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ABSTRACT

A framework for structural evaluation of pavements based on dynamic
deflections is presented, A self~iterative procedure has been developed to
estimate insitu Young's moduli of pavement layers by using the approach of
inverse applicatrion of layered elastic theory (ELSYM5) to obtain frhe best fir
of a measured deflection basin, For asphalt pavements, & temperature
correction procedure is presented for the aspnaltic concrete moduli,
Nonlinear strain-softening models are introduced and discussed to take into
account nonlinear behavior of granular layers and subgrade, A self-iterative
procedure has been developed to estimate nonlinear strain-softeniﬁg moduli of
these layers from Dynaflect deflection basins based on the concepts of
equivalent linear analysis, An indication of the structural capacity of
existing pavement is obtained from the remaining life analysis. Computer
programs RPEDD1 (for rigid pavement) and FPEDDl (for flexible pavements) are
developed to evaluate dynamic deflection basins measured by the Falling
Weight Deflectometer and Dynaflect, Guidelines are presented for
applications and implementarion of these computer programs, especially in

rehabilitation design.

REYWORDS: Rigid pavement, flexible pavement, dynamic deflections,
deflection basin, Falling Weight Deflectometer, Dynaflect,

materigl characterization, structural evaluation, Young's

moduli.
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SUMMARY

Nondestructive structurel evaluation of pavements is important in
selecting rehabilitation and reconstruction strategies in the project level
pavement management process, The development of mechanistic overlay design
procedures has resulted in research efforts for obtaining insitu material
properties and evaluating structural capacity by analyzing NDT deflection
data. This study was devoted to the mechanistic evaluation of dynamic
deflection basins measured by a Dynaflect and a Falling Weight Deflectometer.
Computer programs RPEDD] (a rigid pavement structural evaluation system based
on dynamic deflections) and FPEDDl (a flexible pavement structural evaluation
system based on dynamic deflections) have been developed in this study,

A review of published NDT evaluation procedures and existing practice of
nonlinear characterization of granular materials and subgrade is also
presented and their limitations are discussed, The analysis models develcped
in this study for use in RPEDD! and FPEDD! computer programs are summarized

in the following.

(1) A self-iterative procedure to determine insitu moduli of pavement
layers by matching theoretical and measured deflection basins
through an inverse application of layered elastic theory. The
pavement is assumed to behave as a layered linearly elastic system.

(2) A procedure for correcting the temperature sensitive asphaltic
concrete (AC) modulus for flexible pavements by correcting the
estimated AC modulus to the condition of the specified design
temperature.

(3) A self-iterative procedure of equivalentr linear analysis to obtain
nonlinear strain dependent moduli for granmular layers and subgrade
if a Dynaflect deflection basin is being analyzed, This step is

omitted for FWD deflection basin.



(4) Fatigue life prediction and subsequently remaining life apalysis
(if past traffic data is known) using appropriate fatigue

equations.,

Finelly, guidelines are presented for plotting the results for visual
evaluation, selection of design sections, and calculation of design moduli
overlay design, Recommendations are also presented for future research
related to field validation, developing generalized curves for nonlinear

strain-sensitive models for unbound materials and subgrade,



IMPLEMENTATION STATEMENT

A structural evaluation system for pavements has been developed for the
Texas State Department of Highways and Public Transportation (SDHPT). The
system is comprised of self-iterative computer programs to evaluate dynamic
deflection basin measured by such NDT devices as the Dynaflect and falling
weight deflectometer, The computer programs RPEDD] (for rigid pavements) and
FPEDD1 (for flexible pavements) should be immediately implemented by SDHPT,
as they will result in substantial savings in time and computational cost
which is normally incurred using the existing evaluation procedures.

‘Guidelines presented in this study for application and implementation of
the computer programs (especially regarding selection of design section and
evaluation of insitu nonlinear design moduli for overlay design) should also
be exposed to triasl applications. When implemented, the framework of the
structural evaluation system recommended in this study is envisioned to
become an indispemsable part of the overlay design systems used in Texas such

as RPOD and RPRDS.

xi
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CHAPTER 1. INTRODUCTION

BACKGROUND

Large sums of highway funds are currently devoted to maintenance,
rehabilitation, and reconstruction of the nation's highway and road networks.
Nondestructive structural evaluation of pavements is an important part of the
pavement management process at the project level. Measuring surface
deflection, which is essentially an elastic deformation of a pavement under a
test load, has been generally preferred for the nondestructive evaluation of
pavements. The deflection data are then analyzed to determine the structural
adequacy of the pavement, Similarly, many overlay design procedures are
based on empirical relationships which use a deflection parameter or employ
mechanistic analysis involving calculation of insitu Young's moduli from
deflection data. The ever growing demand for faster, easier to use, and
mobile nondestructive testing (NDT) devices for pavement evaluation has
resulted 1in the development of dynamic devices such as the Dynaflect, in
1960's (Ref 1), on commercial scale to replace the conventional time-
consuming Benkelman Beam procedure. Because pavement materials do not
exhibit ideal linear elastic behavior and pavement response is affected by
the applied stress level, and rate and mode of loading, several other types
of NDT devices such as the Road Rater (Ref 2) and the Falling Weight
Deflectometer (Ref 3) have been developed, The empirical methods of
structural evaluation are generally based on limiting deflection criterion,
such as the Asphaltic Institutre's procedure (Ref 4), which has been developed
over several years by correlating pavement performance with Benkelman Beam
rebound deflections. The development of commercially available dynamic NDT
devices and increased research efforts towards applying a more rational and
mechanistic approach for structural evaluation of pavement have resulted in
(1) the measurement of deflection basins by recording more than one
deflection measurement during the application of a test load and (2} the

application of multilayered linear elastic theory for analyzing the measured
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deflection basins to estimate insitu materials characterization of pavement
layers and for subsequent overlay design by predicting critical strains and
stresses in the pavement.

In a layered linear elastic model of a pavement (Fig 1.1), each layer
‘can be characterized by its Young's modulus of elasticity (E) and Poisson's
ratio, Reasonable values for Poisson's ratio can be assumed as it generally
falls in a very narrow range for a specific material type., Also the pavement
response 1s nnt sensitive to small variations in Poisson's’'s ratios. If the
thickness information for each layer and its E-value are known, then, and s
semi-infinite subgrade is assumed, a unique pavement response (surface
deflections, stresses or strains) can be theoretically predicted. This is
the basis of pavement design by the layered theory approach. However
structural evaluation of a pavement starting from an NDT based dynamic

deflection basin is a complex problem because of

(1) the non uniqueness of Young's moduli back-calculated from measured
deflection basin, thickness, and Poisson's ratic informationm by
applying layered elastic theory;

(2) errors and the time involved in the iterative process;

(3) error invelved in assuming a semi infinite subgrade; _

(4) errors due to possible variations in thickness of pavement layers;

(S) errors in back-calculated moduli due to the nonlinear behavior of
granular layers and‘subgrade and if the magnitude of the test load
is much smaller than the design equivalent single axle load;

(6) temperature effects on the modulus of the asphalt concrete surface

layer for flexible pévements.

The Texas State Department of Highways and Public Transportation
(SDHPT) presently uses s Dynaflect for nondestructive structural evaluation
of pavements., However, & Falling Weight Deflectometer (FWD) has been
acquired in this research study, It is another useful NDT device capable of

applying heavier loads. This report describes the development of a system
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for the structural evaluation of flexible and rigid pavements based on

dynamic deflection data obtained from the Dynaflect or FWD,

OBJECTIVES

The principal goal of this study is to develop computer based structural

evaluation systems for pavements by analyzing NDT data for dynamic deflection

basins.

(1)

(2)

(3)

The following tasks constitute the objectives of this study,

Review of existing practices for (a) interpretation of surface
deflection data from NDT devices for the structural evaluation of
pavements and (b) using dynamic deflection basins from the
Dynaflect and Falling Weight Deflectometer for insitu material
characterization of pavement layers.

Development of self iterative computer models to determine Young's

moduli of pavement layers from dynamic deflection basins based on

(a) consideration of NDT data from the Dynaflect or Falling Weight
Deflectometer and layered theory modelling of pavement;

(b) investigations into input parameters that influence deflection
basins; .

(¢) consideration of a rigid bottom (rock layer) under a finite
thickness of subgrade soil;

(d) ceriteria for tolerances in deflections and moduli changes for
accuracy and efficiency and the logic for convergence process;

(e) routines for default values of some important input
parameters; and

(f) formulation of a methodology to ensure the uniqueness of

estimated insitu moduli.
Correction of insitu moduli for non linear behavior of granular
layers and subgrade considering these factors:

(a) a conventional approach to stress sensitivity and its

limitations,
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(4)

(5)

(6)

SCOPE

The

(b} the influence of shear strain amplitude on elastic moduli, and
(c) the concept of equivalent linear analysis for correction of

insitu moduli of granular layers and the subgrade,

Analysis of remaining 1life based on estimated insitu moduli of

pavement layers.

Development of separate computer programs for structural evaluation
of rigid and flexible pavements, and example applications.
Development of guidelines for implementation in existing overlay

design systems,

final products of research presented in this report on the

development of a structural evaluation methodology for pavements based on

dynamic deflections are two computer programs: RPEDD1 (for rigid pavements)

and FPEDD1

(1)

(2)

(3)

(4)

(s)

RR387-1/01

(for flexible pavements). This report includes

A discussion of dynamic deflection data measured by Dynaflect and
FWD (Chapter 2);

A review of current practices for the interpretation deflection
data (Chapter 3);

Development of a self iterative model to estimate insitu Young's
moduli of pavement layers from dynamic deflection basins (presented
in Chapter 4);

Development of correction procedures for non linear behavior of
granular layers and subgrade (Chapter 5);

Development of a computerized structural evaluation system
including remaining life analysis based on corrected insitu
pavement moduli, guidelines to identify sections for consideration
of overlays, selection of design sections, and recommendations on
design modulus values (Chapter 6) enabling the user to obtain
profiles of remaining life and the modulus of each pavement layer

along the length of pavement;



(6) A description of RPEDD1 (Chapter 7); and
(7) A description of FPEDDI (Chapter 8).

Finally Chapter 9 presents the summary, conclusions, and recommendations

related to implementation and future work.

RR387-1/01



CHAPTER 2. DYNAMIC DEFLECTION DATA FROM NDT DEVICES

DYNAMIC DEFLECTION MEASUREMENT

Dynamic deflections are measured on the surface as the responses of a
pavement under dynamic test loads. Dynamic force generators in
Nondestructive testing (NDT) devices fall into two categories: (1) devices
which generate steady state sinusoidal forces and (2) devices which produce
transient impulse forces. In the first category, dynamic deflection is
measured as peak-to-peak amplitude of the deflection signal. In the second
case, the peak amplitude of a deflection signal is measured as dynamic
deflection, References 5 and 6 present an excellent overyiew of several
comnercial and research NDT devices which generate dynamic deflection data,
In this study only the Dynaflect and the Falling Weight Deflectometer (FWD)

are considered for NDT evaluation of pavements,
DESCRIPTION AND OPERATING CHARACTERISTICS

A review of the description and operating characteristics of the
Dynaflect and the Falling Weight Deflectometer is presented in the following

sections.

Dynaflect

The Dynaflect, a light load NDT device, is described in this section.

Loading and Deflection Measuring System. A detailed description of the

loading configuration and tne deflection measuring system is given in Refs 1
and 7 and illustrated in Fig 2.1. The Dynaflect is a small two=-wheel trailer
which contains a dynamic force generator and deflection measuring system,
The Dynaflect is towed by a light vehicle and travels on two pmneumatic tired
wheels at normal highway speed to and between test sections, The dynamic

force is transmitted to the pavement by lowering two &4=inch~wide (lé-inch-
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Loading Wheels, N°'4No.5 /
Geophones

(2) The Dynaflect system in operating position.

(b} Configuration of load wheels and geophones.

Fig 2.1. Configuration of Dynaflect load wheels and geophones
in operating position (Ref 7).
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outside-diameter) rubber~coated steel wheels. The operations control unit
and a meter unit calibrated to read deflection are carried in the towing
vehicle and the driver of the towing vehicle can also operate the Dynaflect,
The operations control unit is hooked ﬁp to the power source of the towing
vehicle,

Tne dynamic force generator employs two counter-rotating eccentric
masses to generate steady state vibrations that are a sinusoidal function of
time, The Dynaflect is operated at a fixed frequency of 8 Hz, which results
in a 1,000-pound peak-to-peak magnitude of the vibratory force (Fig 2.2).
Bush (Ref 6) reports results of a comparative study on four nondestructive
vibratory devices. The findings related to the Dynaflect are that (1) the
measured frequency was within 3 percent of the indicated frequeancy, 8 Hz, and
(2) the peak-to-peak dynamic force of the Dynaflect was & percent below the
measured force on rigid pavements. These findings show that the frequency
and amplitude of the sinusoidal loading force of the Dynaflect are reasonably
reliable. The loaded area under each steel tired wnheel can reasonably be
assumed as 3 sq. in. The force transmitted through each loading wheel is 500
pounds. In order to analyze the dynamic deflection basin, the loaded area is
assumed to be circular, »

Five equally spaced geophones are used to measure the dynamic deflection
response of the pavement, Figure 2.1 shows the arrangements of the
geophones. The geophones are velocity transducers which employ an inertial
reference and give an output signal in volts. The peak-to-peak dynamic
deflaction is proportional to the output voltage of the geophone. Prior to
testing, each geophone is calibrated at the driving frequency of 8 Hz so
that, during the test, deflection can be recorded directly from the readout
meter. Additional information about the characteristics of geophones can be
found in Ref 5. The arrangement of five geophones for the Dynaflect provides
half of a so-called deflection basin if the measured deflections under all
sensors are plotted and joined by drawing a smooth curve. The Texas
Transportation Institute (TITI) (Ref B) investigated the effect of assuming
peak-to-peak force to be a static load by measuring deflection basins while
operating the Dynaflect at frequencies varying between & and 12 Hz at the

same amplitude of dynamic force, The results showed that the vertical
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Fig 2.2. Typical dynamic force output signal of Dynaflect.
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deflections measured at the surface are independent of the frequency in theu
range of 6 to 10 Hz, The Dyneflect deflections measured at the same location
on two consecutive days have been found to repeat within close limits (Ref
1).

Test Procedure. The calibratrion of all five geophones is carried our

every day prior to taking the Dfnaflect to the test location. Geophones are
placed in the calibrator unit, which provides a repetitive vertical motion of
0.005 inch at an operating frequency of 8 Hz. The calibrator unit is
connected to the control unit. The sensor selector switch in the control
unit is then switched to the position corresponding to geophone no. 1 and the
respective sensitivity control is adjusted to obtain the correct deflection
reading., The calibration procedure is repeated for each of the other
geophones. The calibrator is disconnected from the control unit afrer all
geophones are calibrated. The geophones are then refixed on their bases and
connected to the draw-bar of the Dynaflect, The draw-bar is raised and the
towing vehicle tows the Dynaflect on its pneumatic tired wheels to the marked
test location. The sequence of operations for routine digital Dynaflect

measurements is as follows (Ref 7).

(1) The Dynaflect is positioned so that geophone no, 1 (midway between
the two solid steel wheels) rests over the marked location.

(2) The Dynaflect trailer is raised onto its solid wheels.

(3) The dynamic force generator is switched on and the frequency is
ad justed to 8 Hz.

(4) The geophone bar is lowered to the surface of the pavement.

(5) The voltage output of each geophone is read on the digital readout
meter directly in milli-inches of vertical deflection at the
pavement surface and recorded by the operatorl (The procedure for
the analog type unit will be slightly different).

(6) Tne geophone bar is raised and the dynamic force generator is
switched off and the Dynaflect is towed on its solid wheels to the

next location in the same test section.
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Falling Weigﬁg Deflectometer

General principles of Falling Weight Deflectometer testing are presented

in rhis section.

Loading and Deflection Measuring System. Basically a FWD applies an

impulse load by dropping a known mass from a predetermined height as
illustrated in Fig 2.3, The mass falls on a foot plate connected to a rigid
base plate by rubber buffers which act as springs. The properly designed
mass configuration and springs are very important to achieve the desired peak
stress, shape, and duration of the FWD force signal. The force can

theoretrically be calculated using the following relationship:

P = (2+g*he*m- k)% (2.1)
where
P = peak force, pounds-force
g = acceleration due to gravity, feet/second2
h = height of drop of the mass, feet
m = mass of FWD, pounds and
k = spring constant,

However, in routine FWD testing, peak force is measured by a load cell. The
Danish version of the FWD has been studied in detail by comparing the results
with a moving wheel load, as described by Bohn et sl (Ref 3). The Swedish
version of FWD employs a two-mass system and reportedly (Ref 9) gives a
smoother shape to the force signal, Tholen et al (Ref 10) describe good
agreement of FWD and moving wheel load deflections. Typical FWD dynamic
deflection signals (as reported in Ref 3) are illustrated in Fig 2.4(a). The
same figure also shows measured deflection signals under a moving wheel load,
indicating that the FWD test response resembles a moving wheel load response.
The duration of the FWD deflection signal is around 25 m—seconds, somewhat
smaller than the duration of the deflection signal under a moving wheel load.

The comparisons of stresses and strains as reported by Bohn et &l (Ref 3) are
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Fig 2.3. Principle of a Falling Weight Deflectometer, FWD test.

D05 343



14

005 342

Moving Wheel Lood —=—=

iy i
/ \ O16mm

\\
- i
b

—

“-*#---—»-—-—--:-- -h—-u-—-hﬂ—&

/ \SSmsec
Note: | mm = 0.0394 inch

FWD Defiection Signal ——

- 95 msec

r‘ ‘ “O.IO mm

~ N - —

Fig 2.4(a).

Typical deflection-time history records (Ref 3).



15

illustrated in Fig 2.4(b). The capability of the FWD to apply a variable
load both in the low load and overload ranges may be a useful feature for
structural evaluation of pavements., In the last couple of years, many
agencies in the U, 8., have acquired FWD units and have used them for
structural evaluation and insitu material characterization of pavements and
also for load transfer and void detection studies on rigid pavements (Ref
11). A comparative field study was made in Texas with the FWD and the
Dynaflect for rigid and flexible pavements (Ref 12); dynamic deflections of
the FWD were measured by geophones. A comparative study of the FWD with the
Road Rater has been reported in Illinois (Ref 13). Bush (Ref 6) describes
laboratory checks on the accuracy of force signals and geophone outputs and
field comparisons of FWD and other NDI devices, which are summarized in Table
2.1.

The Danish version of the FWD is currently marketed in the U. S. by
Dynatest as the Model 8000 Dynatest Falling Weight Deflectometer (Ref 14).
The Swedish version of the FWD is being marketed as the KUAB Falling Weight
Deflectometer by S.E.I. (Ref 15). The Texas State Department of Highways and
Public Transportation has acquired one unit of the model 8000 Dynatest
Falling Weight Deflectometer (referred to as FWD in this report). Figure 2.5
illustrates the FWD in .operating position., The configurations of load and
deflection measuring sensors to be used in this study are described in the

following section.

Model 8000 Falliq& Weight Deflectometer

Description and Operating Characteristics. The material presented here

is based on the information provided in Ref 14, The FWD is a trailer mounted
device which can be towed by any standard passenger car or van at highway
speed. The total weight of the impulse generating device and tne trailer
does not exceed 2,000 pounds, The transient pulse generating device is the
trailer mounted frame capable of directing different sets of mass
configurations to fall from a preset height, perpendicular to the surface.
This gives the capability to produce a wide range of peak force amplitudes,

as indicated by Eq 2.1, where peak force can be changed by varying mass
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—== Moving Wheel Load, S tons (10,000 Ib ) at
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at a drop height of 40 cm )
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Fig 2.4(b). Typical records of stress-time history and strain-
time history at different depths in a pavement

(Ref 3).
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TABLE 2.1. SUMMARY OF ACCURACY CHECKS ON MEASUREMENTS
OF DYNAMIC FORCE AND DEFLECTION SIGNALS

Accuracy Check of Deflection Signal
from Velocity Transducers

Percent Error at

Device Operating Frequency
Dynaflect 5.5
FWD 5.1

Accuracy Check of Amplitude of
Dynamic Force Signal

Device Percent Error
Dynaflect
Rigid Pavements - 4.2
Flexible Pavements -12.9
FWD - 5.4
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and/or height. (In the older models, & fixed mass was used, as described in
Refs 3, 12, and 13.) The assembly consists of the mass, the frame, loading
plates, and a rubber buffer, which acts as a spring. The operation of
lifting and dropping the mass on the loading plate is based on an electro-
hydraulic system,

The falling weight/buffer subassembly is furnished so that four
different configurations of mass can be employed, 'All four mass
configurations produce a transient reproducible load pulse of approximarely a
half-sine wave and 25 to 30 m—seconds in duration., The drop weights are
constructed so that the falling weight/buffer subassembly can be quickly and
conveniently changed between falling masses, The buffers are constructed so
as to clearly indicate which drop weight configuration they accompany. Each
of these falling weight/buffer combinations is so constructed as to be
capable of releasing the weight from a variable height, such that different
peak loads for the four specified masses are producible in the following

ranges:

Falling Weight Peak Loading Force
110 1b 1,500 - 4,000 1bf
220 1b 3,000 - 8,000 1bf
440 1b 5,500 - 16,000 1bf
660 1b 8,000 ~ 24,000 lbf

For routine testing, & loading plate 11.8 inches (300 mm) in diameter is

used. The mass guide shaft is perpendicular to the road surface in the

measuring mode as well as the transport mode, The system includes a load

cell capable of accurately measuring the force that is applied perpendicular
to the loading plate. The force is expressed in terms of pressure, The load
cell can be removed for calibration.

The system provides at least seven separate deflection measurements per
test, One of the deflection sensing transducers (geophones) measures the
deflection of the pavement surface through the center of the loading plate,

while the six remaining transducers can be positioned along the raise/lower
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bar, up to 7 feet from the center of the loading plate. All deflection
sensing transducer holders are spring loaded, insuring good contact between
the transducers and the surface being tested. An extension geophone bar is
provided to measure deflection on the other side of the load plate. This
facilitates 1load transfer studies on jointed rigid pavements., The unit is
capable of testing in the long distance towing position by simply lowering
the loading plate/mass/seismic detector bar subassembly to the pavement
surface with controls located within the towing vehicle, The trailer is also
equipped with a hand pump so that the loading plate/mass/seismic detector bar
subassembly can be raised for removal of the equipment from the roadway in an
emergency, for example, if the electro-hydraulic system fails. The
electronic registration equiﬁment is operated by a nominal 12 volt DC power
supply taken from the towing vehicle. The system includes a Hewlett-Packard
Model 85 Computer, which features a cassette tape recording/playback, CRT
display and a thermal printer for recording data from field testing and
keyed-in site identification information. All operations of testing are done

from the key board of the computer.

Test Procedure. The routine test procedure is briefly described here.

(1) The FWD trailer is towed on its rubber tires to the test locationm,
The trailer is positioned on the pavement such that the marked test
location is directly below the center of the loading plate,.

(2) Necessary connections are made to hook up to the battery, The
processing equipment and HP-85 computer which are carried in the
towing vehicle are turned on.

(3) The mass configuration is selected using the guide lines given in
the earlier section and secured in place,

(4) A test sequence is 1identified and programmed from the HP-85
keyboard (site identification, height and number of drops per test
point, etc.). When the operator enters a “"run" command, the FWD
loading plate/buffer/geophone bar assembly 1is lowered to the

pavement surface, The weight is dropped (e.g., 3 times) from the
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p;e-programmed height and the plate and bar assembly are raised
again.

(5) A Dbeep signal indicates that driving to the next test location is
allowed, The test sequence described in Step 4 lasts approximately
one minute,

(6) The measured set of deflection data (peak values of geophone
responses) are displayed on the HP-85 CRT screen for direct visual
inspection.,

(7) 1f the operator does not enter a "skip" command within a pre-
programmed time, the deflection data is stored on the HP-85
magnetic tape cassette together with the peak force magnitude and
site 1identification information., The data are also printed using

the thermal printer,
GRAPHICAL PRESENTATION OF DYNAMIC DEFLECTION DATA

Dynaflect Deflection Basin

Peak~to-peak dynamic deflections measured by the array of five geophones
in a Dynaflect test generally represent half of the deflection basin as
illustrated in Fig 2.6 (Refs 7, 16, and 17)., The other half of the basin 1is
a wirror image of the measured half. As discussed in a later section,
deflection basins are characterized by various parameters which are functions
of the deflection values of one or more geophones. For this purpose and for
comparing dynamic deflection data of the Dynaflect with the dynamic
deflection data of other NDT devices, deflection basins have been plotted as
shown in Fig 2.6 (for example Ref 12). However when the Dynaflect loading is
mndelled in a layered theory analysis such as used for Chevron's or the
ELSYM5 programs (Refs 7, 16, and 18), the theoretical deflection responses
are computed at the five geophone locations by specifying their radial
distances from the center of one loading wheel, The radial distances are
10.0, 15.6, 26.0, 37.4 and 49.0 inches respectively, with the first sensor at
10.0 1inches, as illustrated in Fig 2.7, This rational approach to plotting

the Dynaflect deflection basin (Fig 2.7) provides better interpretation of
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Fig 2.6. Typical Dynaflect deflection basin.
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the deflection basin and 1is used in this study. The plotting of the
Dynaflect deflection basin in this way is especially wuseful in making
comparisons with an FWD deflection basin.

A commonly used basin parameter for structural evalustion is deflection
measured at geophone no, 1, also termed as Dynaflect maximum deflection, DMD
(Ref 17)}. This could be misleading as for some pavement the maximum
Dynaflect deflection may not be midway between the loading wheels (location
of geophone no, 1). This observation is illustrated in Fig 2.8 by plotting
the theoretical Dynaflect deflection basins computed using the layered theory
program, ELSYMS5, For the stiff rigid pavement case (deflections shown by
¢circles), maximum deflection occurs at the geophone no, 1 locatien, 1i.e.,
midway between the two loading wheels. This happens because a stiff pavement
spreads the load over & large area and the use of the principle of
superposition results in the largest deflection midway, due to the additive
effect of deflections produced by loads on the two loading wheels, On the
other hand, for a weaker flexible pavement (deflections shown by triangles)
maximum deflection occurs at the center of the loading wheel., However, for
other NDT devices, such as the FWD, a deflection basin plotted with the
~relative positions of the sensors from sensor no. 1 coincides with the
deflection basin plotted wusing radial distances from the center of the
loading plate, In that case the maximum deflection basin will occur at
sensor no, 1, which is in the center of the loading plate, Therefore in this
study, Dynaflect deflection basins are plotted using the radial distance of

the sensors from the ceanter of the loaded area as the abscissa.

FWD Deflection Basin

Figure 2.9 1llustrates a FWD deflection basin computed for a rigid
pavement using the FWD configuration shown in Fig 2.5. The radial distances
of seven sensors are on the abscissa and the ordinates are in terms of
normaiized deflections, TFWD deflections are normalized with respect to the

1,000~1bs peak force, as given by following expression:
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W'R = WR X (%999') (2.2)
i i FWD
where
W'Ri = normalized deflection, at the radial distance, Ry,
WR. = FWD deflection measured at the radial distance, Ry at the
* peak force of P o o
P ™ peak force on the FWD loading plate at which deflections are

measured or theoretically calculated.

The above method of plotting FWD deflection basins makes it convenient to
compare FWD deflections at different levels of peak force as well as with a
Dynaflect deflection basin. It is pointed out that, even for a pavement
behaving as & perfectly linear elastic system and assuming that dynamic loads
are equal to corresponding static loads used in the analysis, the theoretical
Dynaflect deflection basin may not coincide with the FWD basins plotted using
normalized deflections, as illustrated in Fig 2.9. This discrepancy 1is a

result of the effect of the size of the loaded area on the pavement response.
SUMMARY

This chapter presents a review of procedures for dynamic deflection
measurement by NDT wmethods with the Dynaflect and  Falling Weight
Deflectometer. The model 8000 FWD acquired by the Texas State Department of
Highways and Public Transportation 1is described in detail, Graphical
presentérion of dynamic deflection data is made by plotting a deflection
basin. The radial distance of the deflection sensors from the load is to be
used as the abscissa. For the FWD deflection basin, normalized deflections

are used as ordinates.
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CHAPTER 3. INTERPRETATION OF DEFLECTION DATA

This section presents a brief review of existing practices of analysis
and the application of deflection data, including empirical procedures to
estimate structural adequacy and overlay design, mechanistic interpretation
and insitu material characterization, Consideration is also given to other
factors which influence the analysis of a deflection basin for the structural

evaluation of pavements.

EMPIRICAL AND BASIN PARAMETER BASED PROCEDURES

Limiting Deflection Criteria

Traditionally, pavement evaluafion and overlay design have been based on
criteria of allowable deflections and empirical relationships developed from
field studies of maximum deflection and pavement performance, For example,
the Asphalt Institute procedure is based on empirical relatiomships between
Benkelman beam rebound defiections and traffic data from inservice pavements
(Ref 4), Similar procedures were developed by other user agencies, These
procedures are summarized 1n Refs 17, 19, and 20, Overlay thickness
requirements are determined from nomographs developed from thesge empirical
relationships which can reduce deflection below the limiting deflection
criterion, Later correlation studies made between results from other NDT
devices, such as the Dynaflect (Refs 1 and 4), enable these nomographs to be
used, These empirical methods are based solely on local experience and
therefore limited in useful applications., Maximum defiection is indicative
of total pavement response and alone it cannot lead to the evaluation of
structural 1integrity and material characterization of different pavement
layers. It can be shown that two different pavements can have the same value
of maximum deflection but different Young's moduli of layers if the measured
deflection basins are of different shapes. A summary of limiting deflection

criteria adapted by different agencies is presented by Majidzadeh (Ref 17).
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Use of Deflection Basin Parameters

Basin Parameters. Deflection basins measured by NDT devices, such as

the Dynaflect, Road Rater, and FWD, have been characterized by different
parameters which are functions of deflection values at one or more sensors.
A summary of widely used deflection basin parameters and their sources is
presented .in Table 3.1, Figure 2.6 illustrates Dynaflect maximum deflection
(pMD), surface curvature index (SCI), base curvature index (BCI),
spreadability (SP), sensor no. 5 deflection (W5), and basin slope (SLOP),
which have been used for the Dynaflect deflection basin (Refs 17, 22, and
23). Recently Road Rater and FWD deflection basins have been characterized
by area and shape factors, F; and F, (Ref 13), as presented in Fig 3,1 and
Table 3.1. if spreadability, SP, is calculated for Road Rater (Table 3.1),
then area can be related to SP by the following relationship (Ref 13):

Area = 0.24 SP(Z) - 6 (Wz + WB)/wl (3.1)

where W,, W,, and Wy are deflections at sensors 1, 2, and 3.

Deflection ratio (WR) has been widely used with agencies and researchers
using FWD. Tangent slope, TS is another parameter proposed for defining
basin shape (Ref 28). This parameter is defined in Table 3.1 and illustrated
in Fig 3.2. A curve is fitted through the measured deflections to describe
the deflected surface, This function is then solved simultanecusly with the
equation of a straight line, the tangent (Fig 3.2). Tangent slope 1is then
calculated by finding the slope of the line joining the point of maximum
deflection and the tangent point.

Deflection basin parameters have been used for three major applications:
(1) for diagnostic checking of the structural conditions of pavements based
on field experience; (2) to relate to critical pavement response and

subsequently to axle load applications; and (3) to calculate imsitu Young's
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TABLE 3.1. SUMMARY OF DEFLECTION BASIN PARAMETERS
1 NDT
Parameter Definition Device Reference
Dynaflect maximum MDD = Wl' Dynaflect (17)
deflection, DMD
Surface curvature SC1 = Wl . Dynaflect, (17)
index, SCI Road Rater (21)
model 400
Base curvature BCI = W, - W Dynaflect an
. 4 5
index, BCI
z W,
i=l to 5 *
Spreadibility, SP = x 100 Dynaflect (17,
5 W,
SP i 22)
z Wi
sp = LIS 3100 Road Rater (13)
1 model 2008
Basin slope, SLOP = Wi - Ws Dynaflect (23)
SLOP
W5 W5 = Wé Dynaflect (23)
r2
Radius of R = W Benkelman (24)
Curvature, R 2 W ( m ) Beam
n|— ~1
We
(continued)
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TABLE 3.1. (CONTINUED)

1 NDT
Parameter Definition Device Reference
Ur .
Deflection ratio, Qr - 0 FWD (25, 26)
Qr o Benkelman 27
Beam
. 2 3. 4
Area (inch), A A = 6}1+2 ar~+ 2 ﬁ—'+ T Road Rater (13)
1 1 1 model 2008
f,hape ;acmrs’ CFp o= () - W/, Road Rater  (13)
1 2 model 2008
Fp o= (- W /W,
W -¥
Tangent Slope, § = -2 X None (28)
X
TS
1
W = deflection; subscripts: 1, 2...5 = sgensor locations,
0 = center of load
T = radial distance
m = maximum deflection
X = distance of tangent point from
the point of maximum deflection
2

005 pos

The NDT device for which deflection parameter was originally defined.
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moduli, The first two categories of applications are briefly reviewed in the
following section, The third application, 1i.e., calculation of 1insitu
elastic moduli is discussed in & later section.

Application and Limitations. Dynaflect deflection basin parameters have

been studied and a set of limiting criteria for DMD, SCI, and BCI has been
proposed for rating the structural condition of a pavement (Ref 13). SCI 1is
believed to be a measure of basin curvature near the center of a deflection
basin and therefore is used as an indicator of structural integrity of the
pavement surface layer where layer thickness, stiffness (Young's modulus of
elasticity), and defects and discontinuities, such as joints and cracks, are
the primary factors influencing SCI values. However Taute et al (Ref 23)
found from Dynaflect deflection date obtained on rigid pavements in Texas
that‘ 8CI is typically a very small value and therefore not suitable for
correlating with upper layer stiffness. The Dynaflect data collected on
rigid pavements in another research study (Ref 12) support this finding about
SCI.  Taute et a8l (Ref 23) therefore defined basin slope (Table 3.1) and
correlated it with the Young's modulus of the concrete layer. Spreadability
and area can be considered as a function of overall pavement stiffness and an
indicator of its ability to distribute load, Deflection ratio and radius of
curvature parameters are used to estimate insitu pavement moduli, The
tangent slope parameter, as reported in Ref 28, has been used with
theoretical deflection basins,

Deflection basin parameters have also been related to critical response
of . pavement and to design life of pavements, Figure 3.3(a) presents the
relationship between maximum tensile strain and SCI values based on Road
Rater deflection data (Ref 21) on asphalt pavements., Figure 3.3(b)
illustrates the relationship between tensile strain and radius of curvature
calculated from Benkelman beam deflection data on asphalt pavements. Finally
Fig 3.3(c) illustrates the relationship between the tangent slope and desigd
life based on a theoretical study (Ref 28).

A major applicarion of deflection basin parameters is to estimate insitu
Young's moduli of the pavement layers which will be reviewed in a later
section. In many cases the shape of the deflection basin has been idealized

but, as 1illustrated in Fig 3.4, wide variation in the shape of measured
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curvature index of Road Rater deflection basin (Ref 21).
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Key

A Unbound granular base
B Hot rolied asphalt base
C . Dense bitumen macadam base
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deflection basins can be expected. Using basin parameters makes the analysis
of deflection data for pavement evaluation easier and simpler, but it may
cause the loss of vital information about structural properties of pavement
layers which can possibly be extracted from the interpretation of whole

deflection basin.

ANALYTICAL MODELS FOR MECHANISTIC INTERPRETATION OF DEFLECTION BASIN

In this section several theoretical models used to analyze deflection
data for structural evaluation/insitu material characterization of deflection
data are reviewed, A model is selected for use in the development of the

structural evaluation system described lster in this study.

Mechanistic Modelliqg_gg Pavement Structure

In modelling the mechanistic behavior of a pavement structure, following

input and response parameters must be considered:

(1) inputr =~ 1load/traffic variables, pavement characteristics and
materials properties, environment, locations whare responses are
required; and -

(2) response - stresses, strains, and deflections at preselected

locations.

The required materiais inmput for pavement degign are based on the
constitutive laws established for an idealized theoretical and deterministic
structural response model. The materials are characterized from laboratory
tests, and pavement response is predicted from theoretical analysis under
certain assumptions (Fig l1.1). The calculated responses are unique. The
constitutive equations for the simplest idealized system are based on linear
elasticity. In the real world, pavement materials generally exhibit non
linear characteristics. The viscoelastic approach can be used to model time

dependent response of a pavement. Figure 3.5 illustrates basic principles of
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these constitutive laws considered in the development of structural response
models for pavements, Linear viscoelastic theory has been used to develop
the structural response model (Ref 29) but has not found wide application due
to its complexity, and because more laboratory parameters are required to
characterize any pavement material, Linear elastic approach requires the
least numbers of parameters to characterize pavement material, These are
Young's modulus of elasticity (E) and Poisson's ratio (M ).

In applying the linear elastic approach, solutions for structural
analysis of pavements have been developed using plate theory or layered
theory. Plate theory is used for the analysis of rigid pavements only. Dr.
Westergaard's solutions (Ref 30) for stresses are based on a pavement wmodel
consisting of a finite thickness of plate resting on springs which represents
behavior of subgrade. The physical model and discrete element analysis made
by Hudson and Matlock (Ref 31) provide the ability to analyze the effects of
pavement discontinuities and partial loss of support on pavement response,.
The two-layer model (a pavement layer resting on a semi-infinite subgrade)
analyzed by Burmister (Ref 32) was a major breakthrough in the structural
analysis of flexible pavements, Before this work, Bousinessq's theory of
loading an elastic half space was the best theory available for design of
pavements (Refs 33 and 34), Burmister (Ref 32) also formulated a three-layer
system, later other researchers solved the three-layer problem for the
complete state of stresses and strains. Computerized versions of multilayer
elastic theory, such as ELSYM5 (Ref 18), Shell's BISAR (Ref 35), etc., solve
a ' generalized multilayered system allowing consideration of more than one-
load. These programs consider only homogeneous material in each layer.
Finite element theory has also been used to develop computer programs based
on plate theory and layered theory. Finite element theory also permits
variation of Young's modulus, E, with depth, HBaas and Hudson (Ref 36)
present a summary of published works on the comparison of measured and
calculated pavement responses, Only static loading is considered in all the
structural response models discussed above while specifying design 1load
input .,

So far, a review has been made of structural response models which are

used to predict pavement response under known input parameters of loading and
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material properties for a pavement structure, In the case of structural
evaluation of dynamic deflection data from NDT devices, attempts are made to
predict pavement structural capacity and material characterization from the

measured pavement response (Fig 3,5)., This is a more complex task in view of

the following considerations,

(1) The response is measured under a dynamic test load which is
generally different from the magnitude and loading made of the
drgign wheel load,

(2) The measured response is a dynamic deflection basin but static
deflections are predicted from the structural response models,

(3) The material characterization input parameters derived from the NDT
data are then used in place of laboratory derived parameters to
determine the structural capacity of the pavement or for overlay

design.

Mechanistic Models for NDT Evaluation

This section deals with a review of theoretical models used for the
analysis and interpretation of NDT data.

Elastic Layered Theory. The most widely used analytical procedures for

mechanistic interpretation of deflection basin measure on flexible pavements
are based on multilayered linear elastic theory. As shown in Fig 3.6, the
layered model nf an existing pavement can be used for insitu characterization
of materials in each layer. Later this information can be used again in the
layered theory computations to estimate the pavement's load carrying capaéity
and for overlay design. McCullough (Ref 37) has shown the application of
layered theory for overlay design of rigid pavements. Seeds et al (Ref 38)
used a combination of layered theory and plate theory solutions to develop a
design system for rigid pavement rehabiliration, Application of layered
theory for insitu material characterization for g deflection basin requires
estimation of only onme unknown parameter, Young's modulus of elasticity, E of

each layer., Poisson's ratio (pu ) can be assumed from the literature as any
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small variations in W does not have any significant effect on pavement

response. The following assumptions are made in layered theory solutioms.

(1) The material in each layer is linear elastic, homogeneous, and
isotropic.

(2) The layers overlying the elastic half space are weightless, and are
finite in thickness but are infinite in the horizontal planme.

(3) Uniform static load is applied on a circular area of the surface.

(4) Inertia effect is neglected,

(5) The boundary conditions are as follows:

(a) Layers are in continuous contact, There is no normal stress
outside the loaded area at the top of the surface layer, and
it is free from shearing stress.

(b) For the elastic half space, stresses and displacement are
assumed to approach zero at a very large depth.

(¢) Full friction is generally assumed at each interface, 1i.e,,
vertical stress, displacement, and shear stress are assumed to
be continuous across the interface,

(d) An important assumption is that horizontal strains across an
interface are equal.

(e) Temperature effect is neglected,

Layered theory solutions are based on axisymmetric condition; therefore the
principle of superposition is applied to determine the effect of more than
one load., Dynamic load or vibrations are not handled by layered theory.
Therafore some  researchers have wused simplified dynamic models for
interpretation of dynamic deflection data. Some of these procedures are
briefly reviewed in the following section.

Application of Dynamic Models. The simplest dynamic model of a pavement

structure is represented by a single degree of freedom system (SDOF) as
illustrated in Fig 3.7. This spring-mass—dashpot system with  forced
vibrations is treated in text books on vibrations (for example, Ref 39).

This dynamic model allows consideration of inertia effect and vibratory

RR387-1/03



44
m
k l=—=lc
TTTTTTITTIT
m = Mass = Weight
g
k = Spring stiffness
= Damping constant
Fig 3.7. Principle of single degree of freedom system.

00s 8O



45

force. Researchers (Refs 40 and 41) have used principles of vibration theory
to evaluate dynamic deflection data. There are two approaches used in making
the tests with steady state vibrators: (1) the load-sweep method developed at
WES (Ref 42) and (2) the frequency-sweep method developed by Yang (Ref 41).

Load-sweep tests are conducted on a preselected frequency (generally 15
Hz) over a range of dynamic loads and & dynamic stiffness modulus (DSM) 1is
calculated by dividing amplitude of the dynamic force by the corresponding
dynamic deflection. DSM is an indication of structural integrity of the
pavement subgrade system and has been correlated with the performance (Ref
42). Subgrade modulus can also be found from this test, using the analytical
procedure described by Weiss (Ref 40).

In the frequency-sweep approach, pavement is tested at fixed amplitude
of dynamic force at a wide range of driving frequencies, from well below the
primary resonant frequency to several times higher. An equivalent modulus,
Ec is then computed from the dynamic deflection frequency data. Both methods
provide a measure of resistance to pavement deformation under vibratory loads
but two severe limitations in these approaches are recognized: (1) the
arbitrary criteria for preselecting a fixed frequency, or a fixed dynamic
force level, and (2) the inability to estimate the structural integrity of
each pavement 1ayer; As information about material properties of individual
pavement layer can not be extracted, the mechanistic approach to~use layered
theory for pavement design can not be effectively applied.

Research is also being carried out in applying a time-dependent transfer
function theory (Ref 43) to analyze pavement behavior under an impulse load
representing a moving wheel load.

Excitation of a pavement surface by steady state vibrations or a
transient load generates disturbance in a pavement subgrade system. Another
rational and a true mechanistic approach to analyzing this problem 1is the
application of the theory of stress wave propagation in layered elastic
media. Further discussion of such dynamic analysis is made in a later

section in this chapter,
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DERIVATLON OF YOUNG'S MODULI FROM DEFLECTION BASIN

A review of existing procedures to estimate Young's moduli from a

daflection basin using layered theory is presgented in the following sections,.

Earlier Work, and Graphical and Nomograph Based Procedures

Scrivner et al (Ref 44) in the early 70's presented a procedure to
determine moduli of 2 one-layer pavement resting on elastic half space based
on Burmister's  work (Ref 32). The method relied on matching deflections
measured at two points one foot apart with theoretical deflections, For the
rigid pavements, the distance between the points was increased to two feet,
A graphical technique was later developed by Swift (Ref 45) to determine
elastic moduli of & two-~layer pavement by {fitting a measured Dynaflect
deflection basin, Cogill (Ref 46) presented a computer program based on a
set of simultaneous equations to determine Young's moduli from a surface
deflection basin., Coefficients of the equations were obtained from layered
theory computations.

Various deflection basin parameters (Table 3.1) have been correlated to
pavement moduli based on layered theory computations, and graphical and
nomograph-based procedures using basin parameters have been developed,
generally for & two or three-layer pavement model. Vaswani (Ref 22) wused
spreadability (SP) and maximum deflection to develop nomographs for the
evaluation of moduli. Majidzadeh (Ref 17) developed graphs to determine
subgrade modulus from W5, the sensor 5 deflection of the Dynaflect,.
Majidzadeh (Ref 17) also developed series of nomographs to estimate moduli of
a composite pavement layer and the elastic half space by using DMD, SP, and
W5, the Dynaflect deflection basin parameters. Koole (Ref 47) wused the

deflection ratio, Q obtained from FWD data to prepare a series of graphs

o
to determine subgrade and _asphaltic concrete moduli if the base wmodulus is
known.  Another graphical technique using Q. (Ref 27) has been prepared to
determine moduli ratios and the subgrade modulus based on two layered theory
and Benkelman Beam data. The Road Rater basin parameter, area, and maximum

deflection have been used with a finite element program to prepare a series
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of nomographs to determine moduli of three-layer flexible pavement (Ref 13).
Taute et al (Ref 23) presented nomographs to determine moduli of a three-
layer rigid pavement from the Dynaflect basin parameters SLOP and W5,

All rhe graphical procedures discussed so far are of limited use as

(1) They are developed for a specific NDT device.

(2) Layered theory or any other structural model's computations used to
develop these procedures are based on specific ranges of moduli of
pavement layers. This factor is often neglected when a user
applies these types of nomograpns to practice.

(3) They are limited to two or three layers and a particular pavement
type.

(4) In general the bottom layer is assumed to be semi-infinite which
can result in a large over-estimation error in the subgrade modulus
if a rock layer actually exists at a shallow depth as shown, in Fig
3.8.

Inverse Application of Layered Theory

Background. Irwin (Ref 48) presented an iterative procedure for
applying layered theory in reverse order by changing the modulus value in
each iteration until a best fit of predicted and measured basins is obtained.
The moduli in the best fit iteration represent insitu moduli. This approach
is very promising as it can be applied to a multilayered flexible or rigid
pavement, Uddin et al (Ref 7) used this approach to determime insitu moduli
of rigid pavements considering a subgrade of semi-infinite as well as finite
thickness, Figure 3.9 illustrates a flow diagram of this procedure. 1In the
past few years a number of self iterative computer programs have been
developed using this approach; they are reviewed in the following section.

Self Iterative Procedures. Findings of a literature search on published

self iterative procedures are summarized in Table 3,2, which presents titles
of computer codes, origins, applicability, and sources. Anani and Wang (Ref
49) developed a self iterative computerized procedure to determine 1insitu

moduli of & four-layer flexible pavement by obtaining a best fit of
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TABLE 3.2. SUMMARY OF SELF-ITERATIVE PROCEDURES FOR EVALUATION OF PAVEMENT
MODULI FROM DEFLECTION BASINS

Pavement
1 layered
Procedure Hodel Theory Program NDT 2
Title Source {(n=no. of layers}) for Analysis Method 1nput Output
- Anani and Wang, L=layers BISAR RR4OO Hi 21, 52‘ E.. E,
1979 (Ref 49) flexible
i=s]l to &
1SSEMé4 Sharms and Stubstad, 4-layers ELSYIS FWD vi El to E,  for
1980 (Ref S0} flexible twveriable &-layer imput
CHBVDEF3 Bush-WES, 4~layers (Not to CHEVRON RR2008 Hl Ej
1980 (Ref 51) exceed number of jel to jul to m
deflecticns) " 4
flexible Baximum
(1=14n)
OAF FIMA, 1981 3 or 4-layers ELSYMS Dynaflect Wi Ej
(Ref 52) flexible r&g imvariable j=1 to 3 or
(overlsy thickness)
oAR" FHRA, 1983 Rigld LSS Dynaflect ¥ £
(Ref 53) Ll l’:g jwvariable j=1 ton
{overlay thickness)
INVERSE Hou, 1977 nw- % CHEVSL b w E
(Ref 54) 2 3
i=varisble jwl ton
* Tenison-NMEHD, 3-layers CHEVROR's RR-2000 LA E
1982 (Ref 55) flexible n~layer 4=l to & Julto3
RPEDDIS Uddin et a1, 3 or 4-layers ELSYMS Dynaflect “1 23
1584 rigid P 11 to 5 4=l to 3 or &
or
i=] te 7
5
FPEEDL Uddin et al, 3 or 4-layers ELSTIS Dynaflect W, Ej
1984 flexible FWD ts1te5 §=1todord
or (remaining Jife)
. i=] to 7
BASFIT**  Seeds and Tsute, 8 layers LAYERS
naflect W, #* Lkl
1981 (Ref 7) (flexible/rigid » :

ISeni-mfmite subgrade asaumed in input,

2’!’h1:kne;s. Polsson's ratio, initial seed modulus ©f each layer (except the thickness of bottom layer) are
required inpur allowable ranges of woduli are also required.

Can be easily modified to handle other NDT devices.

Detailed review has not been wade of this reference.

A

&4

i

These procedures are developed in the present arudy.
5lim: known or unavailable.

“Inuractive computer program that allows the user to enter changes in soduli and sbtain theoretical deflections
{another modified version, BASFIZ has been developed recently, which allows the user to enter measured deflections
and plot measured and theoretical deflection basins at the end of each trial and also handles finite thicknesses
of subgrade).
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deflection basin measured by Road Rater model 400. The wmethod employs
successive corrections in moduli starting from the fourth sensor reading and
the modulus of the fourth layer (the semi-infinite subgrade). The initial
set of moduli are to be assumed by the user. Once all four moduli are
corrected, the first iteration is completed. Correction factors are derived
from an earlier sensitivity analysis on the effect of moduli changes on
deflections. The procedure is valid only for Road Rater model 400 and four-
layer flexible pavements with semi~infinite subgrades. Moreover, the the
effects of the nonlinear benhavior of subgrade and granular layers on back
calculated moduli are not considered in the procedure. It is reported (Ref
49) that unique results can be obtained but a literature search in pavement
related publications could not find examples (other than those reported in
Ref 49) of the field application and validation of this procedure, In
general 30 iterations are needed to converge the moduli values according to
Ref 49, In other words, B1SAR is used 120 times to calculate theoretical
deflections for a four-layer pavement. For the test facility (Ref 49),
deflection basins measured on only one test section were  analyzed
individually, but the computation cost is prohibitatively expensive 1if a
large number of basins are to be analyzed. Therefore, for other test
sections, only an average deflection basin for one set of data was calculated
from the mean deflection values at each sensor and analyzed to determine
insitu moduli, However, development of this procedure was a major step
towards insitu material characterization as it uses a mechanistic approach to
applying layered theory and does not rely on empirical procedures or
nomographs.

The self iterative procedure ISSEM4 described by Sharma and Stubstad
(Ref 50) is Dbased exclﬁﬁively on a FWD deflection basin, The computer
program handles four-layer flexible pavement, wuses ELSYM5 to calculate
structural response, and 1is designed for evaluation of stress dependent
moduli. The importance of analyzing an individual deflection basin 1is
realized by\Sharma an Stubstad (Ref 50). The derived insitu stress~dependent
moduli are claimed to be unique to the accuracy allowed in the iterative
procedure. The criterion for uniqueness is reportedly (Ref 50) that there

must be one or more deflection readings per structural layer and placed as
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outlined 1in the paper. The reproducibility of derived moduli under the
assumption of different levels of initial assumed moduli is not reported in
Ref 50. This procedure has been used on flexible pavements only.

A computer program, CHEVDEF, was developed at WES (Ref 51) to analyze
deflections basin measured by Road Rater model 2008, The procedure uses
Chevron's layer program to calculate deflections when an initial set of
moduli and their acceptable ranges are given., The self iterative procedure
is based on determining & set of moduli which could minimize errors between
predicted and measured deflections., The number of layers handled by this
program should be one less than the number of deflection sensors, Examples
of field applicatibns'are reported for flexible pavements (Ref 51). However
the input requirements are generalized, and therefore 8 deflection basin from
any other NDT device, sucn as the Dynaflect, could be analyzed by this
procedure and it could be used for rigid pavement. The last layer of
subgrade 1is assumed to be semi~infinite., Nonlinear behavior of granular
layers and subgrade is not considered ipn this procedure but the output
includes stresses, strains, and deflections ar the center of the granular
layers and at the top of the subgrade,

The recently developed computerized overlay design procedure for
flexible pavements, OAF~-FHWA (Ref 52), has an option for deriving insitu
moduli from a deflection basin measured by NDT devices, such as the
Dynaflect, the Road Rater (the model which applies load through two steel
columns), and the Falling Weight Deflectometer, ELSYM5 is used to calculate
structural response in this program which also assumes a semi infinite
subgrade, To determine insitu moduli for (1) a three-layer pavement, & best
fit of basin parameter SP, sensor one deflection, and sensor 2 or sensor 3
deflection 1is wused, or (2) a four-layer case, SP and the first 3 sensors
deflections are used, The moduli determined from matching deflections are
corrected to derive stresstﬂependent moduli by considering gravity stress and
non-linear behavior of granular layers and subgrade, To validate the self
iterative procedure of the OAF program for uniqueness of the derived stress
dependent moduli, a desirable method is to measure deflection basins on a

test section using the Dynaflect, Road Rater and Falling Weight Deflectometer
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at the same time, Insitu stress-dependent moduli determined from deflection
basins of these NDT methods should agree within reasonable tolerance and also
compare favorably within laboratory derived moduli or moduli determined from
wave propagarion techniques. The field applications cited in Ref 32 are
based on the analysis of individual deflection basins but lack any study such
as outlined above to check the uniqueness of the derived moduli, Very
recently tne OAR-FHWA program (Ref 53) has been developed for overlay design
of rigid pavements. 1t also evaluates insitu moduli from deflection basins.
Details are not available at this time,

Hou (Ref 54) describes a self irerative computer program INVERSE,
developed at the University of Utah, Salt Lake City, Utah, to evaluate insitu
moduli from measured deflection basins. The method employs a least squares
minimization of errors between deflections computerized by the CHEVSL layered
program and the measured deflection basin successive approximation process is
used to change moduli in the iterative procedure, Examples are presented for
flexible pavements. No other published material on field applications of
this program could be found., The proposed deflection analysis program of the
New Mexico State Highway Department (Ref 55) is also a self iterative program
based on the principles of the procedure of Wang and Anani (Ref 49) described
earlier. It is designed to analyze deflection basins measured by model 2000
Road Rater on the three-~layer flexible pavements. Moduli of pavement layers
are obtained when best fit of a set of three deflections measured at 1, 2 and
3 ‘feet away from the center of the loading plate 1is achieved with the
deflections computed by Chevron's n-layer program. Nonlinear benavior of the
granular layer and the subgrade is not considered in this version of the
deflection énalysis program.

The features of the self iterative procedures outlined above are

summarized in the following

(1) With the exception of the OAF program, procedures were developed to
analyze deflection basin of only one specific type of NDT device.
(2) Procedures are limited to either three or four-layer pavements,

except OAF, which can handle both types of pavement,
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(3)

(4)

(5)

(6)

(7)

(8)

(9)

Compurer programs based on multilayered linear elastic theory are
used in these procedures to compute theoretical deflections. Anani
and Wang use BISAR, whereas ELSYM5 is used in OQAF and ISSEM4
procedures, and Chevron's n-layer programs are used in all other
procedures,

Generally these procedures are designed to handle only flexible
pavements,

Semi-infinite subgrade 1is assumed in nearly all procedures,
Existence of a rigid layer at a finite thickness of subgrade
influences pavement responses, Tnis influence is not applicable on
stresses, but could be very significant on surface deflections,
Effects of considering a rigid bottom or a rock layer at a finite
depth of subgrade on computed deflections and derived moduli are
not addressed in the development of these methods.

Effects of nonlinear behavior of granular layers and subgrade on
derived moduli are not considered in most of these procedures with
the exception of OAF and ISSEM4.

All procedures need extensive field applications in order to
validate and calibrate if necessary their convergence processes and
to check the uniqueness of the derived moduli.

All these procedures are user dependent as far as the effect of
initi1al assumed moduli on the convergence process is concerned.
Dynamic aspects of the dynamic deflection data and the effect of
the loading mode are ignored in all the above procedures. Further
discussions related to this ropic are presented in the following

section.

DYNAMIC ANALYSIS OF RDT DATA

Introduction

The

generate d

discussion presented here is applicable to all NDT devices which

ynamic deflections, including steady state vibratory devices, such

as the Dynaflect, and impulse devices, such as the FWD, Dynamic loading on a
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pavement surface causes disturbance in pavement-subgrade system. I1f the
pavement—subgrade system 1is assumed to be linearly elastic then a true
dynamic analysis of this problem is possible by the application of the theory
of stress wave propagation in layered elastic media (Ref 56). This approach
is in wuse 1in seipmic analysis of earthquakes by geophysicists and
geotechnical engineers and also in structural dynamics area, Details of the
theoretical background can be found in Refs 56 and 57. The concepts are
summarized in Ref 58. A brief outline is presented in this section. Wave
motion created by a disturbance in a homogeneous and isotropic elastic half
space 1is described by three types of waves: (1) compression (P) wave, (2)
shear (5) wave, and (3) Rayleigh (R) wave, P and S waves are also called
body. waves, as they travel inside the body of the medium whereas R waves
travel near the surface, Figure 3.10 1illustrates the particle motion
relative to the direction of wave propagation. Shear wave has two

components, S_V, the vertical component, and § the horizontal component.

s
The amplitudes of R waves attenuate very rapidl;lwith depth. The attenuation
of energy associated with these waves is caused by geometric and material
damping (Ref 57). The propagation of the three types of waves away from a
vertically vibrating surface is shown in Fig 3.11. 1In a layered medium, the
wave front becomes very complicated because of reflection, refraction, -and
polarization of waves (Refs 56 and 57). The basic concepts related to only
elastic  half spaces for the evaluation of material properties from
propagation velocity are discussed here. P wave velocity (Vp) and S wave
velocity ( vs) are related to elastic properties of material by the following

expressions:

vV =

)
p o= (M)

(3.2)

and
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(;1) P wave ‘—-— Compreasions j Undisturbed medwum
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(h) S wave
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(C ) Rayleigh wave

P A S S S0 S ST AT S S S S 4

=im
-
-4

Fig 3.10. Forms of wave motion in an elastic half-space (Ref 61).
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& (3.3)
VS - (G"/p) =
where
M = constrained modulus of elasticity,
G = shear modulus, &nd
- , - unit weight
P mass densify acceleration due to gravity

Using tne relationships between elastic parameters, M, G, E, and Poisson's

ratio (u ) it can be shown that

E =pc1+w<1—m>%%u—u) (3.4)

and

¢ = M1-mwj/[x1~m] (3.5)

The conventional experimental procedure for evaluating pavement moduli -
from steady state vibrations is based on developing a dispersion curve where

Rayleigh wave velocity, Vro is plotted against Lp, the wavelength of the R

wave (Ref 59)., The following relationship is used in this procedure to

calculate V; by measuring Lg:

v, = fL (3.6)
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where
f = frequency of excitation.

Equation 3.6 is equally valid for Vp, Lp, and V,, L Nazarian and Stokoe

s'
(Ref 58) use Eq 3.6 and the spectral analysis of a surface wave generated by
an impulse source to measure the frequency content and wavelength associated
with each frequency to determine V;. Once Vg is known, E can be found from

the following equation:

E = 2(1+4p) P VSZ (3.7)

0.9 v_.
s

as V

o
a

The experimental procedures to determine pavement moduli basically wuse the
fundamental relationships discussed above.

Research 1is currently in progress at The University of Texas at Austin
(Ref 60) to develop a dynamic model for determining structural response under

dynamic NDT tests, as discussed briefly in the following section.

Dynamic Apalysis for Steady State NDT Data

A detailed treatment of the dynamic model (Ref 60) is out of the scope
of this study. At the present time, the model is being continually improved
and calibrated, The formation is capable of giving complete structural
response under harmonic loading at a specific fixed frequency or a tramsient
Tesponse under an impulse load. The basic assumption 1is that, in each
horizontal layer, the material is homogeneous, 1isotropic, and 1linearly
elastic, The basic principles used in formulating and solving the wave
equation in the simple model are: (1) coupled P and §, waves can be
considered as R waves in the x-z direction and (2) the S component of the
shear wave can be treated as a Love wave (Ref 56) in the y-direction. (In

the more detailed model being developed at present, these assumptions are no

longer made and all different forms of waves are properly accounted for.)
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The coordinates system is shown in Fig 3,12, Stresses and displacement are
assumed continuous at the interfaces, Displacements are considered to be
linear between the top and bottom of a layer. The problem is solved for a
displacement which can be differentiated to obtain strain, and Hooke's law is
then applied to calculate stresses. The input includes E, U , and the
thickness of each layer, unit weights of materials, the excitation frequency,
and the boundary condition at the bottom of the subgrade layer. Wave
velocities are calculated internally in the program,

The flexible pavement illustrated in Fig 3.13 has been analyzed for
various thicknesses of the subgrade, ranging from 10 feet to infinity, The
Dynaflect loading and geophone configuration was modelled in the dynamic
analysis., Typical results are presented in Figs 3.14 to 3.19.

Figure 3.14 illustrates the theoretical dynamic deflection basin at an
assumed frequency of zéro Hertz for a 110 feet deep subgrade which
corresponds to a static loading condition. The same figure also shows the
static deflection basin calculated by using ELSYM5. The basins are virtually
same. Variations of ratio of dynamic amplitude at 8 Hz and static
deflection are illustrated in Figs 3,15 to 3.19, for subgrade depths ranging
from 10 feet to 110 feet, For this analysis, static deflections were
calculated using ELSYM5 with the input data shown in Fig 3.13. These figures
illustrate that at a depth of subgrade to rock layer of 35 feet, large
dynamic deflection are predicted by the dynamic analysis, The same ratios
have been plotted versus depths of subgrade in Fig 3.20 for each geophone
location, The 5th geophone, which is often used to characterize subgrade
modulus (Ref 23), also shows the highest ratio at 35 feet, At sensor 1, the
effect is less pronounced,- This analysis indicates that if, at 35 feet
depth, a8 rock layer exists, the Dynaflect will record higher deflections, and
the use of a static analysis will result in errors in back=-calculated moduli.
The self iterative program FPEDD]! (developed and described in the present
study) was used to back calculate insitu moduli from the theoretical dynamic
deflection basins using the input data of Fig 3.13. The back-calculated
moduli are summarized in Table 3.3, As anticipated, significant errors in

all back-calculated moduli occur at depths of 20 and 35 feet,

RR387-1/03



D=10',20',35', 50,110,

2.5'
x tsll

D, |4 Subgrade (SG)

Z

Fig 3.12. Coordinate system
assumed in the
dynamic analysis.

EA.C.=200,000 psi
Asphaltic Concrete(AC

Granular Base (B)
Eg=78,500 psi

Wt

ESG s 29,000 pSi
Dy =D{variable)

RIGID BOTTOM
Fig 3.13. Flexible pavement
used in the

dynamic analysis.

Radial distance from loading wheel

100 156 260 37.4 49.0
0. T 1 * ‘
E o3t -
c
2
©
2
2 05}
—— Dynamic analysis (f=0)
— — Static onalysis, ELSYMDS
07+

*i #2

Fig 3.14. Comparison of th

calculated using
005 349

#3 #4 #5
Sensors

eoretical Dynaflect deflection basins
dynamic and static analysis.

61



62

Radial distance {rom loading wheel, inches

O 2 24 36 48

2.0 ' l ' T
do/ds

1.0 s —

00 1 | ! ] y

# #2 #3 #4 #5
Sensors

Fig 3.15. Plot of dD/ds corresponding to the locations of Dynaflect

sensors for D = 10 feet.
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Fig 3.16. Plot of dD/ds corresponding to the locations of Dynaflect

sensors for D = 20 feet.
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Fig 3.17. Plot of dD/ds corresponding to the locations of Dynaflect

sensors for D = 35 feet.
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TABLE 3.3. MODULI DERIVED FROM THEORETICAL DEFLECTION BASIRKS
BASED ON DYNAMIC ANALYSIS
EAC’ psi EBASE’ psi ESG’ psi
Tepth of
Subgrade, D Calculated Error* Calculated Error* Calculated Error*
10 Feet 200,000 0z 65,096 -17.1% 27,943 ~-3.6%
20 Feet 285,833 +42.92 69,558 s11.4% 23,927 ~17.5%
35 Feet 295,366 +47.7% 53,252 -32.2% 17.751 ~38 8%
50 Feet 200,000 0% 78,500 oz 32,164 +10.97%
110 Feet 200,000 0% 78,500 0z 30,817 + 6737
Nriginal
Moduli 200,000 psi 78,500 psi 29,000 psi
*Errar . DOriginal Modulus - Calculated Modulus % 100
Original Modulus
005 289
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By looking ar wave motion induced by the Dynaflect, long wavelengths
result due to the low excitation frequency, For typical subgrade soils
(assuming nondispersive medium), nalf wavelengths will be more than 35 feet,
Such & long wavelength decreases attenuation (relative to shorter
wavelengths). Also, the effect of pavement layers existing near the surface
will be practically negligible on wave attenuation, This discussion leads to
the conclusion that peak-to-peak vibratory force of the Dynaflect can be
approximated as a pseudo static load, and the corresponding peak-to-peak
dynamic deflections can be treated as static deflections. Therefore, ir is
reasonable to apply a static analysis using layered elastic theory to analyze
Dynaflect deflections. This discussion is also supported by the results of
the dynamic analysis described earlier if we know that there is no rigid or
rock layer at some critical depth., This critical depth can be approximated

as 1/4 to 1/2 of the wavelength of the P wave in the subgrade soil (Ref 60).

Dynamic Analysis of FWD

A transient impulse on a pavement surface can excite a wide range of
frequencies, If the frequency content is known, the dynamic analysis
discussed in the preceding section, can be applied for each frequency level,
and the principle of superposition can be used to determine dynamic response
(Ref ©60). In an earlier study reported by Scott et al (Ref 61), field
measurements were made on the dynamic response of the FWD, A simplified
approacth to calculate the predominant frequency excited by the FWD 1is to
répresent the FWD load by the idealized load-time history, as illustrated in
Fig 3.21(a), Assuming & harmonic waveform as shown in Fig 3.21(b), the
period, T, of the wave is approximately 50 seconds. Frequency, £, being the
inverse of T, can be taken as 20 Hz. From the time-~history and auto power
spectra for the FWD, Scott et &l (Ref 61) found that the predominant
frequency excited by the FWD was 20 or 21 Hz. Comparisons of FWD theoretical
dynamic deflection basins with static basins calculated by layered theory
analysis (such as described for the Dynaflect in Figs 3.15 to 3.20) are not

available at the present time, Further research is warranted in this ares,

.
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A very simplified dynamic analysis of the FWD is to examine the behavior
of waves propagating in a hypothetical column under the loading plate.
Results of a preliminary study using an idealized load-time history of the
FWD on a homogeneous and isotropic elastic half space is presented in
Appendix A. The model was used to generate deflection-time histories and the
distribution of vertical stress in the medium under an impulse. An important
and interesting finding is that the theoretical vertical stress distribution
and deflection-time history wunder an FWD pulse are similar to measured
signals of the FWD as illustrated in Fig 2.4,

It can be seen that until the present time not much attention was paid
to developing dynamic analysis procedures using the wave propagation for the
interpretation of dynamic NDT data of pavements., Dynamic analysis of dynamic
deflection data involves the use of research performed in seismic analysis
and structural dynamics areas. A very brief discussion of this topic was
presented above to emphasize the need for further research in this area. In
the meantime, layered elastic theory provides the best approach to modeling

pavement behavior for interpretation of NDT data.

SUMMARY

This chapter presents a literature review of analytical procedures for
interpretation of dynamic deflection data generated with NDT devices.
Various deflection basin parameters are defined and their applications and
limitations were discussed. Available analytical models for analyzing
pavement behavior were briefly described. The mechanistic models commonly
used for evaluation of NDT data were reviewed, Next, procedures to derive
Young's moduli of pavement layers from dynamic deflection data were reviewed;
they include use of graphs and nomographs based on basin parameters amd self
iterative procedures involving the inverse application of layered elastic
theory. Concepts of dynamic analysis of NDT devices such as the Dynaflect
and FWD wusing the stress wave propagation approach were also briefly

presented. It hbhas been concluded that the layered elastic theory can be
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effectively used to analyze the dynamic deflection basins for imsitu material

characterization of a pavement-subgrade system.
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CHAPTER 4, INSITU MATERIAL CHARACTERIZATION
BASED ORN DYNAMIC DEFLECTION DATA

INTRODUCTION

General

Nondestructive testing of pavements is performed by measuring dynamic
deflection basins, which is an important part of the inservice monitoring of
pavements at the project level of the pavement management process. In those
places where pavement management concepts are still not in practice, dynamic
deflection basins must still be measured before any major rehabilitarion
program is planned, In each case the data are collected for specific
purposes using established procedures of the user agency. For example, Uddin
et al (Ref 62) identified the following purposes for which Dynaflect

deflection data are collected on rigid pavements:

(1) 1insitu material characterizationm,
(2) void detection studies,
(3) load transfer studies across jointrs and cracks, and

(4) reflection cracking analysis prior to placing flexible overlays.

The positioning of the Dynaflect on the pavement depends on the purpose for
which deflection data are to be evaluated later. Keeping in view the main
objectives of this study, i.e., structural evsaluarion, the research presented
in this document is directed towards mechanistic interpretation of the
dynamic deflection basins measured for the purpose of insitu material
characterization, The specific procedures pertaining to positioning of the
NDT device on the pavement, testing sequence, sample size and frequency of
teste, replication requirements, time and season of testing, and any

necessary correction or adjustment applied to raw data are not addressed 1in
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this study. The reader is referred to the established practice or the
recommended testing procedures in Ref 62.

Dynamic deflection basins measured for the purpose of insitu material
characterization are analyzed to derive insitu Young's moduli of pavement
layers which is the first step in & structural evaluation system. The second
step 1is to correct moduli of the pavement material which exhibit nonlinear
benavior or temperature gensitivity. The majoriry of the existing evaluation
procedures stop here, and further application of the derived moduli is left
to the wuser's discretion. In order to develop a comprehensive structural
evaluation system in this study, additional analyses will be incorporated for
(1) calculation of critical stress or strain, (2) estimation of fatigue 1life
using the critical response, and (3) determination of remaining life of the
pavemenr, Plots of remaining life and pavement moduli with distance along
the pavement can then be used to identify areas which need an overlay and to
calculate design moduli value. The insitu Young's moduli are used for
overlay design using recently developed mechanistic procedures for overlay
design. An imporrant concept used in this study is to treat every deflection
basin on an individual basis for analysis. This chapter is devoted to the
first step in the structural evsluation system, i.e,, development of a self

iterative model to derive insitu pavement moduli.

Computer Program for Structural Response Calculations

Several existing and operational structural response models  were
reviewed in Chaprer 3. Layered elastic theory programs were found to be the
most powerful method for analyzing deflection basins as well as for any
subsequent overlay design., The possible limitation of not considering a
dynamic loading mode in a solution based on layered theory is also discussed
in the last section of Chapter 3. At the present state of our knowledge
layered theory programs are the most suitable means for mechanistic
interpretation of dynamic deflection basins for all practical purposes. A
number of computer programs based on layered elastic theory are available to
researchers (Table 3.2). Compurer programs ELSYM5 (Ref 18) and BISAR (Ref

35) were accessible for use in this study for the development of a structural
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evaluation system, Figure 4.] illustrates the comparison of theoretical
deflection basins predicted for the Dynaflect loading and the geophone
configuration, A basin predicted by ELSYMS is shown in solid limes and
broken lines represent BISAR predictions for rigid pavement. The predicted
deflections match very closely except under the loading wheel, where BISAR
slightly over predicts. For a flexible pavement, comparison of predicted
basins " 1s shown 1in Fig 4.2, For all practical purposes, the slight
difference between the preaictions from these two programs can be ignored as
neither of the two models can predict exact behavior of a pavement, Previous
experience using these two programs at The University of Texas at Austin
indicates that (1) input data manipulation is easier with ELSYMS, (2) in
general ELSYM5 is more efficient, faster, and less expensive in computational
cost than EISAR, and (3) ELSYM5 can be easily adopted as a subprogram. BISAR
has additional capabilities such as handling more than five iayors,
horizontal loads, and variable friction at layer interfaces. For the purpose
of this study, ELSYM5 can handle the requirements related to layers, vertical
loads, locations of responses, and rock layer which are considered 1in this
study. Therefore, ELSYMD> has been selected as the subprogram ba%éd on
layered elastic theory for use in the development of a structural evaiuation
system, In addition, some of the preliminary work related to parametric
studies on variables affecting Dynaflect deflection basins and gefferation of
deflection basins based on factorial designs to develop simplified predictive
equations for moduli was performed using LAYER8 and its interactive version
BASFT2 (described in Ref 7). 1TIne deflection basins predicted from ELSYMS,
LAYER8, and BASFTZ are virtually the same,

PARAMETERS INFLUENCING DEFLECTION BASIN
Parametric studies were carried out to evaluate (1) tne effect of the

rate of change of the input parameter on & deflection basin and (2) the input

parameters wnich show very significant influence on the deflection basin.
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Young's Modulus (psi)
10 in. P.C. Concrete 4,000,000
4 in. AC.Base 200,000
6 in. Subbase 40,000
Semi-infinite Subgrade 20,000
_ FWD radicl DYNAFLECT
Rodiol . Deflections (mils/Ib ) ??s,g’?ced Deflections (mils)
o
from 1004 | £l syMs | BISAR | (in) | ELSYM5 | BISAR
R
240 0.39 039 | 129 023 Q28
36.0 0.33 0.33 26.0 0. 38 0.38
a8 Q52 Qg2 | 314 Q.33 033

Fig 4.1. Comparison of responses from ELSYM5 and BISAR for a rigid pavement
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Young's Modulus (psi)

2.5 in A.C. Surfacing 500,000
| 15.0 in Fiexible Base 80,000
Semi-infinite Subgrade 30,000
F WD DYNAFLECT
Radial . X Radial . .
Distance  Deflections (mils/ib ) [Distance Deflections (mils)
from load from load
(in.) ELSYMS BISAR (in.) ELSYM5S BISAR
0.0 .25 .25
12.0 0.60 0.60 0.67 0.67
240 0.36 0.36 0.49 0.50
36.0 0.26 0.26 0.34 0.34
48.0 0.19 0.19 0.25 0.25
60.0 0.15 0.15 0.1% 0.19
72.0 0.13 0.13

w-! wnedll ol wdll = ol il il el el il el il ] - il ] - E ]

Fig 4.2. Comparison of responses from ELSYM5 and BISAR for a flexible

pavement.
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Young's Mrduli of Pavement Layers

The basin fitring procedure for deriving insiru meduli basically relies
sn making appropriate changes in an initial set of assumed moduli through a
number nf diterations. Studies were therefore made tr find out suitable rares
of change in each modulus which can be related to tne discrepancies in
calculared and wmeasured deflections. This was accomplished by assuming a
typical pavement structure of known properties and then varying one of rhe E
values while keeping the ofher E's fixed at their original values, First the
E value was doubled and a deflection basin was calculated then another basin
was computed with the E valuer reduced to half of its original value, During
this parametric study for a pavement structure, all other input parameters,
such as thicknesses and Poisson's raties, were fixed,

Rigid Pavements. One of the objectives of tnis study 1is to develop

structural evaluation preocedures applicable to dynamic deflection basins
measured either by Dynaflect or FWD. All the deflection basins referred to
in tnese secrions are theoretical and pavement is assumed to be a linearly
elastic system. Therefore in general, the FWD deflection basin (pintted
using a deflecrion nrrmalized with respect to a 1000-1b peak load as
discussed 1in Chapter 2, Fig 2.9) coincides with the corresponding Dynaflect
detlection basin, as illusrrated in Fig 4.3 for a fthree=-layer pavement, A
parametric study has been reported by Uddin et al (Ref 7) to investigate the
influence of the rate of change of E's on theoretical Dynaflect deflecrion
basins. The rigid pavement structure and initial input data used 1in that
sfud& are shown in Fig 4.4, E;, E,, E5, and E, are Young‘'s moduli of
elasticity for the surface concrete layer, asphalric concrete Dbase, lime- |
treated subbase, and subgrade. In the first part of the study (Ref 7) a semi
infinite subgrade was assumed. TIne findings summarized by Uddin et al are

stared below,
{1) An 1increase 1in the previous value of the elastic modulus of any

layer is accompanied by a decrease in the calculated deflections of

a1l sensors. Alsn, a decrease in the original value of tne elastic
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Radial Distance From Loading Wheel (Dynaflect), in.

E=
§ o—o0 Dynaflect
Py &--0 FWD
5 020+ s
& B
=K -
£E
27 0.40f E, psi |
o | 14,000,000/ P.C.Concrete
.0 =" 4| 200,000| A.C. Base
i 6"[___40,000] Subbase
S © 20,000  Subgrade
o 060 f L ! | 1 _
12 24 36 48 60 72
Radial Distance From Load (FWD), in.
Fig 4.3.  Theoretical deflection basins of Dynaflect and FWD.
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MERSURED DYNARFLECT DEFLECTIONS:+
CALCULATED DEFLECTIONS:

(o) Rigid Bottom ot D=125 ft ¢
(b) Semi infinite Subgrade

2
gt
©
gs‘ §/+
= o /
P /
0
= . Poisson's Ratio
O 33
w =
L 10" | E, =6,000,000 psi | Concrete 015
So e
S 4" Ez= 700,000 psi | A.C.Base 0.35
+
6" E5= 280,000 psi | L.T. Subgrade 0.35
e 4
S7 D=1500" | E, = 32, 100 psi Subgrade 0.45
VN A A A
- Eg= 10% psi 015
- Rigid Bottom
<. 00 1.00 2. 00 3. 00 4. 00 5. 00

DISTANCE FROM SENSGR NB.1(FT )

Fig 4.4. The back calculated Young's moduli (case of rigid

0os 101

bottom under 125 ft. of natural subgrade).
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modulus of any layer is associated with a corresponding increase in
tne deflections of all sensors.

(2) Any increase or decrease in any of the elasric moduli, E;, E5, and
Ey shows a corresponding but opposite change 1in rhe calculated
deflections, However any change in E, is accompanied by a
relatively higher percent decrease or increase in the calculated
deflections,

(3) 1In all cases the relative change in the calculated deflections (due
to a change in an elastic modulus) is not the same for all sensors.
In general sensors closer to the load exhibit the largest change
and the farthest sensor exhibits the least change.

(4) The calculated Dynaflect deflection basins corresponding to changes

in elastic modulus of each layer, reveal the following:

(a) 1If E, is increased by 100 percent (an increase of 32,100 psi),
the deflection at sensor 5 is reduced by 46 percent and the
deflection at sensor 1 is decreased by 37 percent from frhe
original value. Therefore E, can be used to match sensor 5
deflection or vice versa.

(b) For this pavement structure, a change in E; affects the
deflection at sensor 1 more than that at seasor 5. For
example, if E; is decreased by 50 percent, the <calculated
deflections at sensors 1 and 2 are increased by 14 and 10
percent regpectively, whereas the deflection at sensor 5 is
increased by only 4 percent. Therefore E, can be effectively
used for matching sensors 1 and 2 deflections,

(c) The deflection basin is rhe least sensitive to changes in E

and Ej.
Similar observations were made for a parametric study when a finite subgrade

1500 inches thick was assumed. The following conceptual relationship is

based on the results of tne study described above:
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AE, = £ (Ad.) (4.1)
i 3

where A E; represents a predicted change in the present value of the modulus
of the ifh layer and Adj stands for a discrepancy between the original
deflection -and its present value corresponding to the jth sensor where j
can take any value (s5) from 1 to 5 for the Dynaflect or 1 to 7 for the FWD,
For a four-layer rigid pavement and Dynaflect testing, the following

approximate relatinnships are conceptually formed:

bE, = f (8d)) (4.2)
bE, = f (Ad), Ad) (4.3)
LE, = £ (Ad), Ad)) (4.4)
AElL = £ (&d)) (4.5) ~

where k stands for all intermediate sensors, 1In the case of FWD, & ds in
Eq 4.2 can be replaced by £ d,. Equation 4.2 can be used to predict
appropriate change in the modulus of the subgrade layer from the discrepancy
observed in the farthest sensor (more than 4 feet away from the load). The
high correlation between the sensor 5 deflection of the Dynaflect and the
subgrade modulus has been used by Taute et al to predict the subgrade modulus
(Ref 23). As was found earlier, the deflection basin 1is relatively

insensitive to changes in the moduli of intermediate layers; therefore, it is

RR387-1/04
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very difficult to arrive at unique values of E, and E;. This is also obvious
from Eqs 4.3 and 4.4, Additional checks are to be provided to ensure
obtaining reasonable moduli values of intermediate layers. 1f the
discrepancy in the first sensor is very large as compared to the intermediate
sPnsors, then the relationship in Eq 4.5 can be used to correct surface
concrete mndulus before proceeding to the moduli of intermediate layers. The
most significant parameter influencing a deflection basin is the subgrade
modulus,

Flexible Pavement. A parametric study was also made to investigate the

effect of the rate of change of Young's moduli on deflection basin, The
flexible pavement ugsed in the study is shown in Fig 4.5 with rhe wmaterial
properties and thickness information, The normalized deflection basin of the
FWD and tne Dynaflect deflection basin calculated for this pavement are shown
in Fig 4.6. The FWD configuration with 10,000 1b of peak force was assumed
in these parametric studies. FWD deflections at the locations of seven
sensors are shown by triangles. Theoretical deflections at Dynaflect sensor
lncations are plotrted with circles. The two thenretical deflection basins
virtually coincide, which 1is expected as the pavement 1is being analyzed
assuming a linear system. Therefore it 1is reasonable to extead tie
inferences deduced from these studies of theoretical Dynaflect deflection
basins to FWD.

The methodology used in the parametric study to see the effect of the
rate of change of moduli in the case of flexible pavement (Fig 4.5) 1is the
same as described in the preceding section for rigid pavement. Results are
plotted 1in Fig 4.7(a) to (d). It is observed that the deflection basin is
very sensitive to E,, the subgrade modulus. This finding is the same for
rigid pavement, Any change in any modulus causes a corresponding change in
deflections, which is opposite in'aign. Changes in the moduli of the top two
layers are reflected mostly in sensors closer teo the load, which are the
first 2 sensors for -Dynaflect. For the FWD, the first three sensors will
show the effect of changing E; and E,. Comparing tne effects of equal amount
of increase or decrease in E; and E,; E, causes a relatively higher variation

in the sensor 1 (Dynaflect) deflection (abnur 11-13 percent) as compared to
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Young's Poisson's X
Modulus(psi) ratio
6 in. AC Surfacing 400,000 0.35
8 in Stabilized Base 100,000 0.35 d
UZ in. Subbase 45,000 0.40
Semi-infinite Subgrade 20,000 0.45

Fig 4.5. Flexible pavement structure used in the parametric studies.

Radial distance from load, inches
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Fig 4.6. Theoretical deflection basins for the flexible pavement shown
005 87 in Fig 4.5.
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Fig 4.7. Effect of rate of change of moduli on theoretical
Dynaflect deflection basins for the flexible pavement
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the change (4-5 percent) caused by the new Ey. These plots also indicare the |
following:

(1) Deflection at the farthest sensor (more than 4 feet from the load)
is insensitive to any changes in Ey, E;, or Eg. Therefore any l
discrepancy in the deflection of the farthest sensor can be

attributed to a variation in E,, or, in other words,

= 4.6)
AE& f <Ad5) ( l
The various terms have been defined earlier, l

(2) The sensor & deflection for the Dynaflect (this corresponds to

sensor 4 in FWD model 8000) is very sensitive to any change in Eq

or E,, Assuming E, corresponds to the corrected value according to l

Eq 4.6, then a change in E; can be considered a function of a

appropriate change in sensor 4, Therefore, I
(4.7) I

AE3 = f (Ada)

Figure 4.7(&) to (d) also illustrates the merit of using 5 sensors
(with the radial distance of the 5th sensor exceeding 4 feet) to
establish the deflection basin. An FWD deflection basin with seven l
sensors (& maximum radial distance of 6 feet) is even better for
identifying deflections away from loads which are semsitive to the I
moduli of lower layers,

(3) As noted earlier, deflections at the first three Dynaflect sensors I

are significantly sensitive to changes in E; and E,.

RR387-1/04



85

Or

AE

I

£ (Adj) (4.8)

and

- (4.9)
AEI ~ f (Adj)

where j represents all the first three Dynaflect sensors,

However a change in E, causes nearly twice as much change in deflections
at sensors 1 and 2 as caused by an equal change in E;. Therefore, ar first
E, can be predicted by the deflection at the Dynaflect second sensor and
sensor 1 can solely be related to E;. The guidelines developed in these
comparative studies will be utilized later in the self iterative model for

deriving insitu moduli from dynamic deflection basins.

Poisson's Ratios of Pavement Layers

Poisson's ratio of each layer is another input parameter required in
layered theory calculations for a theoretical deflection basin. Poisson's
ratios of typical. pavement materials are known to vary within very narrow
ranges, Typical values of Poisson's ratiocs are presented in Table 4.1.
Small deviations from the tabulated values do not cause  significant
differences in calculated deflections, It is alsoc customary in the ‘pavement
design field to assume the established values for normal pavement materials
and soils and not to make any measurements. However it is pointed out that

pavement response is significantly affected by variations in Poisson's ratios
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TABLE 4.1. RECOMMENDED VALUES OF POISSION'S RATIO FOR DIFFERENT
PAVEMENT MATERIALS (REFS 38, 62)

Range of Recommended

Material Type Poisson's Ratio Value
Portland cement concrete .15 - .20 0.15
Asphaltic concrete .25 - .35 0.35
Cement stabilized base .20 - .30 0.30
Asphalt stabilized base .25 - .35 0.35
Unbound granular base .20 - .50 0.40
Granular subgrade .30 ~ .50 0.40
Clayey or silty subgrades 40 - .50 0.45
Lime treated subgrade 0.40

005 114
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(especially of soils and granular material) in any dynamic analysis based on

wave propagation (Refs 57, 58, 61).

Thickness Information for Pavement Layers

Thickness 1is a&n another important input parameter for layered theory
computations, Thin pavements result generally in higher deflections, as
compared to relatively thicker pavements. In the prediction of critical
responses for pavement design and in the iterative procedure for deriving
insitfu moduli from measured pavement responses; the thickness input for
layered theory computations is assumed to be exactly the same as the design
thickness or insitu thickness, Parametric studies were made to investigate
the sensitivity of theoretical Dynaflect deflection basins to variations in
the thickness of pavement layers. The basic approach used in these studies
is the same as that applied in the studies on the effect of the rate of
change of a modulus value, described earlier. The effect of discrepancies in
thickness on calculated deflections was studied by varying the original
thickness of a layer by a factor of 2 or 1/2 while keeping all other input
data fixed at original levels. This approach will facilitate estimating the
effect of the rate of change of thickness of a layer in terms of percent
variations in theoretical deflections, A semi~infinite subgrade was assumed
in the thickness studies using Dynaflect loading. However the findings can
be equally applied to normalized deflection basins of the FWD.

Rigid Pavements, The rigid pavement structure used in this parametric
study is 1illustrated 1in Fig 4.8. The initial input information and " the
calculated Dynaflect deflection basin are also shown in the same figure, The
results are summarized in Table 4,2, Graphical 1illustrations of the
sensiti%ity of deflections to variations in & layer thickness are presented
in Fig 4.9(a) to (c). The following observations are based on the results of

this study:

(1) Any increase 1in thickness is reflected by & decrease in the

calculated deflection at all sensors.
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Radial distance from load, in.
00 1100 156 260 374 430 600
i 1 i i

I i

o
T

O
Y
T

Dynaflect Deflections, mils

O
w
T

12 24 36 48 60 72

Young's Modulus Poisson's

(psi) Ratio
i0 in P.C.Concrete 4,000,000 0.15
4 in A.C.Base S00,000 0.35
6 in Lime treated 150,000 0.40
Semi-infinite Subgrade 32,500 045

Fig 4.8. The rigid pavement structure used in thickness study.
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Fig 4.9. Effect of variations in thickness of pavement layers
005 359 on theoretical Dynaflect deflections using rigid
pavement of Fig 4.8,
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o TABLE 4.2. SUMMARY OF PARAMETRIC STUDY ON THUCKNESS - RIGID PAVEMENT (DYNAFLECT LOADING) 8
o
El; D1-10 in. D1-20 in. Dl- 5 in.
Ez: D2= 4 in. D2-8 in, Dz- 2 in.
E3; D3= 6 in. D3~ 12 1in. D3 3 in.
»E't.’ Semi-infinite— ~
1 Subgrade ™ .
Sensor peflection, Deflections, : Deflections, Deflections,
No. mils mils mils mile
1 0.29 0.17 0.63 0.26 0.31 0.27 0.30
(-41.42) (+48.2%) (~10.12) (+6.9%) (-6.9%) (+3.42)
2 0.27 0.16 0.38 0.24 0.29 0.25 0.28
(-41.6%) (+38.7%) (-12.42) (+5.82%) (-8.87%) (+8.07%)
3 0.24 0.15 0.3 0.22 0.25 0.22 0.25
(~37.50) (+25.0%) (- 8.3%) (+.22) (-8.32 ) (+4.22%)
4 0.20 0.14 0.23 0.19 0.21 0.19 0.21
(-31.7%) (+12.22) (-7.3%) (42.47) (=7.3%) (+2.41)
5 0.17 0.13 0.18 0.16 0.18 0.16 0.18
(-23.5%) + 5.97) (~5.92) (45.9%) (-5.9%) (+5.97)
El = 4,000,000 pai (PC Concrete) E, = 5000,000 psi (AC Base)
E3 = 150,000 psi (Stabilized Subbase) E, = 32,500 psi (Subgrade)

(Figures in parenthesis represent percent deviation from the deflections computed for the parent
pavement structure.)
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(2) The discrepancies observed in calculated deflections do not show
any linear relationship with the rate of change of the thickness of
a layer, In other words, the discrepancy in deflections caused by
an increase in the thickness of the layer is not the same as that
resulting from an equal reduction in the original thickness of that
layer., This is particularly true for sensors close to the load.

(3) 1In general, sensors closer to the load (the first two sensors of
the Dynaflect) are more sensitive to variations 1in thickness,
Considering the same rates of change of thickmess of all the top
three layers, the surface layer shows the most significant
influence on the relative discrepancies of deflections of these

sensoers.

Therefore, it can be concluded that a discrepancy in the thickness of the
surface concrete layer will result in relatively large errors in the
theoretical deflections as compared to the effect of wvariations in the
thickness of intermediate layers.

Flexible Pavements, The flexible pavement and its inpur data used in

the thnickness study are shown in Fig 4.5. The procedure of varying the
thickness of each of the top three layers of this four~layer pavement was the
same as described asbove for the rigid pavement. The resulting calculated
Dynaflect deflection basins are summarized in Table 4.3. The results of this
study are essentially similar to conclusions (1) to (4) made for the rigid
pavement case., Additionally it is observed that the sensor 5 deflection is
insengitive to + 100 percent variations in thickness of the surface asphaltic
concrete layer and the influence on sensor 1 deflection is less pronounced
compared. to the influence of variations in the thickness of the surface

concrete layer (of rigid pavement).

DEVELOPMENT OF A SELF ITERATIVE MODEL FOR CALCULATING INSITU YOUNG'S MODULI

The basic approach to deriving insitu moduli based on fitting a dynamic

deflection basin by applying successive corrections in the initially assumed

RR387~1/04
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TABLE 4.3. SUMMARY OF PARAM’E[’RIC STUDY OF THICKNESS - FLEXIBLE PAVEMENT (DYNAFLECT LOADING)

» - - D -
Eys Dl 6 in. D1 12 1in. ;=3 in.
H D - D - D -
EZ' ) 8 in. 2 16 in. 2 4 in,
Eys Dy=12 {n. D,=24 1n. 03-6 in.
JE; 3 Semi-infinite |
Subgrade
Sensor Deflection, Deflections, Deflections, Deflections,
No. mils mils mils mils
1 0.75 0.57 0.85 0.61 0.85 0.68 0.80
{-24.,00) (+13.3%) (-18.7%) (+13.37) (-9.30) (+6.71)
2 0.62 0.50 0.60 0.51 0.69 0.56 0.67
(~-19.37) (+ 9.77) (-17.8%) (+11.3%) (~11.37%) (48.1X)
3 0.47 0.41 0.49 0.40 0.50 0.42 0.50
(-12.8%) (+4.21) (-14.97) (+6.41) (-10.6%) (46.30)
4 0.36 0.34 0.37 0.33 0.37 0.33 0.37
(- 5.5%) (+2.82) (~8.31) (+2.8%) (-8.31) (+2.82)
5 0.28 0.28 0.28 0.27 0.28 0.27 0.29
¢ 0.00) ( 0.00) (-3.6X) (0.0D) (~-3.52) (+3.62)

El = 400,000 psi (AC Surface)

E, = 45,000 psi (Granular Subbase)

3

E, = 110,000 psi (Stabilized Base)

2

E&'

20,000 psi (Subgrade)

(Figures in parenthesis represent percent deviation from the deflections computed for the parent

pavement structure.)
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moduli and layered theory computations is discussed in this section. A self
iterative procedure could be developed after consideration of certain
assumptions related to ipput parameters and output response, establishing
tolerances in deflections, moduli, c¢riterion of acceptable limits for meduli,

and consideration of the finite thickness of the subgrade, This section 1is

devoted to a detailed description of the self iterative model developed in

this study,

Assumgtions

A set of simplified assumptions are necessary to validate the
application of layered theory for determining insitu moduli from a deflection

basin. The assumptions can be separated into two groups:

(1) The first assumptions are inherent with the use of layered linear
elastic theory to calculate pavement structural response, These
are related to material properties, thickness information, and
boundary conditions, as described earlier in detail in Chapter 3 in
the section on mechanistic models for NDT evaluation,

(2) The second group of assumptrions are required for application of
layered theory to énalyze the NDT data of & pavement 1in existing

condition as listed below:

(a) The existing pavement is considered to be a layered linearly
elastic system., Therefore, the principle of superposition is
valid for calculating pavement response due to more than one
load.

(b) The peak-to~peak dynamic force of 1000 lbs of the Dynaflect is
modelled as two pseudo static loads of 500 1b, each uniformly
distributed on circular areas (167 lb./sg in. on each circular
area), The peak dynamic force of the FWD is assumed to be
equal to a pseudo static load uniformly distributed on a
circular area with a radius 5.9 inches (i.e.,, the radius of

the FWD loading plate).

RR387~1/04
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(¢) The thickness of each layer is assumed to be known and exact.
All layers are assumed to be in perfect contact, parallel to
each other, and extending to infinity in the horizontal plane,
For rigid pavements, the deflection basin is to be measured
with the loading in the midspan position between joints or
transverse cracks (as recommended by Ref 62) and far enough
from pavement edge to satisfy this assumption,

(d) The theoretical static deflections are assumed to be the same
as measured dynamic deflections (i.e., peak-to-peak deflection
of the Dynaflect and peak value of the FWD deflection signal).

(e) The subgrade is to be characterized by assigning an average

value to its modulus of elasticity.

Methodologz

Procedure of Successive Correction, The review of existing self

iterative procedures (Table 3,2) and findings of the parametric studies
described earlier in this chapter have resulted in the formulation of a self
iterative methodology for determining & set of Young's moduli of pavement
layers based on a best fit of measured deflection basin within reasonable
tolerances, The wmethodology relies on generating theoretical deflection
basins using ELSYM5 and changing the initial values of assumed moduli through
a procedure of successive correction in order to obtain a best fit of the

measured deflection basin, The discrepancies in theoretical and measured

deflections have been related to required corrections in the preceding values

of moduli, The correction procedure is designed to handle deflection basins
of the Dynaflect and FWD. A conceptual treatment of the procedure of

successive correction is presented below:

ERR, = DEFM, - DEF, (4.10)
J J J
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and

ERRPj = 100 (ERRj/DEFMj) (4.11)

where the subscript j refers to deflection sensors (j = 1 to 5 for the

Dynaflect; j = 1 to 7 for the FWD),

DEFMj - deflection measured at the jrh sensor,

DEFj - deflection calculated at the jth sensor,

ERRj = error in measured and calculated deflection at the jth sensor,
and

ERRPj = percent error in measured and calculated deflection.

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
iterations 1is equal to the number of layers in the pavement. 1n each set,
the first iteration is made to correct the subgrade modulus, ELSYM5 is then
called to calculate theoretical deflections. The procedure of successive
correction to the modulus of the next upper layer and wuse of ELSYM5 to
calculate theoretical deflections is continued until moduli of all layers
have been checked for correction. Then another cycle starts from the
subgrade layer. The relationship used in the procedure of successive

correction is given below in the generalized form:

ENEWi = E (1.0 - CORRi X ERRP

5 x 0.5) (4.12)

k
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where

ENEW. = corrected value of Young's modulus of the jth layer,

E; = value of Young's modulus of the ith layer in the previous
iteration (in the first iteration, it is the seed modulus),

CORR; = correction factor (for the {th layer) applied to the
discrepancy 1in measured deflection and calculated deflection,
and

ERRP, = discrepancy in calculated (based on E;'s) and measured

kth

deflections of the sengor(s) in terms of percent error as

calculated in Eq 4.11,

Only nalf of the discrepancy in measured and calculated deflections is meant
to be removed by applying appropriate correction to the corresponding modulus
value., The correction factors (CORR;'s) have been based on the parametric
studies described earlier concerning the influence of the rate of change of
moduli on deflection basins. A set of three correction factors is used 1in
the self iterative procedure for rigid pavement., A separate set of three
factors has been selected for flexible pavements, These correction factors
are presented in Table 4.4. CORR; is the correction factor for the modulus
of the surface layer; CORRy is for all intermediate layers and CORR; is
assigned for the subgrade layer. A number of additional measures are
implemented 1in the self iterative model to ensure efficiency, reliability,
and accuracy of the finally derived moduli, which are discussed in the next

section. Iterations are stopped whenever one of the following occurs.

(1) permissible tolerance in the maximum absolute discrepancy among
calculated and meagured deflections is exceeded,

(2) any correction in a modulus value causes the discrepancies in
calculated and measured deflections to increase, This 1is an
important criterion to ensure that the solution is not going in the
wrong direction,

{(3) the allowable maximum number of iterations is exceeded.
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TABLE 4.4. CORRECTION FACTORS FOR USE IN THE PROCEDURE OF
SUCCESSIVE CORRECTION (FOR BASIN FITTING

ROUTINES) ‘
CORRECTION FACTORS
PAVEMENT ) 2 3
TYPE PROGRAM CORR1 CORRM CORRL
PREDD1
RIGID (Subroutine 0.050 0.100 0.015
BASINR)
FPEDDI
FLEXIBLE (Subroutine 0.150 0.180 0.019
BASINF)

lFor correction in the modulus of surface layer.
2 . . . ;
For correction in the moduli of intermediate layers.

3For correction in the modulus of subgrade.
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Algorithm of Self Iterative Model. A simplified flow diagram of the

self iterative procedure for determining insitu Young's moduli from the
deflection basin 1is illustrated in Fig 4.10. The procedure was 1initially
developed and evaluated for the analysis of a four-layer pavement model as
discussed below. Later the algorithm was modified to handle a three-~layer
pavement model, Basic steps followed in the algorithm are described below,

(1) Input: BRumber of layers; type of base/subbase material {granular or
stabilized); NDT device type (FWD or Dynaflect); data related to FWD peak
force and size of loading plate; measured deflections in mils {(corresponding
to 5 sensors for the Dynaflect and 6 or 7 sensors for the FWD); information
related to each layer, such as thickness, Poigson's ratio, initial seed
modulus, maximum and minimum permissible values of modulus; maximum number of
iterations; tolerances related to discrepancies in deflections and change 1in
a modulus values,

(2) Default Parameters: All tolerances are provided with default

values., The default maximum number of iterations 1is 10. Additionally,
default procedures are provided for seed moduli and permissible ranges of
moduli of different pavement material., The provision of default wvalues of
sered moduli 1is an important step of the self iterative model developed in
this study and contributes a significant improvement over other previously
reviewed self iterative procedures, It helps to reduce the number of
iterations required for convergence of the iterative procedure and ensures a
unique ser of moduli. The validity of uniqueness will be dealt witn in a
separate gection.

(3) If the original flexible pavement is of three layers, the program
creates an additional layer from the top 6 inches of the last layer.
However, throughout the program, checks are provided to obtain the same
moduli for the third and fourth layers. The same Poisson's ratios are
assigned to both layers.

(4) if the user wishes to consider an arbitrary rock layer under a
finite thickness of subgrade, that is possible through a default procedure,

(5) Before starting iterations, all the initial seed moduli and the

ranges of wmodulus of each layer are checked to ensure that these remain
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SUBROUTINE
BASINE

/" T " Input Data from Main Program 7
/No. of Sensors = NXY; Ro. of Layers = NEL/
’ Measured Deflection = DEFM ( ) /

o e e — o . T ot . . - o e won d

to Subgrade

Assign a 12 in. Thickness

DEFM (Last Sensor)

Default Procedure
to Generate a Finite
Thickness of Subgrade
NO J

I10PT1.EQ.2

1

Call EDFALT to Assign Default Values to
Maximum and Minimum Limits of Moduli

[Call ERIGID to Assign Default Seed Moduli

\

Check Moduli to be within Permissible Limits and

Ratio of Graoular Subbase Modulus to Subgrade Modulu

Kot to Exceed 3.0

Fig 4.10.

005 109

//;rint Initial Infornutioe//

ENEW ( ) = 0.0 B () = ESEED ()

Loop for Basin Fitting Convergence

(continued)

Simplified flow diagram of BASINR (for rigid pavement
evaluation program RPEDD1).
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Call ELSYM5 to Calculate Theoretical
Deflections, DED ( ) in Mils

Calculate Discrepencies ERRDP ( ), Percent, between DEFM ( )
and DEF ( ), ERDM = MXaxioum Absclute Discrepency in Mils,
HERPP = Maximum of ERRDP { )

Print Initial
Results
'ITERATIONS BEGIN’

ERDM.LE. Closure
Tolerance

call SORTD to Sort Discrepencies
in Decending Order

Loop for Successive Corrections in Moduli

1f
NCOURT
.FT.0

(f) (continued)

Fig 4.10. (continued).

Correct Subgrade Modulus
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IT = IT + 1
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1f
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If HERRP2(IT) . LE.
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or

All Moduli

<7 Corrected?
~~.._ NCOUKT = NEL? HERRP2{IT). GT. HERRPZ2{(IT~1)
for IT.GE.2

1

4

YES Search for Best Ilteratiom, ITF
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NCOUNT = O ) of HERRPZ ( ) = HERRPL
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BRPL.LE.HERRP]

A)

Print Besults of All Iterations
and/or Summary of Best Iteration
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;

e
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STOP and
RETURR to
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witnin permissible limits. All the input ana initial information are then
printed.

(6) NCOUNT and IT (iteration number) are initialized with zero values.
NCOUNT is a flag to restart successive corrections from subgrade modulus.

(7)  ELSYM5 is called to calculate deflections corresponding to sensor
locations of the measured deflections, The calculated deflections are
converted into mils,

(8) The discrepancies in measured and calculated deflections (Eqs 4.10
and 4.11) are computed, The percent maximum absolute discrepancy (HERRP) is
also calculated. The initial seed moduli, theoretical deflections, measured
deflections and corresponding value of HERRP are also printed. If the
maximum absolute difference in calculated and measured deflection, ERDM, 1is
equal to or less than the corresponding tolerance (the default value is 0.05
mils) then the program does not attempt any iterations and assumes seed
moduli as the insitu moduli and skips to step 20, Otherwise iterations are
started.

(9) Using a subrourine, SORTD, the computed discrepancies are sorted 1in
a decreasing order, The subroutine used after the correction of the subgrade
modulus to identify the layer for which the modulus 1s to be corrected,

(10) If NCOUNT is zero, correction is applied to the subgrade modulus,
If NCOUKNT is a positive value, corrections will be applied to moduli of the
upper layer, Equation 4,12 is used to obtain the new modulus value, The
order of correcting modulus values is from the bottom layer to the top. Toe
sorted values of discrepancies (Step 9) are used to select the discrepancy
reiared to an appropriate sensor locarion for use in Eq 4.12.

(11) i1f the difference in the new modulus value and the value used in
the preceding ELYSM5 computation 1is equal to or less than a specified
tolerance (it may have one of three values: TOLR31, TOLR32, or TOLR33) then
the new modulus value is reset to the old modulus value and tne program
refurns to step 10 to continue successive c(orrection of the modulus of the
next layer. Otherwise the program proceeds to step 12,

(12) The new moduli are checked for the permissible maximum and minimum
limirs, The modulus of the granular subbase layer is checked so as not to

exceed the subgrade modulus by a factor of 3. A check is also wade in a four-
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layer pavement to ensure that the modulus of the granular base layer does not
excéed the modulus of the lower stabilized subbase layer.

(13) An iteration number is assigned by adding one to the previous
value of IT. NCOUNT is also increased by one. If the iteration number is
greater than the allowable number of iterations, the program stops the
iterative procedure and proceeds to step 17,

(14) 1If the maximum calculated discrepancy, HERRP, is equal to or less
than the specified tolerance (1.5 percent), then iterations are stopped and
the program skips to step 17, The program also skips to step 17 if the HERRP
calculated in step 8 in the previous two iterations are compared and one of
the following is observed: (a) The HERRP calculated now is equal to or
exceeds 1its previously calculated value, or (b) the difference between the
two HERRP values is relatively insignificant, This step is used to improve
efficiency 1in the iterative procedure, Program also skips to step 17 1if
there is no change in the moduli from their values 1in the preceding
iteration.

(15) Logical variables are used to enable correction in the previously
uncorrected modulus in a cycle of four-iterations, If the cycle 1is not
coumpleted, the program goes to step 7 to complete this iteration. Otherwise,
all the logical variables and NCOUNT are reset to the initialized values and
then the program proceeds to step 7 to start a new cycle of iterations.

(16) Successive corrections are continued until iterations are stopped
due to the constraint of 3 maximum number of iterations or completion of
convergence as dictated by closure tolerances.

(17) Iteration number IT is reduced by 1.

(18) The program searches the best iteration based on the lowest
discrepancy in deflection, HERRP,

(19) The estimated moduli, calculated and measured deflections, and the
HERRP corresponding to the best iteration (step 18) are printed., An option
in input provides a printout of the results of all the iterations. 1f the
seed moduli are the best solution then program proceeds to step 21; otherwise

it goes to the next step.
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(20) 1If HERRP of the best iteration exceeds 10 percent then another
complete cycle of iterations is attempted using estimated insitu moduli as
the new seed modulil, In rhis case, the program goes to step 6 after
completing this new cycle of iterations, the program goes to step 22.

(21) Tne program gives the message that the seed moduli are the best
estimate of the insitu moduli. -

(22) The self iterative procedure is stopped.
The self iterature model is included in the computer program on the
structural evaluation system for rigid pavements as a routine named BASINR

and BASINF in the computer program for the evaluation of flexible pavement.

Different Criteria and Tolerances Used ig_the Self Iterative Model

Acceptable Ranges of Moduli, The acceptable ranges of moduli of

different pavement materials are important input and the user should enter
them. it ensures that the derived moduli will be within reasonable limits.
Tne default values assume very wide ranges and have been selected from a
limited review of published data. The default values are presented in Table

4‘5‘
Tolerances -for Moduli. These tolerances (TOLR31, TOLR32, and TOLR33)

are employed to avoid any unnecessary ELSYM5 calculations based on corrected
moduli values if there is no significant difference from the theoretical
deflections of a preceding iteration (used in step 11 of the self iterative
model). TOLR3]l is for the modulus of the surface layer. TOLR32 is used for
checking moduli of intermediate layers and TOLR33 is for the subgrade layer.
The basic approach used in sensitivity analyses to establish these tolerances
was to determine the maximum percent change in the modulus of a pavement
layer which will result in insignificant changes (less than 2 percent) in the
calculated deflection of typical four-layer pavements, The variation in one
modulus value was made in increments of one percent (starting from one
percent to 10 percent) for layers above the subgrade., During the semsitivity
analysis of one layer, moduli of other layers were kept at fixed initial

levels. Because deflections are very sensitive to any change in the subgrade
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TABLE 4.5. DEFAULT VALUES FOR MAXIMUM AND MINIMUM RANGES
OF MODULI OF PAVEMENT LAYERS (SUBROUTINES EDFALT)
RIGID FLEXIBLE
MODULI PAVEMENTS PAVEMENTS
Maximum 6,500,000 psi 1,110,000 psi
E *(5,000,000) * (100,000)
Minimum 2,000,000 psi 80,000 psi
*(1,000,000) *  (50,000)
Maximum 2,000,000 psi ** 300,000 psi
E **% 90,000
2
Minimum 50,000 psi ** 80,000 psi
*%% 25 000
Maximum 500,000 psi **x 250,000 psi
*kk 70,000
Ey
Minimum 30,000 psi *% 25,000 psi
*%% 20,000
Maximum 70,000 psi 70,000 psi
E
4
Minimum 5,000 psi 10,000 psi

*
Default values to be assumed when ICONl = 1 is entered

k%
Stabilized layer.

*kk

in input (badly cracked surface layer).

Granular material.
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modulus a comparatively small increment was used in the sensitivity analysis
for the subgrade modulus., The tolerances estsblished from these studies for
use in tne self iterative wodel are presented in Table 4.,6.

Closure Tolerances for Deflections., Two types of closure tolerances are

specified in the self iterative model to obtain convergence in the deflectrion
basin fitting process., TOLRl is to check the maximum value (ERDM) of all the
absclute differences between measured and calculated deflections before every
iteration, The default value assigned to TOLRl is 0.05 mils, as described
earlier in step 8 of the algorithm.

TOLR2 is a percent type tolerance to check the maximum (HERRP) of
absolute differences at all sensors calculated using Eq &4.11. TOLRZ is used
to  stop iterérions such as in step 14 of the algorithm described earlier.
The default value of TOLR2 is 1.5 percent,

Additional Checks. As mentioned in step 12 of the algorithm described

earlier, for the case of a granular layer over the subgrade, the modulus of
the granular laver is checked before each iteration so as not to exceed three
times the value of the subgrade modulus, This criterion is based on the work
of Heukelom and Xlomp (Ref 63).

Tne correction factors used in the successive correction procedure are
valid for all discrepancies (ERRPj) in deflections below certain upper
limits. For the farthest sensor this limit is 70 percent, and for otner
sensors it is 10 percent., Special provision 1is provided in the self
iterative procedure to reduce the calculated discrepancy so that it deoes not
exceed the appropriate upper limit before making any correction to the
previous value of a modulus.

The default value of the méximum number of iterations is 10, The
limited application with the programs developed in this study indicates that
generally a solurion is reached in less than 10 iterarions if the seed moduli
are pnot drastically far from actual values, especially if default seed moduli
are used, If a user observes a larger discrepancy in matching the deflection
based on derived moduli and iterations are stopped due to the constraint of
the maximum number of iterarions, then it is advisable to increase this

constraint to 15 iteratioms. However, it is recommended that the limits of
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TABLE 4.6. TOLERANCES TO ACTIVATE CHANGES IN MODULI (FOR USE IN BASIN
FITTING SUBROUTINES) '

TOLERANCES IN MODULI

PAVEMENT
TYPE PROGRAM TOLR31 TOLR32 TOLR33

RPEDD1

RIGID (Subroutine 4.0% 3.0% 0.05%
BASINR)
FPEDD]

¥YLEXIBLE (Subroutine 4.0% 2.0% 0.10%
BASINF)

Note: TOLR3l is used for E, (Young's modulus of surface layer).
TOLR32 1is used for intermediate layers.
TOLR33 is used for subprade modulus.
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all the other tolerances, i.e,, TOLRi, TOLR2, TOLR31, TOLR32 and TOLR33, not

be increased from their default values.

Consideration of Rigid Bottom

Background. The semi-infinite thickness nf subgrade is an inherent

assumption in the use of layered theory to calculate a deflection basin, The

presence or assumption of a rock layer at some finite depth necessitates
consideration of a rigid bottom instead of a semi-infinite subgrade because
it can significantly affect the deflection basin (Fig 4.11). lgnorance of
this condition may result in significant errors in moduli derived from
deflection basins, as shown by Taute et al (Ref 23) in Fig 4.12. A rigid
bottom has not been considered in the devAIOpmenr'of many self iterative
procedures, Uddin et al (Ref 62) have recommended & procedure for
consideration of a rigid bottom if no information is available about any rock
layér under a finite subgrade, The ELSYM) computer program assumes 3 Semi-
infinite subgrade if mo value for the thickness of the last layer is entered
in tne input. ELSYM5 can also handle a rigid bottom if a finite thickness of
‘subgradé is specified in the input along with the interface condition, In
the’isélf iterative model of this study, a full friction (FF) condition has
been assuﬁed at the interface of subgrade and the bottom rigid layer.

‘Case of Known Thickness QEUSubgrade. 1f the thickness of tne subgrade

overlying & rock layer is known from design/construction records and orher
evidence or from SASW tests (Ref 538), then its value should be entered in the
input of the structural evaluation programs of this study, A rigid bottom
witn an FF interface condition is then assumed by the program intermally.

Case of Unknown Thickness of Subgrade, This condition 1is undoubtedly

more common in NDT data. The error involved in overpredicting deflections
due to the assumption of a semi~infinite subgradé is very obvious. Some
researchers, such as Wiseman et al (Ref 27), have considered using an
arbitrary depth of subgrade to the rigid layer, The approach recommended by
Uddin et al (Ref 62) is utilized in this study to develop a default procedure
for estimating a reasonable depth of the subgrade over a rigid bottom. The

default procedure is activated by an option in the input if desired by the
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Fig 4.11. Effect of the presence of a rigid layer at varying

depths on theoretical Dynaflect deflection basins.
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L Esre =Subgrode Modulus Predicted From Deflection
Measurements When a Rigid Foundation
Exists at D3
ok Ez =Subgrade Modulus for an Infinitely Thick
' Subgrade
The Line Represents the Equation:
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Fig 4.12. The reduction in subgrade modulus predicted using deflection
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user, Tne approach is based on concepts from wave propagation theory and
dynamic analysis elaborated in the later part of Chapter 3,

In the first step of the default procedure used in this study, an
estimate of the subgrade modulus (ENAT) 1is made from the predictive
relationships based on the measured deflection at a location far from the
test load. These relationships are presented in Table 4.7, The step-by-step

procedure is described in the following.

(1) An 1initial estimate of the Young's modulus of the subgrade, ENAT,
is made,

(2) The constrainted modulus of elasticity of the subgrade (M), is
calculated using the following relationship (as discussed in

Chapter 3):

M = [ENAT'(l-U)]/[(1+U)X(1-2U)]

(4.12)

(3) The mass density, p , of the subgrade soil is calculatea from the
unit weight of the soil,
(4) The wavelength of the P-wave, Lp, is then calculated using the

following relationship:

L =V¥E
f

p

where

£ =  frequency of the driving force (8 Kz for the
Dynaflect and for the FWD; the predominant frequency
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TABLE 4.7. PREDICTIVE EQUATIONS FOR SUBGRADE MODULUS, E

SG

PAVEMENT NDT 2
TYPE DEVICE EQUATIONS R
DYNAFLECT ESC = —-2637.155 + 119.65703 * (R_/W_) 0.981
RIGID 55
FWD LOG = 5. - 1. * .
O 10 5.55310 1.12294 LQG10 (R6 X Wﬁ) 0.984
DYNAFLECT
(a) gtabilized LOG,, (Eg.) = 2.6088 - 0.90216 * L0G,, (Rg x W,) 0.950
ase
b) G 1 : = 2. - 0. * . .
(b) Branu ar LOC10 (ESG 2.5366 0.95488 LOG10 (R5 b4 WS) 0.973
ase
FLEXIBLE
FWD
= - *
(a) Stabilized LOCIO (ESG 5.38214 0.95433 LOG10 (R6 X W6) 0.995
Base
= - * —
{(b) Granular LOGIO (ESG 5.43902 0.1400 LOClO (R2 x wz) 0.999
Base
*
0.8734 LOGlO (R5 X WS)
Ri is the radial distance of ith sensor from test load.
wi is the measured deflection at ith sensor.
m L]

Tt
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can be taken as 20 Hz, as discussed in Chapter 3 and

illustrared in Fig 3.21.)

{(5) The thickness of the subgrade is then assumed to be half of Lp.
This criterion has been based on discussions presented in Chapter 3

related to dynamic analyses,

Handling of Zero or Clese to Zero Deflections., If the deflection
measured at the farthest sensor (e,g., sensor 5 of the Dynaflect, located at
a radial distance exceeding 4 feet from the loading wheels) are zero, or less
than 0.1 mils, it is indicative of a rock layer., Dynaflect deflection basins
measured on a pavement built on a rock fill layer over bed rock in Austin
support this discussion. One such deflection basin 1is illustrated in
Fig 4.13. The self iterative model in this study handles such cases

internally by assigning a l2-inch rhick subgrade over a rigid layer.

UNIQUENESS OF ESTIMATED INSITU MODULI

Background

A severe limitation, which can also be & major criticism, is that imsitu
Young's moduli derived by fitting & measured deflection basin may not be
unique, This section deals witn this aspect and the measures adapted in the
present study to achieve a unique set of moduli, Insitu moduli determined
from a deflection basin measured on a two-layered pavement can be unique if
the subgrade modulus is first determined by matching the deflection measured
at the farthest sensor., Deflections measured ar other sensors are then
matched by iterating with the modulus of the top pavement layer. The final
modulus of the surface layer will also be s unique value. However, in tne
case of a three or four-layer pavement, more than one combination of moduli
can be used to generate theoretical deflection basins which will match the
measured deflection basin within reasonable closure tolerances. An example
of the non wuniqueness is illustrated in Fig 4.14 for a four-layer rigid

pavement .
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Radial distance from .oad, inches
00 IQ.O !‘.?.6 260 374 490 GQ.O

Ol
2
E
c 0.2}
2
o Loop 360, site 4, St. 410 +00
= Austin, Texas
3 0.3+ : :
1.5 in. Asphaltic Concrete
I2 in. Granular Base
04l I8 in. Rockfill and
24 in. Clay
Rock
CL5 L ) ! ! |
12 24 36 48 60

Fig 4.13. Example of a measured Dynaflect deflection basin with
a 0.02 mils deflection at sensor 5.
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Fig 4.14. Deflection basin fitting results which illustrate possible
non-uniqueness of moduli (Ref 7).
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From discussions on rhe parametric study of moduli presented earlier in
this chapter, a unique value of the subgrade modulus can be obtained from the
deflection measured at the farthest sensor (e.g,, sensor 5 in the Dynaflect
and senor 6 or 7 of the FWD) using & relationship such as Eq 4.2. The margin
nf error in the derived subgrade modulus will be essentially negligible if
the thickness of the subgrade is appropriately modelled in the input of the
self iterative procedure, This leaves us with the moduli of upper pavement
layers. 1If the initial seed moduli are very close to the actual values then
generally a reasonably unique solution can be easily reached within a
rrasonable margin of error, The approach used in this study is that, if
relarionships are developed which can be used to predict seed moduli from
measured deflections, then any guess work in seed moduli will be eliminated,
Furthermore, if only one unique set of seed moduli is generated by the
program internally using the input data, then the moduli derived by the sgelf
iterative model will also be unique within an acceptable margin of error.
Several predictive relationships for seed moduli are used 1in the default

procedure of the self iterative models developed in this study,

Development of Default Procedures for Seed Moduli

Figure 4.15~illuatrates a simplified flow diagram of the procedure used
in this study to develop predictive relationships for incorporation in the
defaultr procedure for seed mnduli. An outline of the methodology 1is
presented below.

Methodology. The methodology used in the development of the procedure
for default seed moduli is shown in Fig 4.16. Deflections at all sensor
locations used in the NDT method are computed by layered elastic theory using
moduli (E), and thicknesses of layers (D) and specifying the radisl distances
R of sensors from the test load., Numerous combinations of E's and D's are
used at fixed values of R's and Poisson's ratios (U ) to predict deflections
(W) at all sensor locations. Now, using regression techniques, predictive
relationships can be developed from the statistical fit to predict E's from

known values of D's and W's at all sensors as illustrated in Fig 4.16.
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< START )
Specify Pavement Specify NDT Device,
Type (4 Layer) Loading and Sensor

Locations (Radial Distance

Ri from Load)

Y

Select Factors (7) and Their Levels (3)
(a) Modulus of Each Layer
{(b) Thickness of Pavement Layers
Except the Subgrade

Assume Fixed Values for Poisson's Ratio
of Each Layer,
Assume a Semi-Infinite Subgrade.

|

Full Factorial: 3 7 Combinations
Select Partial Factorial {(1/9th) : 243

|

INPUT
243 Combinations of Factors
at Different Levels

|

Computer Program
DBFITI is Used
to Generate 243

Deflection Basins

|

QUTPUT
Thicknesses, Moduli, and Deflection
Basins for 243 Combinations.

Use Multiple Regression Analysis to Develop
Predictive Equations Using Transformed.
Variablegs if Necessary.

. v

Esubgrade = f [Rl Wi ....]

E layer = f[R W D ... E ]
ith 3 ' 3 ! § subgrade

dedeflection, 1=5 for Dynaflect, 6 or 7 for FWD
i=3 sensor {(first or intermediate sensors)

Fig 4.15. A conceptual flow diagram for developing predictive
equations for seed moduli.
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INPUTS

I. For each ith
layer
Thickness, D;

Modulus, Ej
Poisson's
Ratio wi
(fixed)
2.NDT Lood,P
3. Radial distance
Rj of each jth
sensor from
load

Wj (computed)
Rj (known)

1 D (known)

Fig 4.16.

»

LAYERED ELASTIC

THEORY

W;= Dy, Ejy Rjo e P

(computed) (known

values)

»

MULTIPLE REGRESSION

MODEL

Ei=g[Wj» Rj»D|]

OUTPUTS

[ Theoretical
deflection
basins for 24
runs; (Fig 4.15 ]

Y

(Predicted
Moduli)
Ei

A conceptual illustration of methodology for predicting

moduli from deflection basin and thickness data.
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Fractional Factorial Designs. The first step of the methodology

described above 1is to use layered elastic theory to generate theoretical
deflection basins using & set of factors, such as D's and E's, at preselected
levels. Factorial design is a statistical technique of experiment design
which enables the user to investigate simultaneously effects of all factors
and their interactions on responses (deflections at preselected locations).
A full factorial design can be prohibitively costly to run 1f factors are
large in number. A fractional factorial plan enables the user to select .a
fraction of all possible factorial combinations. In this study, a 1/9th
replicate of a 37 factorial design described by Connor and Zelen (Ref 64) is
selected to generate deflection basins (using 7 factors at 3 levels). This
replicate results in 243 runs of layered theory computations. Table 4.8
presents a summary of the seven factors (thickness, D, of each of three
pavement layers and the modulus, E, of each layer) and the selected three
levels of each factor., This plan is designed for a four-layer rigid pavement
(Fig 4.17) assuming a semi-infinite subgrade. Further discussion on
factorial design and a summary of 1/9 fractional replicate designs for
flexible and rigid pavements are presented in Appendix B, The selected
levels of factors (Table 4.8 and Appendix B) are based on engineering
experience,

Layered Theory Computations. A driver program, DBFITl1, was wused to

facilitate calling LAYER8 for computation of the deflection basin in each of
243 runs of each fractional factorial plan., Tneoretical deflections computed
by LAYER8 and ELSYM> are identical, Separate runs were made for the
Dynaflect and the FWD, Fig 4,18 illustrates a simplified flow diagram of
computer program DBFITl. The details are presented in Appendix B, A semi~-
infinite subgrade was assumed in all runs and Poisson's ratios were based on
Table 4.1, The surface deflections were computed at all radial distances,
R's corresponding to sensor locations.

Computations for deflections were made for the three experimental plans,

which are summarized below,

(1) A rigid pavement plan for which factors and levels are presented in

Table 4.8. An important assumption made in the selection of moduli
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Thickness
P.C. Concrete Dl
Stabilized Base D2
Stabilized or Granular Subbase D
Semi-infinite Subgrade Dg

(D), Do, ond Dy are Finite Thicknesses)

Fig 4.17. Rigid pavement structure assumed in the fractional design.
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Resd; Device Typs; Peak Force for MWD
Bo. of Problems (N); Mo, of Levels
of Rach Pactor {7 Pactors at 1} Levsls
Valuss of All Pactors at Rach Lavel

*

3

Assign 5 Bensors
at Radial Distances
of 10.0, 15.6, 26,0, 37.4,
49.0 io from wach
Loading Wheel; 500 lbs

per Whsel, Pressure = 167.0 pai

DYRAFLECT
DEVICE TYPE!?

Assign Location of 7 Sepsors
at Radial Distances of
10, 12, 24, 36, 48, 60, 72 in
from Load; Radius of Loading Plete (3.9 in)

el ki il b wnesnadl a——ld —r ——l

Fig 4.18.

005 330

\ Loop for Reading Ouve Combination of
A JLavels; Calling LAYER Subprogras to Coampute
Burface Deflactions and Priating Output

Rasd Combination
of Levels and Assign
Values to Moduli
and Thicknssses

l

Call LAYER

It is

& Version of LAYERS

Computer Program and
Can Bandle up to 8 Leyers

Print kssults
REun Mo.; Combinscion of Lavels,
Teicknesses, Moduli and Theoretical
Deflactions (Converted in Mils)

Simplified flow chart of program DBFITI.



TABLE 4.8. FRACTIONAL FACTORIAL DESIGN TO GENERATE DEFLECTION BASIN DATA FOR DEVELOPMENT

[~
o OF MODULI-PREDICTIVE EQUATIONS - RIGID PAVEMENTS (FOR DYNAFLECT AND FWD)
FACTORS
Wl Wz w3 E& E3 E2 El
LEVELS (in.) (in.) (in.) (psi) (psi) (psi) (psi)
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
Seml-Infinite PC Concrete Base Subbase E E E
Subgrade Thickness Thickness Thickness Subgrade Subbase Base PC Concrete
in All Cases
7
Full Factorial = 3
1/9th Fractional Factorial = 35 = 243 cowbinations
A » Al k] Y ¥ Y ¥ " ¥ ' . . .
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levels 1is that base layer (Fig 4.17) is of a stabilized material.
Base and subbase layers are intermediate layers and their low and
high 1levels cover a very wide range, This approach 1is nor
unreasonable as deflection basins of rigid pavements are relatively
insensitive to wide variations in the wmoduli of intermediate
layers,

(2) A fractional factorial plan for flexible pavements with stabilized
base layers (see Appendix B for levels of the seven factors).

(3) A fractional factorial plan for flexible pavements with granular

base layers for which details are given in Appendix B,

Development of Predictive Equations for Moduli. This is the third step

of the methodology described above., The multiple regression technique was
used to develop predictive relationships. An overview of the multiple
regression technique as applied to deflection data has been presented
elsewhere (Ref 7). At first, multivariate regression analyses were made
where the multivariate responges are the deflection predicted by layered
theory, and the independent variables are D's and E's using thé results
generated in one of the experimental plans described in the preceding
section. The resulting regression equations showed poor correlation
coefficients. Therefore, a study was done to find a suitable transformation.
The evidence that deflections at different radial distances, R's, from the
load are unique for a pavement (also supported by layered theory) was used to
attempt regressgion using transformations of multivariate deflection results.
Details about these analyses are presented in Appendix B, Results from the
expofimental plan number (for the Dynaflect) is referred to in the following

discussion., The transformation used in this case is

RDEF, = £ (DEF,, R.) (4.14)
3 i3
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where DEF is the theoretical deflection at jh sensor,
Multivariate regression analyses (Ref 65) using the transformed response
variable produced equations with high values of coefficient of multiple

determinarion, R2 (above 0.90). The equations are of the following form:

RDEF, = f(E,, D,_.) (4.15)

where
i = number of layers in the pavement and

all other terms have been defined earlier.

In the case of the Dynaflect, & set of five simultaneous equations
resulted from Eq 4.15. D;_; refers to thicknesses of all pavement layers

excluding the subgrade., 1In the process of analyzing a deflection basin,

thicknesses D's are known and E's are the only unknown. RDEF's are also

known. Inerefore, for a four-layer pavement, any four of five simultaneous

equations can be solved to determine four unknown E's. Theoretically, any

four equarions snould give same E's, But when this procedure was used in the

self-iterative program to calculate default seed moduli, it was found this
approach does not give a unique result., Moduli calculated from one set of

equations were not the same as moduli computed from another combination of

four equations, Therefore the conceptual model presented inm Fig 4.16 was

tried, A univariate multiple regression technique was used to develop

equations with a single E as the response variable and thicknesses (D) and

RDEF's as predictor (independent) variables., Various transformations were

in order to achieve high R? values. Tne resulting equations for rigid
Dynaflect

used

and flexible pavements are presented in detail in Appendix B, For
deflections generated by the rigid pavement plan, one of the equations for
subgrade modulus was simplified by removing all independent variables except
RDEF 5, which corresponds to tne fifth sensor of the Dynaflect, Figure 4.19

illustrates a plot of calculated and actual values of subgrade moduli. This

RR387~1/04
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4 B Line of Equality Symbols:
| 8 °r M
| Q ax N
~ 3
n\.: | + . '8
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pom |
©
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Q
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o
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3 -2 -1 o0 1 2 3
Subgrade Modulus ( Predicted)

Fig 4.19(a). Standardized scatter plot - rigid pavement
factorial (case of Dynaflect).
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X4 = L_oglo ( Subgrade Modulus)

3 Symboils:
o) Line of Max N
g 2 Equality
ol . |7
- .
g I 8 34
o ¢ 70
s O
0
o
Y
o O
v-
X ol

=3[0 l r | } |
-3 -2 -1 -0 I 2 3
Predicted X4
Fig 4.19(b). Standardized scatter plot - rigid pavement
factorial (case of FWD).
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equation and similar equations for flexible pavements were used in the self-
iterative models for the default procedure of assigning a finite depth of the
subgrade over a rigid bottom. The generalized form of regression equations

(Appendix B) developed for calculation of default seed moduli is

E') = c+s (DEFj, Rj) +h (D)) (4.16)
where
E‘l = transformation of Young's modulus E of the jth layer ( 1 can
have any one value from 1 to &),
c = a constant term.

All nther terms nave been defined earlier,

Appendix B provides a summary of all regression equations developed 1in
this study for use in defaulr procedures of seed moduli,

Evaluation of Default Seed Moduli. 1In this section a few examples of

the predictions of default seed wmoduli are presgented, Different rigid and
flexible pavements with assumed known moduli used in these examples are
presented in Fig 4.20. The same figure also illustrates Dynaflect deflection
basin generated by layered theory computations (using BASFT2). The
deflections and thicknesses were plugged into the input of programs developed
for self-iterative models with routines for default seed moduli. The
predicted default seed moduli are presented in Table 4.9, It can be seen
that in general the predicted moduli are not too far from the actual moduli.

This approach of default seed moduli offers distinct advantages:

(1) Guess work 1is eliminated in assuming initial seed moduli 1in the
self-iterative procedures.
(2) As default seed moduli are not drastically different from actual

moduli, fewer iterations will be needed for convergence.
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(0)3 Layer-Rigid Pavement (b) 4 Layer-Flexible Pavement
] E " (E = ‘ i

0" || P.C. Concrete=4,000 ksi 6" EA'C' 400,000 psi
6" IF stobiized Bose= 150 ke | © 1| Stabilized base =lOksi
Semi-infinite Subgrade 12" EGranulor Subbase =
E = 25000 psi 45,000 psi
Semi-infinite Subgrade
E =20,000 psi
Radiol Distance from load, inches
0 0O 156 260 374 490 60.0
i 1 1 } 1 1
.-".E:’ Rigid Pavement -
£ 05} _ - Flexible Pavement |
K o
- 7
3 4
Dynafiect deflection basins
!O l ) A L L !
Rigid Pavement 5 p—
w ‘ e— T _ -7
E - -0
S50+ ’/,cr Flexible Pavement -
e 7
g Rat
2 i FWD (9,000 1b )
10.05 Deflection Basins -
| i L l J
I2 24 36 48 60 72

bos 82

Fig 4.20. Theoretical deflection basins generated for a rigid

pavement and a flexible pavement.
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TABLE 4.9. EXAMPLES OF PREDICTED SEED MODULI (FOR PAVEMENT

SHOWN IN FIG 4.20)

(a) RIGID PAVEMENTS (PROGRAM RPEDD] ~ SUBROUTiNE ERIGID)
PREDICTED SEED MODULI (psi)
TRUE YOUNG'S
LAYERS DYNAFLECT FWD MODULI (psi)
PC Concrete ‘3,862,250 5,108,699 4,000,000
Stabilized
Base 196,214 109,873 150,000
Subgrade 24,278 23,915 25,000
(b) TFLEXIBLE PAVEMENTS (PROGRAM FPEDD1 - SUBROUTINE EFLEX)
PREDICTED SEED MODULI (psi)
TRUE YOUNG'S
LAYERS DYNAFLECT FWD MODULI (psi)
AC Surface 321,833 400,000
Stabilized
Base 100,020 110,000
Granular
Subbase 70,550 45,000
Subgrade 23,517 20,000

GOS jq3
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(3) The derived insitu moduli will represent a unique combination of
moduli within allowable tolerances used in the self-iterative model

for deriving insitu meduli from a deflection basin.

Recommended Procedure to Determine Unique Insitu Young's Moduli

(1) Determine thicknesses of pavement layers at the test location. The
thicknegs of the concrete layer 1in rigid pavements and the
thickness of the aspnhaltic concrete layer in flexible pavements is
particularly important, Core thickness data should be used
wherever available, The thickness profile can alsr be determined
from SASW tests (Refs 58, 66), which is a nondestructive ﬁethod
based on wave propagation,

(2) 1f exact information is unavailable about the thickness of the
subgrade and rock layer is not believed to exist, then the default
procedure for the depth to a rigid bottom should be wused. It
generally results in a better fit of the deflection basin,

(3) Acceptable limits for maximum and minimum values of the modulus of
each layer should be specified by the user. Poisson's ratios are
also entered by the user.

(4) Enrer the zero values input of the initial seed moduli. However,
it is suggested that the user input the surface modulus if he or
she bas some confidence in it. Computer programs based on the
self-iterative models will generate default seed wmoduli wusing
appropriate equations for the pavement type, After the iterative
procedure is completed, the derived insitu moduli will present a

unique combination of pavement moduli.

EVALUATION OF THE SELF-ITERATIVE MODEL

The concepts, methodolegy, and description of the self-iterative models
have been presented in preceding sections. Subprograms BASINR (for rigid

pavement) and BASINF (for flexible pavement) are the first stages of computer
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programs for structural evaluation developed in this study. Applications of
the self-iterative models to evaluate reproducibility and uniqueness,
efficiency, and accuracy of the coovergence process, and usefulness of

capability to consider a rigid bottom are presented in this section,

Reproducibility and Uniqueness

This part of the study is based on theoretical deflection basins
generated by layered theory for pavements of assumed known properties, The
theoretical deflection basins are input in 8ll cases presented here, If
default seed moduli are not opted, the insitu moduli determined from the
analysis of a deflection basin will be dependent upon the user-supplied
initial seed moduli. Reproducibility is the capability of the self-iterative
procedure to derive sets of insitu moduli within reasonable agreement
disregarding variations in the user-supplied seed moduli. Pavement
structures used in this study and theoretical deflection basins are presented
in Fig 4.21, Variations in seed moduli and their effects on derived insitu
moduli are presented in Tables 4,10 and 4.11. The insitu moduli determined
on the basis of user dependent seed moduli are reproducible but are also
associated with varying margins of error. It should be realized, however,
that a reasonable reproducibility does not guarantee that the derived moduli
are also unique, -

The same tables also present unique Bets of insitu moduli derived on the
basis of default seed moduli, It can be seen that errors in the wuniquely
derived moduli are very small, especially for subgrade and surface moduli,
which have greater influence on pavement response as compared to interme&iate

moduli (particularly for rigid pavements).

Efficiency and Accuracy of Convergence Process

Efficiency of the self-iterative model is judged from the number of
iterations required to converge to the final solution, The iterations
required 1in deriving insitu moduli for examples discussed in the preceding
section are also presented in Tables 4.10 and 4.11. It can be seen that the

self-iterative programs are very efficient asg the iterations never reach a
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"True" Young's Modulus

(psi) Poisson's Ratio
I0"[{ P.C. Concrete 4,000,000 0.15
6" |[Stabilized Bose 150,000 0.35
it _Ddse
Semi-infinite Subgrade 25,000 0.45

- Data FWD (S000Ib. peak force) Dynaflect
Radial O|12124|36 | 48 |60 | 72 [10.0/156]|260/37.4/49.0
distance from
Load (inch.)

Theoretical [384(342/297(2.52|2.13|1.79|1.52 |0.38/036(0.32|0.27{0.23

Deflection
(mils)

Fig 4.21. Rigid pavement structure used in the reproducibility study.
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TABLE 4.10. SUMMARY OF MODULI DETERMINED BY ANALYZING FWD DEFLECTION BASIN
(RIGID PAVEMENT CASE)

LE so00

Ybung's Moduli (psi) Theoretical Deflections (mils)
Stabilized Sensor
Modulus PC Concrete Base Subgrade No. '"True' Predicted
"True' 4,000,000 150,000 25,000 1 3.84 3.82
Default 4,000,000 109,973 23,915 2 3.42 3.42
Seed
3 2.97 3.01
Low 2,500,000 20,000 20,000
Input 4 2.52 2.59
Predicted 4,561,000 192,500 23,200 5 2.13 2.20
(Xteration 3)
6 1.79 1.87
7 1.52 1.59
{continued)

LET
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TABLE 4.10. (CONTINUED)

Young's Moduli (psi)

Theoretical Deflections {(mils)

: Stabilized Sensor
Modulus PC Concrete Base Subgrade No. '"True' Predicted
High 5,000, 000 300,000 30,000 1 3.84 3.91
Input
Predicted 3,367,000 159,000 25,620 2 3.42 3.47
(Iteration 3) 3 2.97 2.97
4 2.52 2.48
5 2,13 2.06
6 1.79 1.72
7 1.52 1.43
!
- ‘- » m -! -

wET
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TABLE 4.11.

SUMMARY OF MODULI DETERMINED BY ANALYZING DYNAFLECT DEFLECTION BASIN
(RIGID PAVEMENT CASE)

Young's Moduli (psi)

Theoretical Deflection (mils)

Stabilized Sensor
Modulus PC Concrete Base Subgrade No. 'True’ Predicted
"True' 4,000,000 150,000 25,000 1 0.38 0.38
Default 3,862,251 196,214 24,278 2 0.36 0.36
Seed
3 0.32 0.32
Low 2,500,000 90,000 20,000
Input 4 0.27 0.28
Predicted 4,887,000 229,400 22,310 5 0.23 0.24
{Iteration 4)
{continued)

GET
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TABLE 4.11. (CONTINUED)
Young's Moduli {(psi) Theoretical Deflections (mils)
Stabilized Sensor
Modulus PC Concrete Base Subgrade No. '"True' Predicted
High 5,000,000 300,000 30,000 1 0.38 0.37
Input
2 0.36 0.35
Predicted 3,818,000 217,200 24,920
(Iteration 2) 3 0.32 0.31
4 0.27 0.26
5 0.23 0.22
- - m ] - n n 2 _ 1 L
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double digit number. The programs are, of course, highly efficient if the
user knows dynamic moduli of one or more pavement layers from SASW or other
tests., It is suggested that if the modulus of the surface layer is roughly
known, it can be entered in the input of the seed moduli. Tnis approach will
result in improved efficiency and reliability.

The accuracy of tne convergence process is judged by HERRP (the maximum
percent discrepancy in calculated and measured or input deflections among all
sensor locations)., The calculated and input deflection basins are plotted in
Fig 4.22, Additional examples based on field dynamic deflection basins are

presented in Figs 4.23 and 4.24.

Usefulness of Rigid Bottom Consideration

Consideration of a rigid bottom can considerably improve the efficiency
and accuracy of the convergence process and the reliability of the derived
moduli. Fig 4,25 illustrates this point where a deflection basin predicted
assuming 50 feet of subgrade has been analyzed, 1t can be seen that the
analysis with the assumprions of a semi-infinite subgrade results in large
errors in predicted insitu moduli, as compared to the insitu moduli predicted
using 50 feet of subgrade overlaying a rigid layer,

Another example is presented in Fig 4.26 where prior knowledge of the
presence of a rock layer at a shallow depth was available, The Dynaflect
deflection basin was measured on a flexible pavement site in Austin. This
example also illustrates how the computer programs handle a small deflection

value (less than 0.1 mil) at the last sensor of the RDT device.

TEMPERATURE CORRECTION FOR FLEXIBLE PAVEMENT

All  asphalt-bound  materials in  pavements exhibit  temperature
sensitivity, Temperature correction of deflections measured on asphalt
pavements is recommended by the Asphalt Institute (Ref 4). Asphaltic
concrete modulus derived from a deflection basin using the self-iterature
model described above represents the insitu modulus value at the test

temperature, For pavement analysis and overlay design, an asphaltic concrete
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Radial Distance from Test Load, inches

OO 0.0 156 26.0 37.4 490 600 720
l T T T I T T
—p—— w— "0
-———— =0~
o Dynaflect Best
lteration
PREYS e Dynaflect FWD -
E Generated ( True)
& Deflections e A
:.c:) No. of lterations 2 2
® 20 : -
- Best lteration #2 *2
S ,
o
FWD Best
30 Iteration
FWD Peak Force=90001b
.
40 | | [ ] | |
~0 12 24 36 48 60 72
Predicted Young's Moduli (psi)
True Moduli Input Seed
{psi) Moduli (psi) Dynaflect Basin FWD Basin
PC Concrete 4,000,000 0 3,862,000 4,000,000
Stabilized Base 150,000 0 249,300 150,000
Subgrade 25,000 0 23,300 23,920
Fig 4.22. "True" and predicted deflection basins for the rigid pavement

shown in Fig 4.21.
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Radial Distance from load, inches
0 IO.Q |§.6 260 3'{.4 4?.0 60.0
(a) Dynaflect
- — Measured
0.2 o o Computed
o 0 ¥ (lteration # 3)
E No. of lterations=3 'HERRP=4.9%
- 04
c
2 00
o — Measured (b) FWD
é—’ a Computed
® 0 (lteration #6)
o - HERRP=T7.1%
2.0
No. of Iterations=6
30 ] L | ] L |
0 i2 24 26 48 60 72
Radial Distance from load, inches
H-10 (EB) East of Columbus, Texas Young's Moduli (psi)
Dynaflect FWD
' 10in JRCP K 5,398,000 5,500,000
€ in Cement Stabilized ”j\ 500,000 500,000
“’Semi-infinite Subgrade 31,030* 32,820

(*Uncorrected subgrade modulus)

Fig 4.23. Example application of the self-iterative deflection basin
fitting procedure (Program RPEDD1) for a rigid pavement.
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Radial Distance from load, inches
0 100 156 260 374 4380 60.0

1

Total lterotions=0

» O2f

E

w

g 04}

e Dynaflect
% —= Measured
O 06} o Computed

12 24 36 48 60
IH-40 (WB) Oklahoma
June 984
Test Temperofure=95°F Young's Modulus (psi)
lngut Seed Predicted
45in A.C. Surface | 0 292,900
8.0 in. Bituminous
Base 0 112,900
JINN FIINN *
Semi-infinite Subgrade 0 28,280

(*Uncorrected subgrade modulus)

Station 02 miles (site 3)
(Courtesy of AR.E.)

Fig 4.24. Example application of the self-iterative deflection basin

fitting procedure (Program FPEDD1) for a flexible pavement.
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Radial Distance from Test Load, inches

mA A ‘A‘

— ol ok

0] 12 24 36 48 e0 72
T 1 T r T T
True Deflection a FWD Peak Force=10,000 b
Best Fit Basin -
| O —==--(Assuming D= Semiinfinite) n
© (Assuming D= 50 ft)
E U
. Youngs
§201 Moduig
o 0 P.C. Concrete E,
= g’ AC. Base Eos _J
030 6 Treated Subbase Es
D Subgrade Eq
— (LR [ o 4 o
40 I | Rigid ! !
Young's Input Predicted Percent HERRP
Moduli True Seed (Iteration #2) Difference (Percent)
E, (psi) 4,000,000 0 3,085,000 -22.9 ]
E2 (psi) 400,000 0 273,100 -31.7 2.98
E3 (psi) 100,000 0 129,000 +29.0
EA (psi) 30,000 0 34,610 +15.4
(a) D = Semi-infinite subgrade (no. of iterations 2)
Young's Input Predicted Percent HERRP
Moduli True Seed (Iteration #2) ‘Difference (Percent)
E, (psi) 4,000,000 0 3,921,000 -2.0 |
EZ (psi) . 400,000 0 430,000 +7.5
' ' 3.72
E3 (psi) 100,000 0 129,000 +29.0
E4 (psi) 30,000 0 28,850 - 3.8
(b) D= 50 ft subgrade (no. of iterations 2)
Fig 4.25. A theoretical FWD deflection basin generated to study rigid

bottom consideration.
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Radial Distance from Load, inches
100 !?.6 2?.0 3’11'.4 4?.0 6?.0
‘ .

o
[

Dynaflect Deflections

Measured
Computed e}
(lteration #4)

No. of Iterations= 4

Deflections, miles
O
N
1

| 1 ] { ]
0.4 2 26 36 a8 60

Young's Modull (psi)

Pavement
Loop 360 SB (Site #3) Poisson's Corrected for
St. 404 + 52 (May 1983) Ratio Input Seed Predicted Nonlinearigy#
1.5-in. AC Surfacing 0.35 0 éO?,OOO —
12.0-in. Flexible Base 0.40 0 100,000 55,300
20-ft Subgrade
%ﬁé%ﬁw Koektild 0.45 0 70,000 50,030

Overlying Bedrock

*
Procedure for determining nonlinear moduli of granular base and subgrade
material is discussed in Chapter 5.

Fig 4.26. Prediction of insitu moduli for a flexible pavement with
known depth of subgrade to rock using flexible pavement

evaluation program FPEDDI.
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modulus at the design temperature is used, In this section, a procedure is
described for use in the structural evaluation methodology to estimate the

asphaltic concrete modulus, corrected to the design temperature,.

Reference Temperatures

Asphalt-bound material 1is sensitive to temperature and loading
frequency, Therefore, its resilient modulus determined in the laboratory is
also referred to as dynamic stiffness, However, analysis of the dynamic
deflection basin provides Young's modulus of elasticity of the asphaltic
concrete layer at the test temperature., The test temperature, T,, can be
estimated using graphical solution (Ref 67) which utilizes the previous five-
day mean temperature history at the test site to estimate the test
temperature, Worked examples of this procedure sre presented in Refs 4 and
52, An alternative approach is to use the computerized procedure of Shahin
and McCullough (Ref 68) based on the theory of conduction of heat 1in an
elastic mass, Uddin et al (Ref 7) revised Shahin and McCullough's computer
program to predict temperatures in concrete pavements, This approach
utilizes daily climatological data and material properties to predict hourly
temperature at any depth., Appendix I presents a listing of computer program
FTEMP for prediction of test temperatures at the middepth of the asphaltic
layer in a flexible pavement, B

Design temperature, T, is the temperature to which aspnaltic concrete
stiffnesses should be referenced for the design of pavements. Ty can be
taken as the mean annual air temperature. A design temperature of 70°F has
been recommended in the FHWA-ARE overlay design procedure (Ref 69); it is the

default value to be used in this study.

Correction Procedure

4 simplified flow diagram of subroutine TEMPTF for  temperature
correction of the asphaltic concrete modulus is illustrated in Fig 4.27.
This procedure is essentially based on the approach used in the FHWA-RII
overlay design method (Ref 19) for flexible pavements, The following
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expression 1is used to obtain the corrected modulus, EICOR, at the design

temperature:
EICOR = El * CF (4.17)
where
El = insitu modulus derived from the self-iterative analysis
of the deflection basin &t the test temperature and
CF = correction factor,

The correction factor is calculated from the féllowing relationship:

ELID
= = 4.18
CF £10 ( )
where
EID = stiffness of the asphalt mix at the design temperature,
Ty» and
Ei0 = stiffness of the asphalt mix at the test temperature, T..

EID and El10 are to be obtained from the laboratory M, test (such as
described in Refs 69 and 70). Figure 4,28 (taken from Ref 19) illustrates
gome typical temperature M; relationships. It is assumed that the insitu
asphalt stiffness has a tewperature Mp - relationship parallel to the
laboratory derived curve for the same asphalt mix, If CF is not entered by
the wuser, the subroutine described here uses a defauit temperature Mp curve
which is taken from Ref 19 (as illustrated in Fig 4.28) to calculate CF,
Correction is skipped if the test and design temperatures are identical. 1f

a pavement is old and badly cracked, then it will be unreasonable to wuse a
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laboratory curve for temperature semsitivity., Due to the aging effect,
asphalt stiffness will be only slightly sensitive to temperature changes. In
this case, an option 1is used in the structural evaluation program for
flexible pavements (Chapter 8) to omit any correction of the derived imsitu
asphaltic concrete modulus, Temperature correction is applied after making
corrections to the moduli of the granular layers and subgrade for nonlinear

behavior,

SUMMARY

The methodology of insitu material characterization from the analysis of
a2 dynamic deflection basin was developed in this chapter.A A self-iterative
model has been developed to derive the insitu Young's moduli of pavement
layers, The model 1is applicable to a three or four-layer pavement for
analyzing Dynaflect or FWD dynamic deflection data, A procedure of
successive correction has been developed for the self-iterative model to
derive insitu moduli. The correction procedure 1is based on parametric
studies to investigate the sensitivity of a deflection basin to the rates of
change in moduli and tnicknesses., The procedure is also capable of handling
a finite thickness of a subgrade with a rigid bottom. Different criteria and
tolerances used for an efficient and reliable convergence process are also
developed and discussed in this chapter, A procedure using default seed
moduli developed and recommended to achieve uniqueness of insitu moduli was
also  presented 1in this chapter. The self-iterative computer subprograms
(BASINR for rigid pavement and BASINF for flexible pavement, as described in
Chapters 7 and 8) were then used to derive insitu moduli for a number of
example problems to evaluate uniqueness, efficiency and accuracy of
convergence processes.

Finally, it 1is recognized that the insitu asphaltic concrete modulus
derived from the self-iterative analysis of asphalt pavement represents the
stiffness of asphaltic concrete at pavement test temperature. A temperature
correction procedure (subroutine TEMPTF) is described which 1is wused to

correct the insitu asphaltic concrete modulus to a specified design
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temperature, In summary, this chapter is concerned with the development of

the first stage of a structural evaluation system based on dynamic deflection

basins.
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CHAPTER 5, NONLINEAR BEHAVIOR OF SUBGRADE AND GRANULAR MATERIALS
IN PAVEMENT SUBLAYERS

BACKGROUKD

Insitu moduli of etlasticity derived from the staric analysis of =
deflection basin by the self-iterative procedure using layered elastic
theory do not necessarily predict exact behavior of pavement materials under
traffic loads. Discrepancies generally exist when predicted behavior for
design load is compared with measured response. Pavement moduli are based on
the assumption that pavement materials follow the constitutive law of linear
elasticity. In the real world these materials do not show exact linear
elastic behavior, However, when we are dealing with such materials as
concrete, stabilized materials (using cement, lime, or asphalt as stabilizing
agents), and asphaltic concrete (taking into account temperature dependency),
linear elasticity is usually a good assumption. Therefore, 1insitu Young's
moduli of these materials determined from deflection basins (Chapter 4) can
be used for pavement analysis and design with layered elastic theory without
causing any significant errors in predictions of pavement response. However,
it has long been recognized that granular layers (base/subbase layer) and the
subgrade exhibit nonlinear behavior (Refs 69, 70, 71, 72, 73, 74, 75).
Therefore, 1in the laboratory material characterization procedures resilient
modulus, Mp, rather than Young's modulus of elasticity is measured, Repeated
load triaxial compression tests are used fro characterize nonlinear response
of these materials. A typical load pulse applied on the specimen 1is
illustrated 1in Fig 5.1. The duration of the lead pulse 1is typically 0.1l
second followed by a rest period of varying duration (Ref 36). Stress and
strain are measured after the specimen is conditioned by applying a number of
load repetitions. The stress—strain response is generally curvilinear. LVDT
(linear variable differential transformer) transducers are used to measure
the resilient deformation. Mp, modulus of resilient deformation, 1is then

calculated as a secant modulus using the following relationship:
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= <SQ . (5.1)
e T T
T
where
oy = repeated deviator stress, psi,
e, = resilient axial strain, in/in.

Mp is anslogous to Young's modulus of elasticity. The deviator stress
can be as low as 1 psi and as high as 64 psi (Ref 69)., Typical relationships
of M versus repeated deviator stress are presented in Fig 5.2.

Nonlinear relationships for My of granular and fine-grained materials
ares reviewed 1in tnis chapter. The stress-sensitivity concept and its
limitation are also reviewed, The problems involved in wusing lsboratory-
derived My relationships to correct deflection-basin-based insitu moduli are
discussed. An equivalent linear analysis approach is developed wusing the
published research work on dynamic response of granular and fine-grained
material. Finally, a self-iterative computerized procedure 1is described
which can be used to correct insitu moduli derived from dynamic deflections

for design load conditions.

STRESS SENSITIVE NONLINEAR MATERIAL CHARACTERIZATION

Nonlinear stress-sensitive models for the moduli of granular layers and

subgrade are presented in this section,

Granular Materials

Concept. Seed et al (Ref 71), Hicks (Ref 72), Smith and Nair (Ref 75),
and other investigators have looked into various factors influencing Mp of

unbound granular materials (used for base and subbase layers) and into the
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application of Mp in pavement design and analysis. The most significant
factor which 1influences My is confining pressure. The simplest and most
widely used nonlinear model for resilient modulus, Mp, of granular materials

is presented below:

K
My K, 82 (5.2)
where
Kl " material constant,
K2 = material constant, and
8 = bulk stress (sum of principal stresses 0)» Oy ando3 ).
The relationship (5.2) is illustrated comceptually im Fig 5.3. Circles

present the data points and, on a log-log scale, this relationship 1is a
straight line with K; and K, being regression constants. Granular materials
therefore exhibit so-called stress stiffening behavior. K, and K, are
greatly influenced by the type of material, degree of saturation, and density
of the specimen. Rada and Witczak (Ref 76) have summarized published data of
271 My tests on a variety of granular materials, including sand gravels,
crushed stone, crushed limestone, soil-aggregates blends, etc, Figure 5.4
(taken from Ref 76) shows K, and K, values (using Eq 5.2) from these tests
plotted on a log-log scale, A trend of increasing K, with decreasing K, can
be observed from this plot. One obsgervation related to these data 1is that
there is a significant scatter in laboratory Mg results.

Applications, The laboratory Mp-bulk stress relationship (Eq 5.2) has

been applied to correct insitu Young's moduli of granular layers as it allows
the consideration of nonlinear behavior (Refs 13, 19, 50, 77, 78), 1Imn this
approach, layered-elastic theory 1is applied in an 1iterative procedure,
Figure 5.5 1illustrates a simplified flow diagram of this procedure,.

Principle stresses are computed in the granular layer under a design load
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condition 1in order to compute bulk stress, which is subsequently used in Eq
5,2 to obrain the Mg value. This value is then compared to the 1initial
insitu modulus derived from the deflecrion basin. If the two values are not
within a specified tolerance, the new modulus is used to compute stresses,
The 1iterative procedure is continued until a reasonable convergence is
obtained in modulus values,

In applying layered theory or finite element solutions, a granular layer
can be divided into more than one sublayer, and a variation in the corrected
moduli with depth in the granular layer is obtained, The effect of stress
changes 1in the horizontal direction is generally ignored, which 1is not

unreasonable, as shown by Seed et al (Ref 71),

Fine-Grained (Subgrade) Materials

Concept. Mp values are greatly influenced by the level of the repeated
deviator stress, 94 (Ref 69). A conceptual illustration is shown in Fig 5.6,
Unlike that of granular materials, the influence of confining pressure is
less pronounced. A log-log plot exhibiting a linear relationship between Od

and Mp is shown in Fig 5.7 and presented by the following expression:

MR=KU 2 (5.3)

where Kl and K2 are material constants,

K; and Ki are material constants which depend on physical properties of
soil and are different from K; and Ko of Eq 5.2. lower My values are
associated with a higher level of deviator stress. This behavior 1is also
referred to as stress softening behavior and is considered to represent the
nonlinear behavior in the subgrade modulus (Refs 69, 77, 79).

Application. Nonlinear subgrade behavior is taken 1into account by
correcting the insitu modulus using the relationship of Eq 5.3 (developed 1in

the laboratory) through an iterative procedure of using layered theory or
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finite element programs to converge to a corrected nonlinear subgrade modulus
(Refs 13, 19, 50, 51, 78, 80)., The iterative procedure is illustrated 1in
Fig 5.5. Recognizing the importance of rhe variation of the modulus in the
vertical direction due to its dependence on deviator stress, nonlinear moduli
of several layers in the subgrade are generally computed as 1illustrated in
Fig 5.8. It has npot been shown that for an NDT loading condition a
homogeneous subgrade (depending on the uniformity of subgrade soils) does not
result in significant errors (Ref 78). A summary of published data on K; and
Ky of Eq 5.3 as reviewed in Ref 79 is presented in Table 5.1. It was also
found (Ref 79) that K; increases and K, decreases with an increase in dry
dengity or a decrease in moisture content, To predict stress—dependent
subgrade moduli from the NDT based insitu modulus of the subgrade, the

laboratory MR relationship is assumed to be known,

Limitations

Tne stress-sensitivity approach to characterizing nonlinear wmoduli of
granular layers and subgrade from deflection basip-based inmsitu mwoduli and
laboratory Mp relationships has a number of limitarions and discrepancies. A
discussion of these and a review of related research is presented below,

Stress Parameters Used in Non-Linear Models. Commonly wused stress

parameters in nonlinear models discussed above are bulk stress, § , for the

granular layers and deviator stress, cd , for fine~grained (subgrade)

materials which are defined below:

(5.4)

(5.5)
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(b) Nonlinear characterization of subgrade modulus

Fig 5.8. Pavement models for subgrade characterization.
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TABLE 5.1. SUMMARY OF kl, k2 PARAMETERS FOR TYPICAL SUBGRADE SOILS (REF 79).
San Diego Study Illinois Study Maryland Study
Parameter Kl Kz Kl Kz K1 Kz
2 2 2

Mean 60.6 kips/in -0.37 16.5 kips/in" -0.42 47.7 kips/in -0.51
5D 89.3 kips/in2 0.264 8.3 kips/inz 0.156 37.8 kips/inz 0.290
((:;«)efficient of Variance 147 71 51 37 79 57
Range 5.0 to 684 -1.17 to 3.0 to 34.0 ~0.74 to 8.0 to 125.0 -1.13 to

kips/in2 3.93 kips/inl -0.17 kips/in2 -0.004
Total no. of samples 79 39 19

= m " .  wm 0w - @ w
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These definitions are not unique., Other definitions or stress parameters

used by different researchers are presented here

(1) Nonlinear models of granular materials:
(a) Definitions of bulk stress, § , also depend on testing
conditions 1in the laboratory, as illustrated in Fig 5.9 (Ref
75).

b K
(b) Mo = K, (09)72 (5.6)

where 04 is confining pressure,
(¢c) Mean normal stress, P, has also been used in place of 8 or

03.

P = é [o + 203} = 6/3 (5.7)

(2) Nonlinear models of cohesive subgrade:

Stress parameters used in nonlinear models are based on the
trisxial state of stress, Bulk stress, 8 , 1is invariant in the
sense that it can be defined either in terms of principal stresses
(triaxial state of stresses) or normal stresses. However, the
stress parameter, Ud , used in the non-linear model of a cohesive
subgrade will be influenced by the way it 1is calculated. .The

following definitions have been summarized in Ref 19 (in addition

to Eq 5.5):

(a) 6, = 0 =0 (5.8)

where z and r denote symbols for vertical and radial

directions.
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(b) ¢

1
d oz -3 (cx+oy+cz) (5.9)

(]

1
(¢) 9y o, -3 (oX + oy) (5.10)

This equation is identical to Eq 5.5 for the triaxial test conditiom.

(3) Consideration of gravity stresses:

In  applying laboratory My relationships to  determine
nonlinear stress—dependent moduli from insitu limear moduli,
stresses are calculated from layered theory computations, Layered
theory assumes & weighless medium, Recognizing the contribution of
the stress component on an element in a sublayer due to overburden
pressure, procedures have been developed which consider gravity
(self-weight) stress in addition to the stress due to design 1load
to determine nonlinear moduli (Refs 13, 19, 77, 78). Static
preload of NDT devices is also considered by Ref 19, in computation
of gravity stress, However, D'Amato and Witczak (Ref 78) have
shown 1in a study of insitu granular layer moduli that non
consideration of static preload does not result in any significant

error in the non-linear moduli.

Development of Temnsile Stress. For certain combinations of pavement

moduli, layered elastic theory predicts tensile stresses 1in  granular
sublayers (Ref 19, 77). Incorporation of overburden stresses in computation
of bulk stress by layered theory has not reportedly resulted in elimination
of tensile stress (Ref 77). Moreover, if 0 is less than one psi, an
unreasonably low nonlinear modulus will be obtained using such relationships
as Eq 5.2 (Ref 19). To overcome this problem, different approaches have been
proposed by researchers., The simplest approach is to set o, and cy to zero

in the following relationship:
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o, + 0y + Gx] (5.1D)

wl»«

However, this approach will result in erroneous moduli as discussed 1in Ref

19, The approach used by Majidzadeh and Ilves (Ref 19) is to use Eq 5.2 for

all cases where the computed value of is equal to or greater than one psi
and to use the following expression (Eq 5.12) if computed is less than one
psi.

E (nonlinear modulus) = K ,(0.99 + 0.016) (5.12)

In other words, if the g 1is less than one psi, then the modulus of the
granular layer 1s essentially treated as stress independent, This approach
is somewhat arbitrary. A more rational and theoreticsally based method for
nonlinear characterization of granular marerial has been advocated by Stock
and Brown (Ref 77); it utilizes a failure criterion of stress in a variant
r#tio, q/p, where p has been defined earlier in Eq 5,3 and q is expressed as

the following (Ref 77):

1
2 2 2] 2

qg = (1/ VTf) (01 - 02) + (02 - 03) + (03 - 01)
{(5.13)

The relationship of Eq 5.2 is used for all cases where q/p is equal to or

below 1.0. & different nonlinear modulus relationship is used for all values
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of q/p between 1.0 and 2,2, Stock and Brown recommend an arbitrarily chosen
low value of the modulus (3MPa) for gq/p equal to or exceeding 2.2, which 1is
the selected limiting value at failure, Other researchers have used an
effective principal stress ratio, Gl/cé , as a8 failure criterion. The above
discussions on nonlinear characterization of granular materials led to the
conclusion that the use of current laboratrory characterization procedures to
obtain non-linear modulus from the insitu modulus derived by analyzing a
deflection basin is somewhat questionable,

Validation of Applying Laboratory My Relationships for InSitu Nonlinear

Material Characterization, Current procedures which evaluate nponlinear

moduli from a deflection basin have the inherent assumption that laboratory
derived M, relationships are valid for the insitu state of stresses. As
discussed earlier, K; and K, parameters are influenced by degree of
saturation, water content, and density, which are not always simulated 1in
laboratory tests. A discrepancy may also arise from using total stresses
instead of effective stresses in computation of stress parameters in stress-—
dependent nonlinear models if the material is not in a dry state, The
conventional state of stress in the triaxial repeated load test does not
truly represent the actual state of stress on an element in the pavement.
Horizontal wvariability in moduli of actual pavement layers 1is ignored in
applying laboratory My relationships for nonlinear characterization. Maree
et al (Ref 80) reported a comparison of M; relationships obtained in the
field with the laboratory My relationships. The nonlinear moduli in the
field were determined by measuring the résilient deflection at different
wheel loads in different layers and then applying the ELSYM5 computer program
(Ref 18) in an iterative procedure. Laboratory and field values of nonlinear
moduli of granular and subgrade layers were compared and a shift factor was
determined, It was concluded by Maree et al (Ref 80) that converntional
triaxial tests overestimate the modulus of granular material and that a shift
factor of 0.3 to 0.5 needs to be applied to their test data.

A notable contribution has been made by Witczak and his coresearchers
(Refs 78, 8l) 1in recognizing the discrepancy in the current laboratory
procedure for nonlinear characterization of granular materials. In the Road

Rater study (Ref 78), comparisons are based on mean values of deflections,
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tnicknesses, and moduli in each test section, Moduli of different layers of
flexible pavement 1in every test section were obtained by appropriate
laboratory tests. Deflection basins were measured by the Road Rater.
Granular layers and the subgrade were characterized by nonlinear stress
dependent moduli of forms of Eqs 5.2 and 5,3, Theoretical deflections
predicted by using the Chevron NLAYER (layered elastic theory) program were
consistently found fo be two to four times the dynamic deflections measured
by the Road Rater, as illustrated in Fig 5.10, The discrepancy between
measured deflections (dm) and predicted deflections (dp) was attributed to
underestimation of resilient moduli of granular layers determined from the
nonlinear model of Eq 5.2. A new expression has been used by D'Amato and
Witczak (Ref 78) by modifying the nonlinear M; model of granular layers as

given below:

K. 8 %2 (5.14)

M = Ky Ky

Where the K'; factor is a multiplier required to obtain a deflection ratio,
Rd’ of 1.0 (i.e., d =d )., Tne K'; factor was obtained only for sensor 1
deflections (located midway between the Road Rater loading plares) by using
assumed values of K'l and iterative layered theory computations until the
condition of dP = d was observed. The K'| factor was then considered to
be analogous to the K, factor used by Seed and ldriss (Ref 82) in their
expression of shear modulus used for dynamic response analyses. Based on the
shear modulus-shear strain relationship in the dynamic response analysis (Ref
8l1), D'Amato and Witczak (Ref 78) found the K'| factor to be an inverse
function of maximum shear strain, This study clearly demonstrate that recent
research related tn dynamic/seismic response analysis in georachnical
engineering can provide a rational approach towards nonlinear
characterizatrion of unbound layers under current dynamic NDT methods used fer

pavement evaluation,
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EQUIVALENT LINEAR ANALYSIS

In this section, a relatively new approach to evaluate non-linear moduli
of unbound layers and subgrade soil is presented. Basic concepts used in
this .approach are drawn from recent advances 1in dynamic/seismic response

analysis of soil deposits.

Influence of Shear Strain Amplitude on Deformation and Stress-Strain

Behavior

Concepts from Soil Dynamics. In dynamic/seismic analysis, the dynamic

shear modulus, G, is of primary importance. Comprehensive research efforts
by different investigators (Refs 57, 82, 83, 84, and 85) on laboratory and
field determination of dynamic shear modulus have been made within the past
two decades, Some of the concepts from these regearch efforts are presented
below. They will be later used in developing a rational approach to

determine nonlinear dynamic Young's moduli of unbound pavement layers.

(1) G is a function of shear strain amplitude, Y.
(2) There are several other parameters which affect G. The _primary
parameters which affect G at all levels of are listed in the

following expression:

G = f {Em,me, N, S, ] (5.15)
where
8;' = mean effective principal stress,
e = void ratio,
N = number of cycles of loading, and
8 = degree of saturation of cohesive soils.
RR387-1/05
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There is a "threshold" strain amplitude (Fig 5.11) below which th
dynamic shear modulus is strain-independent and is referred to as
the low amplitude strain-modulus (G, ). Moduli obtained at higher
strain amplitude are nonlinear or "strain sensitive".

Shear modulus and confining pressure (for sands) are related by the

following expression (Ref B2):

b

= o 5.16
G = 1000 k2 (om) ( )

The K, factor has earlier been mentioned in the review of D'Amato
and Witczak's study (Ref 78). Tnis factor represents of the
influence of void ratio and strain amplitude (Ref B82) as
illustrated 1in Fig 5.12. Using predictive relationships proposed
by Hardin aﬂd Drenvich (Refs 83, and B4) as well as work from other
regsearchers, Seed and Idriss (Ref 82) have presented the K2 versus
Y relationship at various void ratios which are reproduced in Fig
5.13. Combining the data on sand related to Figs 5.12 and 5.13,
Seed and 1Idriss (Ref 82) have presented a very useful graphical
presentation of dynamic shear moduli and shear strain relatiomship
as 1illustrated in Fig 5.14, It is a dimensionless plot of G/Gmax
as the ordinate and shear strain,Y , percent, as the abscissa. The
most interesting point 1in this presentation is that all the
experimental and theoretically generated data fall in a narrow
band, which can be considered "unique"™. 1In this plot, G .  is the
value of G at the 10'4 percent shear strain level.

Seed and Idriss (Ref 82) also review various testing
techniques to determine dynamic shear modulus. In the laboratory

methods, cyclic triaxial tests have been widely wused, but 1in
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densities (Ref 82).
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(5)

(6

(7)

general the results will be reliable under moderate (1 x 1072
percent) to relatively high strains (5 percent) according to Ref
82, Other testing techniques of interest are forced and free
vibration methods, which are useful (Ref 82) for determining
dynamic properties at relatively low strain to moderately high
strain levels ( 1 x 1074 to 1 percent)}, The resonant column test
(Refs 57, 83, 86, and 87) comes in the latter category.

Dynamic shear moduli data for gravelly soils which is typical of
the unbound bases and subbases of pavements) follow behavior
similar to that of sands, Fig 5.15 illustrates such data and Seed
and Idriss recommend that the concept of the “unique" G/G .  versus
v relationship could be as well applied to gravelly scil (Fig
5.16).

Stokoe and his coworkers (Refs 86, B7, and 88) used the resonant
column technique under torsional vibrations to develop G/Gmax
versus Y relationships for a variety of fine-grained soils, A
brief description of this technique is presented in Appendix C.
Their results are presented in Fig D.l1 (Appendix D), which also
illustrates the "unique" (mean) curve of Seed and Idriss for sands,
These curves indicate that dynamic shear moduli data from different
methods when plotted 1in this non—dimensional way can generate
"unique" curves for typical soil types, all of which lie within
narrow bands.

1f Cmax is known, then G at any shear strain can be determined
using the "unique" curves discussed above, A reliable method for

determining & is use of wave propagation techmiques, such as the

crosshole te::x (Refs 56, 58, and 85). A recently developed
nondestructive SASW method technique which is based on spectral
analysis of surface waves can also provide low-amplitude strain
moduli, The SASW method has been used extensively by Stokoe and
coresearchers for rigid and flexible pavements as well (Refs 57,

61, 66, 89, and 90).
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Fig 5.16. Young's modulus versus shearing strain relationship
for gravelly soils (based on data extracted from

Ref 82).
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"Strain Sensitivity". The concepts discussed so far are valid when

applied in dynamic/seismic response analysis in the geotechnical area. Shear

modulus, G, and Young's modulus, E, are interrelated by the following

expression:

E= 261 +w (5.17)

where

o= Poigson's ratio,

Therefore, G/Gmax data can be translated to E/Emax data for a particular
soil type. For all practical purposes, the minor effect of Poisson's ratio
can be ignored, The "strain softening" behavior exhibited by all types of
soils and unbound materials can be examined by using normalized Young's
modulus, EfEmax,

can be converted to axial strains using Mohr's circle of principal strains,

instead of G/Gg,, . Similarly, shear strain amplitude data

Nazarian and Stokoe (Ref 90) have presented such a nondimensional plot of
E/Emax versus axial strain in percent from resonant column test data on
undisturbed samples of a subgrade soil, as illustrated in Fig 5.17.

Role of Strains in Unbound Layers of Pavements. In the conventional

material characterization procedures, the influence of strain amplitudes on
Mp measured 1in laboratory has not been given any emphasis in published
research wuntil recently. D'Amato and Witczak (Ref 78) have recognized 1in
print the influence of shear strain amplitude on laboratory Mp relationships
of granular materials in base/subbase layers of a pavement by introducing an
adjustment factor (the K' factor) in the nonlinear, stress-dependent My
relationship (Eq 5.14), A strong correlation between shear strain and
surface deflection is illustrated in Fig 5.18 (Ref 78). Maree et al (Ref 80)
have observed shear failure in base and subbase layers of some of their
pavements 1in heavy-vehicle simulator tests, They indicated that shear

stresses and strains in these layers were high and that near failure

RR387-1/05



180

. 30 Confining Izessure, psi
A
o 0D @ @b 0 g o4
»
Y 251 B 8 R
o~ o v
a o 16
W 20 o .
g T® Y 9 g o
= Ve o
2 15 v .
i o .
= © © 0 o 44 o 2
v A GGO <7
S I0F & &a% © @ .
= °
5 ‘z o || ot el it dyagd s gy
10 102 1072 0™ !

Single Amplitude Axial Strain, €, percent

(a) Variation in Young's Modulus with Strain Amplitude
at Different Confining Pressure

w

=

3 4 T ¥ P03 t ¥ 4 R 1 3 Ad

S 10 BOBEEOImmy o T
> AN

E? x ‘é%i

= 00-8 » . . . %
ng Cogf;gmg Pressure, psi ®
o o 4 @B
2_-3' 0.6 v B8 G

E D 16 +
2 04l 032

Single Amplitude Axial Strain, €, percent
(b) Variation in Normalized Young's Modulus with

Strain Amplitude

Fig 5.17. Effect of axial strain amplitude on Young's modulus
of an unsaturated clay subgrade (Ref 90).

bos 72



Maximum Computed Shear Strain (Ynqx x10° radians)

005 3g1

}O,OOO-‘Y”T”I ¥ MEALRARS! T T T T

¥ vV VP aE

1,000

1""1‘]

100

‘I'Ill"l

o

04 111::1} o taagar ! s 21l Lo

680 kN BB test 1
Df=25cps -
o f=16 cps ]

Amp=1.473 mm
(0.058 in)
Imm=0.039 in

L S lJ]ll

azaad

Ymax=0.06598n
ré=0.97 ]
(in U.S.Units - 8m in

inches)

L !l!lll'

o
o Route 1,97 and San Diego
Q. gRoad Test Sections

(Route 695 excluded)

1.4 llll

Fig 5.18.

10 100 1000
Mean Surface Deflection (x10™ >mm)

Maximum computed shear strain versus
mean surface deflection (Ref 78).

181



182

conditions existed at the time of measurement, The importance of axial
compressive strain on top of a subgrade is realized in current pavement
design procedures where a limiting compressive strain is used for thickness
design.

Proposed Approach. In the current NDT techniques for pavement

evaluation, setrain amplitude should be considered in the analysis, Dynamic
devices such as the Dynaflect, FWD, and Road Rater will generate different
strain amplitudes in pavement layers, which can be associated with the
determination of nonlinear wmoduli using the E/E ,  versus shear strain
relationships, The first step is to determine the threshold strain
amplitudes on these curves. Output from ELSYM5 includes maximum shear
strain., The maximum shear strain amplitudes predicted by ELSYM5 for NDT
loading and for the design wheel load configuration are to be compared. The
insitu moduli used in these computations could be the combination derived
from the analysis of a dynamic deflection basin. If the strain amplitude
under NDT loading in an unbound layer is below the threshold strain 1level,
Young's modulus of that unbound layer is Epax® The nonlipnear, strain
dependent modulus of‘that layer can be determined by using the unique E;Emax
versus shear strain curve in an iterative procedure until an acceptable
convergence in the computed strain under the design wheel load is achieved.

Determination of Nonlinear Strain Senmsitive Insitu Moduli

Insitu moduli of unbound layers and the subgrade determined from the
analysis of the dynamic deflection basin (Chapter 4) are to be corrected to
reflect nonlinear, strain softening behavior of these materials,

Stress-Strain and Déformation Behavior under Pavement Loadin&. The NDT

loading configuration 1is therefore an important parameter in applying an

equivalent linear analysis.

(1) 1f the maximum shear strain in the granular layer is below the
threshold 1limit, then the corresponding modulus from the analysis
of the deflection basin is E .., which is strain independent. This

ie the case of the Dynaflect, Tnerefore, a nonlinear modulus must

RR387-1/05
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be determined corresponding to the sghear strain  amplitude
determined from application of design load. The design load
configuration is shown in Fig 5.19.

(2) 1In those NDT devices, é.g., the FWD, which can apply a peak force
equal to design load, the shear strains induced by the two loads
will be in close agreement, In that case, there is no need for
equivalent linear analysis. The insitu modulus of the granular or
subgrade layer used for shear strain calculation already represents
a nonlinear modulus and does not require a correction, Examples of

» these discussions are also illustrated in Fig 5.20.

- (3) 1f the NDT load is heavier than the Dynaflect loading but much less
than the design load (e.g., the Road Rater loading or the FWD at
- smaller peak loads) then the equivalent linear analysis approach

? cannot be used directly. Conceptually, it is illustrated 1in Fig

5.21. In this case, the low amplitude modulus, E , 18 unknown,

m
One appropriate procedure for determining E .,  1is a)icllustrated in

Fig 5.21. 1In this procedure the input value of E of the unbound

= layer can be divided by the E/E ., ratio obtained from the E/E .

_ versus Y curve (as an appropriate Y was already calculated by

T ELSYM5). This Ej
- . E”'F‘m-m X
(4) Low amplitude Young's moduli of unbound layers 3in a pavement

ax Can then be iteratively used to modify E using

end Y values corresponding to the design load.

structure can also be determined from the crosshole test, and the
SASW method as well as from the Dynaflect deflection basin as
discussed 1in Chapter 4 and above in (l1). Yet another approach 1is

~ to use Hardin and Drnevich's design equatiom (Ref 84) for G,

which is given below:

b

2
(2:973 = &) (oepyX o (5.18)

(1 +¢e)

G = 1230
max
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{a) Standard 18-kip single axle: 4 tires,
cacl 6 Th ar 79 psi tire pressare,

b

; Load magnitude
4500 Ib

Lood radius 4.37"
contact areaq

\\‘ P \\_. J/ 6? in.2

—
g, A——
—

Total response

z

(b)  Simulated 18-kip axle load (half the standard axle)
and iJlustration of superposition of responses.

Fig 5.19. Standard 18-kip axle configuration and simulation used
in RPRDS-1 (Ref 38).
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(o) Rigid pavement structure used in this study

E (psi)
10" 7" P.C.Concrete ' 4,000,000
4"} Stabilized Base 200,000
g" -4—9—:5 Granular Subbaose 75,000
7 X TR
Semi-infinite Subgrade 30,000

(b) Design Loaod Configurotion (Fig. 5.19)

(c) Computed shear-strain data

Mid-depth of Subbase(A)|{At top of Subgrade (B)
Ymax, % |E/Emas| YmaxX, % |E/Emax

Lodding Conditions

Single Axle I8 kips - 5.227xI0°° | ~0.83 | 5.419x10° | =0.9
Design Load
FWD 5.502x10°° | ~0.83 | 5683 x 10| ~0.9l

(S000 Ibs peak Force
Amplitude, Radius of

Loading Plate = 5.91in.)
Bynaflect 5381 x 107 | =100 | 5729x10 | ~1.00

Notes: |. Lorgest of all values of moximum shear strains-computed
under the loading (from ELSYMS output)

2. For Dynaflect; equivalent single amplitude shear strain
amplitude is half of the value shown in the column

(E/Emayx for Dynaflect is based on half of Ymox
shown in the column)

3. Solid line curve (Fig. 5.22)
4. Broken line curve (Fig. 5.22)

Fig 5.20. Illustration of computed maximum shear strain amplitude variation
with loading condition.
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Fig 5.21. Conceptual 1llustration of an approximate procedure
to determine nonlinear moduli when FWD is used at a
low amplitude of peak force.
005 108

»”



" R | ol illl‘

i o e e e

187

where

e = void ratio,

OCR = overconsolidation ratio,

K = a parameter depending on plasticity index (Table 5.2),
and

B; = mean effective principal stress,

E; and G, are in psi,
The above expression has also been used in the analysis of dynamic
moduli for an airport pavement by Baird and Nash (Ref 91).

(5) For the purpose of this study, it is concluded that (a) an
equivalent linear analysis should be applied to the woduli of
unbound layers determined from a dynamic deflection basin measured
by the Dynaflect (assumed to be low amplitude strain moduli) in
order to derive appropriate 1insitu nonlinear strain-sensitive
moduli of these layers, and (b} the Falling Weight Deflectometer
can apply a variable peak force on the pavement surface. Assuming
the test force of the FWD chosen is such that its maximum shear
strain response 1is about the sawe as the design load, then the
moduli determined from the deflection basin fittring method are the
insitu nonlinear woduli of unbound layers and subgrade. The
equivalent linear analysis can therefore be skipped in the case of
FWD dynamic deflection data, '

Mathematical Modellin& of Normalized Moduli versus Sneariq& Strain

Curves. The basis of the equivalent linear analysis discussed until now 1is

the normalized moduli versus shearing strain relationship such as shown in
Fig 5.22. As compared to the large scatter in laboratory Mp data (Fig 5.1
and Table 5.1), E/E .. versus shear strain data always lie within a very
narrow band for different types of soil and sand and gravelly material, Part
of the data in the low amplitude strain range can be obtained in field tests
(crosshole, SASW, Dynaflect). For the purpose of this study, two unique

curves have been selected to use with an equivalent linear analysis, One

RR387-1/05



188

TABLE 5.2.

VALUES OF K FOR HARDIN AND
DRENEVICH'S EQUATION (REF 84)
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curve is for granular layers (shown in solid lines) and the other 1is for
fine-grained soil (typical of subgrade, shown in broken lines) as illustrated
in Fig 5.22. |

Mathematical relationships are needed to define these curves. There are
several approaches to developing predictive equations by which the E/E .
ratio, can be determined corresponding to a known value of shear straim, Y .
Ramberg-0Osgood curves (Ref 92) have been used by some researchers, The
relationship can also be linearlized by transforming Y (e.g., a hyperbolic
function) and then fitting a regression line, Another statistical model 1is a
logistical model wusing the nonlinear regression approach. All these
approaches are discussed in detail in Appendix D, where several predictive
equations are also developed.

The predictive equations for granular materials and cohesive gsubgrades
based on unique curves in Fig 5.22, which are currently included in this
study as default procedures, are shown in Table 5.3, It is noted, however,
that these two curves are either a mean curve (Ref 82) or a smoothed curve
over experimental data (Ref 87). The statistical fit inherenr in the two
equations, 5.19 and 5.20 (Table 5.3), are based on unique curves and not
actual data points. Actual experimental data were not accessible during the
present research. Regression if performed using actual experimental data 1is
always wmore meaningful and the outcome will certainly be & more reliable
predictive relationship., It is recommended that new predictive relatiomships
should be developed as soon as enough experimental data are available on both

sands (or gravelly material) and fine-grained (cohesive) type material.

Development of a Self-Iterative Procedure for Equivalent Linear Analysis

A self-iterative procedure has been developed to apply equivalent linear
analysis to determine nonlinear strain dependent moduli of the granular
base/subbase layers and the subgrade after derivation of dimsitu linear
Young's moduli of these layers from the analysis of the Dynaflect deflection
basin. ldeally, the mnonlinear modulus should be determined at the top, .
middle, and bottom of each granular layer, as well as in the middle of

subgrade sublayers (two or three layers, each 6 inches to 2 feet thick,
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TASLE 5.3. PREDICTIVE EQUATIONS FOR NORMALIZED MODULUS (EQUIVALENT
LINEAR ANALYSIS) A
RANGE OF
Y . \
MATERIAL  (PERCENT) PREDICTIVE EQUATION R
*
>0.004 E/E_ = 1.2697509 - 1.2072571 (A) 0.99
Granular
Soils =0.07
< 0.004 E/E = 1.0
s max
> 0.001 - *
Subgrade E/E__ = 1.3760883 - 1.2593853 (A) 0.99
(Cohesive =<0.07
Soils)
<0.001 E/E = 1.0
max
* , 2.0
A =
log.n Y
(2.0 0 ¢ L

(2.0)°8109 ¥

where v = single amplitude shearing strain, percent
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created 1in the origimal subgrade) and on top of the semi-infinite subgrade.
The ideal system is shown in Fig 5,23, Because ELYSMSIis called to calculate
the pavement response in each iteration therefore the idealized system will
eventually result in a large number of ELSYM5 runs and become prohibitively
expensive., Therefore a simplified pavement system is assumed for equivalent
linear analysis, as illustrated in Fig 5.24.

Assumptions. There are several simplified assumptions in the equivalent

linear analysis adapted in this research.

(1) Any pavement sublayer with stabilized material is assumed to be
characterized by a (linear) strain independent modulus which can be
derived from the inverse analysis of a Dynaflect/FWD deflection
basin. Examples of these materials are asphalt or cement-treated
base and subbase material or cement/lime stabilized subgrade
materials, _

(2) The normalized modulus versus shear strain curves (Fig 5.22) can be
uniquely applied to derive nonlinear insitu moduli of granular
layers and cohesive subgrade using the pavement model of Fig 5,24,

(3) All the assumptions made to use ELSYM5 for amalyzing NDT dynamic
deflection data are also applicable to this analysis.

(4) Furthermore, the theoretical responses determined by ELSYM5 under
the Dynaflect or design load are analogous to peak-to-peak response
due to any steady state or sinusoidal load.

(5) The unique curves for dynamic response analysis (Fig 5.22) were
developed by using single amplitude shear strain in percent. In
order to ensure compatibility for using the maximum shear strain
amplitude predicted by ELYSM5 in the equivalent linear analysis,
the predicted shear strain amplitude is to be halved and then
multiplied by 100 to convert it into percent single amplitude shear
strain.

(6) Equivalent linear analysis is to be commenced from the first strain
sensitive layer below the surface asphaltic concrete (flexible

pavement) or portland cement concrete layer (rigid pavement).
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————— - non-linear moduli.
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Fig 5.23. An idealized pavement structure for evaluation of strain

dependent moduli of granular layers and subgrade.
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Fig 5.24. Typical pavement configurations adapted in this study.
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After obtaining & nonlinear modulus of that layer, this analytical
procedure proceeds to the next underlying strain-sensitive layer,
until all strain-sensitive layers are characterized by nonlinear
moduli, One cycle of equivalent linear analysis 1is enough for
providing acceptable results,

(7) The final combination of moduli is assumed to be correct insitu
(strain-dependent) moduli,

(8) Horizontal variability in moduli of any layer is ignored.

Location(s) for Maximum Shear Strain Response, An investigation was

made to ascertain the locations in pavement sublayers where maximum sghear
strain 1is caused by the design load of Fig 5.19. The locations in the
vertical direction will depend on thicknesses of layers, using the guidelines
recommended in Fig 5.24, This section is concerned only with the horizontal
plane,

To compute pavement response under the design load, ELSYM5 uses the
principle of supefposition. Therefore, it is necessary to evaluate Tesponse
to four locations on the pavement, They are (1) at the outside edge of one
loaded plate, (2) under the center of one wheel, (3) at the edge of the
nypothetical loaded area corresponding to 4500 lb on the wheel and 75 psi
tire pressure, and (4) midway between the centers of the dual wheels., -

These locations in the (x, y) plane are A(0, 0), B(4.37, 0), C(8.75, O)
and D(1092, 0) respectively, as illustrated ian Fig 5.25(a).

Layered theory computations were made using ELYSM5 and assuming
different pavement structures, Typical results are shown in Fig 5.25(b). It
was found that maximum shear strain generally has the largest amplitude at
location C, i.e., at the inner edge of a loading wheel,

Step-by-Step  Procedure, A step-by-step procedure for applying

equivalent linear analysis to determine nonlinear strain dependent moduli 1is
presented in Fig 5,26 as a simplified flow diagram. An outline of the

procedure is described below.

(1) The initial inputs are pavement geometry information, insitu moduli

calculated from Dynaflect deflection basin (Chapter 4), type of
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Fig 5.25(a). Pavement configurations assumed in maximum shear strain study.
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SUBROUTLNE
ELARAL

Lscablish Dapths where Naxisus
Shaar Strain is to be Calculated.
¥ () = Moduli under NDT Losd

y

1f uo uae, specified design load data; then
assume defavlt design load data (Table 5,

Y

Initinlize
NYLAG = O

7

| ¥7aG » wriaAG + 1 Jue

Print:
Eo Equivalent
Linear Anslysis

Dynaflect

Loop to Correct Moduli fros BASINR
Daing Monlinear Srxain Scftening Hodels

Call FLSYMS to Calculate Favemsot
Reaponse under Design Load

N v
Call SHSTR! to Bearch for the Largeat of

Maximum Shear Strain Value and Couvert It
to Equivalent Single Amplitude Value in Farcent

Y

Cell EQLIN] to Apply Equivalent Linear Analysis
Using Rormalized Modulus versus Sbhear Btrain Curves

1s
Piscrepancy in
Sheay Strain batween this and
Preceding lteration between ¢ 10 Percen

The Effective ‘Nonlinear' Modulus
is the Aversge of Modulus in this
and the Preceding Iteration

!

(::) {continued)

Fig 5.26. Simplified flow diagram for equivalent analysis to
determine non-linear strain sensitive moduli of
granular subbase and subgrade (as used in RPEDD1).
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EFINAL ( ) = E ()

Establish EFINAL ( ) by
Using Nomlinear Moduli in Plsace of
Ingitu Moduli frowm BASINR

*i—;

Call ELSYM5 to Calculamte
Final Response Using EFINAL ( )
under the Design Load

'

1, Bearch for maximum surface deflection (mils).

2. Sesrch for meximum tensile stress at
the bottom of concrete layers,

3. Search for maximum bulk stress computed
from ELSYM5 output (at middepth of subbase layer).

4, Search for maximum deviator stress at the
top of subgrade; computed internally
fros ELSYM5 output.

sTOP
and RETURK to
RPEDDI

Notes: For use in FPEDDL: following changes were made

1. Value of NFLAG equal to 1 (for 3 lavers) or 1 and 2 (for four
layer) are used to correct for granular materisls.

Values NFLAG equal to 2 (for 3 layer) and 3 (for four layers)
are used to correct subgrade modulus.

2. Search is made for maximum tensile strain at the bottom of
AC layer.

3. TFinally prograr is returned to FPEDDL

Fig 5,26 (continued)
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base or subbase, design load details, and (x, y) locations where
max imum shear strain response is required (midway between wheels).
Locations in 2z direction where & response is required are computed

according to the guidelines of Fig 5.24.

(a) If the base is stabilized, this step is skipped.

(b) 1f the subbase is stabilized, this step is again skipped.

(c) For the granular base/subbase the desired locations are the
middle of the layer under point C of Fig 5.25(a).

(d} For the subgrade, the desired location to compute response is

also under point C of Fig 5.25(a) at the top of the subgrade.

If design load configuration is not entered by the wuser, default
values are assumed (Fig 5.19).

The procedure starts from the top of the first granular layer,
ELSYM5 1is called and the computed response is converted 1into a
single amplitude shear strain, in percent, Y (subroutine SHSTR1).
Using the unique relationship of E/Emax versus Y for this material
(subroutine EQLIN1), ratio EE; is obtained; this when multiplied by
E ax (insitu modulus from the Dymaflect deflection basin for that
layer) gives a new value of E' for this layer. If this was the
first iteration, the program goes to Step 8.

The computed shear strain 1is compared with the value in the
previous iteration; if the absolute difference is within i_ 10
percent, convergence is achieved and the program proceeds to
Step 9.

The old modulus is replaced by E'. Tnis is the second iteration.
The program goes to Steps 5, 6, and 7. If convergence is achieved,
then the final nonlinear modulus, EFINAL, of that layer is

calculated as
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E’ + E. .
EFINAL = 1 i-1 (5.21)
2+0
where
i = the i™ iteration at which convergence is achieved,

Equation 5.2] was found reasonable as a large change in E causes a
very small change inY . This nonlinear modulus value is used in
further computations, If this was the last strain-sensitive layer
(subgrade), the program goes to Step 10,

() Equivalent linear analysis is applied to the next wunderlying
strain-sensitive layer, Iteration is initialized and Steps 5 to 8
are followed,

(10) The final combination of pavement moduli includes nonlinear,
strain-sensitive moduli for sublayers and subgrade appropriate to

design load considerations.

Insitu Moduli from FWD Data. If the dynamic deflection basin data are
the

generated by the Falling Weight Deflectometer, them in the present study

self-iterative procedure for obtaining the nonlinear sensitive modulus is

It is assumed in this study that the FWD is capable of generating a
The

skipped,
peak force on a pavement surface which is equivalent to the design load,

largest maximum shear strain amplitudes at the appropriate depth in every

strain-sensitive layer caused by both of these loading configurations are

nearly the same (within + 10 percent), Therefore, in this case the

equivalent linear analysis is omitted.
However, FWD is capable of applying variable peak forcés below the force

level discussed in the preceding paragrapn. In these cases, it is necessary

to use the equivalent linear analysis. However, an estimate of low amplitude

shear strain modulus, E_ .., will be required for each strain-sensitive

easiest and most reliable method is to obtain a profile of
tests

layer. The
dynamic moduli by performing spectral analysis of surface waves (SASW)

in each test section (Refs 5B, 66, 89, 90). A conceptual flow diagram to

RR387-1/05
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determine nonlinear, strain-sensitive moduli corresponding to the design load

conditions is presented in Fig 5.27.

Applications of Self-Iterative Equivslent Linear Analysis

Inservice Pavements, Several problems for insitu nonlinear material

characterization have been solved using the procedures discussed up to now.
Some . examples are presented in Tables 5.4(a) and (b) for typical inservice
rigid and flexible pavements, Measured Dynaflect deflection basins were
analyzed in all cases,

This  approach of 1imsitu, nonlinear, strain~sensitive material
characterization of wunbound granular layers of pavement and subgrade 1is
relatively new and according to available state of knowledge has never been
applied 1in NDT evaluation of pavements, Overlay designs should be based om
insitu moduli determined using the approach of equivalent linear analysis.
Inservice monitoring and performance data of such overlaid pavement, and
comparisons with performance of the overlaid pavements designed using current
conventional procedures of nonlinear characterization should be wused to
validate either of these approaches,

Advantages Offered by Equivalent Linear Analysis. There are several

obvious advantages with the use of equivalent linear analysis for NDT
characterization of nonlinear strain softening granular materials and

subgrade as listed below,

(1) The inherent problem of handling tensile stresses or very low
compressive  stresses (for computation of bulk stress) is
eliminated,

(2) Errors due to the assumption of weighless materials in any layered
theory c¢omputations for use in conventional stress dependent Mg
relationships are handled by including gravity (self-weight) or
overburden stresses, In the equivalent 1linear analysis, the
critical response (maximum shear strain) to determine nonlinear

modulus is required only due to the loading stress.

RR387-1/05
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START
Detarmins lositu Dynsmic . :
Woduli frow BASV Tasts. Moduli Loaine lasicy Young's
Let Subgrads Dynamic uli d:l;un htt.iu;.hchuxqu.
Bodulus Be l)! . ‘ subgrade
A Loop for Equivalent Linear Anslysis

Calculats Largest Kaximum
Bhear Strsin, ¢ ,
Onder Design Load Dsing E

Datermine Value of Ratic B/E g5 (R) from
the Appropriate Unique Curve for the Valus
of v Calculated Above

Nev Value of Subgrade Modulus,
Bc - R¥ !M

1x
Discrapancy in
Shear $train between this and
Previous Straip is Within
+ 10 percent?

YES

The Effective 'Nonlinsar’' Modulus
is the Average of Modulus Values
in tbis and the Previous Iteration

STOP and RETURN

to Maio Program

A conceptual flow diagram to determine nonlinear strain
dependent modulus from the analysis of FWD deflection

basin data.

Fig 5.27.
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TABLE 5.4(a). EVALUATION OF NONLINEAR STRAIN DEPENDENT MODULI
BASED ON DYNAFLECT DEFLECTION BASIN - RIGID

PAVEMENTS (RPEDD1)

YOUNG'S MODULI PREDICTED YOUNG'S MODUL1 CORRECTED

FROM DEFLECTION BASIN FOR NONLINEAFR BEHAVIOR
PAVEMENT FITTING (PSI) (PST)
(i} Fig 4.23 (JRCP)
10 in. PC Concrete 5,398,000
6 in., Cement Treated
Base 500,000
Semi-infinite Subgrade 31,030 30,484
72} CRCP
10 in. PC Concrete 4,451,501
4 in. AC Base 457,180
6 in. Lime Treated 348,192
Subbase
Semi-infinite Subgrade 23,288 22,854
te) SH-71 (SB), Columbus Bypass, Texas
Measured Deflections (mils): .33 .32 .29 .25 .23
Computed Deflections (mils): .333 .321 .290 .256 L224




204

TABLE 5.4(b). EVALUATION OF NONLINEAR STRAIN DEPENDENT MODULI BASED ON
DYNAFLECT DEFLECTION BASIN - FLEXIBLE PAVEMENTS (FPEDD1)

YOUNG'S MODULI PREDICTED
FROM DEFLECTION BASIN

YOUNG'S MODULI COR¥ECTEL
FOR NONLINEAR BEHAVIOF

o PAVEMENT FITTING (PSI) (PSI)
iy 424 o
4.5 i, AC Surface o
3.0 in. Bituminous Base -=
18,460

Soemi-~infinice Subgrade

A B B Bl M B T P TR T
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Two different types of stress sensitive models are used 1in the
conventional approach. The proposed approach uses only one type of
strain sensitive model for all unbound materials.

Maximum shear strain amplitudes generated in pavement layers by NDT
tests or actual traffic conditions are generally in low to
moderately high levels. These levels of maximum shear strains (y )
and their influence on M; are not addressed in the conventional
approach, although Y 1s the most important parameter to influence
dynamic moduli (G or E).

Use of effective or total stresses is a debatable question in the
use of laboratory M; relationships which correct insitu moduli.
This dilemma is not present in the proposed equivalent linear
analysis approach.

Tremendous variations in nonlinear moduli based on laboratory My
relationships may arise due to characteristics of wmaterial,
experimental scatter, and method of computing stresses. The
experimental scatter in developing G (E) versus Y relationships
seems to be relatively very low and E/E ,, versus Y relationships
can be approximated as nearly unique curves for all practical
purposes.,

To determine insitu stress dependent moduli, in the conventional
approach, either appropriate M; relationships are to be developed
by extracting samples from sites and performing laboratory Mp
tests; or approximate Mp relationship from experience (historical
record) are assumed. In both cases, time and money and risk, of
uncertainty are involved. Moreover, the wvalidity of applying
laboratory M relationships in the field for NDT evaluation is open
to question,

In wusing the proposed iterative approach of E/E, ., Versus
shear strain curves, which can be safely considered wunique, any
unnecessary voluminous laboratory work is eliminated without an
appreciable risk of uncertainty. This will result in savings of
time and money, along with an increased efficiency and confidence

in the desired nonlinear moduli, Furthermore, an important

RR387-1/05
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parameter used in the iterative procedure is low amplitude-strain-
modulus Emax (or Gmax)’ which is determined as yhe insitu modulus
from a Dynaflect deflection basin measured in the field or from a
non~destructive surface wave test such as the SASW test; Emax can
also be computed for the analysis of a FWD deflection basin

measured at the lowest level of its peak force amplitude,

VALIDITY OF ASSUMING PAVEMENT AS A LINREAR ELASTIC SYSTEM

In the structural design of a new pavement the final design is built
upon the assumption that the pavement behaves as a linearly elastic system.
It 1is generally knmown that a newly built pavement, particularly with stiff
layers, does behave linearly. The proposed approach of strain sensitivity

can be used to make a theoretically based judgement on the validity of lipear

behavior.

Examples

Figure 5,28 1illustrates the example of determining 1imsitu moduli of
pavement layers using the 1iterative application of layered theory
computations to matrch the measured Dynaflect deflection basin. Equivalent
linear analyses were subsequently made to determine nonlinear strain-
dependent subgrade modulus. The CRC pavement was recently built with 10
inches of concrete overlying & inches of asphaltic concrete base and 6 inches
of lime-treated sublayer. The equivalent single amplitude shear strain
computed for this pavement under (default) design load is very close to the
threshold limit for this material, which implies that the subgrade is almost
in the strain-independent range, In other words, the pavement behaves as =&
linear system, .

An older pavement does not behave as a linear system. Analysis of a
deflection basin is still carried out assuming a linear system, but
equivalent linear analysis results in nonlinear strain dependent moduli, as

illustrated 1in Fig 5.29. The nonlinear behavior of an old pavement is

RR387-1/05
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Radial distance from load, inches
0 100 156 260 374 490 600

0.0
Total lterations = 2
Best Iteration = No. 2

w

= O.lF

E

c

=

©

= .. B

2 02 o—o0 Measured

&  Computed
Oa3 | | i L !
12 24 36 48 60 72
- SH-Ti, Texas, 7 Aug.8lI Young's Modulus (psi) .

Columbus Bypass (Section |) Input %Difference
Wheel path/Outside lane Seed In(sii)tu Cor(rzeg:led (1) & (2)
10 in. P.C.Concrete O 6,000000
4 in. A.C. Base 0 479,800
6 in.Lime treated Subbase O 291,500
177 N P 7NN PN
Semi-infinite Subgrade o) 37,140 36,960 0.5%

(«Strain dependent non-linear modulus)

Fig 5.28. Analysis of a Dynaflect deflection basin measured on a newly
constructed CRC pavement (prior opening to traffic).
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Radial Distance from load, inches

100 156

260

374 490 600

o
N
T

Deflections, mils
o
D
i

Total Iterations = 2
Best lteration= No.2

o0 Measured

06} s Computed
B 24 36 4B 80 72
IH-10, East of Columbus,
Texas. 23 Aug.84 EB,
St.1352+22
Centerline, Outside lane Young's Modulus (psi)
% difference
Input , between
Seed Insitu(l) Corrected(2) (1} and (2)
IO in JRCP | ) 3,515,000
6in Cement treated base O 118400
777N o) A /a\N
Semi-infinite Subgrade 0 18490 17,530 5.2%

Fig 5.29.
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Analysis of a Dynaflect deflection basin measured on an old [

(around 20 years) JRC pavement.
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possible due to one or more reasons, such as discontinuities, creation of
voids, and pumping in base/subbase, etc. The strain softening approach does

provide an explanation of the nonlinear behavior of the pavement system.

SUMMARY

This chapter has dealt with nonlinear behavior of granular layers and
subgrade in pavements. The current practices in the use of stress dependent
nonlinear laboratory M; relationships were reviewed. Results of published
research 1in recent years on improving nonlinear stress dependent material
characterization procedures for granular layers were also presented., A brief
discussion of strain dependent dynamic shear moduli used in dynamic/seismic
response aﬂalysis was also presented., The concept of equivalent linear
analysié for nonlinear strain dependent moduli is also discussed which is

based on normalized modulus E/Emax (or G/G ) versus shear strain

max
relationships. Default curves based on these relationships were presented
for granulér and cohesive materials, A self-iterative procedure is described
to determine insitu moduli of nonlinear strain softening materials using the
concept of an equivalent linear analysis. The procedure has been designed
mainly for- NDT evaluation with the Dynaflect because back-calculated moduli
from the Dynaflect deflection basins can be treated as low-amplitude moduli

(Epax
converge to a corrected nonlinear modulus corresponding to the shear strain

). Values of E ,  are then used in the equivalent linear analysis to

amplitude wunder the design load condition., For the FWD, the equivalent
linear analysis is presently omitted in this study assuming & peak force can
be generated by the FWD which results in shear strains in the granular layer
or the subgrade comparable to that under the design load, However, if FWD is
used at small loads, then the use of an equivalent 1linear analysis is
warranted,

Several advantages of the equivalent linear analysis and discrepancies
in the currently used Mp procedures were also presented and discussed, The

self-iterative procedure for equivalent linear analysis for nonlinear,
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strain-sensitive wmoduli of sublayers has been implemented in the dynamic-

deflections-based structural evaluation system presented in Chapter 6.
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CHAPTER 6, DEVELOPMENT OF COMPUTERIZED STRUCTURAL
EVALUATION SYSTEMS FOR PAVEMENTS

This chapter presents the comprehensive framework for the development of
structural evaluation systems for pavements. Tne self-iterative procedures
developed 1in Chapters 4 and 5 are the two important stepping stonmes in this
framework, Structural evaluations of pavements based on dynamic deflection

will be extended to include the estimate of fatigue life and remaining life.

FRAMEWORK FOR SIRUCTURAL EVALUATION SYSTEM

Background

Most of the existing structural evaluation methods based on 1insitu
moduli derived from deflection basins fall in the first of the following
categories, '

Average Deflection-Basin-Based Evaluation. 1In this methoed, an average

deflection basin is computed by computing the mean of the deflections
measured at each sensor of the NDT device 1in a test section, Insitu
effective moduli are determined by using deflection basin parameters,
graphical procedures, or basin fitting procedures (the inverse application of
layered theory) which may be user-iterative or self-iterative (Chapter 3).
Third, some methods allow correction of moduli of granular layers and
subgrade by using nonlinear stress-dependent laboratory Mp relationships.
Temperature correction is also made for the modulus of the asphaltic concrete
layer in the case of flexible pavements., The final combination of moduli
represents effective 1insitu moduli for the whole section, which are
subsequently wused for overlay design, Use ofvan average deflection basin
raises the question of ignoring the primary theoretical considerations on
which the iterative use of inverse applications of layered elastic theory 1is

based.
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Individual Deflection Basin Category. 1In this approach each deflection

basin is analyzed on an individual basin. Insitu moduli are then determined
following the procedures ourlined above, Uddin et al (Ref 62) have
recommended this approach., Design moduli for each design section then can be
based on the summary statistic of moduli determined at each Dynaflect test
location in that section. This approach is more rational as the wuser is
analyzing each measured basin and not & hypothetical average basin. The
variations of moduli in each section represent the in-place variability in
each pavement layer.

In the above two approaches, a design (test) section is preselected and
after the analysis of deflection basins the next step is to determine design
moduli,

Determination of Overlay Thickness at Individual Location of Deflection

Basin, This is the approach employed in the recently developed FHWA-overlay
design procedures (e.g., Ref 19). Each deflection basin 1is analyzed
individually to determine insitu moduli which are corrected for temperature
(for asphalt concrete modulus) and for nonlinear stress semsitive behavior of
granular layers and subgrade, The final moduli at the test location are then
used for the design of the overlay thickness,

The direct use of insitu moduli for overlay design of each test location
results in prohibitively expensive computation at a cost which may be

unnecessary in certain instances, especially when the life of an existing

pavement can be considerably extepnded by routine maintenance measures instead .

of embarking on sophisticated rehabilitation programs involving overlays.

Alternarives for stage construction will also be difficult to design for

the strengthening/upgrading of existing pavement.

Proposed Approach

The framework proposed in this study for a structural evaluation system
using dynamic deflection basins is comprised of several stages, as summarized

below.

RR387~1/06
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(1) The weasured deflection basin is analyzed on an individual basis,

(2) 1Insitu moduli are determined using the self-iterative 1inverse
application of layered theory., The asphalt concrete modulus (for
flexible pavement) is to be corrected for temperature effect, This
stage has been covered in detail in Chapter 4,

(3) 1Insitu moduli are then corrected by equivalent lipnear analysis to
take into account nonlinear, strain-softening behavier of granular
layers and conesive gubgrade as discussed in Chapter 5.

(4) The final combination of corrected insitu moduli are then to be
used to predict critical responses under a given design load
configuration to make a remaining life analysis as discussed in
detail in this chapter.

(5) Tne final output from the use of the computerized structural
evaluation system 1is a table which summarizes the results of
critical responses, fatigue 1life, remaining 1life and = final
combination of corrected insitu moduli with respect to each test
location along the roadway.

(6) Separate computer programs are to be developed for rigid and
flexible pavements. In the implementation/application phase of
these computerized evaluation systems, plots of remaining life,
subgrade modulus, and moduli of other layers with distance along
the pavement are to be used to delineate areas in need of major
rehabilitation  for overlay design, Detailed discussions on

implementation are included in the latter part of this chapter.

COMPUTERIZED STRUCTURAL EVALUATION SYSTEM

Different features considered for developing a computerized structural

evaluation system are described in the following sections.

Simplified Flow Diagram

As outlined earlier, separate computer programs based on the proposed

approach are to be developed for structural evaluation of rigid and flexible
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pavements. A simplified flow diagram of the framework adapted in the later
development of the computer programs is presented in Fig 6.1 and discussed in

these gections.

Basic Input Data

Desigp load specifications and configuration (see Fig 5.19 for default
specifications) are required for nonlinear characterization, as discussed in
Chapter 5. Additionally, past traffic data in terms of cumulative 18-kip
equivalent single axle loads are required., Specific guidelines practiced by
different user agencies or AASHTO Interim Guides (Ref 20) can be wused for

this purpose,

Analysis of Deflection Basin

Determination of Insitu Moduli, Insitu moduli of pavement layers are

determined by the self-iterative inverse application of ELSYM5 as discussed
in detail in Chapter 4. Separate routines have been developed for rigid and
flexible pavements. Except for minor differences, the algorithms used in
these routines are based on the procedure described in Chapter 4, The

salient features of the self-iterative procedure are briefly repeated here,

(1) Handling the finite thickness of the subgrade layer (including a
default procedure for consideration of a rigid bottom),

(2) Capability to analyze dynamic deflection basins measured either by
the Dynaflect (standard configuration of five sensors) or by a
Falling Weight Deflectometer (not more than seven or less than six
sensors with one sensor under the center of load and the remaining
placed one foot gpart on a line extending outwards in perpendicular
direction,

(3) Handling a three or four-layered pavement model,

(4) Capability to determine a unique set of insitu moduli by generating
initial seed moduli through a default procedure, The predictive

equations developed for this purpose are presented in Appendix B,
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Fig 6.1. Simplified flow diagram of the proposed structural evaluation
program based on dynamic deflection.
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(5) Better efficiency and using a lesser number of iterations to keep
the computational cost to a minimum are the over-riding criteria
which are in some instances possible only at the expense of less
precision 1in the convergence process of measured and theoretical
deflections, Improvements can be achieved by calibrating the
procedure of successive corrections, However, at present it is
recommended that the calibration of this model not be improved
unless enough experience is gained through a large number of

applications of the computer programs.

Temperature (Correction, The 1insitu asphaltic concrete  modulus

determined from the analysis of the deflection basin measured on a flexible
pavement 1is corrected for temperature sensitivity wusing the procedure
described in the latter part of Chapter 4, The corrected modulus corresponds
to asphaltic concrete stiffness at the design temperature. This step is

performed after correcting the strain-dependent nonlinear moduli,

Corrections for Nonlinear Behavior of Pavement Sublayers

The self-iterature procedure for equivalent linear analysis developed
in Chapter 5 is basically the same for rigid and flexible pavements,

Nonlinear, Strain-Sensitive Moduli. The equivalent 1linear analysis

approach is based on an iterative use of ELSYM5 and "unique" curves of E/E .
versus shear strain curves developed using the concept of nonlinear strain
softening materials when the shear strain induced by the design load in these
layers exceeds certain threshold strain values., This approach is drawn from
the dynamic/seismic response analysis procedure well accepted in the field of
geotechnical engineering.

Insitu Moduli of Stabilized Layers. The insitu moduli determined for

granular materials and cohesive soils which have been stabilized by asphaltic
materials, cement, or lime are considered to be insensitive to shear strain
and not to exhibit nonlinear behavior, Therefore no corrections are applied

ro the insitu moduli of such pavement layers.
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Results. A print out of all results is generated at this step after the

completion of all analyses related to each deflection basin,

Remaining Life Analysis

The final combinations of (corrected) insitu pavement moduli is assumed
to represent effective insitu stiffnesses (Young's moduli) under the design
load. The existing pavement at this test location is again modelled as a
layered 'linearly" elastic system for further evaluation, At this stage of
structural evaluation existing pavement is analyzed for its remaining life at
each test location, A simplified flow diagram of the remaining life analysis
is illustrated in Fig 6.2,

Fatigue Life Prediction, The first step in the subroutines developed

for the remaining 1life analysis is to predict the fatigue 1life of the
existing pavement. The fatigue life of a pavement can simply be defined as
the maximum number of repetitions of a standard load a pavement can sustain,
asgociated with certain critical response parameters. Detailed treatment of
the application of fatigue concepts to pavement analysis can be found in Refs
19, 36, 68, 69 (for flexible pavemeants) and Refs 23, 38, and 93 (for rigid
pavements), Conceptually a predictive relationship for fatigue 1life is

expressed in the following form:

B
= 1
N, A[f (cR)] (6.1)

maximum allowable number of repetitions of a standard load,

-
Las]
L]

c = critical response parameter (either temsile stress or tensile
strain),
and A and B are estimates of regression coefficients.
There 1is a 1limiting value associated with the critical response

parameter which when exceeded can trigger fatigue cracking. Fatigue cracking
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( Subroutine RRLIFX )
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Fig 6.2. A simplified flow diagram of remaining life analysis.
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initiates at the bottom of either the asphaltic concrete layer (in flexible
pavements) or the surface concrete layer (in rigid pavements) and later
appears on the pavement surface. It should be emphasized that a cracked

pavement can still carry axle applications without reaching '"failure", Here

“failure' is referring to functional failure of pavement (Ref 36). For this
reason, the fatigue equations developed from the analysis of field data
generated at the AASHO Road Test (Ref 94) have been selected for use in this
" study. A more thorough discussion on the development of the selected fatigde
equations 1is out of the scope of this study. Readers can consult the

" references cited above for details.

Rigid Pavements

Figure 6.3 illustrates different fatigue equations considered for use in
the development of a Design System for Rigid Pavement Rehabilitatien (RPRDS),

for use in Texas (Ref 38). The fatigue equation selected for use in this

study is expressed as:

-

5 3.0 (6.2)
le = 46000 ('8; )

-

= maximum number of 18-kip equivalent single axle load (ESAL)
applicarions,

S = flexural strength of pavement quality concrete, in psi
(included in the input data for rigid pavements) ‘and,

critical tensile stress at the bottom of the concrete layer,

in psi (Fig 6.4).

Taute et al (Ref 23) have developed Eq 6.2 from the analysis of AASHO
Road Test data (Ref 94) and a study of statewide condition survey data 1in

Texas (Ref 95). This equation presents several improvements over the ARE
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18-kip ESAL Applications (Nyg), millions
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Fig 6.3.

PCC fatigue equations.
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I8-kip single
l axle load
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Fig 6.4. Illustration of maximum tensile
stress in a rigid pavement.
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equation (Ref 93), which is also shown in Fig 6.3. ELSYM5 was used for
layered theory computations in the development of these fatigue equations.
Details of the assumptions involved and the derivation of this equation are
presented in Refs 23 and 38,

In the subroutine of the remaining life anslysis developed 1in tnis
study, ELSYM5 is used to predict critical tensile stress at the bottom of the
concrete layer, Recognizing that a pavement model based on layered rheory
does not take into account the influence of discontinuities, such as cracks,
joints, edges, etc., Seeds et sl (Ref 38) recommend critical stress factors
to adjust the critical tensile stress computed by layered theory before
computing Nijg from Eq 6.2, These adjustment factors are based on
computations based on finite element modelling and their derivation 1is
described in Ref 38, To ensure compatibility with RPRDS, the same approach
is incorporated in this study. Therefore, critical tensile stress, Uc , for

use in Eq 6.2 is computed by the following expression:

o - C - o} ' (6-3)

0 ' = critical tensile stress computed by ELSYM5 and

c. = critical stress factor.

Values of Cp recommended by Seeds et al (Ref 38), are presented in

Table 6.1 together with the default values assumed in the present study,

Flexible Pavements. The critical response parameter used in the

prediction of the fatigue life of an existing flexible pavement 1is the
critical tensile strain (€) at the bottom of the asphaltic concrete (AC)
layer, as illustrated in Fig 6.5. The FHWA-ARE's fatigue equation (Eq 6.4 in
Fig 6.6) was developed from an analysis of data from the AASHO Road Test (Ref

94).
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TABLE 6.1 EXISTING PAVEMENT CRITICAL STRESS FACTORS
Existing
Existing Pavement PCC Range of Critical Value Used
Type Shoulders Stress Factor¥* in RPEDD1
CRCP No 1.20 - 1.25 1.22
Yes 1.05 - 1.10 1.08
JCP (with lecad transfer) No 1.25 - 1.30 1.27
Yes 1.10 - 1.20 1.15
* .
(Ref. 38)
005 006

LR N e e e B R B S T T

L



225

Computation of (Critical Response Parameter. In the subroutines
developed for fatigue 1life predictions in the present study, critical
response parameters (maximum values of UC' or € as discussed 1in the
preceding sections) are compured at two locations at appropriate depths. As
noted in Fig 6.7 (design load configuration), the responses are computed by
ELSYM5 (1) at a point directly under the center of the hypothetical c¢ircular
area representing a wheel, (2) at the inside edge of the loaded area, and (3)
beneath the point midway between the wheels. A search is made to find the
largest of the three responses for assigning to OC' or € . For some
pavements no critical (tensile) response is predicted (e.g., no tensile
strain in a thin AC layer over a stiff base). In such & case the fatigue

life computation is simply skipped, as indicated by a message in the final

output.

Remaining Life Estimate. If fatigue life has been computed in terms of

the allowable number of 18-kip ESAL, NlB’ then an estimate of the remaining

life of rhe existing pavement is determined using the following expression:

SR I I B B B O B B

-

1.0 - ﬁl—“i x 100 (6.5)

e

j

predicted remaining life of the existing pavement in percent,

>
5
U]
]
i ]
=y
]

= predicted fatigue life in 18~kip ESAL, and
njg = past cumulative 18-kip ESAL (entered in the input data).

In Eq 6.5, nlB/NIS’ represents theoretical damage to the existing
pavement, which 1is an indication of pavement deterioration due to past

repetitions of traffic, n;g. Equation 6.5 is based on the wvalidity of

M -a

applying Miner's linear damage hypothesis to estimate fatigue damage 1in

pavements, Thorough discussions of the applicability of this approach in

RR387~-1/06
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¢ of loaded area
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Note: Dots show locations where appropriate pavement
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Fig 6.7. Configuration of locations for computation of pavement responses.
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the analysis and for overlay design of pavements are presented elsewhere

(Refs 37, 38, 6&, and 93).
Special Considerations. For the purpose of this study, a very detailed

and refined type of remaining life analysis is neither necessary nor sought.
Therefore the final output is generated using special provisions indicating
that remaining life analysis at that test location was either not possible or

skipped due to one or a combination of the following reasons,

(1) Accumulated past traffic data, ng in l18-kip ESAL was not entered
in the 1input, The output will show 999 in the R column if the
ourput is in the detailed format,

(2) Fatigue 1life, Ng, could not be predicted or set to zero. The
remaining life analysis is skipped in this case and only a
summarized version of the output is printed.

(3) If the option for making a remaining life analysis is not entered
by the user, then the default option is to omit the remaining life
analysis and generate only summary output,

(4) 1If Ry is zero, it indicates that the pavement is in badly cracked
condition (as specified by the user im an input option about
pavement condition). In such cases, the program internally assumes

zero remaining life without attempting any remaining life analysis.

Final Output

Final output from the computer programs for structural evaluation is in
tabular form, The programs are designed to generate output 1in either a
detailed format or a short format, as dictated by the type of analysis
discussed earlier 1in special considerations, The programs can handle 50
deflection basins in one batch at present, but the capability can be
increased by adapting ELSYM5 to handle more tnan 50 problems.

Table 6,2 presents a list of important output variables in the detailed
format, Output variables included in the snort form are listed in Table 6.3,
In summary, the short format is without the data related to the remaining

life analysis. 1In both cases the moduli are the final combination corrected
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TABLE 6.2. SUMMARY OF DETAILED OUTPUT

OUTPUT VARIABLES

Identification and
Initial Information

Input System Parameters

Layering Information

E (MAX)
E(MIN)

UNWTI
Sensor No.

Measured Deflection
Calculated Deflection
HERRP (Based on

Seed Moduli)

ITERATIONS BEGIN

DESCRIPTION

Problem No., Title, NDT Device (FWD/Dynaflect);
Station, Test Date; No. of Layers;

Type of lLayer Above Subgrade (for Rigid Pavements);
Type of Base and Subbase Layers (for Flexible
Pavements) .

Maximum No. of Iterations;

Tolerances for Discrepency in Deflections (TOLR1
and TOLR2); Tolerances for Change in Moduli (TOLR31,
TOLR32, TOLR33).

(Repeated for each layer, starting from the
surface layer.)

Layer No.; Thickness {Inches); Poisson's Ratio
(No value in thickness indicates semi-infinite
subgrade) .

Input Seed Modulus in psi (if inmput 1s zero, then
default seed modulus 1is printed).

Maximum allowable value of modulus in psi (default
value 1s printed if there is no input).

Minimum allowable value of modulus in psi {(default
value 1is printed if there is no input).

Unit weight of subgrade soil (lbs./cu. ft.)
Sensor no. 1 assigned to the first sensor closest
to the test load (5 sensors for Dynaflect and

6 or 7 sensors for FWD).

At each sensor in mils.

At each sensor in mils.

Largest absolute discrepency in measured and
calculated deflections (in parcent).

Message when further iterations are stopped;
also total number of iterations attempted in
this rum.

005 281
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TABLE 6.2. (CONTINUED)

OUTPUT VARIABLES

Results of Iterations

Young's Moduli
Measured Deflections

Calculated Deflections

HERRP

Design Single Axle-
Load Data

Other Pavement Data

RESULTS OF
EQUIVALENT LINEAR
ANALYSIS

TEMPERATURE
CORRECTION

(Only for Flexible
Pavements)

REMAINING LIFE

NEXT PROBLEM

SUMMARY OF

STRUCTURAL EVALUATION

DESCRIPTION

Message about skipping results of each iteration
if IOPT1 1s zero. In that case, only summary of
best iteration is printed.

If I0PT1 was 1, then summary of each iteration and
finally of best iteration are presented.

For each layer (in psi).

In mils.

In mils.

The largest discrepency in percent.

Load per tire (lbs.); Tire pressure (psi).

For Rigid Pavements: flexural strength; rigid
pavement type; shoulder type.

For Flexible Pavements: test temperature and
design temperature (OF)

Corrected values of Young's moduli.

Corrected value of Young's modulus of AC surface.

Printed in percent (only when IOPT2 was entered
as 1). A value of 999.0 is printed if no positive
value of remaining life could be determined.

All the above output repeated for each successive
problem.

Following summary outputs printed for each

deflection basin analyzed.

(1) Station

(2) Maximum Deflection (in mils; under design
load)

(3) Maximum critical respomse at bottom of
surface layer
(a) Tensile Stress (for rigid pavements)
(b) Tensile Strain (for flexible pavements)

(4) Deviator stress on top of subgrade, psi

005 292
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TABLE 6.2. (CONTINUED)

OUTPUT VARIABLES

Summary Statistics

DESCRIPTION

(5)
(6)

(7
(8)
9

Bulk stress in middle of subbase layer (psi)
Past traffic in 18 kips ESAL (as entered

in input)

Maximum theoretical 18 kips ESAL applications
Remaining life, percent

Final values of Young's Moduli

Mean, standard deviation and coefficient of
variation (percent) for remsining life, and
final moduli

o5 2983
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TABLE 6.3. SUMMARY OF SHORT OUTPUT

OUTPUT VARIABLES

DESCRIPTION

Identification and
Initial Information

Input System Parameters

Layering Information

ESEED

E{MAX)

UNWTI
Sensor No.

Measured Deflection
Calculated Deflection
HERRP (Based on

Seed Moduli)

ITERATIONS BEGIN

Results of Iterations

Problem No., Title, NDT Device (FWD/Dynaflect);
Station, Test Date; No. of Layers;

Type of Layer Above Subgrade (for Rigid Pavements ;
Type of Base and Subbase Layers (for Flexible
Pavements).

Maximum No. of Iterations;

Tolerances for Discrepency in Deflections (TOLR1
and TOLR2) ; Tolerances for Change in Moduli (TOLR31,
TOLR32, TOLR33).

(Repeated for each layer, starting from the
surface layer.) ;

layer No.; Thickness (Inches); Poisson's Ratio
{No value in thickness indicates semi-infinite

subgrade) .

Input Seed Modulus in psi (if input is zero, then
default seed modulus is printed).

Maximur allowable value of modulus in psi (default
value is printed if there is no input).

Unit weight of subgrade soil (lbs./cu. ft.)
Sensor no. 1 assigned to the first sensor closest
to the test load (5 sensors for Dynaflect and

6 or 7 sensors for FWD).

At each sensor in mils,

At each sensor in mils.

Largest absolute discrepency in measured and
caiculated deflections (in percent).

Message when further iterations are stopped;
also total number of iterations attempted in

this run.

Message about skipping results of each iteration
if IOPT1 is zero. In that case, only summary of
best iteration is printed.

If IOPT1 was 1, then summary of each iteration and
finally of best iteration are presented.
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TABLE 6.3. (CONTINUED)

OUTPUT VARIABLES

DESCRIPTION

Young's Moduli
Measured Deflections
Calculated Deflections
HERRP

Design Single Axle-
Load Date

Other Pavement Data

RESULTS OF
EQUIVALENT LINEAR
ANALYSIS

TEMPERATURE
CORRECTION

(Only for Flexible

Pavements)

REMAINING LIFE

NEXT PROBLEM

SUMMARY OF
STRUCTURAL EVALUATION

SUMMARY STATISTICS

For each layer (in psi).

In mils.

In mils.

The largest discrepency in percent.

Load per tire (1bs.); Tire pressure (psi).

For Rigid Pavements: flexural strength; rigid
pavement type; shoulder type.

For Flexible Pavements:; test temperature and
design temperature (°F)

Corrected values of Young's moduli.
Corrected value of Young's modulus of AC surface.

Printed in percent (only when IOPTZ was entered
as 1). A value of 999.0 is printed if no positive
value of remaining life could be determined.

All the above output repeated for each successive
problem.

Following summary outputs printed for each
deflection basin analyzed.

(1) Station

(2) Maximum Deflection (under design load)
(3) Maximum Critical Response

{(4) Deviator Stress, psi

(5) Bulk Stress, psi

(6) Final Values of Young's Moduli

Mean, standard deviation and coefficient variation
(percent) for final moduli.
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for nonlinear behavior and temperature sensitivity, 1if necessary. The
generation of results in tabular form facilitates plotring of the following
output against the distance along the pavement (the test number or location)
on the abscissa.

(1) rewmaining life, Ry, percent, and

(2) Young's moduli, E's, of pavement layers.

APPLICATIONS/IMPLEMERTATION

Tne final stage in & structural evaluation system is to identify the
sections of the tested pavement for potential problems, to help in
delipeating areas 1in need of maintenance andfor rehabilitation, and to
provide esgential inputs for comprehensive thickness design for overlay. It
is not desirable that a computer-generated output should provide all the
information for pavement management at the project level. The engineering
experience and judgement should play a vital role for the decision making
process at the project level, A computerized structural evaluation system
such as described in this chapter is designed to provide all the necessary
information to the wuser/engineer, This section provides guidelines to
processing and managing the information generated by the computer program for

-~

useful applications and implementation by the user/engineer,

Application Areas

The plotted Oufput (as described earlier} can provide a visual
diagnostic chart of the structural condition of the whole length of pavement
on which the dynémic deflection basins were collected. A conceptual
illustration of these plots is presented in Fig 6.8, Examples of some
specific applications are discussed below,

Identification of Localized Problem Areas. Visual inspection of the

remaining life profile can help to identify localized problem areas along the
stretch of tested pavement, The final measures for rectification of these
local areas should be based on a study of summary statistics of condition

survey data corresponding to these locations. For example, certain measures
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for correcting existing pavement may be beneficial on these areras before
placement an overlay or a seal coat on portions of the pavement which
include these localized weak spots.

Assessment of Pavement Maintenance/Rehabilitation Needs. An important

decisinn to be made on the project level has to do with delineating pavement
sections according to their maintenance or rehabilitation needs, While
maintenance strategies and timing can be based on the results of a conditien
survey or roughness measurement, assessment of an overlay requirement and
other rehabilitation needs is drawn primarily from deflection testing. As
noted 1in Chapter 2, traditionally limiting deflection criteria had been in
use to assess the need for an overlay. This procedure is of course based on
empirical relationsnips; developed from field performance data, There are
obvious limitations to using a similar approach for dynamic deflection data.
To provide a rational and mechanisric method for delineation of pavement
sections which are to be considered for structural strengthening, the

following approach is recommended.

(1) Establish a thresnold value of remaining life (based on structural
evaluation) below which consideration must be given to the
designing of an overlay thickness., For example, for CRC pavements
in Texas, it has been proposed to use 40 percent as the threshold
limit of remaining life (Ref 96).

(2) Delineate the sections along the length of the pavement for
consideration of overlay design that in general show a computed
remaining life equal to or less than the threshold value. This
step is illustrated in Fig 6.8(a).

(3) To achieve efficiency and cost reduction in designing overlays,
several recently developed procedures rely on dividing the stretch
of pavement to be overlaid into several design sections, Then,
using the design values of insitu wmoduli and other parameters
representative of each section, the overlay thickness is designed
for that section. In general, a deflection pasrameter is used to

identify the design section. For example, tne Dynaflect Semsor 5
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deflection profile 1is recommended in Refs 69 and 93, Use of
profiles based on the Dynaflect Sensor 5 deflection and basin slope
(SLOP) has been recommended to select design sections for rigid

pavements in Texas (Refs 23, 96).

The approach proposed in this study is to use the subgrade modulus, Esc
profile, as illustrated in Fig 6.8(b). Egg values in the fipal output are
representative of insitu nonlinear moduli under design load conditien,
Guidelines in the selection of design sections are briefly described in the

following.

(a) Select preliminary design sections for visual examination of the
Egg plot along the length of pavement considered for overlay
degign. This selection 1is basically based on an approximate
graphical contrast observed in the relative stiffness of the
subgrade as shown in Fig 6.8(b).

(b) Compute the mean value and standard deviation of Egq for each
design section,

(¢) Perform hypothesis testing to find if the difference in the nmeans
of two adjacent sections is statistically significant, Appropriate
statistical tests are to be used, recognizing that the variances of
Egc in the two sections may or may not be same, A detailed

procedure of hypothesis testing is presented in Appendix E. 1If the

difference in means is not significant, the two sections can be .

pooled into one combined section and then tested against the npext

“gelected" section.

Once the design sections have been established, the next step is to

evaluate design moduli,

Overlay Design-Evaluation of Insitu Design Moduli. Before proceeding to

a comprehensive overlay design, design insitu moduli are to be evaluated for
each established design section. The design values of insity moduli are
important input for any overlay design and field variability should be taken

into account, using known statistical methods. The design modulus of each
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layer of existing pavement in a design section can be determined from the
mean value, standard deviation, and & preselected value of confidence level
(say 95-97 percent), The recommended procedure for computing design moduli

is also presented in Appendix E.

Implementation of Structursal Evaluation System

The implementation phase of the output generated from the computerized
structural evaluation system based on dynamic deflections and their
applications warrants special emphasis., All the concepts and recommended
procedures have already been discussed in preceding sections of this chapter.
A self-explanatory summary is presented in the simplified flow diagram (Fig
6.9).

. SUMMARY

A complete framework for structural evaluation of pavements, applicable
to both rigid and flexible types, has been presented in this chapter,
Procedures are developed here for evaluation of the structural capacity of
existing pavement on which dynamic deflection basins are to be measured.
Methods for prediction of fatigue life and remaining life analysis have been
based on the insitu material characterization developed in Chapters 4 and 5.

" Guidelines for processing and managing information related to the evaluated
pavement are presented so that rational decisions can be made concerning
;f : rehabilitation needs. Methodolgies are also recommended for identifying
design sections and determining design insitu moduli for subsequent wuse in

comprehensive overlay design.
Two computer programs have been developed which are based on the
materials presented 3in Chapters 4, 5, and 6. Program RPEDD]1 1is tioe
. " structural evaluation system for rigid pavements and is described 1in
Chapter 7. A description of FPEDDl, the structural evaluation system for

flexible pavements based on dynamic deflections, is presented in Chapter 8,
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Structural Evaluation of
Pavements
Define Test Plan FLEXIBLE RICID Define Test Plan
and ;r:"ienz” of Tests St et - Position of NDT Device;
q y PAVEMENT PAVEMENT Frequency of Tests

4

Select RDT Device (FWD
or Dynaflect)

Collect Dynamic Deflection Basin
Data. (For FWD, Use Sensors at
Radial Distances of 0, 12, 24, 36, 48,
62 and 72 in from Losding Plate of
11.8 in Diameter.) Also Record FWD
Peak Force for Each Test.

Collect Tempersture Data for Flexible Pavements

Prepare Inputs for FPEDDl (Flexible Pavements)
or RPEDD! (Rigid Pavements).
Analyze All Basins (50 Each Time),

OUTPUT: 1. Tabulated results
7.  Plots of the following with Stations (Fig 6.8)
{a) Remaining Life
(b) Insitu Moduli of Pavement Layers

APPLICATIONS:

1. Existing Structural Capacity

2. Selection of Design Sections for Overlay,
if Necessary, and Design Moduli

3. Evaluation of Structural Condition of
Pavement Layers Based on Moduli.

Recommendations

( STOP >

Fig 6.9. A conceptual flow diagram for implementation of the proposed
structural evaluation systems.
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CHAPTER 7. DESCRIPTION OF RPEDDI

A computer program, RPEDD], a rigid pavement structural evaluation
system based on dynamic deflections, has been developed in this study, based
on the analytical models and framework presented in Chapters 4, 5, and 6,
This chapter is devoted to a general description of the program in addition
to the salient features related only to rigid pavements. Guidelines on
application and implementation of the program are also briefly discussed a&and
improvements on the previously proposed evaluation procedures in Texas are

presented,

INTRODUCTION

To familiarize the users with the monitoring and evaluation process of
rigid pavements, a conceptual flow diagram is presented in Fig 7.1. The
computer program RPEDD]1 analyzes dynamic deflection basing to generate
estimated in-insitu Young's moduli of pavement layers and structural capacity
in existing condition. The program is based on the standard American units
of measurement, Information required for input to the programs is listed

below.

Acquisition of NDT Data

Data Related to NDT Device., Data related to dynamic loading and

geophone configuration of & Standard Dynaflect are specified within the
program (Fig 2.1). 1If the FWD is used for NDT evaluation, the configuration
illustrated in Fig 2.5 is provided for within the program, However, the
radius of the loadingbplate used in the NDT test should be recorded. The FWD
peak force recorded during the measurement of each deflection basin is also
required later an an essential input. The number of geophones used with FWD

is also required in input,
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A

Collect NDT Data for
Structural Evaluation and l
Insitv Material Cnaracierization

Collect Information about Layer
Thacknesses and Materisl Type

Data About Rigid Pavement
and Bhoulder Type |
.

Convert Traffic Data to 1B Kips
ESAL Past Applications

Use RPEDD] to Analyze up to
50 (¥WD or Dynaflect) Basins in

One Run.
STRUCTURAL CAPACITY i i
(Profile of Remaining ] lmwity “f:“.“l !
Life with Distance) Characterization
. — | I 1
Estimate Remaining
Life on the Basis of APPLLCATIOR/ IMPLEMENTATLON .
Condition Survey Data
(Especialiy for CRCP) 1. Estimate what is nsedad:
(a) overley, or

(b} corrective mainteuvance

2. Design section for
overlay design.

3. Insite deaign moduli for
each deaign section,

Fig 7.1. A conceptual flow diagram for the proposed framework of
structural evaluation and insitu material characteriza-
tion based on dynamic deflection.
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Dynamic Deflection Basing, During each test, dynamic deflections are

measured at each geophone in both the Dynaflect and the FWD to define the
deflection basin. The programs require deflections to be coded in mils

(1/1000's of an imch).

Acquisition of Pavement Data

Pavement Type and Cross Section. This information includes rigid

pavement type (jointed concrete pavement, continuously reinforced concrete
pavement), shoulder type, and number of layers in the pavement structure.
Layering information can be obtained from construction plans and design cross
section but preferably should be supported by field evidence, such as from
extracted cores, The SASW test ig another method for obtaining layering
information. If there is any evidence of the existence of a rock layer at a
shallow depth (within 20 to 30 feet), then it is important to know the
precise depth, for the reasons discussed in Chapter 4,

Pavement Condition Data., Pavement condition should also be recorded at

each test location, especially if signs of severe distress are obvious on the

pavement surface, Information obtained from a recently performed condition
survey can also be utilized for this purpose.

Material Data. Information should be acquired about the type of

material used in intermediate layers (base and/or subbase materials). It is
essential to know whether these materials are stabilized or can be considered
as unbound granular materials. Tnis information is used in the basin fitting
routine as well as for nonlinear characterization. Any data available from
laboratory characterization of all materials will also be useful later to
ascertain allowable ranges of maximum and minimum moduli for each layer.

Overlaid Pavements. The program is basically designed to evaluate non-

BN A B

e

overlaid pavements, If the deflections test is made on overlaid pavement, it

can 8till be evaluated by specifying the total thickness of concrete layers

{ -

¢
.

in the 1input as the first layer if the overlay is bonded concrete overlay
type. In the case of unbonded overlay, the user should provide the 1initial

seed and permissible ranges of moduli for this Vlayer. The ways actual

i i
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overlaid pavements are to be idealized for input to the program are
illustrated in Fig 7.2. 1In case of a flexible overlay, the FPEDDl program

(Chapter 8) should be used to analyze measured deflection basins.

Traffic Information

Past traffic data should be converted to 18~kip ESAL. If RPEDD! is
being used only for imsitu material characterization, then traffic data are

not required and the option for the remaining life analysis need not be used.

Design Load Configuration

If the user wants to specify a design load other than the default
configuration (Fig 5.19), that is possible by using the option for user-
specified design load. For example, truckers frequently use an inflation
pressure higher than 75 psi (Ref 97). The detailed input guide is presented

in the User's Manual (Appendix F).

PROGRAM DESCRIPTION

General

RPEDD!, the Rigid Pavement Structural Evaluation System using Dynamic
Deflections (version 1.0), analyzes 8 measured dynamic deflection basin using
a- self-iterative procedure to derive insitu Young's moduli for a three or
four-layer pavement. Nonlinear moduli of granular layers and subgrade are
then computed using an equivalent linear analysis based on the strain-
sensitivity concept, An option for remaining life analysis is also provided.
The program is capable of analyzing up to 50 deflection basins in one run. 4

user's manual with example application is included in Appendix F.

Input Variables

A maximum of 14 lines (cards) of input must be provided to analyze one

deflection basin with RPEDDI. A detailed input guide is presented in
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(o) Bonded P C. Concrete Overlay

Existing Pavement Pavement Model for
(5 Layers) Analysis(4 Layers)

D, 1 [Thin Bonded Concrete Ovgriay
D2 | |Original RC.C.

Dz y [Base Dsy|Bose
D4 | }Subbase D4 ¢} Subbase

Subgrad
Tu grade 2, )rSubgrade T

D,+D, | |PC.Concrete Layer

{b)Unbonded RC. Concrete Overlay

Existing Pavement Pavement Model for
(5 Layers) Analysis (4 Layers)
D: y {Unbonded Overlay D, ¥[ Unbonded Overlay
. Assumed as Stabilized
Dz | |Original RC.C. | D, || Base (Seed Modulus
D- ¥ [Gase Must be Entered )
3 Assumed as Subbose &
D, | |Subbase Dx+D4 | | Stabilized if Base is
tabilized
Subgrade b
g g T Subgrade 2
<

Fig 7.2. Idealized pavement models for rigid pavements overlaid with
concrete layer.
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Appendix F, which also identifies variables with default values, Only a list

of input variables is given here,

(1)
(2)
(3)
(4)

(5)

(6)
(7)
(8)

Number of total deflection basins to be analyzed,

Test site and date of test,

Station (test location); name of NDT device,

Code for NDT device; number of deflection sensors; peak force, peak
stress of FWD and radius of loading plate.

Options for

(a) summary output,

(b) remaining life analysis,

(c¢) the default procedure for creating a rigid bottom,

(d) type of rigid pavement,

(e) type of shoulder,

(£) type of layer above subgrade,

(g) unit weight of subgrade soil,

(h) surface condition, and

(i) deleting equivalent linear analysis and remaining life

analysis.

Measured deflections (in mils).
Number of layers including subgrade layer.
Information about each layer; starting from the top layer (one

line/card per layer)

(a) layer number,

(b) thickness,

(¢) Poisson's ration,

(d) 1initial seed modulus (generally zerc should be entered here),
(e) maximum allowable limit of modulus, and

(f) mipimum permissible value of modulus.

RR387-1/07
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(9) Maximum number of iterations; five types of tolerances for use in
the self-iterative basin filling subroutine.

(10) Option for user specified design load configuration; design load
per tire and tire pressure, flexural strength of concrete and past
18-kip ESAL applications,

(11) Design load configuration if user specified option is enforced.

" All the cards except the first one &ll other cards are again required

for each subsequent problem,

Flow Chart and Analysis Models

The different subroutines used in RPEDD] are summarized im Table 7.1,
Whenever itheoretical deflections, stresses, or strains are required in the
program, subroutine ELSYM5 (specifically adopted for efficient computations
in this program) is called, A simplified flow chart of RPEDD]l is presented
in Fig 7.3, Different analytical models used in RPEDDl! are based on
materials presented in Chapters 4, 5, and 6. Only primary analysis models
are briefly described here to illustrate the sequence in which different
analyses are performed in RPEDDI.

BASINR.- This subroutine is the focal point of RPEDDl. It is called by
RPEDDl to determine insitu moduli by using a self-iterative procedure of
deflection basin fitting based on successive corrections., The basic 1logic
used in BASINR has been discussed in great detail in Chapter 4, The limited
experience of using RPEDD] for evaluation of actually measured deflection
basins indicates that not more than eight to ten iterations with ELSYM5 are
needed to achieve- convergence (most of the time it took less than five
iterations to converge),

ELANAL. This subroutine 1is called by RPEDD] to correct the insitu
moduli determined by BASINR for nonlinear behavior of granular subbase/base
and fine-grained subgrade soils., It employs 3 self-iterative procedure for
convergence of nonlinear strain-sensitive moduli under the design load
configuration. The approach of equivalent linear analysis employed in this

subroutine is discussed in detail in Chapter 5.
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( START )

Y

//{READ NUMBER OF PROBLEMS, NSYM//f

NSY = |}

Y
?{READ INPUT DA?ﬁjf

CALL BASINR
(SELF ITERATIVE PROCEDURE
TO CALCULATE YOUNG'S MODULI)

-
-
A ] ﬂ!ll !!Ilb ‘qul . BN B B

¥
PRINT ITERATIONS AND SUMMARY
OF BEST ITERATION

[
CALL ELANAL '
- EQUIVALENT LINEAR ANALSIS OF SUBGRADE,

GRANULAR SUBBASE MODULI - '

A
CALL RRLIFE : ;
REMAINING LIFE ANALYSIS

¥
| NsY = NSy + 1 |

NO NSY > NSYM

YES

PRINT TABULATED RESULTS
FOR EACH TEST LOCATION

Fig 7.3. Simplified flow chart of RPEDDI.
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SUMMARY OF SUBROUTINES USED IN RPEDDL

SUBROUTINE

BASINR

EDFALT

ERIGID

SORTD

ELANAL

SHSTRI

EQLINI

ERLIFE

ROUNDM

SSTAT

ELSYM5

DESCRIPTION

Self-iterative basin fitting model; called by
RPEDDL.

Default procedure for maximum and minimum values
of pavement moduli; called by BASINR.

Default procedure to generate seed moduli;
called by BASINR.

Called by BASINR to sort the discrepencies in
theoretical and measured deflections in
decreasing order.

Self-iterative procedure for equivalent linear
analysie,; called by RPEDDI.

Called by ELANAL to search for the largest of
maximum shear strains computed by ELSYMS5.

Called by ELANAL to estimate nonlinear modulus
of & granular layer or subgrade.

Called by RPEDDl for remaining life analysis.

Called by RPEDD] to round off values of remaining
life and final moduli.

Called by RPEDD] to calculate summary statistics
for remaining life and final Young's moduli.

This subroutine contains ELSYMS5 computer package
called by BASINR and ELANAL to compute pavement
response.
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RRLIFE. Subroutine RRLIFE is called by RPEDD] to compute fatigue 1life,
and remaining life analyais if the option for rewmaining life is used. It is

described in Chapter 6.

Qutput

The format of output generated by RPEDD] is described, in Chapter é and
example outputs are presented in Appendix F, The sequence in which results

are printed is described below.

(1) Imitial information based on input dats or data generated by
default procedures before starting the converge loop for the
deflection basin fitting procedure,

(2) Output from BASINR is essentially the results of all iterations
made io basin filling loop. In the case of the option used for
summarized output, only the summary of tne best iteration (with the
least convergence error) will be printed.

(3) Output from ELANAL is the results of nonlinear moduli if equivalent
linear analysis has been used.

(4) Output from RRLIFE, remaining life, is also included in the final
tabulated output.

(5) The final tabulated summary of output is similar to Table 6,2 or
6.3.

APPLICATION/IMPLEMENTATION

The application and implementation aspects of RPEDD]l are presented in
detail in Chapter 6, Fig 7.4 presents a flow diagram of Texas rigid pavement
overlay design procedure proposed in earlier reports (Ref 38), Congidering
the implementation phase of a structural evaluation system (such as RFPEDD1)
suggested in Chapter 6 (Fig 6.8), an improved framework is proposed in this
study for selection of the design section and estimation of design moduli
before wusing an overlay design program, such as RPRDS1 (Ref 38). This

proposed framework is illustrated in Fig 7.5.
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RIGID PAVEMENT OVERLAY DESIGN
| PROCEDURE

v

SELECT DESIGN CRITERIA

v

CONDITION SURVEY

005 62

v

DEFLECTION TESTING

v

SELECTION OF DESIGN SECTIONS

:

MATERIALS CHARACTERIZATION

:

REMAINING LIFE ESTIMATES
FOR EACH DESIGN SECTION

v

DEVELOP OVERLAY THICKNESS
DESIGN CURVES (RPOD)

v

THICKNESS SELECTION

Fig 7.4. Flowchart of the Texas SDHPT rigid pavement
overlay design procedure (Ref 38).

249



250

TEXAS SDRPY
RIGID PAVEMENT OVEBLAY DRSICN
PROCEDURE

)
l SELECT DESIGK cumu:]

COLLECT INFORNATION ON PAVEMENT
LAYERING AND TRAPFIC (1M )3 KIPS ESAL)

1

—

i
KEASURE DEFLECTION BDASIN DATA

LOORSI‘IIM SURVEY DATA l UBING ¥DT DEVICES
(MiD/pYMAPLECT

ANALYZE TO OBTALIR AN ARALTIE DEYILZCIION BASINS
ESTIMATE OF REMAIRING LIFE USING RPEDD!

Y

DELINEATION OF OVERLAY | _ REMAIHING LIFE, K1 PROFILE
- SECTIORS BASED ON {R; = &0 PERCENT NEED OVERLAY)

LOVER R; ESTINATES

\

i ] PROFILES OF MODULUS OF

BACH LAYEK WITH DISTANCE
SECTIONS RECOMMERDED FOR SECTIONS COMSIDERED FOR
MALNTERANCE OVERLAY

i ¥

SELECTION OF DESIGN
SECTIONS BASED ON
PROFILE OF SUBGRADE MODULUS

Y

DETERMIAE DESIGN MODULI FOR |
BACH DESIGE BECTION

Y

OVERLAY THICKNESS DESIGR
{RPOD/RPRDS)

A conceptual framework of rigid pavement overlay design

Fig 7.5.
procedure proposed for Texas SDHPT.
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SUMMARY

This chapter describes computer program RPEDDl, a rigid pavement
structural evaluation system based on dynamic deflections. The program has
been developed using several evaluation procedures described earlier in
detail in Chapters 4, 5, and 6. A list of subroutines used in the program, a
simplified flow chart, analysis models, and brief descriptions of input
variables and outputs are also presented. A detailed user's manual and an

example of RPEDDI are presented in Appendix F,
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CHAPTER 8. DESCRIPTION OF FPEDDI

FPEDD]1 is the computer program for flexible pavements and 1is very
similar to RPEDDI., It is based on the evaluation models discussed in Chapters
4, 5, and 6. This chapter presents a general description of FPEDDI, a

flexible pavement structural evaluation system based on dynamic deflection,

INTRODUCTION

The conceptual flow diagram shown in Fig 7.1 for wmonitoring and
evaluation purposes 1is also generally applicable to flexible pavements.
FPEDD1 1is also designed to analyze dynamic deflection basins measured by
either the Dynaflect or FWD for 1imsitu material characterization and
structural evaluation. It also employs a self-iterative procedure to derive
insitu moduli by fitting a measured deflection basin which is developed based
on the discussions of Chapter 4, All input data and output are designed on
the basis of standard U. S. units of measurement, FPEDD]l 1is designed to
analyze a three or four-layered pavement model and is applicable to a wide

variety of flexible pavement types.

Acquisition of NDT Data

The procedures for the acquisition of data related to the NDT device,
(dynamic deflection basin, pavement cross section, layering information,
depth of rigid rock, surface condition, and material data) are principally
the same as described for RPEDD1 in Chapter 7. However, there is & ba;ic
difference 1in the position of the NDT device relative to the pavement edge.
For material characterization in rigid pavements, tne NDT device is generally
positioned in the interior {(sway from the edge and midway between transverse
cracks or joints), i.e,, as recommended in Ref 62. However, for flexible
pavements, NDT device is generally positioned in the wheelpath of the outer

lane for deflection measurements.
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Overlaid Pavements

Overlaid flexible pavements can be handled simply by assuming one
combined layer made up of all asphaltic layers, as illustrated in Fig 8.1,
Those overlaid rigid pavements in which the cement concrete slab had been
broken and seated placing an overlay was placed can also be analyzed using

FPEDD]1 by considering the original slab as & stabilized layer.

Traffic, Design Load and Design Temperature

The acquisition of past traffic information and specifications of the
design load is similar to that discussed for rigid pavements in Chapter 7.

The asphaltic concrete (AC) modulus in flexible pavement is temperature
sensitive, The insitu derived AC modulus is based on the test temperature at
which deflection basin was measured. For subsequent use in overlay design or
even for making comparisons, it is recommended to correct the insitu modulus
from test temperature to a design temperature, Tnerefore, it is necessary to
obtain information about the design temperature (70°F is recommended im Ref
68). The test temperature if taken as temperature at the mid-depth of AC
layer, It can be estimated from a record of climatological data using

computer program FTEMP, wnich is described in Appendix I,

PROGEAM DESCRIPTION

A description of FPEDD] is presented in the following sections.

General

FPEDD], the flexible pavement structural evaluation system using dynamic
deflections (version 1.0), evaluates NDT data to determine insitu pavement
moduli and applies relevant corrections for the temperature dependency of
asphaltic concrete and the nonlinear strain softening behavior of granular

layers and subgrade, An option for remaining life analysis is also provided.
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Existing Pavement Pavement Model for
(5 Layers ) Analysis (4 Layers)
Dy AC. Overlay .
Dzy| Original AC. Surface D,+D, Combined AC. Layer
Day| Baose D3 Base
D4,] Subbase Ds4 Subbase
Subgrade

Subgrade T T

Fig 8.1. Idealized pavement model for a flexible pavement overlaid
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The program is capable of analyzing up to fifty deflection basins in one rum.

A user's manual with example applications is presented in Appendix G.

Input Variables

As many as fourteen lines (cards) with input information are required to

analyze and evaluate one deflection basin using FPEDD1. Except for the first

card, all the cards are required to analyze each subsequent deflection basin.

A detailed input guide is included in Appendix G, A summarized list of input

variables is presented in the following.

(1)
(2)
(3)
(4)

(5)

(6)
(M

(8)

Number of total deflection basins for analyses.

Test site and date,

Station (test location) and name of NDT device,

Switch for NDT device, number of deflection sensors; peék force,

peak stress of FWD, and radius of loading plate,

Options for:

(a) summary output of basin £illing subroutine,

(b) remaining life analysis,

(c¢) default procedure of creating a rigid layer at finite depth of
subgrade,

(d) type of base material,

(e) type of subbase material,

(£) a@average unit weight of subgrade soil,

(g) surface condition of pavement,

(n) deleting the equivalent linear and remaining life analyses,

Measured deflections (in mils).

Number of layers inmcluding subgrade layer, pavement  test
temperature (°F), design temperature (°F).

Information about each layer, starting from the top layer (one
line/card for each layer). Layer number, thickness, Poisson's

ratio, initial seed modulus (generally zero should be entered
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here), maximum allowable modulus, and minimum permissible value of
modulus,

(9) Maximum allowable number of iterations and five types of rolerances
for use in self-iterative basin fitting procedure.

(10) Indicator for user-specified design load configuration, design load
per tire, tire pressure, and past traffic in cumulative 18-kip

ESAL.

Flow Chart and Analysis Models

Table 8.1 briefly summarizes the differeant subroutipes used in FPEDDI.
Subroutine ELSYM5 1is called each time for computations of deflections,
stresses, and strains. A simplified flow chart of FPEDD] is preseanted 1in
Fig 8.2, The detailed discussions related to different analytical models
used 1in FPEDD] are presented in Chapters 4, 5, and 6. Only the principal
analysis models are briefly described here, to 1illustrate the analysis
sequences used in FPEDDI.

BASINF. This subroutine employs a self-iterative procedure to determine
insitu Young's moduli of pavement layers by obtaining a best fit of the
measured deflection basin. The basic logic used here is discussed in Chapter
4, A simplified flow chart is presented in Fig 8.3, The efficiency of the
convergence process 1is similar to that in BASINR for the rig{a pavement
program, RPEDD]l (on an average, around five iterations, based on the limited
experience in using FPEDDL).

ELANAL. This subroutine is called by FPEDDl for nonlinear correction of
insitu moduli of granular layers and subgrade, It is almost the same for
RPEDD]1 and FPEDDI. A self-iterative procedure is used in ELANAL for
convergence of nonlinear strain-sensitive moduli under the design load using
the approach of equivalent linear analysis described in Chapter 5,

TEMPTF. This subroutine is called by FPEDDl to adjust the insitu AC
modulus to the design temperature condition using the logic presented in

Chapter 4,
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065 325

!/rREAD NUMBER OF PROBLEMS, NSYEJ/,

Y

NSY = |

!
__ﬂ'jfrizAD IHiUT D{Eﬁj/{

CALL BASINF
(SEL¥ ITERATIVE PROCEDURE
TO CALCULATE YOUNG'S MODULI)

| §

PRINT ITERATIONS AND SUMMARY
OF BEST ITERATION

CALL ELANAL
EQUIVALENRT LINEAR ARALYSIS OF SUBGRADE,
GRANULAR SUBBASE MODULI

“ ]

CALL TEMPTF
TEMPERATURE CORRECTION PROCEDURE FOR AC MODULUS

%

CALL RRLIFE
REMAINIRG LIFE ANALYSIS

!

NSY = KSY + |

NO
NSY > NSYM

YES
PRINT TABULATED RESULIS
FOR EACE TEST LOCATION

Fig 8.2. Simplified flow chart of FPEDDI.
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BUBROUTINE
BASINF

_—_u—.——-——/

Iaoput Data from Main Progran /

/
7 Me. of Sensors * NXY; No. of Layers = REL ,
Messured Deflection » DEFY ( )

— et e e e wd

Assigo & 12 in Thickoess
to Subgrade

DEFM (Last Sensor)

d NO

Defsult Procedure
| to Generate & Finite
Thickneas of Subgrade

YES

If MEL = 3; CREATE & 6 in Layer
from Subgrade; Always Reeping Same __NO
Modulus as for Subgrade MEL = 4

\

Call EDFALT to Assign Default Values Lo
Haxious and Minimum Limits of Moduli

\

Call EFLEX to Assign Default Seed Moduli

y

Permissible Limits and Ratio of Granular Subbase

Call PAMOD] to Check Moduli to be Within

Modulus to Subgrade Modulus nor to Excesd 3.0

//Priu: Initial Infarnation//

| §

IT = G, RCOURT = 0
ENEW ( ) = 0.0 E () = ESEED ( }

Loop for Basin Fitting Comvergence

(continued)

Fig 8.3, Simplified flow diagram of BASINF.
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Y

Call ELSYMS to Calculate Theoretical
Deflections, DEF ( ) in Mils

Calculate discrepencies ERRDP { ), Percent, Between DEFM ( )
and DEF ( ). ERDM = Maximum Absolute Discrepancy in Mile,
HERRP = Maximum of ERRDP ( )

Print Imitial
Reaults
*ITERATIONS BEGIN'

1f
ERDM.LE. Closure
Tolerancg

Call S0RTD to Sort Discrepancies
in Descending Order

. Loop for Successive Corrections
in Moduli

RO
Correct Subgrade Modulus

YES

Fig 8.3. (continued)
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Correct Intermediate Layers Moduli
and PC Concrete Modulus

CALL PAMD? to

Check ENEW ( ) with Permissible Limits
Reassign K ( ) = ENEW { )

|

. IT = IT + 1
NRCOUNT = NCOUNT + 1; HERRPZ2(IT) ™ HERRP

If
IT. GT. Maximun
Ko. of Iterstione

1f HERRP2(IT) .1E.
Closure Tolerance

All Moduli
Corrected?
NCOUNT = REL?

or
BERRP2(IT) .GT.HERRP2(1T-1)
FOR IT.GE.Z

NCOUNT = 0 Search for Best Iteration, LTF
Other Variables also Reset Associsted with the Lezat Value
to Initialize Values of BERRP2 ( ) = HERRPL

Priot: Seed Modoli are i
the Insitu Model ';’L[

Print Results of All Iterations
snd/or Summary of Best Iteratios

STOP and

RETURN te A
FPEDD] (continued)

Fig 8.3. (continued).
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TABLE 8.1. SUMMARY OF SUBROUTINES USED IN FPEDD1
SUBROUTINE DESCRIPTION

BASINF Self-iterative basin fitting model; called by
FPEDD1. «

EDFALT Default procedure for maximum and minimum
values of pavement moduli; called by BASINF,

EFLEY Default procedure to generate seed moduli;
called by BASINF.

PAMOD 1 Called by BASINF to check values of moduli
ranges and seed moduli,

SORTD Called by BASINF to sort the discrepencies in
theoretical and measured deflections in
decreasing order.

PAMOD2 Called by BASINF to check the values of new
modull to make sure that these are within
permissible ranges.

ELANAL Self~iterative procedure for equivalent linear
analysis to correct strain dependent moduli of
granular layers and subgrade; called by FPEDDI.

SHSTR1 Called by ELANAL to search for the largest of
maximum shear strains computed by ELSYMS.

EQLIN1 Called by ELARAL to estimate nonlinear modulus
of a granular layer or subgrade.

TEMPTF Temperature correction procedure for AC modulus;
called by FPEDDI.

RRLIFE Called by FPEDD! for remaining life analysis.

ROUNDM Called by FPEDD] to round off the computed values
of remaining life and final Young's moduli.

SSTAT Called by FPEDD] to calculate summary statistics
for remaining life and final Young's moduli.

ELSYM5 This subroutine contains ELSYM5 computer package

called by BASINF and ELANAL to compute pavement
responses .,
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RRLIFE, This subroutine performs the remaining life analysis by
predicting AC fatigue life and using past traffic information. The detailed

procedure is presented in Chapter 6.

Qutput

A sumsmary of the output format has been presented in Chapter 6, The
outputs generated by the programs are almost the same. An example output of
FPEDD]l is 1included 1in Appendix G. Following is a presentation of the

sequence in which the results of are printed by FPEDDI.

(1) 1Initial information based on input data or data related to moduli
generated by default procedures before the convergence process of
BASINF is commenced.

(2) Output from BASINF is essentially the results of all iterations or
2 summary of the best iteration, as specified by the user,

(3) The output from ELANAL is the moduli corrected for nonlinear strain
softening behavior of granular layers and subgrade.

(4) The corrected AC modulus is generated from TEMPTF. The temperature
correction is skipped if the pavement is in a severely cracked
condition. The final combination of moduli from this step 1is
included in the final tabulated output,

(5) The final tabulared output contains predicted fatigue 1life and
remaining life from RRLIFE, in addition to a summary of final

moduli and other results (as shown in Tebles 6.2 and 6.3).

APPLICATION/IMPLEMENTATION

The guidelines presented in Chapter 6 are fully applicable for flexible
pavements. Flexible pavements can be evaluated by FPEDD] using the concepts
based on Fig 6.8, An arbitrarily selected value for the threshold of
remaining life is 40 percent, It is recommended that this value should be
based on the judgement and experience of the individual user (or user

agency). A framework for use of the output generated by FPEDD1 for overlay
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design is presented in Fig 8.4. It is emphasized that the functional failure

of a flexible pavement can also be attributed to excesgive rutting, which

should be given equal consideration in assessing any rehabilitarion needs.

SUMMARY

A brief description of computer program FPEDDl, the flexible pavement

structural evaluation system based on dynamic deflection, has been presented

The program utilizes several analysis models which have
In this chapter, the

in this chapter.

been discussed in detail in Chapters &4, 5, and 6.

procedure for acquisition of inmput information, the list of subroutines used

in the program, a simplified flow chart, analysis models, and a list of

output variables have been presented. A detailed wuser's manuel and an

example output of FPEDD]1 are included in Appendix G.
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FLEXIBLE PAVEMENT OVERLAY
DESIGN PROCEDURE

!

SELECT DESIGN CRITERIA

!

COLLECT INFORMATION ON
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TRAFFIC (IN 18 KIPS ESAL)
Y

' !

MEASURE DEFLECTION BASIN
CONDITION SURVEY DATA DATA USING NDT DEVICES
(PWD/DYNAFLECT)

!

ANALYZE DEFLECTION
BASINS USING FPEDD]

.| DELINEATION OF
OVERLAY SECTIONS

Y

PROFILES OF MODULUS
OF EACHE LAYER
WITH DISTANCE

‘o
SECTIONS RECOMMENDED SECTIONS CONSIDERED
FOR MAINTERANCE FOR OVERLAY

SELECTIONS OF DESIGN
SECTIONS BASED ON
PROFILE OF SUBGRADE MODULUS

!

DETERMINE DESIGN MODULI FOR | g
EACH DESIGN SECTION

{

OVERLAY THICKNESS DESIGN
(FPS11, OAF, ETC.)

Fig 8.4. A conceptual framework of flexible pavement overlay design procedure

proposed for the Texas SDHPT
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CHAPTER 9: SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

SUMMARY

Tne primary objective of this study was to develop a self iterative
computerized structural evaluation system for pavements based on dynamic
deflection basins., Research was designed principally to analyze dynamic
deflection data measured by the Falling Weight Deflectometer, (FWD), or
Dynaflect for NDT evaluation of rigid pavements, A computer program, RPEDDI,
a rigid pavement structural evaluation system based on dynamic deflections,
was developed., The research work was extended to flexible pavements, using a
similar framework resulting in another computer program, FPEDD1l, a flexible
pavement structural evaluation system based on dynamic deflections. A
summary of different evaluation methodologies developed during the course of
this research and incorporated in RPEDD1 and FPEDD1l is presented here,

A self-iterative procedure has been developed to analyze deflection
basins measured by the Dynaflect or the FWD. The procedure is based on the
inverse applicgtion of layered elastic theory to estimate insitu moduli of
pavement layers. Consideration of a rigid layer and formulation of a
methodology to obtain a unique solution are significant contributions to the
state of the art, The concept of strain dependent dynmamic moduli and 1its
applicability to model nonlinear behavior of granular layers and subgrade
have been used to develop & self-iterarive procedure of the equivalent linear
analysis to make corrections for the nonlinear strain softening behavior of

such pavement materials.

CONCLUSIORS

The principal conclusions based on research performed in this study are

presented in the following sectiomns.
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(1)

A self-iterarive procedure has been developed to derive 1imsitu
Young's moduli by using & multilayered linearly elastic model of
the pavement. The procedure has been designed to analyze dynamic
deflection basing measured by a FWD or a Dynaflect, Important

conclusions are stated below,

(a) The ELYSM5 computer program can be reasonably used for inverse
self-iterative applications to determine theoretical response,
This 1is based on comparisons made with the results of the
dynamic model at zero frequency and also comparing with the
responses computed using the BISAR computer program,

(b) Results of the parametric studies to investigate the influence
of thickness and moduli on theoretical deflection basins have
been used to develop the procedure of successive corrections
for formulation of the convergence methodology.

(¢) Different tolerances related to moduli and discrepancies in
deflections are used in the procedure to ensure efficiency,
accuracy, and reliability of the self-iterative model.
Convergence is generally achieved in 1less than eight
iterations,

(d) Tne methodology used in the procedure to determine a unique
set of moduli 1is based on the default procedure of seed
moduli, The predictive equations developed for seed moduli in
this study are associated with very high R? values (generally
ranging between 0.8 and 0.99). ‘The default seed wmoduli
procedure has also resulted generally in reducing the number
of iterations and in the elimination of the user dependency on
the derived insitu moduli.

(e) The default procedure of creating a rigid layer 1in the
subgrade 1is also incorporated using concepts from the wave
propagation theory, Limited experience with the computrer

programs developed in this study indicated that consideration
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of a rigid layer results in obtaining a better fit of a

measured deflection basin.

(2) The strain-dependent models developed in this study to explain the
nonlinear behavior of all unbound granular and cohesive materials
present a rational approach for use in KDT evaluation of pavements.

It is concluded that:

(a) There are threshold limits of shear strain amplitude below
which dynamic moduli are strain independent,

(b) Unique relationships of the normalized wmodulus, (E/E ..),
versus shear strain amplitude can be - found for granular
materials and typical subgrade soils.

(c) E ax is the wmaximum dynamic modulus which can be obtained 1in
the field wusing the surface wave test (SASW) or other wave
propagation techniques, The modulus determined from the
analysis of a Dynaflect deflection basin falls in the same
category, as theoretical shear strains under the Dynaflect
loading are below the threshold limits.

(d) An equivalent linear analysis has been used in this stﬁdy to

- correct the NDT-based moduli of granular layers and subgrade
for nonlinear, strain-softening behavior, A self-iterative
model has been developed in this study for this purpose which
ensures fast convergence.

(e) It 1is assumed that the peak load applied by the FWD closely
approximates the design load. Therefore the insitu moduli
determined from the analysis of a FWD deflection basin
represent the appropriate ingitu moduli at tne strain levels
associated with the design load. The procedure of equivalent
linear analysis can therefore be omitted for FWD data measured

at heavier loads,

(3) The fatigue life prediction and remaining life estimate are also

important steps in the structural evaluation methodology developed
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in this study. A comprehensive structural evaluation system is
rather 1incomplete without remaining life analysis, as it is an
indication of tne structural capacity of an existing pavement,

(4) The computer programs RPEDD] (for rigid pavements) and FPEDDl (for
flexible pavements) can be used on the project level for faster and
more reliable analyses of dynamic deflection data of the FWD and
Dynaflect, The outputs from these programs provide the user with a
global look at the structural capacity of the tested pavements and

the variability in insitu moduli,

RECOMMENDATIONS

Computer programs RPEDDl and FPEDDl developed in this study for
structural evaluation of pavements based on dynamic deflections and the
recomnended guidelines for their applicarion and implementation should be
further evaluated by analyzing extensive field deflection data, Deflection
basin data should be measured using both the FWD and Dynaflect on pavement
sections based on sound statistical experiment design, Several areas related
to the concepts and procedures used in developing the computer models of the
structural evaluation system warrant future research, as recommended 4n the

following.

(1) The wuse of a test pavement with known marerial properties of the
layers can provide the most suitable source of dynamic deflection
basins for calibration and validation of the structural evaluation
system developed in this study, especially as related to the insitu
nonlinear waterial characterization. A rigid pavement research
facility is at present under construction by the Center for
Transportation Research, The University of Texas at Austin, as a
part of ongoing research programs with tne Texas State Department
of Highways and Public Transportation (TSDHPT). Deflection data
generated from this facility under controlled test conditions

snould be analyzed by using RPEDDl., These analyses and independent
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(2)

(3)
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measurements of deflections under 18 kip-ESAL should then be used
to validate, and, if necessary, calibrate, the self-iterative model
for determining 1insitu moduli (BASINR) and the nonlinear strain
sengitive models used to correct insitu moduli determined from the
Dynaflect deflection basins (ELANAL).

The nonlinear benavior of granular layers and conesive subgrade has
been modelled in this study using the strain-sensitivity approach.
The E/Emax versus shear strain curves used in computer programs
RPEDD]1 and FPEDD] were developed using the published research data,
The general shape of these curves and most probably the thresheld
strain levels will not be significantly different if  more
laboratory tests are performed on local soils and  granular
materials, However, it is recommended thafr laboratory research be
initiated on samples of subgrade soils and granular materials to
validate and develop unique curves related to the strain-softening
behavior of these materials,

‘ Anotner improvement is recommended to the nonlinear correction
procedure for the subgrade modulus determined from a Dynaflect
deflection basin. The only unique curve used in the ‘'present
versions of the computer program for the subgrade is based on the
assumption of (normally consolidated) cohesive soil, If the
subgrade soil is sand, gravelly, or generally classified as coarse-
grained, then the nonlinear subgrade modulus may be somewhat
overpredicted, It is recommended that in future versions of this
program, another option be provided in the input to indicate the
type of the subgrade soil, Subroutines ELANAL and EQLINl could
then be s8lightly modified so that, if tne subgrade socil 1is not
fine-grained, the program can switch to the same nonlinear unigque
curve as used for granular layers to correct the insitu subgrade
modulus. ‘

There are several self-iterative computer programs available to the
Texas SDHPT for insitu material characterization of flexible

pavements using deflection data. FPEDDl should be evaluated along



272

with these programs using dynamic deflection basins measured by the

Dynaflect and FWD., A short research study is recommended.
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APPENDIX A. A SIMPLIFIED DYNAMIC MODEL OF FWD

This appendix presents a very simplified approach for dynamic analysis
of FWD tests using the concepts based on the theory of wave propagation in a

semi-infinite elastic medium.

BASIC CONSIDERATIONS

[dealized Presentation of FWD Tests

Tne basic principle of FWD testing is described in Chapter 2, and the
generation of the FWD impulse is illustrated in Fig 2.3. Examples of
measured deflection-time histories and stress-time histories are presented in
Fig 2.4(a) and (b) using the published data (Ref 3), In this analysis, the
FWD loading plate is assumed to be resting on the surface of a semi-infinite
elastic subgrade, The material under the loading plate is assumed to be a
hypothetical column, as illustrated in Fig A.l1., The same figure also shows
the idealized stress-time history of the impulse generated by the FWD, In
this study a parabolic shape has been assumed. A triangular wave pattern
could also have been used as idealized representation of the FWD force

signal. A peak stress, P, of 100 psi is assumed to be applied on the
surface. The duration of the stress is assumed to be 0.033 second (based on

Ref 3). In addition, the following assumptions are made:

(1) Homogeneous, isotropic elastic half space.

(2) No consideration 1is given to rebound after the transient signal
dies out.

(3) The duration of the FWD stress signal remains constant with depth.

(4) The half space responds as a linearly elastic material,

(5) Shearing stresses on the sides of the vertical soil column can be

neglected,
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(6) In the case assuming no attenuation of stresses, stress levels at

each time increment remain constant with depth.

DEVELOPMENT OF THE DYNAMIC MODEL

The propagation of elastic waves in an elastic half space 1is briefly
discussed in Chapter 3. The generation and propagation of compression waves
(P-waves) through this column of goil is the basis of the simplified dynamic
model described in this section, The basic principle is to divide the
idealized stress-time history signal into time increments (Fig A.l) and to
study the propagation of the stress wave with time during the duration of the
signal as well as after the signal dies out. Basic relationships used in the

analysis are also presented in Fig A.l.

No Stress Attenuation

In the first phase of developing the model, stress attenuation with
depth was neglected. In Fig A.l, the stress, P,, at time interval 3 equals
the peak verticél stress, Py, Figure A.2 illustrates the propagation »of
waves in the hypothetical column during tne duration of the force (stress)
signal, 1i.e., 0.033 second. Equal time steps are used. At the end of time
step 5, the wave has travelled a distance of H in the half space, The
calculation of surface deflections is slso shown in Fig A.2. At 0.033 second
the stress »f the surface will be zero and the wave will have propagated to a
depth, H, as illustrated in Fig A.3. An idealized peak stress versus depth

relationship at 0,033 second is shown in Fig A.4.

Consideration of Stress Attenuation

Fig A.5(a) 1illustrates the situation in which stress attenuation is
neglected, However, it is important to consider stress attenuation, The
approach adopted in this study is to use a hypothetical cone as 1illustrated
in Fig A.5(b). Angle 0 can be altered to change the rate of attenuation,

For © equal to 15 degrees, examples of attenuated stress signals at
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different depths are presented in Fig A.6. The resulting deflection-time
history at the surface is shown in Fig A.7. Note that the peak deflection
does not occur at the same time as the peak stress; rather the peak
deflection lags behind the peak stress (or peak force)., This finding is
very interesting, because in the current FWD models only peak force at the
surface and "peak" deflections are recorded, And the criterion on which
"peak" values are sampled becomes very important., Figure A.8 1illustrates
variations in peak stress distribution at different time intervals.

Figure A.9 illustrates a comparison of stress attenuation at of 11.6
degrees to geometrical and material damping, There is a loss of energy by
radiation of elastic waves from the loading plate. This 1loss of energy
through propagation of elastic waves is dependent on geometric damping.
Amplitudes of body waves decrease in proportion to the ratis 1/r, as

expressed in the following (Ref 57):

w o= *1 —r—]—’ (4.1)
where
r, = distance from source to point of known amplitude,
T = distance from source to point in question,
vy, = amplitude at distance r; from source, and
w = amplirude at distance r from source.

Because s8oil is not perfectly elastic, there is also internal damping
within the mass. It has been found by field measurement that attenuation is
greater than would be predicted by geometrical damping alone (Ref 357). Both
geometrical and material damping can be expressed by the following

expression:
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r
1
w o= wi\// - exp (~a (r - rl)) (A.2)
where ’
o = coefficient of attenuation (1/ft),

Peak stress distributions using equationas A.]1 and A.2 are shown in Fig 4.9,
Different values of o were used in this study. It appears that an o valye
of 0.0047 produces a curve of stress distribution which is similar to the

stresses computed by assuming & value of 11,6 degrees for 6 .,

SUMMARY

The study described above is by no means the only approach to the
dynamic analysis of the FWD, However, it demonstrates that concepts from
elastic wave propagation theory can be effectively used to predict the
response under an FWD impulse, The analysis described above can be easily

extended to layered elastic media.
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APPENDIX B. DEVELOPMENI OF PREDICTIVE EQUATIONS FOR
DEFAULT SEED MODULI

This appendix presents methodology used in developing predictive
equations for use in the default procedure for generating seed moduli. All
predictive equations developed for programs RPEDD] and FPEDDl are als»o

included here,
FRACTIONAL FACTORIAL DESIGN

As explained in Chapter 4, it is known from Burmister's layered theory
that thicknesses of pavement layers and Young's moduli are the most important
variables ts influence surface deflections at kncwn radial distances frem the
center of load (assuming that load and Poisson's ratios are held at fixed
values), Burmister's layered thecry presents a mechanistic model for
structural response analysis of pavements, Ansther class of mathematical
models is the empirical wodel, which can be very useful and economical if it
is desired to approximate the response only over certain ranges of these
variables. One methcdology commonly used for this purpose involves the
development of & regression equation empirically from experimental data (or,
in this case, data generated from layered thecry computations).

Factorial designs facilitate generation of useful data for later
development of an appropriate model, Such a factorial design is illustrated
in Fig B.1. The seven factors selected for this factorial are the
thicknesses of pavement layers (excluding the bottom layer, which is kept
fixed as a semi-infinite layer) and Young's moduli of each layer, All sther
factors are kept at fixed levels, The seven factors are assigned three
levels, The resulting arrangement is a 3/ factorial design, which requires
2187 ccmputational runs, For this study, it turned out that six such
factorial designs will -be required, resulting eventuslly in a very large
number of computaticnal runs. A full factorial arrangement 1is therefore

prohibitively expensive and it is worthwhile to consider a fractional
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factorial design. It turns out that the desired information can still be
obtained by performing only a fraction of the full factorial if the nuamber of
factors is not small (Ref 98). A one-ninths replicate fraction of a 37
factorial was selected in this study (in other words, 243 rums).

In order to generate deflection basgins, pavement responses were
calculared at five (Dynaflect) or seven (FWD) locaticns, as illustrated in
Fig B.2. The valueg of thicknesses and moduli at low, medium, and high
levels were selected on the basis of engineering judgement and experience.
Selected values for rigid pavements are presented in Table 4.8, For
flexible pavements, pavements with stabilized bases were treated separately
from those with granular bases. Tables B.l1{(a) and (b) present selected
values of these factors for the FWD and the Dynaflect, The fracticnal
factorial arrangement recommended in Ref 64 has been adopted in this study.
The combinations of levels of the seven factors are presented in Table B.2.
In this table, zero refers to low level, 1 is for medium, and 2 refers to
high level, A computer program DBFIT] was used to facilitate
computations, as described in Ref 98, 1In the input files for this program,
1, 2, and 3 have been used to indicate low, medium, and high levels (as shcwn

in Table B.l1 for the 243 runms).

DEVELOPING PREDICTIVE EQUATIONS

The data ©of deflection basins generated by éach'fractional factorial
(FWD or Dynaflect) were used t¢ build empirical equations, Multiple
regression analyses were performed for this purposse. A detailed discus;ion
of this technique and the statistical package used for this purpose has been

presented elsewhere (Ref 7).

Predictive Equations for Deflection Basius

The first step in develsping regression equations was ts use deflecticn
or a function of deflection as a dependent variable, The multivariate
regressicn analysis procedure, MANOVA (Ref 65) was used because a set cf 5 or

7 deflection responses was computed in each run of the factorial, Ref 98
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Thickness, 4~ TestLoadlsl  young's Modulus  Poisson's
{in.) [0 P (psi) Ratio
' PCC. for Rigid pvt.
Ty |Surface Course [ AC. for FI’:x?blep;\:t E| Ol (PCC)
— ' O30(A.C)
Base
T3 Subbase E 0.40
77 ARRE 7R V/Za) ELZAN) 3
Semi infinite Subgrade Eq 0.45
Factors: (a) Thicknesses (3) at 3 levels each.
(b) Young s moduli (4) at 3 levels each.
Control Variables Dynaflect FWD
{(a) Radial Distances, R? (5) (7)
where surface deflections 10.0, 15.62, 26.0, 0, 12, 24, 36, 48,
are to be computed 37.36, 49.03 inches 60, 72 inches
(deflection basin)
(b) Test Load, P 2 Loads, 500 1b 1,000 1b on
each, 20 inches loading plate of
apart. 5.,9]l=inch radius.
{c) Poisson's Ratios
Response Variables
Surface Deflections, Wk , (mils) 5 locations 7 locations
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TABLE B.1(a).

FRACTIONAL FACTORIAL DESIGN - FLEXIBLE PAVEMENTS (FOR FWD)

Factors
Ty T Ty Eq Ey E, £y
Base Type Levels (in.) (in.) {in.) (psi) (psi) {psi) (psi)
(0) Low 2 4 4 10,000 15,000 25,000 100,000
Stabilized (1) Medium 4 6.32 6.32 22,000 30,000 225,000 450,000
Base
{2) High 8 10 10 50,000 60,000 600,000 800,000
Semi-infinite AC BRase Subbase E E E E
Subgrade Thickness Thickness Thickness Subgrade Subbase Base AC
(0) Low 2 4 4 10,000 15,000 22,500 100,000
Granular (1) Medium 4 6.32 6.32 22,000 30,000 45,000 450,000
Base
(2) High 8 10 10 50,000 60,000 80,000 800,000
Semi-infinite AC Base Subbase E E E E
Subgrade Thickness Thickness Thickness Subgrade Subbase Base AC
Stabilized Base: 243 Combinations; Granular Base: 243 combinations
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TABLE B.1(b). FRACTIONAL FACTORIAL DESIGN - FLEXIBLE PAVEMENTS (FOR DYNAFLECT)

Factors
T1 T2 T3 EA E3 E2 El
Base Type Levels (in.) (in.) (in.) (psi) (psi) (psi) (psi)
(0) Low 2 4 4 10,000 2,800 25,000 100,000
Stabilized (1) Medium 4 6.32 6.32 22,360 13,915 225,000 450,000
Base
(2) High 8 10 10 50,000 60,000 600,000 800,000
Scmi-infinite AC Base Subbase E E E EAC
Subgrade Thickness Thickness Thickness Subgrade Subbase Base
(0) Low 2 4 4 10,0900 2,800 3,920 100,000
Granular (1) Medium 4 6.32 6.32 22,360 13,915 30,613 450,000
Base
(2) ligh 8 10 10 50,000 60,000 180,000 800,000
Semi-infinite AC Base Subbase E E E E
Subgrade Thickness Thickness Thickness Subgrade Subbase Base AC

Stabilized

Base: 243 Combinations: Cranular Base:

243 Combinations
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TABLE B.2. FRACTIONAL (llgth) FACTORIAL EXPERIMENT DESIGN
FOR SEVEN FACTORS AT THREE LEVELS (0, 1, 2)

0000000

0000021 2011220
1212020 0220222 2201121 1212011 0220210
2121010 1102212 0110111 2121001 1102200
2200211 1211110 0222012 2200202 1211101
0112201 2120100 1101002 0112222 2120121
1021221 0002120 2010022 1021212 0002111
1100122 0111021 2122220 1100110 0111012
20121]2 1020011 0001210 2012100 1020002
0221102 2202001 1210200 0221120 2202022
1022122 0000012 2011211 1022110 0122110
2201112 1212002 0220201 2201100 1001100
0110102 2121022 1102221 0110120 2210120
0222000 2200220 1211122 0222021 2022021
1301020 0112210 2120112 1101011 020101
2010010 1021200 0002102 2010001 . 1110001
2122211 1100101 0111000 2122202 1222202
0001201 2012121 1020020 0001222 2101222
1210221 0221111 2202010 1210212 0010212
u 12 13 pL 18 18
2100012 1111211 0122101 - 2100000 1111202 0122122
0012002 2020201 1001121 0012020 2020222 1001112
1221022 0202221 2210111 1221010 0202212 2210102
1000220 0011122 2022012 1000211 0011110 2022000
2212210 1220112 0201002 2212201 1220100 0201020
(0121200 2102102 1110022 0121221 2102120 1110010
0200101 2211000 1222220 0200122 2211021 1222211
1112121 0120020 2101210 1112112 0120011 210120
2021111 1002010 0010200 2021102 1002001 0010221
.’.Z L 10 2 21 22
2100021 1111220 0211220 2222122 1200021 0211211
0012011 2020210 1120210 0101112 2112011 1120201
1221001 0202200 2002200 1010102 6021001 2002221
1000202 0011101 2111101 1122000 0100202 2111122
2212222 1220121 0020121 2001020 1012222 0020112
0121212 ~ 2102111 1202111 0210050 2221212 1202102
0200110 2211012 1011012 0022211 2000110 1011000
1112100 0120002 2220002 1201208 0212100 2220020
2021120 1002022 0102022 2110221 1121120 0102010
2222110 1200012 0211202 2222101 1200000
0101100 2112002 1120222 0101121 2112020
1010120 0021022 2002212 1010111 0021010
1122021 0100220 2111110 1122012 0100211
2001011 1012210 0020100 2001002 1012201
0210001 2221200 1202120 0210022 2221221
0022202 2000101 1011021 0022220 2000122
1201222 0212121 2220011 1201210 0212112
2110212 1121111 0102001 2110200 1121102

(REF 64)
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contains the resulting regression equations for Dynaflect deflection basins

(rigid pavements). The generslized form of the equation is:

%(/Wk' fl Tl, TZ' T3, 54' E3 , EZ' El] (3.1)

where

Wk - deflection at the kth sensor (at radial distance Rk)

(Other terms are defined in Fig B.l.)

RZ values for these equations are well above (.90,

All other regression equations are also presented by Uddin (Ref 98).

All these equations have the fcllowing general form:

- B.2
Logm(kaWk) f2 [Tl, Ty» T3,E,E3,E2,El] (B.2)

It is noted that:

(1) For tne pavement type and device type falling in one o5f the

factorial designs, k equations are available for use,

(2) As R, T, T,, and Ty are known quantities, these equaticns are

reduced to k simultaneous equatizns.

(3) As deflections W, are also known "measured” values, any four

equations can be solved to determine the four unknowmns, E,, Ej, Eg,

and El’
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However, this approach was not successful as the values 5f moduli are
very sensitive to the srder in which equaticns are used in computratisns.
Secondly, moduli were non unique and drastically different. Therefcre the
attempts tc use these equations in iaverse order (to predict E's) were
abandoned, However, these predictive equations are still valid for
predicting deflection responses if thicknesses and moduli are known values,
1f RPEDD] and FPEDD1 are t9° be adapted for field use on microcomputers, then
these equatiosns can be used in place of ELSYM5 in the self-iterative

deflection basin fitting procedures to predict inmsitu moduli,

Use gflTransfor@gg variables

Numersus transformaticns were made in order to develcp regression
equations snowing high R? with the modulus (E) or a function of the modulus
as a dependent variable and thicknesses and deflections as independent
variables. A list of the transformed variables which were found tc be

significant and appear in the final equations is presented by Uddin (Ref 98).

Moduli Predictive Equatioms

The regressicn equations using transformed variables to predict moduli

are presented in detail by Uddin (Ref 98). The equation for subgrade modulus

takes the general form
E& orLoglO EA = %[Tl’ Tz: I3s Fk, Wk {(B.3)

The generalized form for moduli ¢f upper layers is one of the following

two equations.

- RR387-1/AB
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or

hz (Ei’ E&) - fs [Tl, TZ’ Ts, Rk, Uk (B.S)

All these equations are asscciated with high R? values (generally well above
0.80). The prediction of Young's moduli of pavement layers using these

equations is based on the assumption of a semi-infinite subgrade,

Influence of Rock Layer on Predicted Subgrade Modulus

This subject is discussed in Chapter &, If a rock layer exists at
considerable depth (say arcund 100 feet), the resulting deflection basin is
not significantly different from the deflection basin in the case of‘; semi-
infinite subgrade, Therefore, a subgrade modulus determined from the
predictive equations discussed earlier would mot show any appreciable error.
05 the sther hand, in the case of a rock layer existing at a shallew depth,
the default seed modulus of & subgrade using these equations may be
significantly higher. This problem will become more complex if no
infeormation is available on the presence of a rock layer under the subgrade,
Experience with the Dynaflect shows that, if the sensor 5 deflection is
around or below 0.10 mil, there is probably a very stiff layer (generally
rock) at a shallow depth. An appropriate and realistic value for the depth

at which the rock layer exists should be determined for proper input in the

computer programs RPEDD] and FPEDDI,

RR387-1/AB



313

A parametric study was made using different rigid and flexible pavements
to investrigate the influence of variations in the depth of subgrade on senscr
5 deflection (Ref 98), The ratio of Dynaflect-senszr 5 deflection for D
(subgrade rhickness) at some finite value tz the deflecticn for a semi-
infinite subgrade is defined as RATS5. [t is observed that this ratric
apprzaches zers if a rock layer is at one foot or a shallswer depth below the
pavement, A power functicn was used to develop a regressicn equation based
on the values of RATS and D determined from the parametric study (Ref 98) as

presented in the following:

Log 1o (1.0 + RATS) = =0.11430156 + 0.13301293 Log,,P (B.6)

Where D is in inches.

Subrcurines SGRIG (for RPEDD1) and SGFLEX (for RPEDD1) have been written
to compute RATS5 if the thickness of the subgrade layer 1is entered by the
user., The equivalent senssr 5 deflecticn, Wg' for a semi-infinite subgrade

case is then calculated using the following relationship:

W' = Wg/RATS (8.7)

where
W = measured sensor 5 deflection (FWD or Dynaflect)
The regressiosn equation develcped from the criginal partial facrcrial

design is then used tc predict the subgrade modulus, These equaticns are

based only on sensor 5 deflections, as summarized in Table B,3.
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TABLE B.3. PREDICTIVE EQUATIONS FOR SUBGRADE MODULUS, Ea, USED
IN DEFAULT SEED MODULUS PROCEDURE IN CASE OF A RIGID
LAYER UNDERLYING A KNOWN THICKNESS OF SUBGRADE

(a) Rigid pavement,

Dynaflect FWD
y o= -2637.1187 + 119.6571 (RS/WS) y = 5,56172 - 1.1690 x Loglo (Rs % w5)
(R = 0.98) (R* = 0.97)
E, (psi) = (10.0)7 E, (psi) = (10.0)7

(b) Flexible pavement - stabilized base.

Dynaflect* FWD
y = 2.6088 - 0.90216 x Logl0 (R5 X WS) y = 5 41448 - 0.976 x Log10 (R5 b ws)
(% = 0.95) (> = 0.99)
E, (psi) = (10.)7 E, (psi) = (10.0)°
(¢) Flexible pavement - granular base
Dynaflect* FWD
vy = 2.5366 - 0.95488 x Loglo (R5 x WS) y = 5.38724 - 0.96041 x Log, (R5 x Ws)
®* = 0.97) &% = 0.997)
E, (psi) (10.0)7 E, (psi) = (10.0)7

: . th .
Note: Ri is the radial distance of 1 sensor from test load; and Wi is the
: . th . .
measured deflection at it sensor (in mils except where * appears;

deflection is in inches).
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APPENDIX C. TLABORATORY EVALUATION OF DYRAMIC SHEAR MODULUS

S»ils exhibit nonlinear stress-strain behavior under repeated or dynamic
loading. Therefsore, material characterization using appropriate laboratcry
tests 1is very important if a reliable pavement response is tz be predicted
from mechanistic models based on the assumption 5f linear elasticity. As
discussed in Chapter 5, the stress-strain curve for soils in shear exhibirts
strain softening behavior, as 1illustrated in Fig C.l. The 1initial shear
m>dulus is considered to be the modulus ar a low amplirude shearing strain,
This mwmodulus repregented by the slope of the stress-strain curve at the
origin is the tangent shear modulus, Gp,,. At higher levels of shearing
strain, the secant shear modulus, G, varies with increasing shearing strain
amplitude. As discussed in Chapter 5, the design 18-kip-single-axle lcading
is associated with low to intermediate amplitude shearing strains and the
G/Gmax versus the shearing strain curve can be used t5 evaluate the nonlinear
(strain softening) modulus, G, Resonant column tests have become standard

laboratsry devices to evaluate strain softening behavier of dynamic shear

mcduli for geotechnical and earthquake engineering applications.

RESONANT COLUMN TESTS

Regonant column tegts are perfcrmed to determine the shear modulus, G,
and the damping ratis, D, of scil specimens at low ts intermediate shearing
strains (strains less than about 0.1 percent), These dynamic properties are
found by exciting solid cylindrical specimens in torsion by a constant-force
type of excitation., The thesry of elasticity is used tz calculate shear wave
velocities and shearing strain amplitudes from measurements of the resonant
frequency, specimen length, and amplitude of drive plate moticn. The
material damping ratio is calculated from free-vibration-decay-curves that

are obtained by sud&eﬁly shutting off tne power tc the drive system at

regonance.
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Tmax

Shearing Stress, r

— — - —— o ———— o A" — W —— o~

Shearing Strain, 7

Fig C.1. An illustrative diagram of shearing stress-
shearing strain curve and related parameters.
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The resonant c¢olumn configuration described in this appendix consists cof
a fixed-free c¢olumn of scil that has a rigid end mass attached tc the free
end, This arrangement is analyzed as a single-degree-of-freedom system and
is illustrated in Fig C.2, Data reducticn tc determine shear wave velccity

is based on the wave equatisn in torsion.

Resonant Cclumn Equipment

The rescnant column device designed by Professor K. H. Stokoe and built
at The University of Texas at Austin is described herein. The device
consists <f a confining pressure system, height-change measurement systen,
drive system, and frequency measurement system, These systems are shown
schematically in Fig C.3. The brief discussion of these systems contained
in the following secticns is taken from Ref 88.

The confining chamber of the resonant cclumn system 1is pressurized by
compressed air from the building air supply. Before air reaches the cell, it
first passes through an air filter to remove any water or ¢il im the air that
could damage the regulatsr or instrumentation inside the cell, A Kendall
Model 30 regulator contrcls pressure wirhin the cell, and an Ashcroft 100-psi
(690-kPa) pressure gage is used to measure it,

If a soil specimen is tested at its natural water contents, it 1is
necessary to cover the sides of the specimen with a membrane and silicon oil
bath., To slow air migraticon into the specimen and keep the specimen from
being dried. Air pressure acts on the silicen ¢il bath, and a hydrostatic
state of stress is applied to the specimen,

The height-change measurement system consists <of a linear variable
differential transformer (LVDT), sine wave generator, fixed-gain amplifier,
and digital voltmeter, An excitation frequency of 500 Hz and an LVDT input

cltage of 4,77 volts are used tc obtain a calibration facter of
approximately one volt per 0.l-inch change in height.

The drive system, attached to the top of the specimen, applies shearing
stresses tc the specimen by oscillating the free end (top) in torsion, The
drive system consists of a drive plate, drive coils, sine wave generatsr, and

power amplifier. The drive plate has four arms, each with a magnet attached.
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Basic principle of fixed-free column of soil sample

Fig C.2.
in resonant column test (Ref 82).
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Fig C.3. Schematic diagram of resonant column system (Ref 88).
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The ends =f the magnets are centered witnin eight elliprically shaped c<ils,
An elliptical shape prevents the magnets frem tCuching the c=ils as the
specimen ccnsclidates, The ccils are wired s~ tnat an alternating curreat
passing thrzugh them will cause the drive plate t= =2scillate in pure tersisn,

The mctisn measurement system cansists <f a piezzelectric accelercmeter,
charge amplifier, analsg rcct-mean-square (RMS) vcltmeter, pericd counter,
and srcrage cscillcsccpe, The accelercmeter is attached to the drive plate
sz that it is sensitive tz t2rsisnal vibratisns., Accelerzmeter cutput is
linearized by the charge cenditizcner and is read <n the analzsg vsltmeter,
The RMS vcltage measured by the vcltmeter is the square rzst =f the average
value <f tne square <f the vcltage (0.707 times the peak v-ltage). The
sterage =scillcscope is used tc reccrd the transient decay =f free vibraticns
2f the specimen sz that an equivalent viscsus damping ratiz can be
determined.

Measurements made with this system are used t~ calculate the rescnant
frequency, shearing strain amplitude, and damping ratic <f a scil specimen,
The rescnant frequency <f tna specimen is found by sweeping thrsugh the
excitatisn frequencies with the functicn generatsr until the largest
accelersmeter cutput is seen 2n the analsg voltmeter, Tne rescnant frequency
is calculated frzm the ressnant pericd, which is accurately measured t= 0.0l
millisecznd. 7The rescnant perizd is the average =f twes readings made =n each
side =f the peak accelersmeter cutput <f the respcnse curve, The
accelercmeter cutput and rescnant perizd are used tc calculate the shearing
strain amplitude, |

an equivalent viscous damping is calculated frem measurements <f tnree
tc six cconsecutive cycles <f the free-vibraticn-decay curve. At ressnance,
vzltage t2 the drive c¢ccils is suddenly cut <ff, and the stcrage cscillescepe
is triggered. The accelercmeter cutput =f the transient decay curve =f free
vibratizn is recsrded on the cscillcoscepe. Feor low-amplitude rescnant cclumn
tests, single-amplitude shearing strains belzsw 0,001 percent, three sets =f

readings are averaged t- cbtain damping ratic values.
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Test Procedure

First, the moisture content cans are weighed and their weighrs, alcng
with other set-up information, are recorded on a data sheet, The bottom cf
the base pedestal is greased and then tightrened to the base plate. A
saturated porous stone is screwed into the top of the base pedestal, and an
accumulator is used to saturate the drainage lines in the base and base
pedestal, The O-rings and membrane are then fitted to their respective
expanders., Filter paper drains are prepared, and high-vacuum silicen grease
is applied to the sides of the top cap and base pedestal.

A hydraulic extruder is used to extrude the sample vertically, The
sample is then placed on a glass plate and carried to the laboratcry to be
trimmed. Once the sides are trimmed to the cocrrect diameter, the soil 1is
carefully placed in a mold, and the ends of the specimen are trimmed, While
the specimen is being trimmed, water content samples are taken of the sides
and ends.

After the specimen is trimmed tc its final dimensions, bcoth the weight
and length are measured and recorded. The specimen is then placed on the
base pedestal, and measurements of the diameter are made, The top cap is set
on the specimen, and filter paper strips are placed around the interfaces
between the specimen and the top cap and the specimen and the base pedestal
to prevent the membrane from being damaged or pinched at these interfacés.
Vertical strips are also placed approximately 0,5-inch apart along the sides
of the specimen to allow radial drainage. The membrane is placed cver the
specimen and sealed tc the greased top cap and the base pedestal by O-rings.

A 4.0-inch-diameter metal cylinder, to contain the silicon oil bath, is
then placed arcund the specimen and sealed tc the base pedestal by an O-ring.
Silicon oil is poured into the cylinder until the length of the specimen is
covered.

The drive system is then placed over the specimen and the silicen oil
bath. As gently as pcséible, the screws that connect the drive plate tc the
top cap are tightened., Tne metal ring, tc which the coils are attached, is

then leveled and placed so that the magnet ends are evenly surrounded by the
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coils. The LVDT is centered arsund the core at a height within the linear
range. |

The metal, cylindrical, csnfining chamber 1is theﬁ placed =sver the
specimen., Connections of the power, LVDT, and accelerometer are made through
the bulkhead cecnnectcrs. The tcop plate is placed on the cylinder, and the
cenfining chamber is sealed, A seating pressure of one half of the first

cenfining pressure is then applied tc the specimen,

DATA REDUCTION OF RESONANT COLUMN TEST

The analysis of the fixed-free rescnant cclumn device and calculaticns
of both the shear modulus and the material damping ratic are discussed in
this section. The following discussion is applicable tc data reducticn for

both low- and high-amplitude test results,

Dynamic Shear Mzdulus

Shear modulus can be calculated at any time during ccnsolidation if
values of the current unit weight, mass density, vcid ratis, and mass pclar
moment <f inertia of the gpecimen are known at that time., These values can
be calculated from a measurement of the height change (LVDT output) and known
initrial preperties such as specific gravity, water content, degree of
saturation, and specimen diameter, height, and weight, These calculations
irclude a few assumptizns: the volume of sclids and the degree of saturatisn
remain constant for the entire duratisn of the test, and the radial strain
and the axial strain are equal for hydrecstaric lcading.,

Once these assumptions are made, calculations of void ratisc, mass
density, volume, and radial strain are elementary, The new void ratic can be
determined as scon as the change in the volume of voids is obtained, Tc
calculate this change, it is necessary tc know the specimen dimensizns s2
that the new vslume can be found, These dimensions are calculated by
determining the amcunt of axial and radial strain the specimen has
experienced, The change in volume is then calculated, which equals the

change in the vclume =f voids,
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The change in specimen mass (due to expulesion of water) is calculated by
multiplying the volume change by the degree of saturaticn and multiplying
this quantity by the mass density of water, This value is then subtracted
from the original specimen mass to obtain the new specimen mass. The new
specimen mass and diameter are required to calculate a new mass polar moment

of inertia of the specimen, I, from the equation
2
I = Jr¥ dm (c.1)

where
r = sgpecimen radius and

m = specimen mass,
For a specimen which is & solid, right circular cylinder, Eq C.l reduces to
I = 1/2 mr? (c.2)

It is obvious that the unit weight and mass density can now be calculated
since the pew mass and volume are known,

A specimen having the configuration ¢f a fixed end and & free end with a
rigid lumped mass attached to the free end is approximated by a single-
degree-of-freedom system (SDOF), Ref 82, The equation governing this system

is

= Bt )
o anp (c.3)

]

where
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I, = mass polar moment of inertia of the drive plate, attached

magnets, and top cap, and

g = v_ | (c.4)
where
b = natural circular frequency,
L = specimen length, and
v = shear wave velocity.

This relaticnship is the soclution of the wave equation for an elastic rod
excited in torsion for the specified boundary condition, The mass polar
moment of inertia of the drive system, I_, is a previously calibrated
constant, and the mass polar moment of inertia of the specimen is easily
calculated, as discussed earlier in this section, Shear wave velocity is
calculated frem the definition of B given by Eq C.4.

Once the shear wave velociry is determined, shear modulus, G, 1is

calculated from

c= Y y? (C.5)
g s
where
= total unit weight of the specimen and
g = gravitational acceleration,
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Shearing Strain Amplitude

The amplitude of shearing strain is calculated from the measurements of
accelerometer output, resonant pericd, and specimen height and diameter,
Torsional displacement of the drive plate at the positicn of the
accelerometer is calculated by integrating the accelerometer osutput twice
with respect to time., If the angle of twist is small, it can be calculared
by dividing’the torgional displacement at the periphery of the specimen by
the length of the specimen. The shearing strain is calculated at 0.667 of
the radius of the specimen and refers to single-amplitude values of shearing
strain as shown in Fig C.4. The equation used tc calculate shearing strain

amplitude of the specimen is

~10 D
Y = (9.2204 x 10 A*PeT ) (C.6)
where
A = accelercmeter sutput voltage in millivolts (rms),
P = resonant period in milliseconds,
D = spec imen diameter in inches, and
L = specimen length, in inches.

Damping Ratio

As discussed earlier, damping ratic is calculated from free-vibration-
decay curves, These curves are obtained by exciting the specimen at its
resonant frequency and suddenly stopping the power toc the drive system. The
soil specimen and attached drive system, modelled as a freely vibrating SDOF
system, are idealized as having linear viscous damping. The differential

equation of motion is then solved tc determine the damping ratio,
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Specimen

where
h = sample height

r = somple radius

Ny x = maximum motion of
fop outside fiber

Y = single -amplitude
shearing strain

v+

\

Fixed at Base

Fig C.4. Single~amplitude shearing strain for a solid specimen (Ref 88).
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APPENDIX D. NONLIREAR, STRAIN-SOFTENING MODELS FOR DYNAMIC
MODULY OF GRANULAR MATERIALS AND SUBGRADE

This appendix presents a discussicn on different approcaches to
develcping mathematical models for the unique curves of G/Gmax {or EfEmax)
versus shearing-strain relationships. The unique relationships (Curve A for
clays and Curve B for sands and granular materials) are shown in Fig D.l. Ar
this point, it is emphasized that these are median curves based on a limited
amount -f dara (investigation of actual data was not within the sccpe <f this

work),

RAMBERG-05G00D CURVES

This class of thecretical curves is discussed by Richart and Wylie (Ref

92) with example applications to actual G/G,,, - versus shearing strain

X
relaticnships., The decrease in secant shear modulus, G (= 17/y ), with an

increase in shearing stress ratio, T/T is given by the fcllowing

max
expression:

6 . 1 (D.1)
C ooy 1+alt/C 'rmax] R-1

where o and R are parameters which adjust the pzsiticn and shape of the
curve, C; is a factor related to the yield of the shearing stress, and G,
G

T and T are defined 1in Fig C.l. Richert and Wylie alsz present

max’ max
secant modulus curves for the case of R = 3, o = 1.0, and Cl = 0,4,
This apprcach was not utilized in the present research, However,

research weork in progress at The University cof Texas at Austin indicates the
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Fig D.1. Summary of normalized shear modulus variation

with shearing strain.
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approach must be used to characterize different soils with R, a and C,

parameters.

REGRESSION ANALYSIS
A simpler approach was to use regressisn analysis to develcp predictive
equaticns. The G/G ., versus shearing strain values for curves A (for clays)

and B (for granular materials) are shown in Table D.l,

Linear Regression Technique

As illustrated in Fig D.l, the generalized curves are plotted with a
logrithmic scale as the abscissa (shearing strain). Clearly an appropriate
transformaticn is necessary to linearize these curves. A possible

mathematical function to define these curves, Sec h (x), is presented in the

following:
%, = Sec h {x) = ~—;§Lg—— (D.2)
. e’ +1
X
e -
where
x = log); (shearing strain in percent) and
x, = the transformed (independent) variable,

Using the values in Table D.l, the following regressicn equations were

developed:

G/G 1.0908788 - 1.0513303 (xz) (p.3)

max
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TABLE D.1. G[Gmax VERSUS SHEARING STRAIN DATA USED TO
DEVELOP MATHEMATICAL MODELS (BASED ON FIG D.1.)

¢ /Gmax (01’ E/ Emax )

Single Amplitude Subgrade Granular Material

Shearing Strain, 7% (Curve A) (Curve B)
0.004 - 1.00
0.0010 1.00 0.98
0.0020 0.98 0.93
0.0030 0.95 0.89
0.0050 0.91 0.83
0.0070 - 0.78
0.010 0.82 0.71
0.020 0.72 0.56
0.030 0.62 0.48
0.050 0 51 0.39
0.800 0.40 -
0.1000 0.35 0.28
0.2000 0.23 0.19
0.3000 - 0.15
0.5000 - —
0.7000 ' - 0.11
1.0000 : - 0.10
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and

G/G = 1.0039127 - 0.99086218 (x,) (D.4)

Equation D.3 is for curve A (clays) with an RZ of 0.98. Equaticn D.4
represents curve B (sands) with an R? value of 0.95. These equations are
valid for the ranges of shearing strain shown in Table D.1,

Improvements 1in these equations were made by modifying the
transformation, The generalized form of the final regressicn equaticns is

expressed in the following:

2.0
2.00% +

G/G = constant + f
max

T (D.5)
(2.0)*

The equaticns are presented in Table 5,3 (Chapter 5). Both equations
are associated witn a (high) RZ value of 0.99. In programs RPEDDl and
FPEDD]l, these final equations are contained in subroutine EQLIN1 for use in
the self iterative procedure (subroutine ELANAL) t¢ determine imsitu strain-
softening nonlinear moduli when the Dynaflect is used tc measure dyn‘amic

deflection basin,

Nonlinear Regression

The form ¢f the unique curves closely approximates an inverse growth
curve., An example of a suitable growth curve is a logistic curve, as

expressed belsow:
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Y x) = ————F (D.6)
1+ 3Be Cx

where
A, B, C = parameters and

X = independent variable,

Nonlinear regression procedures (included in standard statistical packages)
estipate the parameters which appear in the model in nonlinear fashion,
Nonlinear estrimaticn procedures require initial estimstes of the parameters
to achieve faster convergence to the fitted values, Another possible growth
mcdel for consideration is Gompertz model which is presented in the

fellowing:

Y (x) = A.EXP {-Be ©% .7

DISCUSSION -

There are a number of valid approaches tc developing predictive
equations (based on mechanistic or empirical models) for the G/G_, versus
shearing strain curves, It is recommended in Chapter 9 that research effort
be devoted to performing a large number <f tests on samples of subgrade and
granular materials for subbase or base to evaluate G/Gmax versus shearing
strain relationships. The resonant column technique would be well suited feor
these tests. The experimental data collected in this way could be used as
the basis for developing appropriate nonlinear models as discussed in this

appendix.
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APPENDIX E., SELECTION OF DESIGN SECTION AND DESIGN MODULI

Use of Dynaflect senscr 5 or basin slope {(SLOP) prcfiles has been
previously recommended for selection of design secticns for rigid pavement
cverlay design (Ref 23), A more direct and apprcpriate procedure recommended
in this study relies on the tabulated outputs generated by computer programs
RPEDD1 and FPEDDl. A plct of remaining life (preferably in ccnjunction witn
the analysis ©of condition survey data) versus distance helps the user to
identify areas in need of rehabilitation and requiring overlay design. The
profile of the subgrade modulus is then used to delineate design sections.

An example of such plots is conceptually presented in Fig E.1.

SELECTIOR OF DESIGN SECTION

Use of the subgrade modulus profile cffers a more rational approach for
selection of design sections, as compared to the use of the deflection
parameter, The procedure for identifying sections for cverlay design is
similar to that described in Ref 23. The preliminary selection is based on
the visual observatiocn of a possible significant difference in the means of
subgrade moduli, However, it is pointed out the selection is being made
after completion of the structural evaluation of a pavement by analyzing all
deflection basins, which could have been measured by either FWD or the
Dynaflect.

Adjacent design sections should be checked for statistically significant
differences in the means of their subgrade moduli data. A standard
hypcthesis test for equal means of two samples should be used for this
purpose (based on student's t-statistic), A computer program such as TVAL
(Ref 69) developed for this test can also> be adapted to handle subgrade
modulus data. If the difference is statistically not significant then the

two sections can be pocled together to determine design moduli,
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DESIGN MODULIL

Once desgign sections have been delineated and tested for statistical
significance, the next step is to determine design moduli in each design
gecticn, The rigid pavement =verlay design prccedure, RPOD, currently used
by the Texas SDHPT, recommends that the pavement be designed for a certain
ccnfidence limit conly with regard tc the subgrade mcdulus. However, in the
current study, means and standard deviaticns of all moduli are readily
available, Therefcre a confidence limit can be used for the mcdulus cf each
layer, using the fcllowing relationship, if it is assumed that the data comes

frem a normally distribured pcpulaticn:

(E, = E, -
o T B - 28 (E.1)
where

(Eidg = design m=dulus value of ith layer,

Ej = mean modulus value of ith layer, and

s = standard deviaticon <f modulus values for itn layer.,

Z values are taken from standard sratistical tables, correspsnding t= the

selected significance level, The value of Z is 1,96 correspending t2 95

percent design confidence level ( & being 0.05 in this case),
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APPENDIX F. USER'S MANUAL OF RPEDDI

A detailed input guide, summary formats, and examples of applications

are presented in this appendix.

INPUT GUIDE

Input Data

A summary cf formats for input data appears in Fig F.l. Several of the
input variables have built-in default values in the program. All the input
variables are explained in this section, All integers (I~-format) must be
right justified, F-formats are for real values. Whenever default is
menticned, the user can choose not to enter any value, Input seed moduli
shoculd be entered only if the user stronmgly feels that these values are
reliable (based on labzratory or field tests). All card types are explained

in the f2llowing.

Card 1

NSYM: Tctal number of deflecrion basins to be entered for analysis
" (maximum of 50). -

Card 2

NINE: 999 (must be entered), It is a flag to indicate the start of

the next preblem,.
TITLE: Identification information.
KTEST: Date of test.
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Column Numbers
CARD 1 10 20 30 40 50 60 70
TYPE | I | | I | 1 | | | I | ] }
4  NSYM
15
2 NINE TITLE KTEST 76
I3 IX, 14A4 4A4
3 STATN DEVICE 60
AlO 10X I0OA4
4 NDEV NXY FORCE FPSI RL DSIG 50
15 | 15 Flo.2 Fl10.2 F10.2 F10.2
IOPTZ RPTYPE BTYPE IOPTe
5 IOPT: 10PT3 ISHOL UNWT! ICONI 50
15 |15 |15 |15 | 15 | I5 F10.1 15 | 15
6 DEFM (K), K=1, NXY 70
F10.2 F10.2 Fl10.2 Fl10.2 F10.2 F10.2 | F10.2 ‘
7 NEL XP(K), K=1, NXY 47
15 | Fe.2|F6.2 |[F6.2|F6.2 |F6.2 | F6.2|F6.2
(continued)

Fig F.1.

Summary of formats of input data for RPEDDI.

9%¢
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CARD

60

66

F6.1

TYPE
8 LNI(I) TH (D) V(I) ESEED(I) E MAX(I) EMIN(I) 80
T10 F10.2 F10.2 F10.0 F10.0 F10.0
1 1 ] i 1
! l l | n n
I  CARD T'YPE 8 TO BE REPEATED FOR EACH LAYER (I=1,NEL)
H
] ' | | : | :
' |
9 MITER TOLR! 'TOLR2 TOLR 31 TOLR32 'TOLR33 55
15 | Fl0.3 FI0.3 F10.3 F10.3 | F10.3
I0 NDAXL DLOAD TIREP FLEST PTRAFF
I5| Fi15.0 F10.1 F10. 1 120
. NDNXY
11 NDLOD DXL() DYL(I) DXL(2) DXL{2)  DXP(!) DYP({l) DXP(2) DYP(2) DXP(3) DYP(3)
13[F6.1 |[F6.1 [F6.1 [F6.1|[I3][F6.1][F6.1 |F6.1 [F6.1] F6.1

* |F NDAXL # 1 ;

( FOR THE NEXT PROBLEM ;

Fig F.1.

SKIP CARD TYPE I1I.

REPEAT CARD TYPE 2 TO 11)

(continued)

LYe
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Card 2

STATN:
DEVICE:

Card ﬁ

NDEV:

NXY:

FORCE:
FPSI:

RL:
DSIG:

Card 5

IOPTI1:

I0PT2:

ICPT3:

RRTYPE;
ISHOL:
BTYPE:

UNWTL:

ICOoNL:

RR387-1/AF

Staticn at which the deflecticn basin was measured.

Name <f NDT device.

Ccde for NDT device

(1 for Dynaflect; 2 for FWD).

Number <f senscrs where deflecricns were measured (it shcoculd
be entered cnly fcr FWD, at least 6).

Peak focrce of FWD-force signal (im 1b),

Peak stress cof FWD at surface (can be left blank if FORCE and
RL are entered),

Radius =f FWD loading plate (in inches).

Duraticn <f FWD force signal (default is 25 msec).

Optizn fzr cutpur =f back-calculared Ycung's mzduli,

(0 fzr summary only; 1 for detailed cutput.)

0 tz skip remaining life analysis, 1 tc make remaining life
analysis. -

0 for ignering the default procedure tz create a rigid layer,
1 to activate the default procedure tc create a rigid layer at
a finite thickness of subgrade,

Type of rigid pavement (0 fzr JCP/JRCP, 1 for CRCP).

Shzulder type (0 for JCP/JRCP, 1 fzr CRCP).

Type 2f layer above subgrade (1 for granular, 2 fcr
stabilized).

Unit weight of subgrade scil (1b/cft), An appreximate value
can be used if nc test data are available,

Cenditizn <f ccncrere pavement (0 ncrmal, nct severely

damaged; 1 severely cracked).



I0PT4:

Card é

DEFM(k):

Card 7

NEL:

XP(k):

Card 8

349

0 for making a complete analysis, 1 to skip equivalent linear
analysis as well as remaining life analysis (it overrides

10PT2).

Measured deflections in mils, starting from the first sensczr

(not exceeding 7 sensors).

Number of layers in the 1idealized pavement mcdel including
subgrade (nct less than 2 and not exceeding 4; see additional
discussicn in the next section),

Radial distance cof FWD senscrs from the center of the loading
plate, sgtarting from the first senscr and not exceeding 7

s8ensors.

(Note: Card type 8 is to be repeated for each pavement layer; starting

from the surface layer). 1 ranges from 1 to NEL.

LN(I):
TH(I):

v(L):

b

ESEED(I):

EMAX(I):

EMIN(I):

RR387~1/AF

Layer number (must be entered).

Thickness in inches (must be entered; blank or zero for semi-
infinite subgrade).

Pcisson's raric (must be entered; Table 4.1 can be cecnsulted
for guidance).

Initial estimate (seed value) of Ycung's mcdulus in psi.
(Generally 0 should be entered here; this will ensure
convergence to a unique soluticn.)

Maximum allowable value of Young's modulus (see Table 4.5 for
default values).

Minimum allowable value of Y-oung's modulus (see Table 4.5 for

default values),
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Card 9

(Note: All values in this card can be entered as zerc or lefr blank,)

MITER:

TOLR1:

TOLRZ:

TOLR31:

TULR32:

TOLR33:

Card 10

NDAXL:

DLOAD:

TIREP:
FLEST:

PTRAFF:

Card ll

KDLOD:

RR387-1/AF

Maximum number of iterations for each trial (default is 10).
A second trial is activated if the maximum difference is
computed and measured deflection is greater than 10 percent,
Tclerance for individual deflections, in mils (default is 0,05
mil),

Tolerance for absolute toral errcr at all senscrs is compured
and measured deflections (default is 2 percent).

Tolerance for modulus ©f surface concrete layer (default is 4
percent),

Tclerance for moduli of intermediate layers (default is 3
percent).

Tolerance for subgrade modulus (default is 0.005 percent),

Zerc cr blank for default design load as illustrated in Fig
5.19. (In this case, the next card, type 11, is to be
skipped.) Enter 1 for the user specified design lcad. (Card
type 11 must be completed.)

Design load per tire in 1b (assuming single axle, dual tires).
The default value is 4500 1b.

Tire pressure in psi (default value is 75 psi).

Flexural strength of concrete in psi (must be entered if
remaining life calculation is asked by the user).

Cumulative pastﬂtraffic in 18-kip ESAL (must be entered if

remaining life is to be computed).

Number of lcads (e.g., 2 for the default design 1locad

simulating dual tires in Fig 5.19).
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DXL(l): Position of x-coordinate for first load,
DYL(1): cgition of y-coordinare for first load.
DXL(2): Position of x-coordinate for second locad.
DYL(2): Position of y-coordinate for second load.
NDNXY: Number of 1locations where pavement respznse is to be

calculated under the user specified design load (enter 3),

DXP(1): Position of x~coordinate of the nearest location for response,

DYP(1): Pesiticn of y-coordinate of the nearest location for response.

DXP(2): Position of x-coordinate of the intermediate location for
respsnse,

DYP(2): Positicn of y-cocrdinate of the intermediate location for
response,

DXP(3): Position of x-coordinate of the farthest location for
response,

DYP(3): Positicn of y-coordinate of the farthest locaticn for
response,

(Note: All distances in Card 11 are in inches.)

Idealized Pavement Structure

A major aspect of the RPEDD! program is that it handles a three or four
layer pavement. Therefore, actual pavement structures are tc be idealized by
an equivalent three or four layered pavement., Examples of some of these
cases are illustrated in Fig 7.2, If the actual pavement is of two layers
only, then a third layer should be created cut of the subgrade and BTYPE
should be assigned a value of 1. For pavements of more than four layers,
intermediate layers can be combined into one layer 8o as to make four layered

pavements.,

APPLICATIOR OF RPEDD1

An example of input data for four deflection basins is presented 1in
Table F.1. An example of partial output is presented in Table F.2. Results

of the analysis of only the first basin are reproduced in this table, Table

RR387-1/AF
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TABLE F.1l. EXAMPLE INPUT FOR RPEDDI

&
999 ~ JRCP = UAST OF L&n PLRUAREG RIVSF IHID OF UG, 190t
R w3 Fen i
‘ 7 G324 ,nT Te91
C v ? 1 bl £ 118" -
~sel <elv 270 by ] l.8n0 le0n Je7 0
3 C.CD 1Jel. THs20 26417 4B.DD £L."7 TraTf
1 1000 i€ N, SLTRINT, 250°00C,
< £ ol ot b |3 o s I T 00,
3 o *5 e n "
t
4500, TS50 [-3:0: %y arepn
999 JRCF = [LAST DF SAN LURNERD RIVDCR INIC EN AUG 1000
TI2023 FUD :
: 7 9IDEGE , 5.91
b o o 1 b < 11542 2
2460 by Ti] falfy 1.%3 le70 14490 1.20
3 D000 12400 2800 JGo0F 48,00 60400 72.90
1 1T.CC «15 Cs S5500DNC. 2503700,
< 6.CC «3C LS cLonela 73000,
3 f 45 [+ 1 o] 9
&
’ 4500, 7549 650" 0310000
99% JRCP = [AST O SAN LERNARD RIVIF IHID P LUG #1982
000 004 FWD
Z 1 1%z .00 Se91
¢ 0 0 1 1 < 1157 I
4.0 4,C¢C JeSt J«CO 250 207 Jo70
3 De0D 1Za07 ZA.00 X6.07 ABLOD 6PaCd 727D
1 10900 o0 0. S5570000. 2500000,
< Ll i Do SEP0ID. 70300,
3 2 e LY a ki
8
4500, FATRS £50,.0 pounNGd
999 JRCP = LAST OF Z2N DORHNARD RIVER IHIM ER AUG . 19R%
0.1 005 Fun
z 1 915700 T «91
{ ] 0 1 bl S 115.8 R
J«80 350 Jeil Y 2elD 1.79 Te40
3 00D 1Ze07 ZA4T0 Z6eT™ ABL0D €030 72,90
1 1723 o1¥ De 5S50CTONe 2500700,
‘ 3% 3% o. 5{g=00n, 7000,
2 o o5 Te n .
8
45030, Tel EO0LT nagnp

005 41



TABLE F.2. EXAMPLE OF PARTIAL OUTPUT FOR RPEDD1

EEANRESRAL R ARNSAR SRR NS NNAFENOdaeN

. .
. RPEDOD *
N .

(23 2 AL E NI R E2 2 2SS 2T RS AT R 22X Y]

RIGIO PAVERERY EVALLATICLA PROGRANM
PROGRAM MRITTEN BY wAMELL UDOIM
VERSION 3.8 APRIL 1441980
CENTER FOR [RANSPORTATIOMN RESEARCH
THE UNIVERSITY OF TEXAS AT AUSTIN

MEASURED DEFLECTION BASIN CFROBLEM NOe 2 )
JRCP = EAST OF SAN BERMARD RIVER INi0 EB
OYNAFLECT STATION: 3 ALG«l58¢
3 LAYERS SYSTEM BYYPE = 2 (TYPE OF LAYER ABOVE SUBGRADE 3)
. € 1 = GRAKULAR § 2 = STABILIZED )

sassnwee INPUT SYSTEF FARARETERS ssesneee

ALLOMABLE NUNBEFR FCAERANCES
OF ITERATIONS TOLRYL JoLR 2 TOLR3)L FOLR32 JOLR33
L] 083 1500 4000 2«800 «300
FPERCLNY PERCENT PERCENT PERCENT

SRS HNRe Rt Rk RO NERerR e AR R IR EBsbhosRanwoBaRD

LAYER 4O, THICKKESS FOISSONS ESEED E(MAX) ECRIN}
CINCHES) RaT]IO (ESI) (L2 ¥8) Psl)
i 10,00 «13 386251, €300000. 2000008,
4 600 30 J82€38. 580060, 2000G.
3 45 28115. 000G, 5000,
URIT WEIGHT OF SUBGRADE SOIL 115.0LBSs PLR CUse FTo

NEBRNEREN S RNERE RS R AER S ORONBRRISEN 2R EPESARGREROIPEIRRER

SENSOR NO. 1 2 3 L} -1
MEASURED CEFLECTIOKS )
(FILS) ‘ « 280 260 +230 220 +180
CALCULATEO DEFLECTICNS
(KILs} 338 «338 «278 =238 202
HERRP (FERCENT) 224158

(BASED OK SEEC MODLLI WALUES)

*reen ranwe
eseon TTERATICNS BEGIN »osen
vesen eenee

STOPPEDU = NO FURTHER CLCREASE IN MAXIMUK FRCENT ERROR IN DEFLECTION

TOTAL ITERATIONS ATYYEFPPTED IN THIS RLN ARE 3

HOEPOXBE R AARER SR O RR RGP EPENNFRGRCE AT NG R0

10PYL = 0 ENFORCED § RESULT OF tACH INCIVIODUAL ITERATION 1S NOT PRINTED ese

005 w2z
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TABLE F.2. (CONTINUED)

wsennns SUMMAFY OF BeST TTLRaATION ( Nue 3 ) sesnens

YOUNGS MOLULIEPSI) 5298102.1 S000uden 3l02e.d
MEASURLD CEFLECTIONS
(KILS) «280 * 26V «230 «220 «i80
CALCULATED LEFLECTIONS
trILs) e 284 w212 « 341 «209 179
HEKRP (FERLENT) q.928

PPN T O O LT T T Y Y T e P T R T R AT LY T
DESIGN SINGLE AXLE LOAC CATA

LOAD PLR TIRE {LBS.) = 450040 FLEX, STRENGTH: 6800 P51
TIRE PRESSLSE (PSI) = 75.¢0

RIGLD PAVEMEKT TYPL o ) SnOULDER TYPE & 1
C 6 = JP CR JACP 2 € 0 % BITHOUT CONCRLTE SHOULDER )
¢ i = CKCP } € 1 5 MITH COMCREYE SHOULDER )

seseveeasEQUIVALENT LINEAR AMALYSLIS FOR CORRECTION OF YOUNES NODULIvwnvrenes

enee SUBGRALE (RATURAL SCIL) MODULUS CORRECTED FOK NON LINEAR BEHANIOUR se9ee

. CORKECTED WALULS CF YOUNGS MOODLLI C(PSIW
53158162, 560006, N eddo.

1
seusesssvenssnnansnns SUMAMARY OF STRUCTURAL EVALUATION soncesssnevanssspsnne

STATIOK DEFu«MAXeHa STRESS CEV.STRESS FINAL VAXUES OF YOUNGS MODULI (PSI)

(RILS) SPSD) 4PSI)
1 2 2.7 wB01E402 =,217E001 4169000, 332508, J6%40.
2 3 268 oBSFE €02 ~J1TIEe0L 5398008, 500000, Joass. -
3 4 5.0 »B20E+02 ~olT76E-41 3515008, 118488, 17530,
A 5 8.3 aTIGE+02 =o210L«0) 3200000, 89308, 22648,
sre MEAN = 4078300. 240100. 26898,
STD DEW 2 972678.2 193198.% 855340
Cv (333 238 Taad 318
RIGIO PAVEPENT EVALUATIOR PROGRAN
PROGRAN MRITTEN BY MAMELD UODIN
VERSION © 1.0 APRIL 34,1904
CENTER FOR TRANSPORTAT JOK RESEARCH
THE UNIVERSITY OF TEXAS AT AUSTIN
005 &3

=y

. — . T . | W TE TTma =
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F.2 slsc includes the final tabulated summary output, Figure F,2 illustrates
plets of mcoduli along the test secticn based on the rabulated cutput. These
plots shcw the analysis of FWD as well as Dynaflect deflection basins

measurerd almost at the same time,

RR387~1/AF
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JRCP - 10-in PC Concrete {60-f1 Joint Spor ig)
6-in Cement Stabilized Bose

@ . ‘
a — Semi- infinite Subgrade
- 6000 9 Dynoflect FwWD
% Mean : 4,070,500 4,608,750
~o 5000 CV, %: 239 229
®
[ %)
§ 4000} Dynafiect
W FWD  —————-
@ 3000 . L .
8 eoof
° Dynafiect FWD
= g Mean : 285000 273,600
5 8400
o = CV,%. 87l 956
wnM
e
§ X200}
E
e
o
T3] e | P !
2
5 50
Q Dynaflect FWD
»
= 4or Meon < 26,898 30,353
B 30 CV,%: 38 228
o
S
n 20
W
10 | l !
.g
50
Q Uncorrected Subgrode Modulus
= 401 S From Dynallect ===
B 30 Non-Linear Modulus
&
2.0l
i ? .
10 - 1 i | L
1350400 135100 1352¢00 135300 1354+00

Siation
(EB, IH10; Eostof Columbus, Texas)

G of Outside Lone

Fig F.2. Example applications of RPEDD1 on a JRC pavement.

005 089
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APPENDIX G. USER'S MANUAL OF FPEDDI

A detailed input guide, summary formats and examples cf applications are

presented in this appendix.

INPUT GUIDE

Ionput Data

A summary of formats for input data appears in Fig G.l. Several =f the
input variables have built-in default values in the program. All the input
variables are explained in thig section. All integers (I-format) must be
right justified, F-formats are for real values, Whenever default is
mentioned, the user can choose not to enter any value., Input seed moduli
should be entered only 3if the user strongly feels that these values are
reliable (based on labcratory or field tests). All card types are explained

in the following.

Card 1

NSYM: Total number cf deflection basins to be entered for analysis
(maximum =f 50).

Card 2

NINE: 999 (must be entered). 1Ir is a flag to indicate the start of
the next problem,

TITLE: Identification information,

KTEST: Date of test,

RR387-1/AG 359



s Column Numbers
s CARD 1 10 20 30 40 50 60 70
T1YPE | 1 | 1 | | l \ | 1 | I 1 ]
{ NSYM
15
2 NINE | TITLE K TEST 76
3] 11X, 19A4 ana
3  STATN DEVICE 60
AIO 10X I0A4
4 NDEY NXY FORCE  FPSI RL DSIG 50
I5 |15 | Flo.2 F10.2 F10.2 | Fl0.2
I0PT, BTYPE IOPT,
5 TOPT 10PT3 SBTYP UNWT! ICON1 45
T5 | I5 | 15 |15 | 15 FI0.1 |I5 | 15
6 DEFM (K), K=1,NXY 70
Fl1o0.2 | Flo.2 Fl0.2 Fl10.2 | F10.2 Fl10.2 | Flo.2
7 NEL TEMPT TEMPD  CFACT XP(K) K=1, NXY 70
I5 FlO.1 F10.1 F10.3 F5.1|F5.1| F5.1|F5.1 | F5.1] F5.1|F5.1

R S e e e o — c . P PR .

!
Fip G.1. Summary of formats of input data for FPEDDI.

09¢



LOE S00

CARD
TYPE |

8 LN(I)

TH(I)

v (I)

ESEED(I)

IO

Fl0.2

F10.2

F10.0

F10.0

CARD TYPE 8 TO BE REPEA'TED FOR
|

I

i .
9 MITER TOLRY 'TOLR2

|

I
TOLR 32 TOLR33

|
I

{

{
{
55

®

E MAX (I) EMIN(I) 60
F10.0

EACH LAYER (I=I,NEL)

TOLR 31
IS5 F10.3 F10.3 F10.3 F10.3 F10.3
I0 NDAXL DLOAD TIREP PTRAFF 50
I5 F15.0 Fl10.1 120
NDNXY 66
NDLOD DXL{N DYL() DXL({2) DXL(2)  DXP(1) DYP(I) DXP(2) DYP{2) DXP(3) DYP{3)
I3| F6.1 |F6.l |F6.1{F6.1|I3|F6.1 |F6.1 | F6.1 |F6.1 | F6.1]F6.I

* |F NDAXL #1 ;

( FOR THE NEXT PROBLEM ;

Fig G.1.

SKIP CARD TYPE 1.

REPEAT CARD TYPE 2 TO 11)

(continued)

19¢
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Card 3
STATN:

DEVICE:

Card 4

NDEV:
NXY:

FORCE:

FPSI:

DSIG:

Card 5

I0PTI:

IOPT2:

IOPT3:

BTYPE:

SBTIYP:

UWITL:

ICON1:

I0PT4:

RR3B7~1/AG

Station at which the deflectizcn basin was measured,

Name of NDT device,

Code for NDT device (1 for Dynaflect, 2 for FWD).

Number cf sensors where deflections were measured. (It should
be entererd only for FWD, at least 6,)

Peak force of FWD-force signal (im 1b).

Peak stress of FWD at surface (can be left blank if FORCE and
RL are entered).

Radius of FWD loading plate (in inches).

Durstion of FWD force signal (default is 25 msec).

Opticn for cutput of back-calculated Young's msduli (0 for
summary only, 1 for detailed output).

0 to skip remaining life analysis, 1 to make remaining life
analysis.

0 for ignoring the default procedure to create a rigid layer,
1 to activate tne default procedure tc create a rigid layer at
a finite thickness of subgrade,

Type of base layer (1 for granular, 2 for stabilized),

Type =f subbase layer (above subgrade), (0 for a three layer
pavement, 1 for granular, 2 for stabilized).

Unit weight of éubgrade soil (lb/cft). An approximate value
can be used if no test data are available,

Conditicn of the pavement; (0 for normal, not severely
damaged; 1 for severely cracked, class 2 or 3 cracking).

0 fcr making a complete analysis, 1 tc skip equivalent linear
analysis as well as remaining life analysis. (It overrides

10PT2.)



Card _§_

DEFM(k):

Card l

NEL:

TEMPT:
TEMPD:
CFACT:

XP(k):

Card 8 .

363

Merasured deflections in mils, starting from the first sepscr

(not exceeding 7 senscrs).

Bumber cf layers in the idealized pavement model including
subgrade (not less than 2 and not exceeding &4; see additional
discussizn in the next secticm), |
Test temperature of surface AC layer, °F.

Design temperature of AC pavement, °F (default is 70°F).

Ratio of AC stiffness at degign temperature to the stiffness
at test temperature based on labecratory M ve temperature
relationship. If pot known, leave blank, the program will
activate a default procedure to make the temperature
correction,

Radial distance of FWD sensors from the center of the lcading
plate, starting from tne first sensor and not exceeding 7

S8EensTrs.,

(Ncte: Card type 8 is tc be repeated for each pavement layer starting

from the surface layer.) I ranges from 1 to NEL.

LR(I):
TH(1):

v(1):

ESEED(I):

RR387-1/AG

Léyer number (must be entered).
Thickness in inches (must be entered, blank or zero for semi-
infinite subgrade) .’
Poisscn's ratios {must be entered; Table 4.1 can be consulted
for guidance,)

Initial estimate (seed value) of Young's modulus in psi,
(Generally 0 should be entered here; this will ensure

convergence to & unique solutizsn,)
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EMAX(I):

EMIN(1):

Card 2

{(Nzre:

MITER:

TOLR1:
TOLR2:
TOLR31:
TOLR32:
TOLR33:

Card 10

NDAXL:

DLOAD:

TIRE?:
PTRAFF:

RR387-1/AG

Maximum allcwable valur of Young's mcdulus (see Table 4.5 for

default valuﬂs);
Minimum allowable values of Ycung's mcdulus (see Table 4.5 fzor

default values),

All values in this card can be entered as zers or left blank.)

Maximum pumber <f iterations for each trial (default is 10).
A seccnd trial is sctivated if the maximum difference is
computed and measured deflections are greater than 10 percent,
Tolerance for individusl deflections, in mils (default is .05
mils).

T=lerance for tne gbszlute total error at all sepscrs in
computed and measured deflections (default is 2 percent).
Tolerance for the modulus <f the surface asphaltic concrete
layer (default is &4 percent).

Tolerance for woduli of intermediate layers (defaulr is 3

percent).
Tclerance for the subgrade mcdulus (default is 0.05 percent).

Zerz or blank for default design load as illustrated in Fig
5.19, (In this case the next card, type 11, is to be
skipped,)

Design lcad per tire in 1b (assuming single axle, dusl tires),
The default value is 4500 1b.

Tire pressure in psi (default value is 75 psi).

Cumulative past traffic in 18-kip ESAL (wust be entered if

remaining life is tc be computed).

EES Y

[ —
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Card 11
NDLOD: Number of 1lcads (e.g., 2 for the default design lcad
simulating dual tires in Fig 5.19). |
DXL(l): Positicn of x-cocrdinate for first lecad,
DYL(1): Pcsition ¢f y-coordinate for first load.
DXL(2): Position of x-coordinate for second lcad.
DYL(2):  Positicn of y-coordinate for second lcad,
NDNXY : Number of lecaticns where psvement response ig tz be
calculasted under the user specified design load (enter 3),
DXP(l): Pcsiticn of x-coordinate of the nearest lccaticn for respcnse.,
DYP(1): Position of y-coordinate of the nearest location for respcnse,

DXP(2): Pecsitizcn of =x-ccordinate of the intermediate locaticn for

response,
DYP(2): Position of y-cocrdipate of the intermediate lccaticn for

response,
DXP(3): Positicn ¢f x-ccecrdinate ¢f the farthest lcceticsn for

respcnse,
DYP(3): Positicn of y-coccrdinate of the farthest location feor
response.,

(Note: All distances in Card 11 are in inches.)

Ideslized Pavement Structure

Pavements w i t h mcre than four layers can be idealized by a four layered

pavement as illustreted in Fig 8,1, 1In the case of a three layered pavement,

the program generates & 6-inch layer from the subgrade but the sutput gives

values of final mcduli, only for the three originally specified values, &

two layered pavement, should be ccnverted to a three layered pavement using

the follﬁving strategies.

(1) A thick AC surface (equal to or exceeding 5 inches), can be dividec

intc two layers apd the pavement becomes & three layered pavement.

RR387-1/AG
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BIYPE in the input must be entered as 2 in card type 5. (SBTYP

should be zero.)
(2) Per & thin surfacing, one 6-inch layer should be created from the

subgrade and BTYPE shculd be assigned a value of 1. (SBTYP should

be zerc,

Compseite Pavement

¢r rhe insitu material characterization only, experience has shown that

FPEDD]! can still be successfully used, within the following constraints.

(1) The top layer should be & combined overlaid AC layer,

(2) The gecond layer is a PC concrete layer, An ESEED value must be
assigned for this layer (say 4,000,000 psi). EMAX and EMIN must
alsoc be entered by the user.

(3) BTYPE must be assigned a value of 2,

(4) 1OPT2 must be zersc,

APPLICATION OF FPEDD!

An example of a partial output from FPEDD] is presented in Table G.1,
The basic form of output is similar to the output of RPEDD]l, A summary
detailed cutput of FPEDD] is also printed in Table G.1, which also
illustrates summary statistics. The results from this output have been
plctted in Fig G.2. This pavement has shcwn signs of fatigue cracking as
sbserved in conditien surveys. Figure G.2(a) shows the remaining life
prcfile. 1In Fig G.2(b), the ESG symbsl is for subgrade moduli obtained after

making cocrrection for nonlinear behavior and ESG2 is the symbzcl for

unccrrected meduli, Surface asphaltic concrete moduli are plotted in Fig

G.2(c), where broken lines (El12) stand for insitu moduli at the test
temperature and full lines (El) are the estimated moduli at the design
temperature of 70°F., Figures G.2(d) and (e) illustrate prcfiles for selected
fill moduli (fill was divided intc twz layers). Here again brcken lines are

zr unccorrected moduli and full lines for woduli corrected for nonlinear
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Fig G.2.

Example of plots based on the output of FPEDDI.
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TABLE G.l1. EXAMPLE OF PARTIAL OUTPUT FOR FPEDD1

SEE PR EPCRECLB 0220002026002 00 000}

- L
4 FPELDUD! .
L 4 .

SasssErreIsLEIPLESEEOOEEOOER RIS RESTL

FLEX, PAYERINT EVALUATION PKODERAN

PROGKAN WRITTEN BY WANLLD UDDIN
WRSIDN : 1.0 APRIL 16:+1984

CIENTIR FOR TRANSPORTATION R[SLARIN
THE URIVIRSITY OF TEXAS AT AUSTIN

REASURED ODEFLECTIONM BASIN (PROBLEM N0. 1 )
US-6% BB (SITL &) wP
DYKAFLECTY STATION: 9
(] LAYERS SYSTEN STYPL = 1 (TVYPI' OF BARI RATERIAL LI |
$B8TYP = 1 (TYPII OF SUBBASL WATERIAL z 1}
t 1 = SRUNWAAR § 2 = STABILIZID )

esccveee INPUT STYSTEM PARAMIFERE ssosovee

ALLOWABLE WUNMBLR TOLERANCES
OF IVERATIONS TOLRI TOLR? FOLR3] roLn3sz TOLRIY
L] « 905 1.500 4. 000 2.000 o100
PERCENT PIRCINT PERCENRT PORCTNY

(A A 242l A R A2 AT a2 R J4AR2 222214422

LAYER NO. FTHICKNLSS POISsONs £szeo Etmaxy E(NIN}

¢ INCHES) RATID tr3l (1238 (1€ 38

1 10,78 3% 16289, Ti6000. SoEE0.

2 12.080 - 43 S118¢0, 906000, 20003

3 12.00 PR L] 0300, TOROD. 20081

L} L 16387, To000 . 10880,
UNIT MT164T OF SUBGRADL 30IL 115.0LR5. PIR CU. FT.

242 KRR 22 T 222 22 22122222 22 R 2 A2 2 A 2222 222 RIS X 2

SENSD NO. 1 2 3 4 5

MEASURED DIFLECTIONS
(MILsy « 80° wba D «510 =330 «270

CALCULATED DEFLECTIONS
tRILS) -« 9% o658 - 4935 «395 «322

.
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TABLE G.1. (CONTINUED)

HERRP (PEPCEINT ) 13.108
(BASED ON SICD MODAWLT WwaLUIYY

XX seess
esese TYLRATIONS BEGIN ennse
sscce sonne

SYOPPED = NO SIGRIFICAMT JICREAST TN WAXIRUR PERCINY ERROR I® DIFLECYION

TOYAL ITER:TIONS ATYEMPTED I N YHIS RUN AR: 3

(A XAl 222 2 A R 2 2 21 R 22 22 222222222122 %]

10PT1 = C ENFORCED | RIBJLYT OF CACH INODIVIDUAL ITIRAYION I8 WOT PRINTLD eee

erecses SUMMARY OF BEST TTERATION € NDe 3 } ercevss

YOUNGE MODULTEPSI)  103893.9 I8 L. 376328 1995248
MEASPED OIFLECTIONS
tHILS) oB0C o680  4510. o350 o270
CALCULATED DEFLECTIONS
INILS) #8033  WB31  J8GD L3352 279
HCRRP (PERCENT) 1.802

LI 2 R I T R I R R T R e N R g A i d A A2 Al AL a3 22 R 2 2222 2 X2 2221222232222 227

DESIGN SIKGLE AXLE LOAD DATA PLYETENT TENPLRATIRE
LOAD PR TIRE (LBS.)= 45002 TEST  B8.t SDEG W)
TIRE PRISSURE (PSI )= T5.2 DESI&N  70.t (DEE.F)

seweeesesfQUI WALENT LINCAR ANK.TSIS FOR CORRECTION OF YOUNGS MOOULIxsecsowee

seoe GRANLLAR BASE LAY R MODULUS CORRECTED FOR MON LINEAR BIMA VI DUR seer
wese GAANULAR SUB BASE WODJLUS CORRICTED FOR NON LINEAR BEHAY]I OUR eseon
enes SUBGRADE (NATURAL $01.) RODULUS CORRIZTED FOR NOR LIWCAR BENAVIOIM sees

CORRECTLD WALULS OF YIUKES MDDWI {LPSI)
1307 3. 23z, 27133 1589%.

seee TERPECRATURE CORRECTION APPLIED TO ASPIALY CONCRITVE MODULUS esee
ssee THE CORRECTED MODULL (PRI} ARE § ever

198527, 32382, 27133 158%%.

senes PEMRINING LIFL 2 25.9 % eoves
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behavicr, This pavement hase a combined thickness <f 10.75 inches of
asphalric material, 24.0 inches of selected £fill (divided inrc tws layers =f

12 inches), and semi-infinite subgrade,
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APPENDIX B

DESCRIPTIOR QF FTEMP,
FLEXIBLE PAVEMENT TEMPERATURE PREDICTION PROGRAM
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APPEND"X H. DESCRIPTION OF FTEMP

The FTEMP computer program can be used to predict temperatures within an
asphaltic concrete pavement. The program was originally written by Shahin
and McCullough (Ref 68). It is based on the prediction cf temperatures in a
24-hour cycle using climatological data, The same program has been adapted
here tc predict the test temperature of AC surfacing. The thecretical
background and cther details are presented elsewhere (7, 62, 68). crmats
for input data are shown in Fig H.l, which alsc illustrates the needed
infermaticn, The program predicts temperature at the surface, mid-depth, and
bettom. The average of these three computed temperatures 1is printed in
output as the estimated test temperature,

A listing <f the FORTRAN source cof FTEMP is also included in this

appendix,
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NIOT
15 One Card
NTOT = Total number of problems (maximum of 5 problems)
FOR EACH PROBLEM
NPROB One Card
15 5 x 5410
NPROB = Problem number for identification
TITLE(I) = Date and Location (I = 1 to NTOT).
TA TR
F10.3 F10.3 One Card
TA = Average air temperature (°F): (From weather record)
TR = Daily temperature range (°F): (From weather record)
\Y A s AR B AL X
F10.3 F10.3 F10.3 F10.3 F10.3 F10.3 F10.3 One Card
V = Wind speed (mph): (From weather record)
W = Mix density (1b/cu.ft ):
S = Specific heat (BTU/1lg/°F):
AK = Thermal conductivity (BTU/sq. ft./hour/°F/ft ):
B = Absorptivity:
AL = Solar radiation (Langley's/day): (From weather record)
X = Depth (inches): (Equal to thickness of asphaltic concrete laver)

Fig H.1l. Input guide.
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