl- Four layers, flexible BI SAR Road rater 400 d1 E 1 , E2 , E3, E4 
vania State University i =I to 4 

ISSEM4 Sharma and Stubstad, 1980; Four layers, flexible ELSY MS FWD di E 1 to E4 for four layer 
Dynatest i =variable input 

CHEVDEFb Bush, 1980; U.S. Army Corps of Four layers (not to exceed CHEVRON Road rater di Ei 
Engineers Waterways Experi- number of deflections) 2008 i = l to j =I ton 
men! Station maximum 4 

(i =I + n) 

OAFC FHWA, 1981; Resource Inter- Three or four layers, ELSY MS Dynaflect, road di Ei 
national flexible rater, or FWD i =variable j = l to 3 or j = l to 4 

(overlay thickness) 

INVERSE Hou, 1977; University of Utah n=* CHEV SL di Ei 
i =variable j =I ton 

• Tenison, 1983 Three layers, flexible Chevron's Road rater di Ei 
N LAYER 2000 i= I to 4 j = 1 to 3 

RPEDD!d Uddin et al., 1984; University of Three or four layers, rigid ELSYMS Dynaflect, d1 Ei 
Texas FWD i = l to 5 or j = 1 to 3 or 4 

i = l to 7 (remaining life) 

FPEDDld Uddin et al., 1984; University of Three or four layers, ELSYMS Dynaflect, di Ei 
Texas flexible FWD i = 1 to 5 or j = I to 3 or 4 

i= l to 7 (remaining life) 

Note: • = not known or available. 

8
Thickness, Potnon ".i" ratio, lnlli~ I Hied u todulus of each layer (except the thickness of bottom layer) ere requfred input. Allowable ranges of moduli are also requfred. 
di= deflectlQfl te(ld(ng mea~ur~J n1 J l h sousor, 

bean be easlly morllfli:d to handla o t her Nrtr devices. 
c Another program, OAR, has also been developed recently by the same researchers (for rigid pavement overlay design). 
dThese procedures arc. d.:1-'eloped in the pre.semi study ( 7). 

deflection basin is least sensitive to a change in 
the moduli of intermediate layers and highly sensi
tive to even a small change in the subgrade modulus. 
It is inferred from this study that, to obtain a 
best fit, a change in the modulus of the ith layer 
( t.Ej) can be pre d i c ted from the d isc repancy 
(t.djl between an original deflec tion a nd its 
present value that corre s ponds to the j th s ensor . 
For a four-layer rigid pavement, the following con
ceptual relationships are formed for later use in 
the convergence process designed for the self-iter
ative model: 

t.E4 ~ f(Mjl (1) 

where dj is the deflection at the 5th sensor of 
the Dynaflect and the 6th or 7th sensor of FWD, 

t.E3 ~ f (t.dk) (2) 

IE2 f(M1 1 Mk) (3) 

where dk is the deflection at intermediate sensors 
located between the first and last sensors, and d1 
is the deflection at the first sensor (maximum de
flection), and 

(4) 

A cycle of iterations starts by predicting the ap
proximate change in the subgrade modulus and then 
proceeds to the corrections of the moduli of upper 
layers. This is the basis of an algorithm developed 
for the convergence process. 

Thickness Tnfnrmation 

The other important input parameter that influences 
theoretical deflection response is thickness. De
flection basins were calculated by varying the orig
inal thickness of a layer by factors of 2 and 0. 5 
while keeping all other input data fixed at original 

levels. This study indicates that, if design thick
nesses are assumed for deflection basin analysis, 
slight variations in actual thicknesses of interme
diate layers are not as critical as those of the 
surface concrete layer. 

Development of a Self-Iterative Model 

Assumptions 

A set of simplified assumptions is necessary to val
idate the application of layered theory for deter
mining in situ moduli from deflection basins. The 
assumptions can be separated into two groups: 

1. Assumptions inherent in the use of layered 
linear-elastic theory to calculate pavement re
sponse. These are related to material properties, 
thickness information, boundary conditions, and so 
forth. 

2. The second group of assumptions is required 
for NDT evaluation of a pavement in existing condi
tion. 

• The existing pavement is considered to be 
a layered elastic system (Figure 1). Therefore, 
the principle of superposition is valid for cal
culating response because of more than one load. 

• The peak-to-peak dynamic force of the Dy
naflect is modeled as two pseudo-static loads of 
500 lb each uniformly distributed on circular 
areas (each 3 in. 2 ). The peak dynamic force of 
the FWD is assumed to be equal to a pseudo-static 
load uniformly distributed on a r.irr.nlar area 
represented by the FWD loading plate. 

Thickness of each layer is assumed to be 
known and exact. 

• Subgrade is to be characterized by as
signing an average value to its modulus of elas
ticity. 
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Methodology 

A methodology has been formulated to determine in 
situ moduli based on a best fit of measured deflec
tion basin within reasonable tolerances. The method
ology relies on the iterative use of a procedure of 
s uccessive correction until a best f it of t he mea
sured basin is obtained. 

To start with, deflections are calculated from 
the initial input values of moduli (referred to as 
seed moduli in this study). The first cycle of iter
ations is equal to the number of layers in the pave
ment. In each cycle the first iteration is made to 
correct the subgrade modulus. ELYSM5 is then called 
to calculate theoretical deflections. Correction is 
then applied to the modulus of the next upper layer 
and ELYSMS is again called to calculate theoretical 
deflections. The procedure of successive correction 
is continued until moduli of all layers have been 
checked for correction. Then another cycle of itera
tions starts again from the subgrade layer. The re
lationship used in the procedure of successive cor
rection is given in the generalized form 

where 

(5) 

corrected value of Young's modulus of ith 
layer, 
value of Young's modulus of ith layer in 
the previous iteration (for the first it
eration it is seed modulus), 
correction factoi fu r ith layer, and 
discrepancy between measured deflection 
and predicted deflection (using Ei value) 
of kth sensor(s) as percentage error. 

Only one-half of the discrepancy is meant to be 
removed in each iteration. Correction factors (CORRi) 
are based on the parametric study described earlier. 
Iterations are stopped when one of the following 
criteria is reached: (a) the maximum absolute dis
crepancy between calculated and measured deflections 
is equal to or less than the permissible tolerance, 
(b) any correction in a modulus value causes the 
discrepancies between calculated and measured deflec-

3 Layer - Pavement 4 Loyer- Povemenl 

PC Concre1e PC Cone re le 

S1obilized or Granular Sutt>ase AC or Slat>lhted Bose 

Subgrode . ~Granular Subbmc 
Semi Infinite or Variable Thicness) Subgrode 

{Semi Infinite or \AJrioble Th~c:knessl 

F1GURE 2 Typical rigid pavements analyzed by 
RPEDDl. 
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tions to increase, or (c) the allowable number of 
iterations is maximum. 

Description of BASINR 

Subroutine BASINR is the self-iterative procedure to 
determine in situ modul i. The procedure can be used 
to analyze three- and four-layered pavements (as il
lustrated in Figure 2). The provision for a default 
procedure to obtain seed moduli from input data is 
an important part of BASINR and a significant im
provement over other self-iterative procedures. 
Three types of tolerances allow ELYSMS calculations 
to be skipped if the change in a modulus value is 
insignificant. The program is also designed to 
handle a rig id layer at some finite depth of sub
grade. 

Uniqueness of NOT-Based In Situ Moduli 

A severe limitation in any deflection basin fitting 
method is the nonuniqueness of derived moduli. In 
addition, a basin matching procedure is generally 
sensitive to initially assumed seed moduli, espe
cially if these values are drastically different 
from actual moduli. The approach used in this study 
to obtain a unique set of in situ moduli is to use 
the default procedure for seed moduli. Predictive 
equations have been developed for the Dynaflect and 
the FWD. Numerous theoretical deflection basins were 
generated for combinations of pavements based on a 
fractional factorial design (Table 3). The theoreti
cal basins were later used to develop nonlinear pre
dictive equations for Young's modulus (EiJ of each 
layer, with R2 values ranging from 0.7 to 0.99. 
The provision for default seed moduli eliminates 
guesswork in selecting seed moduli and ensures a 
unique result. 

Applications 

The use of default seed moduli also results in fewer 
iterations for convergence. Generally, two to eight 
iterations are sufficient to reach a unique set o f 
moduli. For valida t i on of BASINR, theoretical de
flection basins generated by ELYSM5 with preselected 
moduli were used to predict moduli. An example for 
the Dynaflect is shown in Figure 3 <2>· Moduli cal
culated from a theoretical FWD deflection basin are 
shown in Figure 4 (7). In both examples zero values 
for seed moduli were-entered in the inputs. 

NONLINEAR MODELING OF GRANULAR MATERIALS AND SUBGRADE 

Stress-Depe ndent Moduli 

Characterization of the nonlinear behavior of granu
lar materials and subgrades is normally based on 

TABLE 3 Fractional Factorial Design to Generate Deflection Basin Data for Development of 
Moduli-Predictive Equations 

Factors 

T, Tz T3 E4 E3 E2 E1 
(in.) (in.) (in.) (psi) (psi) (psi) (psi) 

Levels 
Low 8 0 6 5,000 30,000 100,000 2,000,000 
Medium 10 4 9 15,000 150,000 500,000 4,000,000 
High 13 8 12 45,000 450,000 1,000,000 6,000,000 

Semi-infinite PCC Base Sub base Esubgrade Esubbase Eaase Epcc 
subgrade in thickness thickness thickness 
all cases 

Note: Full factorial= 3?; 1/9th fractional factorial= 35 = 243 combinations; PCC = portland cement concrete. 

iii --
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Pavement 
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6-111Cement-Treated 

~ 
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6-n Granular Subbase 40, 000 

Semi-Infinite Subgrade 15,000 

Young's Modul ( e"') 
~!!!J I ~ Defoull Seed 

0 2,88Q,953 

0 263,467 

0 41,942 

0 13,981 

FIGURE 3 Young's moduli evaluated from a 
theoretical Dynaflect deflection basin (7). 

Predicted 

2,88Q953 

263,467 

37,510 

14,594 

laboratory tests from which the relationship between 
resilient modulus (MR) and some stress parameter 
is determined. Review of research in this area can 
be found elsewhere (2, 8, 10-15) • A stress-stiffening 
model is generally n-;;eded to characterize granular 
materials where MR is a nonlinear function of bulk 
stress (sum of principal stresses). On the other 
hand, subgrade is characterized by a stress-soften
ing model in which MR is a nonlinear function of 
deviator stress. Uddin et al. (1) have discussed 
several limitations in using these procedures: 

1. For certain combinations of pavement moduli, 
layered elastic theory predicts tensile stresses in 
granular layers even if gravity stresses are also 
considered (14). Researchers (14,16) have used a 
failure criterion or arbitrary procedures to over
come this problem of tensile stress. 

2. There is a large scatter in MR relation
ships obtained in the laboratory because of the in
fluence of degree of saturation, water content and 
density, and so forth. Discrepancies may also arise 
from using total stress instead of effective 
stresses. 

3. The discrepancies in current characterization 
procedures have been recognized (12_) and attributed 
to laboratory MR characterization of granular 
materials. 

Uddin et al. <2> have discussed the possibility 
of using concepts developed in soil dynamics and 
geotechnical earthquake engineering to evaluate non
linear moduli without using laboratory MR rela
tionships, as presented in the following section. 

Equivalent Linear Analysis 

Major findings from research related to the evalu
ation of the dynamic shear modulus (G) for use in 
soil dynamics and geotechnical earthquake engineer
ing (16-19) are summarized in the following list: 

1. Shear modulus (G) is a function of shear 
strain amplitude. 

2. The primary parameters that affect Gare shear 

strains (y), mean effective principal stress cO'mi, 
void ratio (e) , number of cycles of loading (N) , and 
degree of saturation of cohesive soils. 

3. There is a threshold strain amplitude (Figure 
5) below which dynamic shear modulus is strain inde-

Radial Distance From Load, in. 
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FIGURE 4 Young's moduli evaluated from a 
theoretical FWD deflection basin (7). 
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FIGURE 5 Typical relationships of 
normalized modulus versus shear 
strain for granular and cohesive 
soils. 

214,592 

41,283 

14,807 

TABLE 4 Maximum Shear Strain Response Under Different 
Loading Conditions 

Maximum Shear Strain"(%) 
from ELSYM5 Output 

41 

Loading Condition 
At Mid-Depth of 
Subbase Layer At Top of Subgrade 

Single-axle 18-kip design load b 
FWD (9,000-lb peak force, radius 
of loading plate; 5.9 in.) 

Dynaflect° 

5.227 x 10-3 

5.592 x I o-3 

5.381x 10-4 

5.419 x 10-3 

5.683 x 10-3 

5.729 x 10-4 

Nole : T llo rigid pilvornan1 u'od In flit ruuilysis is divid~d as foJlows: top lnycr- purtlt:md 
Ct'lntt!'U I ccmcrcue, 10 In, rl1lek, 4,000,000 1111 Youns•s. moduluJ: '2nd la)lcr-11rphaB eon· 
crcro bjUih 4.0 in. lhickJ 2.00,000 psi Young~ modulus: 3rd tb'yer- gr:muli:ir .t.ubb11sci, 6".0 
lo. I hick, ?S,000 pd Younf1 mmJutUJ 1 r::md 4th laye_r-sub&,Hld_,, a~ml-fnflnhe ·1hlc::knc$s:. 
30.000 ps..l Younsfs motlulu~. 

• b Lnrgf!JJC of 1111 values under th o Joa din& conn~1.m:1.Ho11, 
c: l)u.,1 whocb, 13.1 In. ~tnlCr 10 cenlar; ?5 1)~1 lire prct$ure; 4,500 lb per wheel. 

F'or Dyrh10ro:ot, equivalent .sing.le amplltudc ' hro.r Sf rain is half of the value given in each 
c:.alum 1.1. 

pendenti it is typically referred to as Gmax. Mod
uli associated with higher strain amplitude are 
strain sensitive. 

4. Dynamic shear moduli data for gravelly soil 
are similar to that for sand, and an approximately 
unique curve can be obtained on a nondimensional 
plot of G/Gmax versus shear strain (17), as illus
trated in Figure 5. Stokoe and Lodde (.!§_) present 
similar curves for cohesive soils using the resonant 
column test. 

5. If Gmax is known, then G associated with 
any higher shear strain amplitudes can be determined 
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from Figure 5. Gmax can be obtained in the field 
with seismic tests (like the crosshole or downhole 
tests) or by the surface wave technique. 

Therefore G/Gmax data can be translated to 
E/E11111 Jj: data (~) • The strain-softening behavior is 
exhibited by granular materials as well as by co
hesive soils. In terms of NDT e,1aluations, varying 
strain amplitudes are associated with Dynaflect, 
FWD, and design loads (Table 4). It is observed 
that, at higher peak force levels, the peak shear 
strain amplitude generated by the FWD are approxi
mately the same as those under the design load. In 
other words, in situ moduli derived from an FWD basin 
(at 9000-lb peak force) are the effective nonlinear 
moduli and need no further correction. 

These concepts can also be extended to pavement 
analysis because G and E are related by the follow
ing relationship for a homogeneous and isotropic ma
terial: 

E = 2G(l + µ) (6) 

where µ is Poisson's ratio. 

( __ 111_:"'-..,M,..!_~_· __ ) 

l•t•blhb Dllptb• vbHe Maxi.am 
lh•ar ltrein ie to be Celculated, 

I ( ) fr- IAIIll • x ( ) 

If DO u1e, tpec fied de1ign load ct.ta; then 
a••11mm default deti load dat• (Table 5). 

Dyna fleet 

lnitiali&• 
BUG • 0 

ICIAM • O.O 
!SOIL • O.O 

Print: • 
>-~~--._, Mo lquivalent 

Linear Analyei 

Loop to Correct Moduli from aASlRR 
U1in1 Ronlinear Strain Softenina Kod1l1 

Call ILSYM5 to Calculate Pav .... nt 
8-i•pon11 under D11i1n Load 

Call SHSTl.l to Burcb for tha Lar1e1t of 
Naai .... lhaar Strain Val1111 and Coovert It 

to lquival•nt linal• Aaplitulle Val111 in Percent 
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U•ina Rormalia•d Nodulu• ver1ua lb••r Strain Curv•• 
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l• tlal £Y•r... of lloolulu• ia tbie 

and ta. Prec1adi111 It9retioo 

FIGURE 6 Simplified flow diagram for equivalent linear analysis to determine nonlinear strain-sensitive 
moduli of granular subbase and subgrade. 
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If IRAL ( ) • I ( ) 

l•t•bli•b IFIRAL ( ) by 
Uain& lonlin• ar llocluli in 
Inaitu Moduli from a.811'1. 

Call ILSY5 to Calculata 
final ll91pon1a U1in1 lfIIAL ( ) 

under tb• D•aian Load 

1. Saarcb for .. z iaum 1urfac• deflection (•ill). 

2. Saarch for .. zi .... ten1ile •tr••• at 
tbe bottom of concrete layer, 

3. Saarcb for .. ai•1111 bulk atr••• comput• d 
from ILS'llCS output (at •iddeptb of 
1ubb"• layer), 

4. S.arcb for ..aim ... deviator 1tre11 at th• 
top of 1ub1racle; computed internally 
from ILSYMS output, 

FIGURE 6 continued. 

However, in situ Young's moduli calculated for 
nonlinear granular materials and subgrade from a 
Dynaflect deflection basin are associated with low 
amplitude shear strain and can be considered as 
Ema~. A se l f-iterative p r ocedure based on an 
equivalent l ine a r analysis (s ubr outine ELANAL) has 
been developed for the evaluation of nonlinear mod
uli by using the E/Emax versus shear strain rela
tionships of Figure 5. A simplified flow diagram of 
ELANAL is shown in Figure 6, 

EVALUATION OF STRUCTURAL CAPACITY 

Remaining life analysis is performed for the evalu
ation of structural capacity, ELYSMS is called to 
calculate maximum horizontal tensile stress (crcl 
at the bottom of the concrete layer under the design 
load that is then corrected for pavement discontinu
ities by using t he critical stress p arameter (cpl 
recommended by Seeds et al. (21). Past lB-kip equiv
alent single-axle load (ESAL) data (n1s> and flex
ural strength data (~) are required as additional 
input. Remaining life analysis is based on the ap
proach used by several researchers (.!.,21): 

(7) 

where RL is the remaining life (percent) and Nie 
is the maximum number of le-kip ESAL applications. 

STOP 
and UTIJIJI 

IPIDDl 

Nie is calculated by using the following equation 
developed for the fatigue of concrete pavement (~) : 

Nie= 46,000[S/(cp • acll3.0 (e) 

where S and ac are in psi. 

APPLICATION AND IMPLEMENTATION OF PROPOSED STRUCTURAL 
EVALUATION SYSTEM 

A simplified flow diagram of RPEDDl is shown in Fig
ure 7. The final output of RPEDDl is a table, which 
may be detailed (with the results of the remaining 
life analysis) or in summary form (without traffic 
and remaining life data). RPEDDl is capable of ana
lyzing 50 deflections in one run. 

The general practice of an NDT evaluation--to 
analyze an average deflection basin obtained from 
all the basins measured in a design section--is not 
recommended for the application and implementation 
of RPEDDl. Figure e shows an example of analyzing 
deflection basins measured on a CRC pavement. The 
evaluation of individual deflection basins provides 
the user with a global look at the tested pavements. 
The tabulated results, printed in output, can be 
plotted as shown in Figure 9. A remaining life pro
f ila (Figure 9, top) can be used to identify sec
tions that should be considered for an overlay anal
ysis if the remaining life is below a threshold 
limit (e.g., 40 percent). Plots of subgrade modulus 
(Figure 9, bottom) can be used to delineate design 
sections. Finally, design moduli based on mean and 
standard deviations in each design section can be 
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READ NUMBER OF PROBLEMS, NSYM 

~~~~~~~~--11~READ INPUT DATA 

CALL BASINR 
(SELF ITERATIVE PROCEDURE 

TO CALCULATE YOUNG'S MODULI) 

PRINT ITERATIONS AND SUMMARY 
OF BEST ITERATION 

CALL ELANAL 
EQUIVALENT LINEAR ANALSIS OF SUBGRADE, 

GRANULAR SUBBASE MODULI 

CALL RRLIFE 
REMAINING LIFE ANALYSIS 

NSY • NSY + 1 

PRINT TABULATED RESULTS 
FOR EACK TEST LOCATI ON 

FIGURE 7 Simplified flowchart of RPEDDL 

determined for later use in a mechanistic overlay 
and rehabilitation design program such as RPRDS (21) • 

CONCLUSIONS 

A complete framework for NDT evaluation of rigid 
pavt!mt!nts has Ut!t!u presented in this paper. The com
puter program RPEDDl has been developed in this 
study for evaluation of dynamic deflection basins 
measured by the Dynaflect or the FWD. The principal 
conclusions based on the research presented in this 
paper are as follows: 

1. The self-iterative model yields unique mod
uli, is not user dependent, and eliminates guesswork 
in assuming seed moduli. 

2. NDT evaluation of nonlinear moduli of gran
ular and cohesive materials using the concept of 
strain sensitivity is a rational approach. It also 
eliminates the derivation of laboratory MR rela
tionships. 

3. Guidelines for the application and implemen
tation of RPEDDl provide the user with a global look 
at the structural condition of pavement, variability 
of in situ moduli along the pavement, overlay analy
sis, selection of design sections, and design moduli 
for later use in comprehensive overlay design. 
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CRCP- 10 in. P.C . Concrete 
4 in. A.C. BaH 

6 in Lim• Treated /FWD J 
---~~:~~~;~~~-----...1'----J 

Mean: 
CV : 

----------------------, 

Mean : 
CV : 

392,467 
25.8% 

Dynaflect ~ 

Mean: 214,400 135, IOO 

---------~cv:.___ 34.7% 
41.8% 

---------------~ ---

-----------
Mean : 
CV : 

Dynaflect~ 

36,673 45,043 
25.1% 15.3% 

---------

1175+00 1225+00 

Station 

FIGURE 8 Evaluation of in situ moduli from deflection basins 
measured on a CRC pavement (SH-71) at Columbus, Texas. 
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FIGURE 9 Application and implementation of 
RPEDDL 
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using a similar approach, another computer pro
gram, FPEDDl--a flexible pavement structural evalua
tion system based on dynamic deflections--has been 
developed: it is described elsewhere (2_). 
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ABSTRACT 

In this paper a procedure is described that obtains the elastic moduli of both 
flexible and semi-rigid pavements from tests carried out with a falling weight 
deflectometer (FWD) • The pavements are schematized as an elastic four-layer 
body. For bituminous and hydraulic-bound layers, a linear elastic law was 
adopted, whereas a nonlinear elastic law was used for unbound layers (subbase 
and subgrade). The behavior of a large number of pavements subjected to the FWD 
load was analyzed by using a finite-element model. A wide range of layer thick
nesses and moduli were included in the pavement sections tested. From this 
analysis and by using the multiple regression technique, it was possible to 
determine analytical functions between deflections and moduli. The procedure 
allows an evaluation of the moduli of the different pavement layers by using 
these functions and the deflections measured under the FWD load. An example of 
a practical application of this procedure to the elastic characteristics of 
semi-rigid pavements of some Italian motorways is presented in the paper. 

To optimize the use of available resources, agencies 
in charge of the management of roads are increas
ingly concerned with the need to develop a program 
of pavement maintenance operations that provides the 
most cost-effective strategy. Therefore it is essen
tial to define carefully the structural condition 
(bearing capacity) of the pavements. 

For the purpose of evaluating the structural con
dition of pavements, it is possible to use different 
types of load tests. Currently the use of dynamic 
tests, carried out by means of stationary load (vi
brators) or impulse load (falling weigh ti instru
ments, has become common. In comparison to the dy
namic load applied to the pavement, the latter are 
light in weight and are convenient to use (1) • 

A way of estimating the bearing capacity is to 
use the deflection values, obtained by tests carried 
out with the falling weight deflectometer (FWD), to 
determine the real elastic character is tics of pave
ment materials. On the basis of these deflection 
values it is possible to evaluate the pavement re
maining life in terms of fatigue distress (2-5), 

The objective of this study is to defin;-; method 
that determines the elastic characteristics of pave
ments. Specifically, a method suitable for the flex
ible and semi-rigid pavements that exist on the 
Italian motorways network was the goal Cirll. 

DETERMINATION OF ELASTIC CHARACTERISTICS 

The basic data are represented by the deflections of 
the pavement produced by the Dynatest 8000 FWD (Fig
ure l) • The deflections are measured by means of 
seven geophones (Figure 2), one of which is placed 
at the center of the plata; the others are installed 
on a bar placed radially from the center of the load. 
The following distances were chosen: 

Transducer l d1 0 mm 
Transducer 2 d2 300 mm 
Transducer 3 d3 450 mm 
Transducer 4 d4 600 mm 
Transducer 5 ds 900 mm 

Transducer 6 d6 
Transducer 7 d7 

1200 mm 
1500 mm 

Because of the degree of accuracy with which the ma
chine measures the deflection values (±2 µm) and 
the high stiffness of the pavements to be examined, 

FIGURE 1 View of the FWD. 

FALLING WEIGHT 

GEOPHONE 

DEFLECTION 
BASIN 

FIGURE 2 Deflection basin of the FWD. 

--
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it was decided to carry out measurements with the 
maximum possible load (falling height H = 400 mm). 

The deflection (6dil measured at a point of 
the pavement located at a di distance from the cen
ter of the plate is a function of the elastic char
acteristics of the materials that make up the lay
ers, of the layer thickness, of the load applied, 
and of the di distance. 

As a general rule, it is assumed that 

(1) 

where 

odi deflection at the point located at di dis-
tance, 
Jth elastic characteristic of the Kth 
layer material, 
thickness of the Kth layer, and 
load applied. 

Once the analytical forms of such relations have 
been found, they can be used to obtain the elastic 
or geometric characteristics of pavements on the 
basis of the measured deflection values. In the case 
of the FWD, there are seven deflection measurement 
positions: therefore it is possible to determine up 
to seven unknown characteristics. 

CALCULATION MODEL 

The determination of the odi functions was ac
complished by using the deflections obtained by sim
ulating with a computer the behavior, under the FWD 
load, of a large number of pavements varying in me
chanical characteristics and thickness. 

The first problem was the selection of the calcu
lation model to be adopted. Measurements carried out 
with the FWD at three different falling heights and 
three different load values indicated that the pave
ments had a nonlinear response. This means that there 
is nonproportionality between the load applied and 
the strain measured (see Figure 3). Therefore it was 
necessary to use a nonlinear elastic model to analyze 
pavement behavior. 

It was assumed that the granular materials that 
form the subbase and the subgrade had a nonlinear 
behavior and that their stiffness changed from point 
to point according to the state of stress ( B-11) • 
The model used was the nonlinear elastic multilayer 
structure: the analysis was carried out using the 
finite-element method (~-16) and the Nonlinear 
Structural Analysis Program (NONSAP) (.!.2_, 18) • New 
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FIGURE 3 Deflection of the pavement surface as a 
function of the load applied by the FWD. 
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subroutines were added to this program to schematize 
the behavior of nonbound road materials. 

The basis of the finite-element technique ( 19, 
~) is the replacement of a continuous elastic 
structure with a number of finite dimension ele
ments. For elements with nonlinear behavior, it is 
necessary to increase the external load time in 
increments, recalculating each time the stiffness as 
a function of the state of stress of the previous 
step (step by step) • In the analysis it is implic
itly assumed that within a load step the constitutive 
law of the material can be considered linear: there
fore the smaller the increase, the more this is true. 

ELASTIC CHARACTERISTICS OF MATERIALS 

All of the pavement types examined have been re
ferred to the behavior of an elastic four-layer 
body. In the case of flexible pavements, the thick
ness of the first layer includes the wearing course 
and the binder, and the second layer represents the 
bitumen-bound base course. In the case of semi-rigid 
pavements, the first layer represents all the bitu
men-bound layers and the second layer represents the 
cement-treated-base layer. The third and the fourth 
layers correspond to the subbase and the subgrade, 
respectively. Therefore the following laws were 
adopted: 

1. A linear elastic law (E = const, v = const) 
for the materials that form the bound layers (as
phalt concretes and cement-treated materials): and 

2. A nonlinear elastic schematization [E = E(o), 
v = const] for unbound materials (granular mixes 
in subbase and subgrade layers). 

The analytical forms of the relations between 
elastic modulus and the material state of stress 
were chosen on the basis of the experimental rela
tions determined by different researchers on the 
subject of materials subjected to states of dynamic 
triaxial stress <2.-10). The following law was 
adopted for the elastic modulus (E3) of the mate
rials that form the subbase layer: 

EJ = K1,subbase • I1K2,subbase 

where 

(2) 

K2,subbase 
K1,subbase 

first invariate of the tensor of 
stresses (3 times the average stress) 
(these values are expressed in terms 
of total stresses, and compressive 
stresses are assumed to be positive), 
exponent larger than zero, and 
modulus that corresponds to the 
state of stress characterized by 
I1 = 1. 

For the modulus of the subgrade (E4) , the follow
ing law was adopted: 

E4 = K1,subgrade • (01 - o3)K2,subgrade 

where 

01 
03 

K2,subgra<le 
K1,subgrade 

maximum principal stress, 
minimum principal stress, 
exponent smaller than zeror and 
modulus that corresponds to the 
state of stress characterized by 
( 01 - 03) = 1. 

(3) 

Thus a linear behavior takes place in both laws when 
the exponent is equal to zero. For I1 + O, EJ + 0 and 
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for (a1 - a3 ) + O, E4 + ~, this is unacceptable from 
the physics point of view. The validity of these 
laws, therefore, was limited to following fields: 
I 1 > 0.01 MPa and (a 1 - a1) > 0.01 MPa. A factor in 
the - selection of these limi ta is that experimenta 1 
tests in stress fields lower than these limits have 
apparently not been carried out. The values of the 
moduli determined at such limits are assumed to be 
valid for all the lower field (Figure 4). It is 
finally to be noted that the values of the stresses 
introduced in the calculation take into account the 
actual weight of layers. 
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GEOMETRIC CHARACTERISTIC OF THE MESH 

After the characterization of materials, the geo
metric definition of the problem was considered. A 
load test on a plate must be simulated. Toroidal 
elements with rectangular radial cross sections were 
used to form a model that has axial symmetry (21). 
In order to determine the optimal configuratio~of 
the "mesh" (i.e., its size, the size of the ele
ments, and the position and type of constraints at 
the boundary), the deflections for different geo
metric configurations were calculated (see Figure 
5). This analysis has produced the following general 
indications: 

l. It is advisable to use elements whose side 
lengths (L) meet the conditions 5Lmin ~ Lmax• and 

2. It is opportune to use a mesh that fulfills 
the condition (Figure 6) 4Ymax ~ Zmax• 

On the basis of these results a configuration 
that permits a stable solution without exceedingly 
long calculation times was chosen (the time in
creases as the mesh is subdivided into smaller ele
ments) • A stable solution is one that produces de
flections as close as possible to those that would 
be produced by a more subdivided "mesh." The charac
teristics of the configuration adopted (Figure 6) 
are the following: 

1. Size of the mesh: Ymax = 400 cm, Zmax = 750 
cm; 

2. Size of the elements: side length ratio <Imin/ 
Lmax ~ 1/5) in the areas with high stress gradient; 
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3. Number of horizontal nodes (19) i and 
4. Number of vertical nodes (21). 

APPLIED LOAD 

The FWD applies a load to the pavement that rises in 
a short time from 0 to the maximum value with a vir
tually sinusoidal trend. In the computer simulation 
the same load increase law was adopted. The minimum 
number of steps into which the load must be sub
divided in order to obtain a stable solution was 
found to be seven. As a maximum load, the value that 
corresponds to a pressure of 1450 kN/m 2 on a 30-
cm-diameter plate was assumed. This is the average 
value obtained with the FWD at a falling height of 
400 mm. 

RANGE OF ELASTIC AND GEOMETRIC CHARACTERISTICS 

By using the model briefly described, it was possi
ble to determine the deflection values for pavements 
whose elastic and geometric characteristics vary 
within fixed limits. The upper and the lower limits 
of each variable were chosen according to the pave
ment types, the materials, and the environmental 
conditions of the motorway network (see Table 1). 

TABLE 1 Elastic Characteristics of Variables, 
Scanned Ranges 

Elastic 
Layer Characteristic Maximum Minimum 

Surface course E1 (MPa) 10,000 1,000 
V1 0.30 0.45 

Base course E2 (MPa) 8,000 1,500 
V2 0.35 0.45 

Subbase course Ki(MPa)l-K2 500 10 
V3 0.35 0.50 

Subbase course K
2 

(adim .) 1.00 0.10 

Subgrade K1 (MPa)I-K2 400 10 
V4 0.40 0.50 

Sub grade K
2

(a dl m .) -0.10 -1.00 

Each of these ranges was then scanned. The analy
sis included nine variables: six refer to the layer 
elastic characteristics: 

E1 modulus of the 1st bound layer, 
E2 modulus of the 2nd bound layer, 

K1,subb 1st nonlinear constant of the subbase, 
K2,subb 2nd nonlinear constant of the subbase, 
K1,subg 1st nonlinear constant of the subgrade, 

and 
K2,subg 2nd nonlinear constant of the subgradei 

and three refer to the layer thicknesses: 

H1 thickness of the 1st layer, 
H2 thickness of the 2nd layer, and 
H3 thickness of the 3rd layer. 

The values of the Poisson ratios were connected, ac
cording to a proportionality relation, to the values 
of the moduli or of the K1 coefficients. 

If all the pavement schemes resulting from the 
combination of all the variables involved had been 
examined, the deflection values from a few million 
cases would have been calculated. Because the exami
nation of such a large number of cases would have 
required a long time, their number was limited to 
about 3,500. These combinations were chosen so as to 
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examine the whole range of each variable and exclude 
those that are unlikely from the physics point of 
view. 

DETERMINATION OF odi FUNCTIONS 

The next step of this study was to find, on the basis 
of the computer simulation results, the analytical 
form of the relations between the deflection values 
and the geometric and elastic characteristics of 
pavements. It was possible to write the seven de
flection functions in the following form: 

0di = 0diCE1, v1, E2, v2, K1,subb• K2,subb• 

v3, K1,subg• K2,subg• v4, Hi, H2, H3) (4) 

where the symbols have the meanings previously de
scribed. If the following assumptions are taken into 
account: vi = f(Eil or vi = f(K1l, then the previous 
expressions can be represented as follows: 

0di = 0di(E1, E2, Kl,subb• K2,subb• K1,subg• 

K2,subg• H1, H2, H3) (5) 

By using the multiple regression technique (22), it 
was poss ible to find the expression of the odi 
func tions that best fit the available data and met 
the condition that in all seven functions (measured 
deflections at the seven geophones) the independent 
variables have the same form. The imposition of this 
constraint simplifies the algorithm for the determi
nation of the elastic characteristics. To obtain the 
functions that produce as little residual as possi
ble, the input data were subdivided into groups. 
This subdivision was done on the basis of the odl de
flection value at the center of the loading plate. 
The groups have a 200 µm width and cover the range 
O to 2000 µm. 

The optimal form of the functions obtained in the 
range 0 < odi .S. 200 is given here as an example: 

logl0°di = aio + ai1Ei0 •4 + ai2E2°· 4 

1 K + K1 • 5 
+ ai3 oglO l,subb ai4 2,subb 

K0.5 0.8 
+ ai5 l,subg + ai6K2,subg 
+ ai7log10H1 + aialog10H2 

+ ai9H)l (6) 

The aij coeffic ients, with j varying from 0 to 
9, are given in Table 2, together with the multiple 
correlation coefficients. 

PROCEDURE FOR THE DETERMINATION OF THE ELASTIC 
CHARACTERISTICS 

The seven relations thus obtained can be easily made 
linear by means of opportune variable substitutions. 
This produces the following type of relation: 

~i = aio + ai1X1 + ai2X2 + ai3X3 + ai4X4 

+ ai5X5 + ai6X6 + ai7X7 + aiaXs + ai9X9 (7) 

( i = 1, 2 ••• 7) 

where 

f (E1), 
f(E 2) , 

f (K1, subb) ' 
f (K2,subb)' 
f (K1,subgl' 
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TABLE2 Regression Coefficients 

Position 

1 
2 
3 
4 
5 
6 
7 

Coefficient (ctij) 

~o Q!! 

3.79549 20.54139 
4.15608 
3.88933 
3.49727 
2.66276 
2.09894 
1.76472 

f(K2,subgl • 
f(H1), 
f(H2), 
f(H3), and 
f (6di). 

5.4167 
3.29009 
1.93323 
0.53259 
0.25548 
0.22652 

0!!2 

20.28920 
9.29284 
3.53888 
0.83324 

-2.44696 
-1.94043 
-1.05182 

Cl'.!J a!"! 

-0.29050 -0.08299 
-0.35625 -0.10659 
-0.32385 -0.10179 
-0.25615 -0.08685 
-0.09323 -0.04428 

0.00647 -0.02203 
0.04400 0.00565 

The deflections obtained by means of the FWD are 
included in the seven previous relations together 
with the thicknesses H1r H2, H3, which can usually 
be obtained from the design data. Another seven 
equations of this kind are thus obtained: 

a11X1 + ai2X2 + a13X3 + ai4X4 + ai5X5 

+ ai6X6 = Ci 

(i z 1, 2 ••• 7) 

wher" 

(8) 

The complete series of these seven equations forms a 
system where the six unknown quantities are repre
sentative of the elastic characteristics of the 
pavement being considered. 

Because the number of equations is larger than 
that of the unknown quantities, this system does not 
allow a solution. A different approach was then de
vised so as to obtain the elastic characteristics of 
the pavement. For this purpose it was necessary to 
set the condition that the sum of the square of the 
differences between the first and the second number 
of each of the seven equations (Equation 8) is kept 
minimal. such sum, called s, is necessary to mini
mize the following quantity: 

(9) 

The previous condition is transformed into required 
conditions through the partial derivatives of S(X1 1 

••• , X6), which can be expressed by means of the 
following formula: 

(10) 

(K 1, ••• 6) 

By imposing the condition of a minimum value for 
S(X1r X6l, it is possible to determine the 
elastic characteristics of the road pavements with 
the help of a simple desk computer (PA.STR.EV. Pro
gram) • For this purpose it is possible to use the 
computer installed on the deflection measuring 
equipment. 
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Coefficient 
of Multiple 

a!s o:i6 O'.f7 O'.tt "';~ C.orrelM.inn 

-0.00297 -0.09884 -0.32069 -0.31931 -0.22259 0.96421 
-0.00509 -0.16611 -0.24143 -0.25143 -0.19759 0.96777 
-0.00636 -0.21087 -0.13816 -0.14479 -0.19006 0.97915 
-0.00754 -0.25449 -0.05093 -0.05055 -0.20079 0.98929 
-0.00887 -0.30286 0.04110 0.04726 -0.22521 0.99555 
-0.00855 -0.28312 0.04726 0.05051 -0.12022 0.99719 
-0.00735 -0.22472 0.02989 0.03034 -0.46531 0.99717 

COMPUTERIZED PROCEDURE 

Figure 7 shows the flowchart that describes the 
automatic procedure used. The input for NONSAP was 
automated by means of two programs (COMBINE and 
GENERA). The result of the NONSAP processing--the 
printouts (stored on file 1)--are scanned by the 
READER program, which extracts the data necessary to 
perform the regressions and checks them with the 
initial data (file 2). The SELECT program organizes 
these data by dividing them into groups on the basis 
of the value of the 6a1 deflection. A regression 
analysis (REGRESSION program) was then performed, 
with the results obtained (stored in file 3) being 
used by the PA.STR.EV. program. The outputs of this 
program are the values of the elastic characteris
tics of the materials. 

RELIABILITY OF THE PROCEDURE 

A series of tests was carried out to verify the re
liability of the procedure. The tests consisted of 
comparing the initial elastic characteristics (used 
by NONSAP) with those resulting from PA.STR.EV., 
starting from the deflections calculated by NONSAP. 
These tests indicated that with the level of accu
racy currently achieved by the regression functions, 
the differences between initial and calculated val
ues amount to about 15 percent. This result can be 
accepted if it is considered that some verifications 
done with the NONSAP program revealed that differ
ences of this size lead to smaller stress variations 
(7 percent less). 

FREQUENCY AND TEMPERATURE OF ASPHALT CONCRETE 

For a complete characterization of asphalt con
cretes, which are materials with visco-elastic be
havior, it is necessary to know the frequency and the 
temperature associated with the moduli obtained by 
means of the FWD. To determine the frequency of ap
plication of the FWD, load measurements were made on 
a test section on the Nardo by-pass (23) • By using 
the strain-gauges installed at the bottom of bitumi
nous layers, it has been possible to follow the 
trend of the strains produced by the FWD impulsive 
load over time. Figure 8 shows an example strain
versus-time diagram obtained from the tests carried 
out; the measurement point in this case was on the 
perpendicular line that crosses the center of the 
loading plate. On the basis of these measurements, 
it was possible to evaluate the frequency of appli
cation of the FWD load; a value of 8 Hz was found. 
The temperatures considered applicable from the E1 
and E2 moduli are the average temperatures of the 
two layers that are assumed to constitute all of the 
bituminous pavement layers. It is possible to deter
mine such average temperatures when the gradient of 
the temperature related to depth inside the pavement 

--
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the load applied by the FWD (the peaks following the first are caused by 
the bounces of the falling weight). 
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is known. For this purpose, the temperatures at the 
pavement surface and at a point located at a depth 
of about 5 cm were measured at the time of the test. 

are given in Tables 3 and 4, which relate to new and 
restored pavements, respectively. The data irt Table 
3 indicate that the cement-treated-base moduli of 
new pavements, for which the material was mixed in a 
plant with a cement content of about 2.5 percent), 
was in the range of 5000 to 6000 MPa. EVALUATION OF CEMENT-TREATED-BASE MODULI BY FWD 

An interesting practical application of this method 
was the evaluation of the moduli of cement-treated 
bases in semi-rigid pavements. 

The moduli of pavements with cement-treated bases 

This table also gives the elastic modulus of a 
layer obtained with a high-furnace-slag and lime 
mix. The elastic modulus of the layer was found to 
be quite high, ranking around 10 000 MPa. 

In Table 4 data on two cement-treated bases (the 
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TABLE 3 Moduli Evaluated with PA.STR.EV. Program-New Pavements 

Percentage of 
Temperature of Cement in Modulus of Modulus of 

Ycais After Asphalt Cemeut Mix Bituminous Cement-Treated 
Motorway Construction Concrete (° C) Layer Layers (MPa) Base (MPa) 

Ai4" II 3 2.S il,560 5,138 
A30 6 25 2.S 5,912 5,312 
Nardo test track 4 35 2.5 2,493 5,965 
Al4 8 24 a 2,640b 9,561 

:20 percent slag plus 1 percent hydrated Ume. 
Cracked layers. 

TABLE 4 Moduli Evaluated with PA.STR.EV. Program- Restored Pavements 

Temperature of 
Time After Asphalt 

Motorway Restoration Co11crete (°C) 

Al 6 days 43 
Al 8 days 34 
Al 3 months 20 
Al 2 months 22 
A4 2 years 17 

material was mixed in situ during a deep restoration 
work) with a high cement percentage are given. The 
modulus develops during the phase of mix hardening 
from a value of about 2500 MPa (about 1 week after 
its construction) to a value ranging between 4500 
and 7000 MPa (approximately 3 months after its 
construction) • 

The final example refers to a restored pavement 
with an in-plant mixed cement-treated base. In this 
case transverse cracks were found every 50 cm. Thus 
the elastic modulus is rather low in comparison with 
the previous values (about 2000 MPa) • 

CONCLUSIONS 

The most immediate use of the FWD appears to be re
lated to the field of maintenance operations on dis
tressed pavements, for which an optimum rehabilita
tion strategy must be selected. Once the real 
structural condition of the pavement is determined 
by means of the described procedure, it is possible 
to calculate the remaining pavement life on the 
basis of the stress distribution induced by traffic 
loads and by considering the pavement as a homoge
neous section. 

It is also possible to evaluate the remaining 
life that corresponds to different maintenance oper
ations and to evaluate which is more likely to be 
successful. Planning of the preferable maintenance 
operations may follow. Another use of the FWD proce
dure is in recording the evolution of the elastic 
characteristics as a function of the traffic of the 
materials volume. Finally, this method can be used 
as a check on just constructed or restored pavements 
to determine compliance with new specifications 
regarding materials moduli. 
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Influence of Relative Rigidity on the Problem of 

Reflection Cracking 

A. 0. ABD EL HALIM 

ABSTRACT 

Reflection cracking of bituminous overlays on rigid pavements has been known 
for a long time, and many studies have been conducted based on theoretical and 
experimental investigations. As a result a number of solutions were tried, but 
in most cases performance was reported as poor to fair. A recent investigation 
oriented toward the use of a plastic mesh to reinforce asphalt pavements 
resulted in the development of a new analytical approach that helps explain the 
actual causes of reflection cracking in bituminous overlays. The new approach 
adopts the principle of "relative rigidity• to analyze the pavement structure 
at the time of construction. Results of the analysis have indicated that the 
critical interface is the one at the top surface of the softer hot asphalt 
layer. In addition, the analysis points out the importance of selecting dif
ferent types of compactors to keep the integrity of the underlying rigid layer. 
Finally, the analysis emphasized that experimental investigations must consider 
the critical conditions that occur at the time of construction. 

As a result of an experimental program to investi
gate the effectiveness of plastic geogrid reinforced 
pavement (_!.-l_l , a number of on-road and off-road 
paved trials were planned and carried out, including 
two test locations in southern Ontario. (Note that 
data on the test locations are from two unpublished 
reports: R.C. Haas, "Notes on the Problems of In
stalling Tensar Geogrid in Asphalt Pavement Con
struction," March 29, 1983; and A.O. Abd El Halim, 
"Report on Tensor Mesh Paving Trial," December 8, 
1981.) Some of the problems encountered were buck-
1 ing of the mesh, cracks after the completion of 
compaction, and separation between the mesh and the 
asphalt. Preliminary analyses were conducted to find 

out what happened and how these problems could be 
overcome. If brief, the analysis indicated that two 
types of actions were the main contributors to the 
observed problems. The first type of action was 
caused by certain properties of the reinforcing 
layer, such as temperature effects, inadequate ten
sion, and imperfection of the geometry of the mesh 
(still in initial stages at the time of the test 
trials). The other type of action was caused by the 
interactions among the compactor, the reinforcement 
layer, the asphalt layer, and the subgrade. It 
should be added here that several gr id types were 
used in the second trial (off-road), including dif
fering heat setting treatments, and different ten-
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sion methods and fastening techniques. Observations 
of the problems in the latter trial suggested that 
the main cause of the problems was the interaction 
between the aforementioned components rather than 
the undesirable properties of the reinforcement. 

Based on these observations, a third trial was 
carried out. (No te that data are from an unpublished 
report by A.O. Abd El Halim, J. Gough, and R.C. 
Haas, "Off-Road Paving Trials with Tensar Geogrid at 
Genstar Quarry, Burlington, Ontario, April 27-28, 
1983," May 5, 1983.) The third trial differed from 
the previous two trials in the type of the subgrade 
under the reinforced layer. Although the underlying 
layer in both previous trials was relatively rigid 
(cold asphalt layer in the first and concrete layer 
in the second) , the subgrade in which the third 
trial was carried out was soft clay. Observations of 
the third field trial suggested that most of the 
problems encountered on the other two sections were 
overcome. It is too early to claim that all the prob
lems have been solved; nevertheless, the results 
were encouraging. 

The most important conclusion drawn from these 
field trials was that a more in-depth analysis has 
to be conducted on to the exact structure at the time 
of construction (e.g., type of compactor, order of 
rigidities of the layers, and subgrade conditions). 

It is postulated in this paper that investigating 
the pavement structure at the time of construction 
could provide important answers to one of the most 
troublesome problems facing the pavement engineers 
today, namely, reflection cracking. The role of rela
tive rigidity or stiffness mismatch in the compo
nents of the structure are postulated as a primary 
contributor to these problems. 

RELATIVE RIGIDITY OF PAVEMENT STRUCTURE 

The transfer of stresses among the various compo
nents of a multiphase elastic material or a multi
component elastic structure is influenced by the 
relative stiffness characteristics of the separate 
components. The influence of relative rigidity on 
the load transfer characteristics can be illustrated 
by a flexible plate resting on an elastic soil mass 
subjected to a uniform load distribution at the sur
face (Figure 1). The relative rigidity between the 
plate a nd the elastic soil mass is governed by two 
basic parameters: the modular ratio Ep/Es, where Ep 
is the modu l us of elasticity of the plate and Es is 
the elastic modulus of the s oil1 and the r atio t/a, 
where t is the thickness of the plate and a is its 
radius. When the primar y mode of load transfer be
tween the plate and the soil mass is flexural inter
action between the plate and the soil m~ss, the 
dominant relative rigidity parameter R takes the 
form (i_): 

F = (Ep/Es) (t/a). 

When 
as a 

R became large (i.e., R >>l) the plate 
rig id plate, and as R becomes small 

(1) 

behaves 

RIGID PLATE 

--

FIGURE 1 Stress and deflection distribution. 
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<<l) the plate exhibits flexible characteristics. The 
relative rigidity between the plate and the elastic 
soil medium affects the mode of load transfer between 
the two systems and results in disp lacement and 
stress distributions in the plate and the soil 
region. Figure 1 shows the typical contact stresses 
that will be observed at the plate-soil mass inter
faces as the relative rigidity of the system varies 
from the flexible to the rigid case. 

The pavement structure is also a system in which 
several components interact, and this interactive 
response is influenced by the relative rigidity 
characteristics of the various components. In the 
case of a new asphalt layer on top of a rigid con
crete layer, the components include the subgrade, 
the rigid layer, the compacted and uncompacted hot 
asphalt, and the compaction device. At different 
stages of the construction of the pavement struc
ture, the relative rigidity between the various com
ponents changes. 

THEORETICAL MODELING 

Figure 2 shows the four time stages that the exist
ing pavement structure experiences. Case I repre
sents the conditions just before overlay construc
tion has started (time T0 ). It can be seen that 
for this case the top layer is more rigid than the 
underlying layer, as indicated by the rigidity coef
ficients R1 and R2, respectively (R1 > R2). 

This structure would be capable of transferr'i.ng 
the applied stress due to the traffic load from the 
upper rigid layer to the underlying more flexible 
layer. Thus the first assumption is 

1. In order to transfer stresses and strains 
between successive layers, the rigidity of 
the upper layer must be larger than the sec
ond upper layer, i.e., Ri > Ri+l for 
all layers in the structure. 

At the time of overlay construction [time T1 
(Case IIj], a different structure is developed. 
First, one more layer with lower rigidity is added 
to the existing structure; the hot asphalt layer 
clearly has a low value of rigidity when compared 
with the rigidity of the concrete layer. It is there
fore postulated here that the structure in Case II 
represents a distorted system as far as the first as
sumption is concerned. As a result of this distortion 
in the order of stiffness in relation to the load's 
direction, the second assumption is as follows: 

2. For any layered system, the addition of 
one or more layers on top of a given sup
porting structure would not result in any 
significant increase of the total rigidity 
of the system if any of the additional 
layers has a lower rigidity than the rigid
ity of any of the existing layers. 

As shown in Figur e 2 (Case II;, R2 oi: i:.ne hot 
asphalt layer is expected to be much smaller than 
R1 of the concrete. As a result of this second 
assumption, the total rigidity of the system in Case 
II would be less than the total rigidity of the sys
tem in Case I, although more thickness was added. 
However, at this stage in the construction, the 
structure in Case II is in stable condition because 
loads have not been applied onto it. As the compac
tion of the asphalt starts, a complex situation 
results. The use of a steel compactor would result 
in a more distorted structure because of the immedi
ate existence of a high rigid body on top of a struc
ture of lower rigidity. Because of assumption 2, the 

ii .. .. 
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FIGURE 2 Four time stages of a new asphalt overlay. 

distortion of the order of rigidities (R1oad > Rasp 
< Rconct > Rsubl of the system in Case II, the third 
assumption could be stated: 

3. For a distorted system, if a load is 
applied whose rigidity is extremely higher 
than the immediate underlying layer, defor
mation or "failure" should be expected to 
occur in this layer. 

In other words, for the structure shown in Case II 
at time T2, the top layer (hot asphalt) with the 
smaller value of R will deform under the effect of 
the steel compactor. This deformation is in addition 
to the compacting effect produced by the imposed 
stresses. Furthermore, it is postulated that this 
deformation is independent of the stress value and 
only occurs because of the extremely high relative 
rigidity of the steel compactor in addition to the 
disorder observed in the rigidities of the pavement. 
Clearly, this hypothesized deformation could take 
different modes or shapes, such as cracks, separa
tion, or waving. 

In the following section these assumptions are 
thoroughly investigated and verified by using a mul
tilayer elastic computer program called BISAR !2l. 

APPROACH OF VERIFICATION 

The approach for treatment of the pavement structure 
in the light of the theoretical discussion is based 
on the principle of distortion or failure caused by 
the disorder of the system rigidities. Therefore, 
the following steps were carried out to verify the 
presented theory: 

1. Establish a criterion that relates distortion 
to relative rigidity, 

2. Use the results of step 1 to prove the con
cept of disorder rigidities versus matched rigidi
ties, 

3. Demonstrate that this concept is independent 
of the value of the applied load on the pavement 
structure, and 

4. Indicate how to apply this theory once it is 
approved to the problem of reflection cracking. 

Distortion Criterion 

In mechanics it is well-known that the radius of 
curvature of a deflected beam is a function of both 
the stiffness of the beam and the computed moment. 
For simplicity of the analysis, a coefficient termed 
n, which indicates the distortion criterion, is 
defined as "the slope of deflection of the deflected 
interface tan 0 used instead of the radius of cur
vature i then for one layer a coefficient n would 
represent the ratio between tan 01 and tan 02 for the 
two interfaces of the layer in question, as shown in 
Figure 3." 

From the definition, 

(2) 

Clearly, when n = 1, the structure could be evalu
ated as sound (e.g., case of a simple beam), 
and when n f 1, the structure is distorted. 

For the values of n < 1, the failure is at the 
location of tan 01 (i.e., upper interface) and 
when n > 1, the failure is expected to be in the 
bottom interface. It is worth noting here that sim
ple beams that fail in tension would have r 1 > 
r 2 at the time of failure (i.e., n > 1). 

Distorted Versus Stable Structures 

The coefficient established in the previous step was 
used in the analysis of more than 60 different pave
ment structures (1). Figure 4 represents the geome
try and variables considered in this step. The 
results of this analysis are shown in Figure 5. It 
is clear from the figure that two different systems 
exist. The first is group A, which represents the 
stable structures with relative rigidities in order 
(i.e., Ei > Ei+1>, whereas the structures in group B 
represent distorted systems and therefore need to be 
corrected. The value of n for structures in group 
B is less than 1, which indicates failure at the top 
interface (i.e., surface of the structure). 

Influence of Stress 

The third step of the analysis was carr led out to 
investigate the effect of increasing the load value 
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and in turn the applied stresses on the computed 
value of a. As expected, the coefficient a 
proved to be independent of the value of the stress, 
as shown in Figure 6. This verifies the third as
sumption. 

The results of these three steps could be sum
marized as follows: 

1. The discussed theoretical modeling is sound; 
2. The existence of a distortion in the pavement 

structures because of the disorder of the layer ri
gidities is proved; 

3. The problem is not stress associated; there
fore, reducing or increasing the loads has no effect 
on the output; and 

4. The value of a in all the analyzed struc
tures was less than unity, which indicates that the 
upper interface is a distorted one. 

The presence of a soft layer with lower rigidity 
can be represented by the practice of overlaying 
cement concrete pavement at the time of construc
t ion. Therefore, the results of these analyses have 
led to the application of the same approach to in
vestigate the problem of reflection cracking. 

Influence of Relative Rigidity on 
Reflection Cracking 

The problem of reflection cracking has been investi
gated and analyzed by many researchers ( 5-7) • The 
recommended number of solutions for the problem to 
date has exceeded 10. These solutions range from 
using reinforced steel mesh in the asphalt overlay 
to the breaking of the existing rigid layer into 
smaller sizes (8-10). However, almost none of these 
investigations ha;- looked into the problem at the 
time of construction. In the analysis carried out in 
this paper, two important results are related to 
reflection cracking. First, there is the existence 
of a distorted rigidity system in the pavement struc
ture and the presence of a steel compactor on top of 
it. Second, the critical interface is shown to be 
the top one and not the one at the bottom. Most of 
these solutions treat the structure when it is opened 
to traffic and therefore analyze the structures in 
group A in Figure 5, which would suggest a stress
associated problem that must deal with the lower 
interface. Also, as is shown in the analysis, the 

GROUP A ( E1 /Ez> I) 

FIGURE 5 
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Influence of relative rigidity on pavement distortion. 
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presence of the crack in the existing rigid layer 
was not considered, yet the results indicate that 
cracks or deformation would exist in the top sur
face. Furthermore, the curve in Figure 5 would 
suggest that existance of cracks in the rigid layer 
(which could result in reducing its stiffness and 
therefore its rigidity) helps minimize the problem 
at the top. This is supported by field evidence that 
recommends the breaking of the rigid layer into 
small blocks, that is, increasing the number of 
cracks at the bottom (10,11). The analysis given in 
this section would suggest~he following: 

1. Reflection cracking is a construction problem 
that can develop at the very time the compactor 
rolls on the asphalt. 

2. Very thin hair cracks could develop at the 
surface with the possibility of arresting them at 
the location of underlying crack. 

3. These downward cracks would result in a loss 
in the total thickness of the over layer and with 
traffic loading the remaining thickness would crack 
in fatigue over a short period of time. 

4. The effect of cold cycles is not the main 
cause of reflection cracking; instead it represents 
a catalyst (the author heard of the same problem on 
a recent trip to Egypt, where the weather is hot). 

CONCLUSIONS AND RECOMMENDATIONS 

The analysis carried out in this paper has indicated 
that two different pavement structures exist, de
pending on the order of their relative rigidities. 
The first type is the structure that is designed on 
stress-strength criterion, whereas the other follows 
a geometric criterion. Of interest is the relation
ship between these latter structures and the problem 
of reflection cracking. Identifying the problem in 
the light of this new concept is a positive step in 
the right direction to solve the so-called reflec
tive cracking problem. 

Furthermore, the analysis indicated that the 
critical interface is the top one; therefore a more 
in-depth analysis has to be given to the interaction 
between the steel compactor and the new asphalt 
layer when it is laid on top of a rigid cement con
crete layer. Also, although increasing the thickness 
of the asphalt layer represents a proven solution, 
it should be noted that the main purpose of this 
layer is the smooth surface rather than structural 

strength. Clearly, the analysis here would reveal 
that increasing the thickness results in increasing 
fatigue life, but it would not affect the develop
ment of hairline cracks on the top of the layer. 
From these analyses it would appear that the most 
promising solution is to reduce the rigidity of the 
existing concrete layer and hence move the structure 
from group B to group A of Figure 5. 

Finally, the following points could represent a 
guideline for the solution of the problem of reflec
tion cracking: 

1. If the concrete layer is to be kept intact, 
another compactor such as one with pneumatic tires 
should be used. 

2. If a reinforcement layer is to be used, it 
must first be considered based on its function in 
reducing fatigue cracking rather than solving the 
reflection cracking problem. Furthermore, the pres
ence of a steel reinforcement directly on top of the 
rigid layer would complicate the problem of reflec
tion cracking, because it would increase the rigid
ity of the concrete layer at the time of compaction. 

3. Investigating the problem in the laboratory 
should be considered at the time of construction as 
well as at the time of service. 
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Suitability of Using the Falling Weight Deflectometer in 

Determining Deteriorated Areas in 
Jointed Rigid Pavements 

MANG TIA, JOHN M. LYBAS, and BYRON E. RUTH 

ABSTRACT 

In this study the suitability of using the falling weight deflectometer (FWD) 
to determine deteriorated areas in rigid pavements was investigated. The FWD 
deflection basins of a few hypothetical concrete pavements of three types of 
deficiency conditions were calculated by using the finite-element analysis com
puter program WESLIQUID. These computed deflection basins were then compared 
with the deflection basin of a reference pavement that was in good condition. 
The three types of deficiency conditions studied were pavements with (a) weak 
subgrades, (b) voids in the subgrade beneath the concrete slab, and (c) deteri
orated concrete slabs. Two FWD loading positions were considered: loading at 
the center of a pavement slab, and loading near the joint of the slabs. The re
sults of the study indicate that the three different types of concrete pavement 
distress give three distinctly different FWD deflection basin shapes. The dis
tinction among these three types of FWD deflection basins can be more easily 
understood by considering the differences between the FWD deflection of the 
pavement considered and that of a standard pavement of the same dimension that 
is loaded at the same position (D-Dsl. The type and extent of the pavement 
distress could be determined from the shape and the magnitude of the D-Ds 
plot. The results of the study also indicate that the effects of the joint are 
insignificant when the applied FWD load is far away from the joint. 
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In recent years the falling weight deflectometer 
(FWD) has been used by many state highway agencies 
in the evaluation of the performance of rigid and 
flexible pavements. The FWD test system consists of 
a loading system, a series of six or seven deflec
tion sensors, and an automatic data recording sys
tem. The test system measures the deflection basin 
caused by a dynamic load on the pavement structure. 
The test load is applied by a weight dropped from a 
specified height to a circular loading plate. The 
falling weight load simulates to some degree the 
dynamic vehicular load on the pavement structure. 
The FWD test configuration is variable in terms of 
the radius of the loading plate, the magnitude of 
the applied load (by changing the drop height), and 
the positions of the deflection sensors. Currently, 
there are still no commonly accepted standard test 
configurations. Further study is needed to determine 
the most appropriate test configurations as well as 
the most effective use of the FWD in pavement evalu
ation. 

One of the main functions of a pavement structure 
is to protect the subgrade from excessive deforma
tion under the expected vehicular loads, As a pave
ment deteriorates with use, the deflection of the 
pavement under the same load increases. Although the 
magnitude of the maximum pavement deflection caused 
by an FWD load can indicate the degree of pavement 
deterioration, it is believed that the deflection 
basin can give indications of the type of structural 
deficiency encountered, Deterioration in a concrete 
pavement may be caused by (a) problems in the con
crete material, such as delamination and cracking, 
caused by the use of poor quality materials or im
proper design and construction; (b) a weak subgrade, 
caused by a high water level or freezing and thaw
ing i or (c) voids in the subgrade beneath the con
crete slab, caused by the pumping action of water. 
It is envisioned that the deflection basins of the 
concrete pavement obtained from the FWD tests can be 
used to identify these three types of deficiency and 
to determine the extent of the deteriorated areas. 
An accurate determination of the type and extent of 
deterioration in concrete pavements will facilitate 
the proper selection of maintenance or rehabilita
tion methods on these pavements. 

In this study the FWD deflection basins of a few 
hypothetical concrete pavements of various condi
tions were computed by using a finite-element anal
ysis computer program. The theoretically computed 
FWD deflection basins were then evaluated to deter
mine if they could be used to identify the type and 
extent of distress in concrete pavements. The three 
major types of pavement deterioration considered in 
this study were (a) poor concrete pavement materi
als, (b) weak subgrades, and (c) voids in the sub
grade beneath the pavement slabs. Two FWD loading 
positions were considered in this study: loading at 
the center of a pavement slab, and loading near the 
joint of the slabs. The results from this theoreti
cal study will provide an assessment of the useful
ness of the. FWD and a theoretical basis for further 
field testing and verification. 

DESCRIPTION OF STUDY 

Modeling o f Concrete Pavements 

The finita-alament analysis computer program 
WESLIQUID, developed by the U.S. Army Corps of Engi
neers Waterways Experiment Station (1), was used to 
perform the computations. The WESLIQUID program mod
els a concrete pavement slab as an assemblage of 
rectangular plate bending elements, and models the 
subgrade as a dense liquid by means of a series of 
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linear elastic springs. It has the capability to 
model subgrade voids, slab boundaries, and joint 
conditions. Subgrade voids are modeled as gaps be
tween the concrete slabs and the springs, Load 
transfers across a joint are modeled by means of 
shear and moment efficiencies. The efficiency of 
shear transfer is the ratio of vertical deflection 
along the joint between the unloaded (or less 
loaded) slab and the more heavily loaded slab. It is 
an effective way of modeling load transfer through 
dowel bars or aggregate interlocks at the joints. 
The efficiency of moment transfer is defined as the 
ratio between the actual moment and the full moment, 
which is determined by assuming that the rotations 
on both sides of the joints are the same. When a 
joint has a load transfer device such as a dowel or 
tiebar, which can resist a degree of bending moment, 
some moment transfer across a joint will be possi
ble. However, in this study a moment transfer effi
ciency of zero was assumed in all analyses. 

Modeling of FWD Loads 

One of the higher FWD drops used by the Florida De
partment of Transportation (DOT) was used as the FWD 
load in the analyses in this study. This spec i fic 
FWD drop produced a pressure of 217 psi (1500 kPa) 
on an 11.8 in. (300 mm) diameter load plate (2), 
with a total equivalent static load of 23. 8 kips 
(106 kN), The FWD load was modeled as a static load 
of 23. 8 kips applied uniformly over a 10. 5 x 10, 5-
in. (266 x 266-mm) square area that resulted in a 
uniform pressure of 217 psi. The circular load plate 
was approximated by a square of the same area as re
quired by the finite-element program. 

Modeling of Distress Conditions 

The three types of structural deficiency in concrete 
pavement as described earlier were considered in the 
analyses. Pavements with deterioration in the con
crete slab were modeled as having a reduced stiff
ness (elastic modulus) in the concrete material. 
Pavements with a weak subgrade were modeled as hav
ing a reduced subgrade stiffness. Pavements with 
pumping problems and voids in the subgrade beneath 
the concrete slabs were modeled as having gaps of 
certain heights between the concrete slab and the 
spring support at the locations of the voids. These 
conditions are shown in Figure 1. 

Research Apero ach 

The deflection basins of a reference concrete pave
ment under an FWD load of 23. 8 kips (106 kN) were 
computed for center load and joint load conditions. 
The reference concrete pavement used in the analyses 
represented a typical plain jointed concrete pave
ment of good condition. The concrete material was as
sumed to have an elastic modulus (E) of 4 x 10 6 psi 
(27,6 GPa), and a Poisson's ratio (IJ) of 0.2. The 
subgrade stiffness was assumed to be 400 lb/in.' 
(pci) (1.09 x 10 8 N/m'), and there were no voids 
in the subgrade. The concrete slabs had a uniform 
thickness of 9 in. ( 229 mm) , a length of 20 ft ( 6. l 
m), and a width of 12 ft (3. 7 m) • When the center 
load was considered, a three-slab system was used in 
the analysis. When the joint load was considered, a 
two-slab system was used, These two cases are il
lustrated in Figures 2 and 3, respectively. Slabs 
farther away from the load do not have significant 
effects on the response of the pavement, and thus do 
not have to be considered in the analysis. 



--

60 

I 
s' 
-

s' 

REFERENCE 
CONCRETE 
PAVEMENT 

DETERIORATED 
CONCRETE 

WEAK 
SUBGRADE 

~Concretg Slab 
/ E=4>10 pal 

~~ ~-~-~-~~~ Subgrade 
K :..:400 pl'!I 

Subgrade 
K=400 pcl 

~
Concrete Slab 

__ E=4x106 poi 

~i=::;:~ =;::::~ ~~ :::=i~ Sub grade 
~ ~ ~ ~ ~ K = 100 pcl 

SUBGRADE 
VOIDS f 

Concrete Slab = E=4x10
6

psl 

~r:=====~~ :::'.l Subgrade 

~ ~ ~ ~ ? K= 400 pci 

FIGURE 1 Modeling of distress conditions in 
concrete pavement. 

Subgrade 

20' I 10
1 

I 10' I 20
1 

I 

v---Loaa 

I 
I 

------- ----*--- --- -----1-
Joint - I - - Joint I 

FIGURE 2 Three-slab system for analysis of center load. 

TOP VIEW 
20' 201 

FIGURE 3 Two-slab system for analysis of 
joint load. 

TOP 
VIEW 

Computations were then made for the deflection 
basins of a few hypothetical deteriorated concrete 
pavements under the same FWD load (23.B kipsi at the 
same two positions (center and joint loads) • The 
same dimensions (9 in. x 12 ft x 20 ft) of slabs 
were used. The computed deflection basins of these 
pavements were then compared with the deflection 
basins of the reference pavement. 
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RESULTS OF THE STUDY 

Effects o f Subgrade Stiffness and 
Joint Shear Transfer 

The results of the analyses indicated that the FWD 
deflection basin would generally shift downward, 
while remaining in roughly the same shape, as the 
subgrade stiffness was reduced. The effects of sub
grade stiffness on the computed FWD deflection 
basins of a concrete pavement loaded at the center 
of the slab are shown in Figures 4 and 5. Figure 4 
shows the deflection plots along the longitudinal 
(or horizontal) line through the point of load, and 
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Figure 5 shows the deflection plots along the trans
verse (or vertical) line through the point of load. 

Figures 6 and 7 show the effects of subgrade 
stiffness on the computed longitudinal and trans
verse FWD deflection basins of a concrete pavement 
loaded at a position 1 ft (305 mm) from the middle 
of the joint. The same trend can be observed here. 
As the subgrade stiffness was reduced from 400 to 
100 pci (1.09 x 10 8 to 2.73 x 10 7 N/m 3 ), the 
FWD deflection basin shifted downward, while remain
ing in roughly the same shape. 

Two joint shear transfer efficiencies were used 
in the analyses: 0. 7 and 0. A joint shear transfer 
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efficiency of 0. 7 models the behavior of a good 
joint, across which a large portion of shear forces 
can be transferred. A joint shear transfer effi
ciency of 0 models a joint across which no shear 
forces can be transferred. The results of the analy
ses indicate that when the applied load is far away 
from the joint, the effects of joint shear transfer 
become insignificant. As seen in Figures 4 and 5, in 
the case of loading at the center of the slab, the 
FWD deflection basins computed from the use of a 
shear efficiency of 0.7 are not much different from 
ones that use a shear efficiency of o. When the ap
plied load is near the joint, the effects of the 
joint become significant. As shown in Figures 6 and 
7, in the case of loading near the joint, the FWD 
deflection basins computed from the use of a shear 
efficiency of 0. 7 are significantly different from 
ones that use a shear efficiency of o. 

Effects of Subgrade Void Size 

The effects of subgrade void size on the computed 
FWD deflection basins are presented in this section. 
Subgrade voids of a uniform depth of 0. 75 in. (19 
mm) and of various square areas were placed at the 
positions of the applied FWD load: deflection basins 
were computed by using a joint shear transfer effi
ciency of 0. 7. The elastic modulus of the concrete 
was 4 x 10 6 psi (27.6 GPa) and the subgrade stiff
ness was 400 pci (1.09 x 10' N/m 3

). 

Figures 8 and 9 show the effects of subgrade void 
size on the computed longitudinal and transverse FWD 
deflection basins of a concrete pavement loaded at 
the center of the slab. It can be noted that the 
magnitude of the maximum deflection increases as the 
size of subgrade void increases. When compared with 
the deflection basin of the reference pavement that 
has no subgrade voids, it is noted that the more 
significant increase in deflection occurs at and 
near the locations of the voids. 

Figures 10 and 11 show the effects of subgrade 
void size on the computed longitudinal and trans
verse FWD deflection basins of a concrete pavement 
loaded at a position 1 ft ( 305 mm) from the middle 
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of the joint. The same trend can be noted here. The 
more significant increatle ln tlefleclion, when com
pared with the deflection basin of the reference 
pavement, occurs at and near the locations of the 
voids. 

Effects of Elastic Modulus of Concrete 

Pavements with deterioration in the concrete slab 
were modeled as having a reduced elastic modulus in 
the concrete material. The effects of reduced elas
tic modulus of concrete on the computed FWD deflec
t ion basins are presented in this section. 

Figures 12 and 13 show the effects of elastic 
modulus of concrete on the computed longitudinal and 
transverse deflection basins of a concrete pavement 
loaded at the center of the slab. A subgrade stiff
ness of 400 pci (l.09 x 10 8 N/m 3

) and a joint 
shear transfer efficiency of 0.7 were used to model 
pavement behavior. It can be noted that the magni-
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FIGURE 12 Effect of elastic modulus of concrete 
on computed longitudinal FWD deflection basins of 
a concrete pavement loaded at the center. 

tude of the maximum deflection increases as the 
elastic modulus of the concrete pavement material 
decreases. When compared with the deflection basin 
of the reference pavement, note that the more sig
nificant increase in pavement deflection (with the 
decrease in elastic modulus of concrete) occurs only 
at and near the applied load. At more than a certain 
distance [about 3 ft (0.9 m) in this case] away from 
the load, the change in elastic modulus of concrete 
has little effect on pavement deflection. 

Use of FWD Deflection Basins 

It is clear from the results presented in the pre
vious section that the three different types of 
structural deficiency in concrete pavements give 
three distinctly different FWD deflection basin 
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FIGURE 13 Effect of elastic modulus of concrete on 
computed transverse FWD deflection basins of a concrete 
pavement loaded at the center. 

shapes. Al though the shape of the FWD deflection 
basin appears to be related to the type of distress, 
the magnitude of the FWD deflection appears to be 
related to the severity of the distress conditions. 
When compared with the FWD deflection basin of a 
reference concrete pavement of good condition, the 
deflection basin of a concrete pavement with a weak 
subgrade is relatively higher in magnitude while 
having roughly the same shape. The FWD deflection 
basin of a concrete pavement with voids in the sub
grade reveals relatively higher deflections at and 
near the location of the voids. The FWD deflection 
basin of a pavement with deterioration in the con
crete slab reveals relatively higher deflections at 
and near the position of the FWD load. 

The distinction among these three types of FWD 
deflection basins can be more easily seen by consid
ering the differences between the FWD deflection of 
the pavement considered (D) and that of a standard 
pavement (Dsl of the same dimension, loaded at the 
same position. Figure 14 shows the plots of these 
differences in deflection (D-Dsl for the computed 
longitudinal FWD deflection of a concrete pavement 
loaded at the center. For the three types of con
crete pavement deficiency, three distinctly differ
ent families of D-Ds plots can be observed. The 
D-Ds plot for the weak subgrade condition is 
nearly linear, and slopes downward toward the posi
tion of the FWD load. The D-Ds plot for the pave
ment with subgrade voids is approximately equal to 
zero at some distance away from the location of the 
voids, and curves downward sharply at and near the 
location of the voids. The D-Ds plot for the de
teriorated concrete condition is approximately equal 
to zero at some distance away from the FWD load, 
turns slightly upward as it moves toward the load, 
and then curves downward sharply as it approaches 
the load. An increase in the deterioration condition 
is indicated by an increase in the magnitude of the 
D-Ds plot. 

Figure 15 shows the D-Ds plots for the longi
tudinal FWD deflection of a concrete pavement loaded 
at the joint. The two pavement deficiency types 
shown in thts figure are the weak subgrade condition 
and the subgrade voids condition. Similar trends are 
observed here. The D-Ds plot for the weak subgrade 
condition slopes downward toward the position of the 
FWD load in a nearly linear fashion. The D-Ds plot 
for the condition of the subgrade voids is approxi
mately equal to zero at some distance away from the 
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FIGURE 14 Difference in computed longitudinal 
FWD deflection of a concrete pavement loaded at the 
center. 

u; 
w 
:r 
0 

~ 
z - .0 1 
0 
~ 

&> ~ s tli · .o2 
Q 

~ 

~ ·.03 
z 
w 
a: 
w 
u. 
~ • .0 4 

NOTE: 

2 llne 

~~~Voids ---

Joint Shonr Tranator 
Elllclency~o. 7 

--weak Subgrade 

- - -Subgrade Voids 

~1~0-~-1~2-~-1~4-~-1~s-~-1~e-1~9--2~0 

Load Joint 
X DISTANCE (FEET) 

D --Oeflectlon of the Pavement System Considered 
D5 -- Deflection ol the Standard Pavement System 

(E~4•10 pal, K~400 pell 

FIGURE 15 Difference in computed longitudinal 
FWD deflection of a concrete pavement loaded at 
the joint. 

63 

location of the voids, and curves downward sharply 
at and near the location of the voids. 

In order to use the FWD deflection basins effec
tively for determining deteriorated areas in rigid 
pavement, the FWD deflection basin of a reference 
pavement of known properties must be obtained first. 
The type and the extent of the pavement distress can 
then be determined from the shape and magnitude of 
the D-D9 plot. 
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CONCLUSIONS 

The results of this analytical study indicate that 
the deflection basins measured by the FWD could be 
used to determine the type and severity of struc_.,.. 
tural deficiency distress in a jointed rigid pave
ment. The effective use of these FWD deflection 
basins would require comparing them with the FWD 
deflection basin of a reference pavement of the same 
dimension and loaded at the same position. The 
results of the study also indicate that the effects 
of the joint are insignificant when the FWD load is 
applied at some distance away from the joint. The 
results o~ this study provide some guidelines for 
further field testing and verification of the FWD 
method. 

The effects of temperature differentials between 
the top and bottom of the concrete slab were not 
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considered in this study. The conclusions thus only 
apply to the condition when the temperature differ
ential is zero. 
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