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CHAPTER 1 - INTRODUCTION
1.1 General

The falling weight deflectometer (FWD) is a commonly used device for evaluating the
structural condition of pavements. Considerable effort has been expended over the years to
interpret FWD deflection basins for determining rehabilitation strategies. This is usually done
through static backcalculation in which layer moduli are determined by matching the peak
deflections measured under a known load with deflections generated through a theoretical

model of the pavement.
1.2 Problem Statement

Over the years, many backcalculation procedures for pavement parameters have been
developed. At present, pavement layer moduli can be backcalculated from FWD data using
static and dynamic methods. Static methods use only the peak values of the FWD response
time histories, while dynamic methods use more of the information contained within the time
histories. Since the FWD imparts a dynamic load, viscoelastic pavement properties and
dynamic effects such as inertia and damping will affect the pavement response. Static
backcalculation neglects these effects and is therefore less accurate than dynamic
backcalculation. Furthermore, dynamic backcalculation uses the richer information contained
within the FWD response time histories and may therefore have the potential to

backcalculate a greater number of parameters than static backcalculation.

The above considerations indicate a need for dynamic backcalculation of the layer moduli.
The purpose of this study is to develop such a tool. Dynamic backcalculation should
characterize pavement materials more accurately, and thus lead to a better prediction of the

pavement response using the mechanistic-empirical method of design.
1.3 Research Objective

The objective of this project is to develop a robust dynamic backcalculation computer
program, whose results are not sensitive to the seed values of layer moduli. In addition, the

algorithm should be able to compute the layer thicknesses and damping ratios accurately.



The resulting program needs to be user-friendly, providing various options to the user to
view and preprocess the load and deflection time histories and deflection basins. This should
provide an advanced backcalculation tool to pavement engineers in the context of a

mechanistic based design methodology.

Upon verifying the robustness of the new dynamic backcalculation program, it will be
possible to incorporate it in the Michigan Flexible Pavement Design System (MFPDS)

computer software.
1.4 Report Layout
This report is organized as follows:

Chapter 2 provides a review of relevant literature on the analysis of asphalt concrete
pavements. Various backcalculation methods of layer moduli and their merits and limitations
are presented. Also some of the difficulties related with the backcalculation process and error

sources are discussed.

Chapter 3 describes the forward analysis program. The response of viscoelastic multi-layered
pavement system due to a FWD loading is presented. The pavement is modeled as a system -
of horizontal layers whose material is assumed to be isotropic and linearly elastic with a
‘hysteretic type damping. The complex response method is introduced, and the steady state as

well as the transient response analyses using frequency-domain analysis are discussed.

Chapter 4 introduces an efficient iterative method for dynamic backcalculation of pavement
layer properties using the relative difference between measured and computed deflections. A
modified Newton method and its application to the backcalculation of pavement layer

properties are presented for both frequency and time-domain backcalculation.
Chapter 5 presents the structure and features of the DYNABACK program.

Chapter 6 presents the validation results of the DYNABACK program using theoretical
deflection time histories. Important aspects of convergence characteristics and uniqueness of
solutions are examined. Sensitivity analyses for the various layer parameters are conducted,

and the effects of imprecision in deflections and duration of deflection records are studied.



Chapter 7 contains the evaluation of the DYNABACK program using measured FWD test

data from pavements across the State of Michigan as well as other sites.

Chapter 8 includes a summary of the findings and some recommendations for future

research.



CHAPTER 2 - LITERATURE REVIEW
2.1  General

Falling Weight Deflectometers (FWD) are widely used to evaluate the structural properties of
flexible pavements nondestructively. Backcalculation of pavement properties from FWD data
is usually carried out by matching the measured deflections under a known load with
theoretical deflections generated by an analytical model of the pavement by varying the
elastic moduli. Such procedures usually use error minimization techniques to minimize either

the absolute or the squared error, with or without weighing factors.

At present, pavement layer moduli can be backcalculated from the FWD deflection basin
using the peak values of the deflection time histories (static backcalculation) or using the
FWD full time history (dynamic backcalculation). However, the deflection basin under a
static load is different from that under dynamic or impulse loads because of viscoelastic
~ pavement properties and dynamic effects such as inertia, damping, and resonance. Dynamic

analysis would therefore provide a more accurate estimation of the pavement modulus.

However, the interpretation of data still remains problematic. This is due to the limitations
associated with the mechanical models incorporated irito the backcalculation procedures and
the uniqueness of inverse solutions. The net effect of these limitations is to increase the
uncertainty associated with the values of the estimated in-situ mechanical properties. Such
uncertainties will contribute to reducing an engineer’s confidence in their ability to properly
evaluate the structural integrity of the pavement and estimate its remaining life. Nevertheless, |
during the past few decades, there was a s1gn1ﬁcant improvement in the area of pavement
modeling and NDT techniques. In the following sections, the development of pavement

models and backcalculation schemes will be reviewed and discussed.

2.2 Static material characterization

2.2.1 Layered elastic model

The simplest way to characterize the behavior of flexible pavements is based on

Boussinesq’s solution that models a flexible pavement as a homogeneous, isotropic, and



elastic half-space. Later, Burmister [10] presented a method for determining stress, stain and
displacement in a two layer system. Based on Burmister’s method, Acum and Fox [1]
presented the solution for a three-layered pavement system. Since then, a large number of
computer programs have been developed for calculating the analytical response of multi-
layered flexible pavements to different load and layer interface conditions, including
CHEVRON [62], BISAR [19], ELSYM5 [31], and KENLAYER [21]. Finite element
analysis is another method that can model a layered elastic system, in which the layered
pavement is divided into many small “elements”. The stress state in each element is
calculated using the theory of elasticity. Programs such as MICH-PAVE [64] and ILLI-
PAVE [43] have been developed using the finite element method. Other approaches, such as
the equivalent thickness method based on the equivalent layer theory were introduced by
Odemark [41] and Ullidiz [60].

2.2.2 - Nonlinear elastic model

It is well known that granular materials and subgrade soils are nonlinear with their elastic
modulus varying with the level of stress. Various constitutive equations have been developed
to describe the behavior of nonlinear elastic materials. Computer programs that can handle
non-linear behavior within the layered elastic theory include KENLAYER [21] and
NELAPAVE [24]. The finite element computer programs MICHPAVE and ILLIPAVE can

model non-linear material behavior more accurately.
2.3 Static backcalculation methods

Most of the commonly used backcalculation programs are generally based on static forward
models. Exiting static backcalculation methods can be separated into three major groups

depending on the techniques used to reach the solution.

The first group is based on iteration techniques, which repeatedly use a forward analysis
method within an iterative process. The layer moduli are repeatedly adjusted until a suitable
match between the calculated and measured deflection basins is obtained. A number of
computer programs, such as BISDEF [11], BOUSDEF [46], CHEVDEF [12], and
COMCOMP [24], have been developed for back-calculation analysis using this method.



The second group is based on searching a database of deflection basins. A forward
calculation scheme is used to generate a database, which is then searched to find a best match
for the observed deflection basin. The program MODULUS [57] is one such example. It
uses deflection databases generated from the forward program BISAR, and a Hook-Jeeves
pattern search algorithm within a three-point Lagrange interpolation technique to

backcalculate a set of layer moduli.

The third group is based on the use of regression equations fitted to a database of deflection
basins generated by a forward calculation scheme. The LOADRATE program [17] belongs
to this category and uses regression equations generated from a database obtained by using

the ILLIPAVE [43] nonlinear finite element program.
A thorough literature review on static backcalculation can be found elsewhere [37].
2.4 Viscoelastic Material Characterization

Viscoelastic material response is comprised of elastic and viscous responses corresponding to
the behavior of a solid and a liquid, respectively. There are two general methods to
characterize viscoelastic materials [21]: (i) by mechanical models, and (ii) by a creep

compliance curve,

2.4.1 Mechanical Models

The behavior of an asphalt concrete material can be modeled using a combination of springs
and dashpots [21]. The most basic models include the Maxwell and Kelvin models. The
Maxwell model consists of a linear spring and a viscous damper in series. The Keivin model
consists of a linear spring and "a viscous damper in parallel. More complex viscoelastic
models include the standard solid model and the Burger’s model. The standard solid model
combines Kelvin and spring models in series, while Burger’s model consists of Kelvin and
Maxwell models in series. Figure 2.1 shows the various mechanical models described above,

with o, E, and A denoting stress, elastic modulus, viscosity, respectively.



The response from the Maxwell model is the least realistic; under constant stress loading
(creep), it consists of an instantaneous strain, which is recoverable, followed by a linearly

increasing strain, which is irrecoverable.
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(a) Maxwell (b) Kelvin (c) Burgers (d) Standard Solid
Figure 2.1 Mechanical Models

The response from the Kelvin model is more realistic than that for the Maxwell model; under
constant stress loading (creep), the strain starts at zero, increases non-linearly (with an
exponential term) approaching a maximum value corresponding to the elastic response. The
Kelvin model is usually used to simulate viscous or hysteretic (material) damping. For

viscous damping, the elastic modulus is replaced by the complex modulus:
E' = E(l+i0f)) 2.1)

in which E is the spring constant, ® is the circular frequency and &4 is the damping ratio
(equal to the ratio of the dashpot constant to the spring constant). Note that in this case, the
real part of the modulus is constant and equal to the elastic modulus while the imaginary part

of the modulus (representing damping) varies linearly with increasing frequency.

For hysteretic damping, the complex modulus is constant with frequency, and can (for small

damping) be written as:

E' = E(+2iéy) 2.2)



The best model (among the four models described above) for describing the response of
asphalt concrete is the Burger’s model. While not perfectly suited for real material behavior,
its strain response under constant stress shows many of the characteristics observed under
creep testing in the laboratory. The expression for the complex modulus in the Burger’s‘
model is complex and can be found elsewhere [5]. It is important to note, however, that both
the real and imaginary parts of the complex modulus are zero at zero frequency and vary
non-linearly with increasing frequency. The Poisson’s ratio is also complex and frequency

dependent in this case.

Note that the SAPSI program [21] allows for the elastic and shear moduli as well as the
Poisson ratio to be complex and frequency dependent, thus allowing for describing the

response according to any viscoelastic model (i.e., Kelvin, Burger’s or any other model).

2.4.2 Creep Compliance Model

The asphalt concrete material may be modeled by using a power law model. Such a model
describes the stress-strain relationship for an asphalt concrete mixture as a creep compliance
function, For the purpose of backcalculation, Magnuson et al [36] used a three-parameter

model:
D(t)=D, +D,t" (2.3)

where, Dy = 1/E; (Elastic response term)
D, = Creep compliance constant (for viscous term)

m = Exponent for nonlinear time dependence

2.5 Dynamic Forward Computation Programs

Most dynamic backcalculation methods use dynamic damped-elastic finite-layer or finite
element models for their forward solutions. The finite layer solutions are based on Kausel’s

formulation [26] which subdivides the medium into discrete layers that have a linear



displacement function in the vertical direction and satisfy the wave equation in the horizontal
direction. The solution is based on the premise that if the sublayer thickness is small relative
to the wavelength of interest, it is possible to linearize the transcendental functions and
reduce them to algebfaic expressions. Examples of programs containing such solutions
include UTFWIBM [45] and UTFWD [13], GREEN [29], and SAPSI [15]. The computer
program SCALPOT [36] models the asphalt concrete layer as a viscoelastic material using a
two-parameter power law model, while the SAPSI program allows the layer material
properties to be complex and frequency-dependent. Al-Khoury et al. [2] developed an
efficient forward solution for the dynamic analysis of flexible pavements using the spectral
element technique for the simulation of wave propagation in layered systems. The method is
able to model each layer as one element without the need for subdivision into several

sublayers.
2.6 Dynamic Backcalculation Methods

Dynamic backcalculation methods are based on either frequency or time domain solutions:
For fhe former procedure, the applied load and measured deflection time histories are
transformed into the frequency domain by using the Fast Fourier Transform (FFT).
Backcalculation of layer parameters is done by matching the calculated steady-state
(complex) deflection basin with the frequency component of the measured sensor deflections
at one or more frequencies. In time domain backcalculation, the measured deflection time
histories are directly compared with the predicted results from the forward program. One of
the advantages of this method is that matching can be achieved for any time interval desired.
Uzan compared both methods and concluded that time domain backcalculation is preferred
over frequency domain backcalculation [58]. A number of computer programs have been
developed for dynamic backcalculation of flexible pavement layer parameters. Each prbgram
employs a particular forward model and a specific backcalculation scheme. A brief overview

of the programs developed so far is mentioned below.

Uzan [59] presented two dynamic linear backcalculation procedures, one in the time domain
and the other in the frequency domain. Both approaches use the program UTFWIBM as the

forward model and Newton’s method as the backcalculation solution.



PAVE-SID [36] is a computer program that uses the SCALPOT program to generate
frequency response curves; a system identification technique is applied for matching
computed frequency data in order to extract pavement properties. SCALPOT computes the
dynamic response of a horizontally layered viscoelastic half-space to a time dependent

surface pressure distribution.

BKGREEN [29] models the pavement as a layered elastic system in terms of dynamic Green
flexibility influence functions using Kausel’s formulation of discrete Green functions for
dynamic loads in linear viscoelastic layered media [26]. Backcalculation is done at multiple
frequencies, and the set of layer moduli is determined using a non-linear least squares
technique. The solution can eXperience some computational difficulties at certain frequencies
due to the numerical complications associated with implementing infinite integration in

computer codes.

Al-Khoury et al. [2, 3, 4] developed an axisymmetric layered solution as a forward model
using the spectral element technique, and used the modified Levenberg-Marquardt and

Powell hybrid methods for solving the resulting system of nonlinear equations.

Losa [35] used the SAPSI program as the forward solution and a nonlinear least squares
optimization technique (Levenberg-Marquardt method) for backcalculating layer parameters
at multiple frequencies. The solution assumes the asphalt concrete and subgrade moduli to be

frequency dependent, while the base modulus is assumed to be constant with frequency.”

FEDPAN [42] is a finite element program that can perform both static and dynamic
backcalculation for three-layer pavement systems using the CHEVDEF backcalculation
algorithm [12]. This program can simulate the effects of pavement inertia and damping in the

dynamic analysis, and material nonlinearity in the static analysis.

Finally, Meier and Rix [38, 39] developed an artificial neural network solution that has been
trained to backcalculate pavement layer moduli for 3-layer flexible pavement systems using
synthetic dynamic deflection basins. The dynamic pavement response was calculated using

an elastodynamic Green function solution based on Kausel’s formulation [26].
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The various dynamic backcalculation programs are summarized in Table 2.1 along with their

inverse method and the corresponding forward analysis program.

Table 2.1 Dynamic backcalculation programs

Program Domain Inverse Method Forward Author, Year
Program

. Nonlinear least- Kang Y. V.
BKGREEN ~ Frequency-domain square optimization GREEN (1998)
No name Freql.lency—dorr}am Newton’s method UTFWIBM UzanJ. (1994)

and time-domain

. System Identification Magnuson
PAVE-SID Frequency-domain (SID) , SCALPOT (1991)
FEDPAN Time-domain Linear least squares SAP IV Ong (1991)
No name Frequency-domain Levenberg-Marquardt SAPSI Losa (2002)

method ‘

No name Frequency-domain Newton’s method LAMDA él(;lo(zh)oury
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CHAPTER 3 - FORWARD PROGRAM

3.1 Introduction

The forward program SAPSI [14] models the pavement structure as a system of layers that
are infinite in the horizontal direction and underlain by an elastic half-space. The materials
are assumed to be isotropic and linearly elastic with hysteretic damping. Full interface
bonding is assumed at the layer interfaces. The mass densities and elastic moduli change with
depth, from layer to layer, but are assumed to be constant within each layer. For the present
application, the top layer represents the asphalt surface which is supported by the base,
subbase and subgrade.

3.2 Analysis Methods

The forward program uses the complex response method, which uses the notation of complex
algebra to express the response of a pavement system to a harmonic excitétion force. The
main assumption of this method is that if the forcing function is expressed in the complex
form then the steady-state fesponse should have the same function of frequency. This method
of dynamic analysis is based on Fourier transformation. To simplify the analysis, a transient
mode of loading can be represented by a series of harmonic loads with different frequencies
and magnitudes using Fourier transformation. Once the responses to steady-state loadings are
obtained in terms of frequency and magnitude, the response to a transient load in the time-

domain can be obtained through the inverse Fourier transform.

3.2.1 Modeling of Viscoelasticity

In viscoelasticity, the behavior of materials is expressed in terms of a ‘bbmpléx rhodulﬁs, E,
which couples the elastic and the viscous part of the response. The modulus and damping
ratio of soils are assumed to be independent of frequency, whereas those of asphalt concrete
(AC) are allowed to vary with frequency. According to this model the complex modulus can

be written as follows:

E’ =E(1—2,B‘2 +2iﬂ1/1—ﬂ2) (3.1)

12



wherei =+/-1, E is Young’s modulus of elasticity, and £ is the hysteretic damping ratio.

For very low damping ( £ <<1), the complex modulus can be expressed as:

E' = E(1+i2p) (3.2)

3.2.2 Steady-State Response

The steady-state solution of a layered system subjected to a harmonic vertical disk load is
adopted from the SAPSI model [15]. For a uniformly distributed vertical pressure q acting

over a circular area with radius a, the load vector in the axisymmetric spatial domain may be

@F{Z}ﬂ]{?}  0sr<a (3.3)

In the wave number domain the load can be expressed as:

A el

where, k is the wave number, r is the radial distance to the center of the load, and Jy and J;

- expressed as:

are Bessel functions of zeroth and first degrees, respectively.

The displacement vector can be expressed as:

fras} = —_ U
{U} {w} J.o rii 0 Jy (kr)} {7}dk 3.5)
The displacements E} and force {:l;}, in the wave number domain are related by

k1T }-= {5} | (3.6)
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where, [K]=[4Jt” +[BJc+[G]-»’[M], and the respective matrices can be found elsewhere
[26].

The closed form expression for the vertical displacement of the surface layer can be obtained

as

N 1 1
w=gay ¢_¢ I, (3.7)
s=l

l
where ¢” denotes the vertical displacement at the surface load in the s™ mode.

% 1
I, = L (kz——kZ)J o) (ka )k

T 1
:EJO(ksr)Hl(z)(ksr)—F for 0<r<a
T 1
=_2_.i__]€:.]l (ksr)H(gz)(ksr)—;;z—(; for rZ‘a

Consider a pavement with m surface deflections. Let the vector { W } represent the calculated
surface deflections due to a harmonic vertical load. For each frequency, o , the steady-state

equation (3.6) of motion can be written as:
& w}= {7} (3.8)

N B T 1 2
where {W}:{VVI W2 ce Wm—l Wm} , and Wj‘“wj+le with Wj and Wj

representing the elastic and viscous response, respectively.
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Although SAPSI had been verified by Chen [15] using simple analytical solutions, it was
decided to compare the SAPSI results with those obtained using another dynamic layered
solution: the computer program GREEN by Kang [29]. The validation was done by
comparing SAPSI results with published deflection data by Kang [29]. A three-layer
pavement system resting over a subgrade is subjected to a 44.5 kN (10,000 Ib) load on a 300
mm diameter plate. The layer prbperties of the pavement section are presented in Table 3.1.
The dynamic deflections at offset distances of 0, 225, 300, 525, 750 and 1350 mm were
calculated using SAPSI and GREEN., Figure 3.1 shows the results for three different
frequencies: 0.25, 8 and 25 Hz. Excellent agreement exists at all frequencies, except for the
farthest sensor at 25 Hz. It is believed that for this particular case, the result from SAPSI is
more reasonable than that from GREEN because there is 1o reason for the far sensor
deflection to be higher than the 6th sensor. Given that the FWD analysis is in the frequency
range from 0 to 30 Hz, it can be concluded that the program SAPSI is suitable as a forward

program.

Table 3.1 Profile used for comparing SAPSI and GREEN solutions

Layer Name Thickness (in) Unit Weight (pcf) Poisson Ratio Damping Ratio Modulus (ksi)

AC 3 140 ‘ 0.35 0.0 300
Base 6 125 0.40 0.0 45
Subbase 12 125 0.40 0.0 21
Subgrade ) 110 0.45 0.0 7.5
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Deflection (mils)

0.0 10.0 20.0 30.0 40.0 50.0 60.0

Distance (in)
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Figure 3.1 Comparisons of dynalnié deflection basins from SAPSI and GREEN
computer programs

3.2.3 Transient Response

For an arbitrary transient excitation such as that corresponding to a FWD test, the time
history of the specified force can be decomposed into different frequency components using

a Fourier transform. Responses corresponding to each frequency are calculated and combined

to obtain the displacement time history.
3.2.3.1 Frequency-domain Solution

The first step of the analysis is to decompose the excitation function p(t) into its different

frequency components P(w) by means of the discrete Fourier Transform, which is evaluated

numerically by using the Fast Fourier Transform (FFT) algorithm. In order to use this
algorithm, the basic load-time history input needs to be specified at N points with a constant

time interval over the duration T. In other words, the load-time history can be expressed as:

P(¢)= pls-Ar) | (3.9)
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where At is the time interval T/N. The load-time history can be expressed as:

N/2
=Re Zp exp iw t) (3.10)

5s=0

where the frequencies are defined as w, =27 /(NAt), and p(a)s) are complex load

amplitudes defined as follows:

1 N-1
plo)=—2 plsr)exp(-ionAl)  for =0 and s
n=0 - 2

1 N~
anz;‘p nAt exp io nAt) for 3:1,2...%_1

The second step is to obtain the transfer function H,(w), which is defined as the response of
the pavement system due to a harmonic excitation with unit amplitude. In this case, the
transfer function is the displacement due to a harmonic unit load applied at the surface of the
pavement system. The third step is to obtain the displacement by multiplying the Fourier

Transform of the force with the transfer function:

Uo,)=H,(,)* plo,) | | (3.11)

which is evaluated for the entire range of frequencies. Finally, the displacement time history
can be obtained using an Inverse Fourier Transform that is evaluated nufnerically. It should
be noted that unlike the continuous Fourier Transform, the Discrete Fourier Transform (FFT
algorithm) assumes that the input function is periodic with a period Tp. When using the FFT
algorithm, the values of the basic parameters involved (e.g. number of sampled points N,
time indrement At and total period T,) have to be selected properly so that a compromise can
be reached between the accuracy of results and the cost of computation. It should be noted
that the transfer function does not need to be computed for all frequencies, as interpolation

techniques can be used effectively to reduce computation time.
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3.2.3.2 Interpolation Scheme

In order to calculate the response time history, SAPSI performs the following steps: (1) The
load time history is transformed to the frequency-domain using the Fast Fourier Transform
(FFT). (2) The unit response functions are computed at several particular frequencies. (3)
The unit response functions at other frequencies are estimated using an interpolation scheme.
(4) The load and unit response functions are multiplied in the frequency-domain to obtain the
response of the pavement in the frequency-domain. (5) The inverse FFT is applied to yield

the pavement response in the time-domain.

The FWD load time history is sampled typically at every 0.1 ms or 0.2 ms. In order to obtain
the time lag between the peak load and computed peak response accurately, a 0.01 ms
sampling interval was used in the analysis, with linear interpolation of the load and measured
deflections. Since the load has practically no contribution from the harmonics with
frequencies above 75 Hz, the steady-state response is computed in the range from 0 to 75 Hz.
To reduce the computational effort of the time-domain backcalculation, responses are
computed at a limited number of frequencies (usually less than 10) and an interpolation

scheme is used to obtain the response at other frequencies.

The interpolafion technique was developed by Tajirian [53] to estimate the response at all
frequencies from the calculated response at a limited number of frequencies. The technique is
based on the frequency response function of a two-degree of freedom system. The response

of each degree of freedom subjected to a harmonic load has the following general form:

4 2
o + +
Ulw)=22 1929 7% (3.12)

4 2
O +c,0 +cs

Where U (a)) is the response at frequency ®, which will be calculated using equation (3.11),

and cl, ¢2, ¢3, ¢4 and c5 are constants. Thus, if the response of the system is known at five

frequencies, the five constants may be obtained by solving the following equation:
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3.2.3.3 Summary of Procedure for Calculating Transient Response

The summary of the transient response computations is as follows:

. The FWD load and deflection data are read, and if necessary, interpolated to obtain

values at every 0.01 ms.

. The time history of the load is filled with zeros beyond the recorded time and
transformed to the frequency-domain using the FFT algorithm.

. The computer program SAPSI is used to compute the unit response functions of the
pavement at several frequencies. Both real and imaginary components of the responses

are obtained.

. The unit response function at 0 Hz is estimated from that at 0.01 Hz, and those at other
frequencies are interpolated from values computed at the several frequencies spanning

from 1.52 to 76.29 Hz.
. The load and unit response vectors are filled with zeros for the frequencies beyond 75 Hz.

. The deflections in the frequency-domain are obtained by multiplying the load and unit

response functions at all frequencies.

. The deflection time histories are computed by using the inverse FFT of the deflection

vector in the frequency-domain.
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3.2.3.4 Dynamic Response of a Pavement System due to an FWD Load

In order to illustrate the typical behavior of the pavement system subjected to a FWD load
and the type of information that can be extracted from its dynamic response, a typical flexible
pavement with bedrock presented in Table 3.2 was analyzed. Figures 3.2 and 3.3 show the
real and imaginary parts of the transfer functions, respectively, for different sensors. It can be
observed that as the frequency increases, the displacement increases until they reach a peak
at the same frequency for all sensors. The low amplitudes of displacement at high
frequencies are the result of inertial effects. The interpolation scheme mentioned previously

is used in this calculation.

Figures 3.4 and 3.5 show the real part and the imaginary part of the Fourier Transform of the
load, respectively. The direct Fourier transform of the displacements is obtained by
multiplying the frequency component of the load by the transfer functions for different
sensors and are shown in Figures 3.6 and 3.7. The displacement time histories of the different

sensors are obtained using an Inverse Fourier Transform, and are shown in Figure 3.8.

Table 3.2 Pavement profile characteristics

Layer Name Thickness (inch) Unit Weight (pcf) Poisson Ratio Damping Ratio  Modulus (ksi)

AC 8 145 0.3 0.05 200
Base 12.13 135 0.35 0.03 24
Subgrade 54.69 120 0.40 0.02 18

Stiff layer ) 145 0.15 0.05 ‘ 500

20



Real Part (mils/lb)

0.003
0.0025

0.002 /\
A\

0.0015 ="k
0.001
0.0005

-0.0005
-0.001

Frequency(Hz)

sensorl = = =~ =gensor2 —E— sensor3 —o— sensor4

A— sensord ©— sensor6 —%— sensor7

Figure 3.2 Real part of the displacement transfer function
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Figure 3.8 Sensor deflection time histories

3.3 Estimating Depth-to-Stiff Layer (DSL) and Subgrade Modulus

3.3.1 Estimating Depth to Stiff Layer (DSL)

To determine the depth to bedrock and the depth to ground water table, one-dimensional
wave propagation theory was used as suggested by Roesset et al [46]. Two equations were

developed: Equation 3.14 for saturated and Equation 3.15 for unsaturated subgrade.

* .
D, = Ki—?gi for saturated subgrade with Bedrock (3.14)
V? * Td :
, =——————  forunsaturated subgrade with Bedrock or Ground Water Table (3.15)
(r —2.24*0p)

where, V, =S - wave velocity of subgrade material
T, =Natural period of free vibration
v =Poisson ratio of subgrade

Equation 3.14 can be used only for bedrock, while Equation 3.15 can be used for both
bedrock and ground water table. Both equations were initially developed by Roesset et al
[46], and modified in this research. The profiles used in the verification analysis are shown in

Tables 3.3 through 3.5. Two different profiles with three different shear wave velocities were
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used for the verification of Equation 3.14 and one profile with three different shear wave
velocities was used for the verification of Equation 3.15. During the verification analysis, the
coefficient for Equation 3.14 (saturated subgrade) was modified because there was a
significant difference between the actual and calculated depth to bedrock using. the
coefficient proposed by Roesset [46].

The results of the verification analyses are shown in Figures 3.9 through 3.18. Deflection-
time histories were calculated using the SAPSI program. The natural period of the profiles
‘and the peak time delay between the 6™ and 7" sensors (r =13 ft and 5 ft, respectively) were
then determined from the deflection time records. Since the shear wave velocity, unit weight
and Poisson’s ratio of the subgrade are known, the depth to stiff layer or the depth to ground
water table can be calculated using the equations. The results indicated that the depth to
bedrock and depth to ground water table could be accurately predicted using these two

equations.

Table 3.3 Profiles used in the analysis of saturated subgrade with bedrock

. Unit . . S-wave  P-wave  Elastic
II:IZ}r';; Eﬁ;ckness Weight lf{zﬁzon g:g:)p me velocity  velocity  Modulus
(pef) (fps) (fps) (ksi)
AC 6 145 0.3 0.05 2217 4150 400
Profile  Base 6 140 0.35 0.03 700 1460 40
1 Subbase 6 130 0.35 0.03 629 1310 30
135 0.495 0.02 500 5020 21.8
Subgrade h* 135 0.495 0.02 600 6000 31.4
135 0.495 0.02 765 5000 50.8
Bedrock o 150 0.2 0.05 . 3590 5860 1000
: . Unit , . S-wave  P-wave Elastic
;Zﬁ; ;I;Ilgckness Weight E(;Ecs)on g:g:)pmg velocity  velocity Modulus
(peh) (fps) (tps) (ksi)
Profile AC 1 145 0.3 0.05 2217 4150 690.4
2
Base 12 125 0.35 0.03 700 1460 67.4
110 0.495 0.02 500 5020 17.8
E3
Subgrade  h 110 0489 0.02 750 5110 39.8
Bedrock 150 0.2 0.05 3590 5860 1000

* Thickness of subgrade layer is varied from 3.5 ft to 31.5 ft
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Table 3.4 Profile used in the analysis of unsaturated subgrade with bedrock

. Unit . . Elastic
Layer Name ;Fig;ckness Weight gzgzon E:gz)p g séﬁi‘i/ti/ (fos) Modulus
(pe (ksi)
AC 6 145 0.3 0.05 2217 400
Base 6 140 0.35 0.03 700 40
Subbase 6 130 0.35 0.03 629 30
110 0.35 0.02 500 16
Subgrade h* 110 0.35 0.02 600 23
110 0.35 0.02 700 31.4
Bedrock o 150 0.2 0.05 3590 1000
* Thicknesses of subgrade layer is varied from 3.5 ft to 31.5 ft
Table 3.5 Profile used in the analysis of unsaturated subgrade with GWT
. Unit . . S-wave P-wave Elastic
11\41?11:1:; ;lgnhl)ckness Weight Ezﬁzon ]li::;:)pmg velocity velocity Modulus
(peh) (fps) (dps) (ksi)
AC 6 145 0.3 0.05 2217 4150 400
Base 6 140 0.35 0.03 700 1460 40
Subbase 6 130 0.35 0.03 629 1310 30
Subgrade h* 110 0.35 0.02 300 - 5.8
135 0.495 0.02 500 5000 21.6
GWT ® 135 0.49 0.02 700 5000 42.6

* Thicknesses of subgrade layer is varied from 3.5 ft to 31.5 ft
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3.3.2 Estimating Subgrade Modulus

The procedure for estimating the depth-to-stiff layer, described in section 3.3.1 requires the
knowledge of the subgrade modulus values. However, in the analysis of field data, subgrade
properties (shear-wave velocity, unit weight and Poisson ratio) are not generally known, and
therefore need to be either measured or assumed. Two different methods were considered for

estimating the elastic modulus of the subgrade:

e Using the shear wave velocity as estimated from the time difference between two

specified sensors (r = 3 ft and 5 ft)
e Using the base damage index (BDI) and shape factor (F2) proposed by Lee et al [33].

In the first method, using the time difference between two specified sensors, the shear-wave
velocity can be calculated, and two other properties (Poisson’s ratio and unit weight) are
assumed with typical values; using these values, the elastic modulus of the subgrade can then

be calculated.

In the second method, BDI and F2 are calculated using Equations 3.16 and 3.17 and then
combined with Equation 3.18, which calculates the surface deflection at a distance r from the
applied load for a single layer system. Finally, the elastic modulus of the subgrade is

calculated using Equation 3.19, assuming a typical value for Poisson’s ratio of the subgrade
Base Damage Index: BDI =6, -6, » (3.16)

51“53

Shape Factor: F2 =
%,

(3.17)

where: 8, = Deflection at a distance of 12 in from the load
6, = Deflection at a distance of 24 in from the load

6, = Deflection at a distance of 36 in from the load
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The results of the analysis showed that the second method was more accurate than the first
method. Therefore, only the second method is used in the new backcalculation program.

Figures 3.19 through 3.26 only show the results of the analysis using the second method.

5 =Mf(r) (3.18)

r E

Sg

where, &, =surface deflection at offset, », from the applied load
P = Applied load
Esg = Subgrade modulus

v = Subgrade Poisson’s ratio

f(r)= 1 , with r being the distance from the applied load
r

_F2.P-v})f()
% 4BDI —6,F?2

(3.19)

3.3.3 Using the Subgrade Modulus and Depth-to-Stiff Layer Estimates in the

Backcalculation Algorithm

In the backcalculation algorithm, the subgrade modulus is first estimated using Equation
3.19. An improved estimate of the depth-to-stiff layer or the depth-to- ground-water-table can
then be obtained using the new value for the subgrade modulus. The total duration of the
deflection should be several times larger than the actual duration of the load to insure that all
free vibrations have attenuated. Although the appropriate value depends on the fundamental
natural period of the system and the amount of damping, a duration of 0.15 to 0.2 second is

generally sufficient to determine the natural period, Td, of the pavement system.
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CHAPTER 4 - INVERSE SOLUTION
4.1 Introduction

Backcalculation of pavement layer parameters is an inverse problem, where some of the layer
parameters are estimated by matching the theoretical prediction to the measured deflections
such that the measured system response (in the form of the deflection basin) is matched by

the theoretical predicfions.

In FWD test interpretation, the input is the impulse load applied to the pavement structure by
the Falling Weight Deflectometer; the output is the deflection time histories at the different
sensors, and the system is the pavément structure. The theoretical formulation for computing
the response of the pavement structure due to the FWD load has been'presented in chapter 3.
The dynamic response of the pavement structure depends on the elastic modulus, damping

ratio, thickness, Poisson’s ratio and mass density of each layer.

Current methods of interpretation of FWD test results use the maximum displacement at each
sensor to define a deflection basin, which is interpreted as having resulted from a statically
applied load. This approach neglects the dynamic nature of the test. When the time histories
of the load and displacements are recorded, the additional information available provides
substantial insight into the properties of the system and can improve the accuracy of the

backcalculation results.

- The number of deflection measurements must exceed (or, theoretically, at least be equal to)
the number of parameters that are to be backcalculated. Most backcalculation schemes allow
for backcalculating 3 to 5 parameters, these being layer moduli. Some schemes allow for
backcalculating the depth to stiff layer; however, none of the available backcalculation

solutions allows for backcalculating both layer moduli and thicknesses.

In this study, two new methods based on dynamic interpretation of deflection time histories
using frequency and time-domain solutions are developed. The methods allow for
theoretically backcalculating the layer moduli, damping ratios and thicknesses for a three to

five- layer system. The backcalculation procedure is based on the modified Newton-Raphson
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method originally adopted in the MICHBACK program [37]. The new program offers two

options: (i) frequency-domain and (ii) time-domain backcalculation.
4.2 Frequency-domain backcalculation

In the frequency-domain solution, the modified Newton-Raphson method is extended to
include complex valued deflection gradients, and the gradient matrix can be expanded to
handle multiple frequencies simultaneously. In addition, methods for estimating the depth to
stiff layer and the seed subgrade modulus, proposed by Roesset [46] and Lee et. Al. [33],
respectively, have been adopted with some modifications and are implemented in the new

program,

4.2.1 Multi-frequency backcalculation

In this option, the AC modulus is frequency-dependent, while the other layer moduli are
assumed to be constant with frequency. The damping of the AC layer is solved by using the

real and imaginary parts of the backcalculated complex moduli, while damping ratios of the

base and subgrade layers are assumed.

The ability of the new solution to analyze complex deflection basins at multiple frequencies
simultaneously allows for increasing the number of parameters that can be backcalculated.
Currently, the computer program uses deflection basins from three frequencies. This enables

the backcalculation of twelve parameters:

e - Modulus of the asphalt concrete lgyer at three frequencies; (3)

e Damping ratio of the asphalt concrete layer at three frequencies; (3)
e  Moduli for the base, subbase and subgrade layers; (3)

o Thicknesses for the AC, base and subbase layers. (3)

For the case of a stiff layer at shallow depth, the base and subbase layers can be combined
into one layer, and the program can calculate the depth-to-stiff layer as a third thickness. In

this option, the user may also choose not to backcalculate layer thicknesses.
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4.2.2 Single-frequency backcalculation with thickness backcalculation

In this option, all parameters are allowed to vary with frequency since they are
backcalculated at different (independent) frequencies. However, given the reduced amount of
information (only one complex deflection basin), only eight parameters can be

backcalculated (the damping ratios of the base and subgrade are assumed):
e  Modulus of the asphalt concrete layer at a given frequency; (1)

e  Damping ratio of the asphalt concrete layer at a given frequency; (1)
e  Moduli for the base, subbase and subgrade layers; (3)

e  Thicknesses for the AC, base and subbase layers. (3)

Similarly to the multi-frequency backcalculation, the base and subbase layers can be
combined into one layer when a stiff layer is suspected to exist at shallow depth, and the
program can calculate the depth-to-stiff layer as a third thickness. Also in this option, the

user may choose not to backcalculate layer thicknesses.

4.2.3  Single-frequency backcalculation without thickness backcalculation

In this option, layer thicknesses are assumed, and the moduli and damping ratios of all layers
are backcalculated at each frequency. This leads to eight backcalculated parameters at each

frequency;

Moduli of the AC, base, subbase and subgrade layers; (4)
Damping ratio of the AC, base, subbase and subgrade layers. (4)
4.3 Time-domain baé:kcalculation

In the time-domain backcalculation, the gradient matrix is expanded by including gradients
of peak deflections and their corresponding times. The details of the inverse solution are

described in section 4.5.
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4.3.1 Time-domain backcalculation without thickness backcalculation

In this option, layer thicknesses are assumed, and the moduli and damping ratios of all layers
are backcalculated since both peak deflections and their corresponding time lags relative to
the load are considered. This leads to backcalculating as many as eight parameters. The first

option is to backcalculate the following:
e Moduli of the AC, base, subbase and subgrade layers; (4)

e Damping ratio of the AC, base, subbase and subgrade layers.(4)

The second option is to backcalculate:
e  Modulus of th§: asphalt concrete layer (1)
e  Damping ratio of the asphalt concrete layer (1)

e Moduli for the base, subbase and subgrade layers.(3)

This option is more realistic when using field data.

4.3.2 Time-domain backcalculation with thickness backcalculation

In this option, all parameters are allowed to vary. Using both peak deflections and time lags
allows for backcalculating as many as eight parameters. The first option is to backcalculate

the following:
e Moduli of AC, base and subgrade layers; (3)
e  Damping ratios of AC, base and subgrade layers; (3)

e Thicknesses of AC and base layers. (2)

The other option backcalculates:

e Modulus of the asphalt concrete layer; (1)

e . Damping ratio of the asphalt concrete layer; (1)

e Moduli for the i)ase, subbase and ‘sub grade layers; (3)

o Thicknesses for the AC, base and subbase layers. (3)
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In all options mentioned above, a least square optimization algorithm is used to mach the

measured and computed deflection
4.4 FWD Data Processing

Modeling the dynamic response of the pavement subjected to an FWD pulse requires
calculating the time history of surface deflections Ui(t) that would be recorded at receivers i
due to a transient uniform disk load P(#) applied to the pavement structure. The full-time
histories of the load and deflection are used in the analysis. Because the FWD load is
transient in nature and not harmonic, the Fourier transform is used to represent the transient
load as a series of harmonic loads with different amplitudes at different frequencies. The

same transformation is done for the deflection time histories.

As a first step the excitation P(#) is decomposed into its different frequency components
P(») by means of a Fourier transform. This is evaluated numerically using the Fast Fourier

Transform (FFT) algorithm. The second step is to obtain the Fourier transform of the

different sensor displacements, U, (o).

It should be noted that unlike the continuous Fourier Transform, the Discrete Fourier
Transform (FFT algorithm) assumes that the input function is periodic with a period Tp.
When using the FFT algorithm, the values of the basic parameters involved (e.g. number of
sampled points, N; time increment, At; and total period, Tp) have to be selected properly so
that a compromise can be reached between the accuracy of results and the cost of
computation, Finally, it should be noted that the transfer function does not need to be
computed for all frequencies, as interpolation techniques can be used effectively to reduce

computation time.

An example load pulse is shown in Figure 4.1. In this example, data are sampled every 0.77
ms and the sampling time is 100 ms. Deflection time histories from all seven sensors are
shown in Figure 4.2. The load and deflection functions in the frequency-domain are shown in
Figure 4.3 and Figure 4.4. Figure 4.5 shows the real and imaginary parts of the transfer

functions due to a unit harmonic load as a function of frequency.
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4.5 Inverse Solution

The objective of any back-calculation solution is to find a set of layer parameters such that
the calculated deflection basin will match the measured one within a specified tolerance. To
accomplish this, it repeatedly adjusts the parameter values until a suitable match is obtained.
The discussion below describes the solution in terms of the modulus being the backcalculated
parameter. The same method can be applied to thickness (in lieu of the modulus); however, it

is not included herein for the sake of brevity.

The dynamic backcalculation solution developed in this research is an extension of the
solution used in the MICHBACK program [37]. It uses the modified Newton method to
obtain a least squares solution of an over determined set of equations. In the MICHBACK
solution, this set of equations are real-valued and correspond to the peak deflection values,
since the backcalculation scheme uses a static solution (CHEVRONX) to predict the
deflection basin. In the frequency-domain solution, the equations are complex-valued and
correspond to the steady-state solution at one or multiple frequencies. In the time-domain
solution, the real-valued equations are expanded to correspond to the peak transient

deflections and their corresponding time lags relative to the peak load.

4.5.1 Frequency-domain Backcalculation

Frequéncy-domain backcalculation uses the harmonic (steady-state) solution in SAPSI to
predict the deflection basin at any given frequency. In this case, the equations become
complex-valued, and they can be expanded to include deflection basins at multiple

frequencies.

Newton’s method consists of approximating the non-linear curve relating the complex

n m —m

deflections {U(m)}={w[ Wy e W W } by a series of straight lines tangent to the

curve at the estimate of the complex modulus £'. The complex deflection is defined as

— N

W, = w; + iw,2 where the real part of the deflection corresponds to the elastic response and the

imaginary part describes the viscous response. The complex modulus is defined
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asE=E +iE’. The slope of the straight line is used to obtain the increment, AE;, which is

all . . - . ~i+1
added to £ to obtain the improved modulus estimate £’ ' .
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Because E is complex, the slope is evaluated for both the real and imaginary parts of the
modulus. A similar approximation is used for the thickness using the increment AH;. The
expression for the slope of the curve relating deflection and thickness is the same as that for
the real part of the modulus. Also, for both moduli and thickness, since the slope is not

known analytically, it is obtained numerically by using the following equations:

_a_wj— _ Wl(El(1+r))—Wl(L7'l)+in(E'l(1+r))—W2(E'l)

OF | g o B

| _ WZ(EZ(Hr))—WZ(”f)_iW'(EZ(Hr))—W‘(”) @D
OF |5 B’ o .
ol _wAGn)-w'a) v (ECs)-v(E)

oH H

H=H. rﬁ I‘H

in which r is sufficiently small. This requires additional deflections to be compufed, arising

from moduli and thickness values of &' © ! and &' " 1, respectively.

For the described system of » identified parameters (I complex moduli and #n-I layer

thicknesses) and m sensors, the slope is represented by the gradient matrix

i ow| ow B
Y o e 42
where
—an aWl Ve aw—‘l— —aw-l awl awl— _Wl Wl e awl |
| 0B,  oE, OE, OE.  OE, s o0H, OH, oH,.,
[Gl ]= : : [G2]= : : [H]= : :
awm awlﬂ awm 6W/71 awm 6Wm awl" a'Vm Ve awl"
| OF, oF, oE, | o, oF, oE, | |eH, oH, oH,_, |
and
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oE" rE; rE,
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aHk ) er ' er

[R] is a diagonal matrix with the & th diagonal element being (1+r) and all other elements

being 1. Thus the partial derivative is estimated numerically by taking the difference in the

Jth deflection arising from the use of a set of moduli and thicknesses. The increments to the

moduli and thicknesses, {AE,AH} can then be obtained by solving the equations:

(W'} +[G 1{AE, AHY = {w) (4.3)

Because equations (4.3) are over determined with m equations and » unknowns, a least

squared solution is used to solve for {AE,AHY} :

The revised moduli and thicknesses are obtained through:
il . :
{E,HYY ={E,HY +{AE,AHY . (@4

The iteration is completed when the changes in layer moduli and thicknesses are smallerthan

a set of specified tolerances:

(4.5)
wherek=1,2, ..., n.

In addition, the computed and measured deflections must match closely, so that the root-

mean-square error in real and imaginary deflections must be smaller than a given tolerance:
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4.5.2 Time-domain Backcalculation

In the FWD response time history, the peak deflection reflects the stiffness of the pavement,
- and the time lag between the peak of the applied FWD load and a sensor deflection reflects
the effects of pavement inertia and damping. Only the peak deﬂectidns from each sensor and
the time lags between the peak load and the peak deflections at each sensor are used in the

backcalculation algorithm.  The vector of  measured responses is
therefore {U} = {wl foeeow, }T, where m is the number of sensors, w, is the peak

deflection at sensor i, and ¢, is the time lag between the peak load and peak deflections.

The unknown properties of pavement layer i are taken to be the real and imaginary parts of

the complex modulus, E,; and £, , respectively, and the thickness H,. The vector of

unknowns becomes {x}= {E,, - E,} {Ey - Ey} {H, - H,}}*, where [ is the total

number of layers in the pavement.

Following the derivation by Harichandran et al.[19], the increment to the unknown

parameters in iteration 7, {Ax};, is obtained by solving the linear set of equations
of oyt =y (47)

where b }i is the vector of peak deflections and time lags computed using the estimates of the

pavement layer properties at iteration 7, and {G} is the gradient matrix at iteration 7 given by

lotetel], (48)
{el= e} ]{r}={x}

where

55



om Oow ow] (ow ow  Ow | [ow Ou  ow ]
Ok, Ok, OFy 0 Ok, OBy OH, 0H, oH,
TS T 2 T T/ a4

[G ]; 6&?,1 6&?,2- . 61::” [G ]1 aE.;“ 6E;22 . 6E.:2, ‘ [G ]i 61.-11 61%[2 . 6['-1,

1l = H . : . h| = . H . . ] = H . . .
Doy Oty Oy Ouy Oy Oy Oty Oy ., Oy
Ok Ok, Oy ok OB, OBy OH, 0H, oH,
Gy G O N . ) Gy Q| Oy
_aEH aElZ aEll_{xH&_}i _5521 aEZZ aEZ/A{x}:{S—}’ _aHl aHZA aHI —{x-&}'

The partial derivatives in the gradient matrix must be evaluated numerically using

oU,
Oxy

_ o, (R )-u, ()
(R r

, j=1,22m k=1,2..3 (4.9)

where U can be the peak deflection or the corresponding time lag and x is the layer parameter
(real or imaginary modulus, or thickness). [R] is a diagonal matrix with the ¥* diagonal
element being (1 + ) and all other elements being 1. A separate call to the forward
calculation program is required to compute the partial derivatives in each column of the

gradient matrix.

Equation (4.7) represents a set of 2m equations in 3/ unknowns. Since there are more

equations than unknowns a least squares solution is used to solve them,

A potentially more robust method for solving the linear least squares problem is to use the
singular value decomposition (SVD). The latter method could be adopted in a future solution
within DYNABACK. |

After the increments {Ax}; are obtained by solving Equation 4.7, the revised moduli and

thicknesses are obtained from:
e =) + {ax (4.10)

The iteration is terminated when the changes in layer moduli and thicknesses are smaller than

a set of specified tolerances:
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4.6 Modifications to the Solution

The MICHBACK backcalculation solution allows for modifying the Newton method
algorithm such that the total number of calls to the forward calculation program can be
reduced [37]. In the modified method several iterations aré performed with a gradient matrix
' before it is revised. Although, the convergence in the modified approach is slower than the
normal method, the n forward calculations required for calculating the gradient matrix during

each iteration can be reduced. This method was adopted in the current algorithm.
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CHAPTER 5 - DYNABACK PROGRAM STRUCTURE AND FEATURES
5.1 General

The DYNABACK program has been written in Fortran 77 computer language and include
several source files. The source files are written using the Microsoft Fortran complier version
4.0. User-friéndly features have been designed to facilitate the use of the program by any
pavement engineers. The program can read the output files of KUAB Falling Weight
Deflectometer (FWD) used by MDOT, and other FWDs such as Dynatest. The program
provides a range of options to the user to view and process the deflection data béfore it is
analyzed. In this chapter, the general structure and the features of the program are described.

The function of each of the program subroutines is briefly introduced in Appendix A.
5.2 Data Input

Deflection data can be entered using the deflection output file format of KUAB used by
MDOT; the file can be read and processed by the program automatically. The-cross-sectional
data, Poisson’s ratios, type of the layers being analyzed, the desired convergence criteria,
expected ranges of the layer parameters, the number of sampled points, the number of points
in the FFT algorithm must be enter using the keyboard. Users are allowed to specify the
layout of deflection sensors using the keyboard input. The default weighting factor (for
matching deflections) allocated to each sensor is 1.0, but can be changed by the user if
desired. The inpuf infoﬁnétibn is stroredrirnr a data file, which can be edited on the interactive

screen at any stage.

When processing the deflection data from a file, comprehensive keyboard input is required
only at the start of the analysis. All the essential information required to operate the program
is stored in easily accessible data files. The various options provided to view, process, and

analyze the deflection data from FWD files are discussed in the next section.
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5.3 Processing a FWD Deflection Data File

The DYNABACK program can read output files containing deflection data generated by the
KUAB software. The system is also flexible for Dynatest sofiware and only minor changes
would be required. The programs provide features that make the pre-processing of the
deflection data easy and efficient. The program allows for plotting the measured data so that
the user may be able to identify and if necessary, remove any outlier indicative of unwanted
sensor measurements. The program also plots the frequency content of the load and
deflections in order for the user to decide on the range of frequéncies to be used in the
analysis. The highlights of the various features in the program are covered in the following

sections.

5.3.1 Re'viewing and Processing the Deflection Data

This feature is useful in checking for any anomalies in the measured load or sensor time
histories. The user can view the peak deflection basin as well as the time lags corresponding
to the peak response for each sensor. Figure 5.1 shows an example of these plots. The
program can also plot the deflection and load time histories simultaneously so that the user
can easily select the duration (length) of the record to be used in the analysis. For exarnple,

according to Figure 5.1, the user may select 100 milliseconds as the duration for the analysis.
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5.3.2 Data Analysi& Options

DYNABACK allows for backealculating layer parameters in either the frequency or time
domain. The features highlighted in the previous section are designed to help the user decide
on whether to use time-domain or frequency-domain solution. For example, if the deflection
time histories are cutoff prematurely so that the free vibration response is not allowed to
decay to zeros, the user may consider using the time-domain solution to avoid the problems
associated with truncation for the frequency-domain solution, Conversely, if the curve of
time lag versus sensor location is very irregular, then the user may want to try the frequency-
domain solution. Furthermore, in the frequency-domain solution, the user can choose the
frequencies at which the backcalculation is to be done: The results for the various frequencies
are averaged by the program automatically. Naturally, the user may want to try both

frequency and time domain solutions and compare the results from both analyses.
5.4 Presentation of Backcalculation Results

The backcalculated results are saved in a file, which can be printed, or can be viewed on the
screen. In single frequency backcalculation , the results can be seen graphically to observe
the variation of the backcalculation parameters with frequency. For cases where the
backcalculated results have reached either the upper or lower bounds, as specified by the
user, a warning message is posted in the output for the user to consider. The program also
provides the measured and simulated deflections for a visual inspection of the match. Typical
results from frequency and time-domain backcalculation are shown in Figures 5.2 and 5.3,

respectively.
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5.5 Program Structure

" The main flow chart of the program is presented in Figure 5.4. the program first reads the
inventory data (layer thicknesses, assumed material properties, sensor configuration, etc.) and
the load and deflection time histories. Seed values for the layer parameters that are to be
backcalculated are also input at this point. The program also allows for the options of
estimating the subgrade modulus and the depth-to-stiff layer (or ground water table). These
values are obtained using the regression equations presented in Chapter 3. Once the input
data are entered, the program allows the user to select the main backcalculation method, i.e., ‘
either frequency- or tirrie-domain analysis. For each method, the user has the option to
backcalculate layer thicknesses or to assume them to be fixed. If the layer thicknesses are
fixed, the program will backcalculate the damping ratios for all layers; if layer thicknesses
are backcalculated the program fixes the damping ratios of the unbound materials (which
generally do not vary significantly) and allows for backcalculating only the damping ratios of
the asphalt concrete layer. Once backcalculation is performed, the results can be viewed
graphically and the results are saved in both summary and detailed formats in separate files
which can be viewed or printed, as desired. The details of frequency- and time-domain

backcalculation procedures are shown in Figures 5.5 and 5.6, respectively.

In frequency-domain backcalculation (Figure 5.5) the load and deflection time histories are
~ first corrected to the frequency domain using the FFT algorithm. The user selects the
frequencies at which backcalculation is to be performed, and the program then calculates the
steady-state (harmonic) response at these prescribed frequencies. For each frequency, the
program computes the gradient matrix according to the option chosen by the user (e.g., the
matrix will be different depending on whether layer thicknesses are backcalculated or not).
The program then revises the real moduli (Cases A and B), imaginary moduli of specified
layers (all layers for Case A; AC layer only for Case B) and thickness (Case B). Then the
program calculates the real and imaginary deflections as well as the corresponding RMS
errors. The procedure is repeated until the convergence criteria are met or the maximum
number of iterations is reached. Once the analysis is completed, the results can be plotted and

- printed in either a summary or detailed format.
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In time-domain backcalculation (Figure 5.6) the program first determines the peak
deflections and corresponding time lags from the measured sensor records. The user can view
the frequency contents of the measured load and deflection, and select the frequencies at
which the steady-state response is to be calculated for determining the transient response (to
save on computational time, the forward solution allows for calculating the response at a
limited number of frequencies and interpolating the response at the remaining frequencies).
The program then calculated the transient deflections and determines the peak values and the
correspohding time lags from the calculated responses. Next, the program computes the
gradient matrix according to the option chosen by the user (either with or without thickness
backcalculation). The program then revises the real moduli for all layers (Cases C and D),
imaginary moduli of the specified laYers (Case C) and layer thicknesses (Case D), and
calculates the transient deflections as well as the corresponding peak values and time lags, -
together with their respective RMS errors. The procedure is repeated until the convergence
criteria are met or the maximum number of iterations is reached. Once the analysis is

completed, the results can be plotted and printed in either a summary or detailed format.
5.6 Backcalculation of .Layer Properties

For each method of analysis (i.e., frequency- and time-domain backcalculation) the

backcalculation tasks performed by the program can be divided in to two major groups:

1. Backcalculation of all layer moduli and damping ratios without thickness backcalculation

(Cases A and C for frequency- and time-domain method, respectively)

2. Backcalculation of all layer moduli, AC damping ratio and layer thicknesses (Cases B

and D for frequency- and time-domain methods, respectively)

5.6.1 CasesAand C
For these cases, layer thicknesses are fixed and the program backcalculates the moduli and
damping ratios of all layers. The user may choose to use the estimated depth-to-stiff layer if

the program detects the presence of a stiff layer from the free vibration response. in that case,

the program will use the estimated depth-to-stiff layer.
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5.6.2 CasesBandD

For these cases, in addition to layer moduli, the layer thicknesses (including the depth-to-stiff
layer) are allowed to be backcalculated. The program also allows for backcalculating the AC

damping ratio; however the damping ratios of the remaining layer are fixed.
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Figure 5.4 Main Flow chart for DYNABACK
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Figure 5.5 Details of frequency-domain backcalculation procedure (Cases A & B)
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Figure 5.6 Details of time-domain backcalculation procedure (Cases C & D)
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CHAPTER 6 - THEORETICAL VERIFICATION

6.1 Introduction

In this chapter, the theoretical aspects of the backcalculation program are validated using
theoretical deflection basins genergted by SAPSI. Numerical examples have been included to
highlight various aépects of the program using both frequency and time-domain
backcalculations, including the ability to backcalculate layer moduli and damping, layer
thicknesses, the depth-to-stiff layer, as well as the possibility of backcalculating thesé
- parameters for profiles with different stiffness and thickness characteristics with a larger
number of layers. In addition, the effects of deflection measurement accuracy and signal
truncation in time on backcalculation results are investigated. Finally, convergence
characteristics and the uniqueness of backcalculation results are investigated. Sensitivity

analysis of the backcalculated results to the various layer parameters is conducted.
6.2 Theoretical Frequency-Domain Backcalculation using Steady-State Response

The usefulness and robustness of the new backcalculation solution was verified through a
large number of backcalculation examples with theoretical deflection basins. It should be
noted that this option is not currently available in the latest version of DYNABACK because
of implementation problems with field data. The effects of layer thickness (i.e., thin/thick
layers), layer stiffness (stiff/soft layer combinations), and multiple frequencies (low, medium,
and ‘high frequency combinations) were investigated. For each pavement section, layer
thicknesses and properties were input into SAPSI and the theoretical complex deflections at
lateral distances of 0, 8, 12, 18, 24, 36, and 60 inches from the center of the loaded area were
generated. The load magnitude was 10,000 Ib, and a circular contact area was used with a

radius of 5.91 inches.

6.2.1 Effect of Modulus, Thickness and Frequency Combinations

The purpose of this exercise is to insure that the backcalculation algorithm works for a
variety of profiles and frequency combinations. Nine different profiles and twenty-seven

frequency combinations were used, for a total of 243 runs. The list of frequency
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combinations is presented in Table 6.1. The profiles used and the backcalculation results are
shown in Table 6.2. The errors in backcalculated results are summarized in Figure 6.1
through Figure 6.9. The results indicate excellent agreement between backcalculated and

actual parameters for more than 90 percent of the cases.

Table 6.1 List of frequency combinations

gf;‘;fgggon Low Medium High gf;‘;f;‘;’gon Low Medium High
1 0.63 634 1585 | 15 253 10.14 2536
2 063 634 2029 |16 253 1395 1585
3 0.63 634 2536 | 17 253 1395 2029
4 0.63 10.14 1585 | 18 253 1395 2536
5 0.63 10.14 2029 |19 38 634 15.85
6 0.63 10.14 2536 | 20 38 634 20.29
7 0.63 1395 1585 |21 38 634 25.36
8 0.63 1395 2029 {22 38 1014 1585
9 0.63 1395 2536 |23 38 1004 2029
10 253 6.34 1585 |24 38 1014 2536
1 253 6.34 2029 |25 38 1395 1585
12 253 6.34 2536 | 26 38 1395 2029
13 253 10.14 1585 |27 38 1395 2536
14 253 1004 2029

71



Table 6.2 Profiles used

Profile No.  Layer Thickness (in)  Damping Ratio  Modulus (ksi)
AC 3 0.08 250
1 Base 12 0.03 30
Subbase 12 0.03 15
Subgrade 0 0.02 10
AC 3 0.08 250
2 Base 6 0.03 30
Subbase 24 0.03 15
Subgrade 0 0.02 5
AC 6 0.08 500
3 Base 6 0.03 30
Subbase 24 0.03 15
Subgrade 0 0.02 S5
AC 6 0.08 500
4 Base 6 0.03 50
Subbase 12 0.03 15
Subgrade 0 0.02 10
AC 6 0.08 500
5 Base . 12 0.03 30
Subbase 12 0.03 15
Subgrade 0 0.02 5
AC 6 0.08 500
6 Base 12 0.03- 30
Subbase 12 0.03 15
Subgrade 0 0.02 10
AC 6 0.08 500
7 " Base 12 0.03 30
Subbase 12 0.03 15
Subgrade 0 0.02 15
AC 9 0.08 750
2 Base 6 0.03 30
Subbase 12 0.03 15
Subgrade 0 0.02 . 5
AC 9 0.08 1000
9 Base 6 0.03 30
Subbase 12 0.03 15
Subgrade o 0.02 5
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6.2.2 Effect of Sub-Layering on Backcalculation Results

SAPSI uses the finite layer method to calculate pavement response. It models the pavement
system using the finite element methbd with each layer representing an element of finite
- thickness -in the vertical direction and infinite extent in the horizontal direction. Each
pavement layer must be subdivided into several sublayers to insure accuracy of the results.
Therefore its accuracy depends on the sublayer thicknesses. The effect of the fineness in the
sub-layering was investigated by running the backcalculation program using coarse and fine

sublayers. Table 6.3 and

Table 6.4 show the coarse and fine layered profiles, respectively. The analysis was performed

on profile 5, with the frequency combination of 3.8, 6.3, and 25.4 Hz.

Table 6.5 shows the results from the coarse and fine layers, respectively. It can be seen that
the relative error is high when the coarse layers are used. Using the finer layers improved the

solution significantly.
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Table 6.3 Profile with coarse sub-layering

Pavement Layer Sublayer Number Thickness (in)
1 0.25
2 0.25
3 0.5
AC 4 1.0
5 2.0
6 2.0
7 4.0
Base 2 3.0
Subbase 9 12.0
Subgrade 10 12.0

Table 6.4 Profile with fine sub-layering

Pavement Layer Sublayer Number Thickness (in)
1 0.25
2 0.25
3 0312
4 0.391
5 0.488
AC 6 0.610
7 0.763
8 0.789
9 0.954
10 1.19
11 1.49
12 1.86
Base 13 2.33
14 291
15 3.41
16 4,26
Subbase 7 774
Subgrade 18 12.0

Table 6.5 Backcalculation results using coarse sub-layering

Backcalculated Parameters

II:IZ}I,Z; B(;[:i?ulus E;;%p ng ’(Fﬁ;ckness Coarse Sublayering Fine Sublayering
Modulus Damping Thickness | Modulus Damping Thickness
(psi) Ratio (in) (psi) Ratio (in)
AC(1) 500000 0.08 6 500261  0.08 500023  0.08
AC(2) 500000 0.08 6 500246  0.08 6.00 500045  0.08 6.00
AC(3) 500000 0.08 6 500316  0.08 500036  0.08
Base 30000 0.03 12 29983 -— 13.92 29994 - 12.04
Subbase | 15000 0.02 12 15125 - 10.03 14980 —— 11.93
Subgrade | 5000 0.02 ) 4999 _—- - 5001 - -
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6.2.3 Dynamic Backcalculation of Additional Layers

The program has been expanded to backcalculate the complex moduli and thicknesses for
pavement systems with up to six layers and four frequencies. For 5- and 6-layer systems, the
backcalculation has to be done at four frequencies. The results for 5-layer and 6-layer
systems are shown in Table 6.6 and Table 6.7, respectively. The results indicate that the

program is able to backcalculate layer parameters of pavements with up to six layers.

Table 6.6 Theoretical backcalculation of a five-layer pavement system

Backcalculated Parameters

Layer Modulus Damping Thickness
Name (psi) Ratio (in) Modulus Damping Thickness
: (psi) Ratio (in)
CAC( 500000 0.05 6 500000 0.05 6
AC(2) 500000 0.05 6 500000 - 0.05 6
AC(3) 500000 0.05 6 500000 0.05 6
AC®4) 500000 0.05 6 500000 0.05 6
Base 1 25000 0.03 10 25000 - 10
Base 2 20000 0.03 10 20000 - 9.999
Subbase 1 17000 12 17000 12.001
Subgrade 15000 0.02 15000 o o

Table 6.7 Theoretical backcalculation of a six-layer pavement system

Backcalculated Parameters

Layer Modulus Damping Thickness

Name (psi) Ratio (in) Modulus Damping Thickness
(psi) Ratio (in)

AC(1) 500000 0.05 500000 0.05

AC(2) 500000 0.05 - 500000 0.05

AC(3) 500000 0.05 .6 - 500000 0.05 4 6

AC4) 500000 0.05" 500000 0.05 '

Base 1 25000 0.03 10 25000 - 10

Base 2 20000 0.03 10 20000 - 10

Subbase 1 17000 12 : 17000 12.037

Subbase 2 16000 0.03 12 16000 - 11.963

Subgrade 15000 0.02 : 15000 - ---

6.2.4 Backcalculation of the Depth-to-Stiff Layer (DSL)

In a layered pavement system, the stiff layer can be incorporated by assigning a high
modulus to the bottom layer. However, the depth to this layer may or may not be known.
Previous work by Roesset [46] presented a set of regression equations to estimate the depth-

to-stiff' layer for different conditions (saturated subgrade, unsaturated subgrade, etc.).
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However, the estimation of depth-to-stiff layer based solely on regression equations can give
rise to significant errors in the backcalculated moduli. Therefore, it is necessary to develop an
iterative process to improve the estimation. The iterative process for estimating the depth-to-
stiff layer in the new program is similar to that of backcalculating the laYer thickness. Also,
when the modulus of the bedrock is greater than 500,000 psi, it becomes very difficult for the
backcalculation routiﬁe to identify the modulus. This difficulty arises because the deflection
basin is not sensitive to the modulus of the stiff layer beyond this value. Consequently, for
the case of a pavement profile with stiff layer, the stiff layer modulus is fixed at 1,000,000
psi. An example illustrating the ability of the backcalculation program to backcalculate the
depth-to-stiff layer using the main routine for modulus and thickness backcalculation is
presented herein. Table 6.8 through Table 6.10 show the results of backcalculation with three
different DSL values (10, 20 and 30 ft). The asphalt properties were assumed as frequency
independent, as shown in the table. The results show that the program backcalculates the

DSL very accurately. Note that these results are based on the steady-state solution in SAPSI.

Table 6.8 Comparison of theoretical and backcalculated layer parameters — DSL=10 ft
Backcalculated Results

Modulus Damping Thickness

Layer Name (psi) Ratio (in) Modulus Damping Thickness

: (psi) Ratio (in)
AC(3.8 Hz) 500000 0.05 6 , 500001 0.05 6
AC(7.6 Hz) 500000 0.05. 6 500001 0.05 6
AC(12.0Hz) 500000 0.05 6 ’ 500001 0.05 6
Base 35000 0.03 10 35000 R 10
Subgrade 15000 0.02 120 15000 --- 120
Bedrock 100000 0.05 o0 --- e —

Table 6.9 Comparison of theoretical and backcalculated layer parameters — DSL=20 ft

Backcalculated Results

L N Modulus Damping Thickness .
ayerName (s Ratio (in) Modulus Damping Thickness

, : (psi) Ratio (in)
AC(3.8 Hz) 500000 0.05 6 500007 0.05 6
AC(7.6 Hz) 500000 0.05 6 500007 0.05 6
AC(12.0Hz) 500000 0.05 6 500007 0.05 6
Base 35000 0.03 10 35000 - 10
Subgrade 15000 0.02 240 15000 - 240

Bedrock 100000 0.05 e --- —— _
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Table 6.10 Comparison of theoretical and backcalculated layer parameters — DSL=30 ft

Backcalculated Results
L N Modulus Damping Thickness : :
ayerName o) Ratio (in) Modulus Damping Thickness

(psi) Ratio (in)
AC(3.8 Hz) 500000 0.05 6 500000 0.05 6
AC(7.6 Hz) 500000 0.05 6 500000 0.05 6
AC(12.0Hz) 500000 0.05 6 500000 0.05 6
Base 35000 0.03 10 35000 --- 10
Subgrade 15000 0.02 360 15000 e 360
Bedrock 100000 0.05 © --- e e

6.3 Theoretical Frequency-Domain Backcalculation using Transient Response

The preceding sections dealt with backcalculation results using steady-state (harmonic)
deflection basins at different frequencies. In this section, transient deflection time histories
were generated artiﬁcially using ‘SAPSI. The backcalculation program converts these time
histories into the frequency-domain, then backcalculates the layer parameters at different
frequencies. The results presented herein are based on backcalculation at either a single
frequency or multiple frequencies. However, note that the backcalculation at multiple

frequencies is not implemented in the software.

6.3.1 Comparison of Single and Multiple Frequency Backcalculation Results

The results using single and muitiple frequency backcalculation are shown in Figure 6.10
through Figure 6.15 for the AC modulus, damping ratio and thickness, base modulus and

thickness, and subgrade modulus, respectively.

Examination of the results indicates that both single frequency and multiple frequency
backcalculation algorithms produce very good results, including backcalculation of layer
thicknesses. One exception is when the base thickness is backcalculated using the
combination of frequencies (19.5, 22 and 24.4 Hz). This implies that single frequency
backcalculation can produce similar results to those from multiple frequency backcalculation

when the number of pavement layers is limited to three.
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6.3.2 Backcalculation of Damping Ratio for Unbound Layers

In this section, the program capability to backcalculate the damping ratios of the unbound
pavement layers (in addition to the AC layer) is investigated. Figure 6.16 through Figure 6.21
show backcalculated results for the modulus and damping ratio of the AC, base and subgrade
layers, respectively, using single frequency backcalculation with known layer thicknesses.

The backcalculated values show very good agreement with the actual values.
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6.3.3 Uniqueness of Backcalculated Results

Many backcalculation programs suffer from the disadvantage that the backcalculated results
are highly dependent on the seed modulus values provided by the user. The farther the guess
is from the true values, the highef are the chances of converging to a wrong solution. The
convergence of Newton’s method is, in general, problem dependent. However, -
backcalculation of layer properties from FWD deflection data appears to be a well behaved
problem [37]. For static backcalculation of flexible pavements, the results obtained using
Newton’s méthod seem to be independent of the sfarting value [37]. In the following
subsections, the sensitivity of the backcalculated results obtained by the frequency-domain
solution to the seed values is investigated. The effect of layer thickness and moduli as well as
the number of pavement layers on the uniqueness of backcalculation results are also

considered.
6.3.3.1 Profiles with Different AC Layer Moduli

The uniqueness of backcalculation results are considered for pavement profiles with different
AC layer moduli. The properties of the three layer flexible pavements used in the analysis are -
listed in Table 6.11. The seed moduli values are listed in Table 6.12. The results are shown in
Figure 6.22 through Figure 6.24. The Figures show that the results are generally good for all
three cases, although they tend to be slightly better at lower frequencies. Also, the results
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from the frequency-domain solution are not affected by the seed moduli. The only difference

is in the number of iterations required to meet the given convergence criteria.

Table 6.11 Profiles used for verifying uniqueness of soiution (varying layer moduli)

Layer Tow Actuaiwl\;lg;ilzﬂzls (si) High Thi.ckness )
Name (inch)

El E2 El E2 El E2 '
AC 300 30 500 50 800 80
Base 45 270 |75 4.5 45 2.7 8
Subgrade 75 030 |15 0.6 7.5 03 ©

Table 6.12 Seed modulus values used for verifying uniqueness of solution with three-layer
pavement system

Case number AC base Subgrade
E1(ksi) E2(ksi) E1(ksi) E2(ksi) El(ksi) E2(ksi)

Case 1 1000 100 1000 100 1000 100

Case 2 1 0.1 1 0.06 1 0.04

87



320000

310000
@
%
£ 300000 N =1
3 TS AL
Q "
=
290000
280000
0 5 10 s 20 25 30 35
Frequency (Hz)
8- Actual -&— Seed casel —o— Seed case?
(2) AC
80000 _—
60000
) A
z <3 H 3]
% 40000
2
3
20000
0
0 5 10 15 20 25 30 35
Frequency (Hz)
& Actual -2 Seed casel —o—Seed case2
(b) Base
10000
9500
9000
~ 8500
& 8000
2 7500 : 58 5 3
= T bt
g 7000 L
4
2 6500
6000
5500
5000
0 5 10 15 20 25 '30 35
Frequency (Hz)

& Actual & Seed casel —o— Seed case2

| (c) Subgrade

Figure 6.22 Effect of seed moduli on backcalculation results - low AC modulus

88



600000
550000
&
£
[}
2 500000 = 7
g i
=
450000
400000
0 5 10 15 20 25 30 35
Frequency (Hz)
-8~ Actual —— Seed casel —o—Seed case2
(a) AC
100000
90000
I
£
7
< 80000 - - [t L |
3 8 "e‘“—-_-ﬁ—_———i
= 9 3|
70000
60000
0 5 10 15 20 25 30 35
Frequency (Hz)
B~ Actual —&- Seed casel —o—Seed case2
(b) Base
10000
9000
£ 000
[z}
= SEE P 2
g 7000 F=tad]
E \\\\\
6000
5000 g
0 5 10 15 20 25 30 35
Frequency (Hz)

8- Actual —&- Seed casel —o— Seed case2

(c) Subgrade

Figure 6.23 Effect of seed moduli on backcalculation results - medium AC modulus

89



1000000

E 900000
3
3
= 800000 B & L. L =
700000
0 5 10 15 20 25 30 35
Frequency (Hz)
-8 Actual —&— Seed casel —o—Seed case2
(a) AC
80000
70000
fé
z
:: 60000
=
50000 = P T ] ]
[ I PN o =R
é"“—_%’ = = ’J
40000 } l
0 5 10 15 20 25 30 35
Frequency (Hz)
-8 Actual -2~ Seed casel —¢— Seedcase2
(b) Base
10000 -
9500
9000
- 8500
2 8000 +
w
< 7500 ___g\\ =l =) =
§ 7000 RS
6500 P
6000 == 8
5500
5000 -
0 5 10 15 20 25 30 35
Frequency (Hz)

-8~ Actual —&— Seed casel —— Seed case2

(c) Subgrade
Figure 6.24 Effect of seed moduli on backcalculation results — high AC modulus

90



6.3.3.2 Profiles with Different AC Layer Thicknesses

The uniqueness of the solution was investigated for pavement profiles with different AC

layer thicknesses. The properties of the three layer flexible pavements used in the analysis

are listed in Table 6.13. The same seed moduli values that were listed in Table 6.12 above

were used. The results are shown in Figure 6.25 through Figure 6.27. The Figures show that

the results are generally good for all three cases, although they tend to be slightly better at the

lower frequencies. Again, the results from the frequency-domain solution are not affected by

the seed moduli. The only difference is in the number of iterations required to meet the given

convergence criteria.

Table 6.13 Profiles used for verifying uniqueness of solution (varying AC layer thickness)

Layer name Modulus (ksi) Thickness (in)

El E2 Thin Medium Thick
AC 600 30 5 9 14
Base 45 2.7 8
Subgrade 7.5 03 o0
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6.3.3.3 Four-Layer Pavement Profile

A four layer pavement system was analyzed, for the cases of medium stiff and stiff AC
moduli. The properties of the four layer flexible pavements used in the analysis are listed in
Table 6.14. The seed moduli values are listed in Table 6.15. The results are shown in Figure
6.28 and Figure 6.29. The Figures show that, for both cases, the results are generally good
and are not affected by seed moduli at frequencies below 25 Hz. The solution diverges at

higher frequencies.

1‘

Table 6.14 Four-layer profile used for verifying uniqueness of solution

Modulus (ksi)
Layername |  Medium-high High g?)"k“ess
El E2 El E2
AC 500 50 800 80 9
Base 45 2.7 75 4.5 8
Subbase 15 0.9 25 1.5 8
Subgrade 7.5 0.3 15 0.6 o)

Table 6.15 Seed modulus values for verifying uniqueness of solution with four-layer
pavement system

Case number AC Base Subbase Subgrade
E1(ksi) E2(ksi) El(ksi) E2(ksi) E1(ksi) E2(ksi) E1(ksi) E2(ksi)

Case 1 1000 100 1000 100 1000 100 1000 100

Case 2 1 0.1 1 0.06 1 0.06 1 0.04
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6.3.4 Convergence Characteristics

Newton’s method is, in general, a rapidly converging and accurate optimization technique.
The convergence characteristics have been tested in this section usihg the deflection data
generated by SAPSI The results for a three layer pavement with thin and medium-thick AC
layer (see Table 6.13 for the profiles) are shown in Figure 6.30 through Figure 6.32,and
Figure 6.33 through Figure 6.35, respectively. The results show that the solution converged
within 10 iterations irrespective of the seed values. For the progile with medium-thick AC
layer, the solution converges after 12 iterations. These results indicate that the frequency-
domain solution has very good convergence characteristics when using synthetic data,
suggesting the theoretical algorithm for backcalculation in the frequency-domain is

satisfactory.
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6.3.5 Effect of Poisson’s Ratio on Backcalculated Layer Parameters

Several studies were conducted to assess the effect of Poisson’s ratios of the various layers
on calculated deflections. Using static analysis Pichmani [44] concluded that only Poisson’s

ratio of the roadbed soil has some appreciable effect on the surface deflections. Variations in
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the Poisson’s ratios of the other layers were found to have little effect on the surface
deflections. This and other similar findings have led to a general consensus that since
Poisson’s ratios of the pavement layers have little influence on the surface deflections, their
effect on the backcalculated layer moduli may be neglected. No study appears to have
investigated the direct effect Qf Poisson’s ratios on the dynamic backcalculation layer

moduli. In this study, this issue was investigated and results are presented in this section.

First an attempt was made to backcalculate the modulus, thickness, and Poisson’s ratio of the
AC layer for a simple profile. The profile with a 9 inch AC layer in Table 6.13 was used for
this example. The results shown in Figure 6.36 indicate that the Poisson’s ratio of the AC

layer cannot be backcalculated since it reaches either the upper or the lower boundary.
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Figure 6.36 Backcalculated Poisson’s ratio at various frequencies

In light of these results, it was decided to look at the effect of Poisson’s ratio on the
backcalculated results. The deflection basins used in the previous sections were generated by
using constant Poisson’s ratios of 0.35, 0.40 and 0.45 for the AC, base and the roadbed soil,
respectively. To assess the effect of Poisson’s ratio on the backcalculated layer moduli, the
| {/alue of Poisson’s ratio was varied by 0.05 from the true value for one layer at a time. The
results of this analysis vfor the same 9 inch AC pavement are shown in Figure 6.37 through
Figure 6.39. The results indicate that for frequencies below 20 Hz, the effects of variations in
Poisson’s ratios on the backcalculated moduli are negligible, with the error being within 2%,
5% and 6% for the AC, base and subgrade modulus, respectively. The error is higher at
higher frequencies, reaching 4%, 20% and 27% for the AC, base and subgrade modulus,

respectively, at 44 Hz. Based on these results, it appears that it would be prudent to limit
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v

backcalculation to frequencies lower than about 20 Hz in order to minimize the errors caused

by the variation in Poisson’s ratio.
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6.3.6 Simulation of Measurement Errors

To investigate the possible reasons for the erratic behavior of the backcalculated layer
parameters with frequency observed using measured FWD data from the field, synthetic
deflection time histories were generated using SAPSI with different precision levels and

durations.

One source of error is the precision of the deflection measurements. The precision of the
sensor readings in Dynatest and KUAB FWD machines is about + 0.1 and + 1 micrometer,
respectively. It is generally believed that since the deflections at the outer sensors are
comparatively smaller, imprecision at these sensors have a large contribution towards the
overall error especially for the lower layer. In this section, the effects of irhprecision in
deflections at different sensor locations on the backcalculated layer parameters are examined.

For simplicity the maximum error of +:1 micrometer is used.

Another source of error for frequency-domain analysis is the truncation in the duration of the
load and deflection time histories. Note that the fluctuation of the backcalculated parameters
along frequency is basically due to the trﬁncated FWD sensor records. The Fourier spectrum
of the truncated signal is not the same as the original signal, leading to a different deflection
basin at a given frequency, and hence resulting in poor backcalculation results. Takiﬁg an
average value across the frequency-domain, while technically incorrect, may. lead to more
reasonable estimates of the backcalculated parameters. To investigate the effect of signal
truncation, dynamic backcalculation was conducted using both truncated (60 ms) and longer
(200 ms) load and deflection time histories. An alternative solution to this problem is to

perform the time-domain backcalculation.

The combination of these two sources of error can lead to very large errors in sensor
deflections, as shown in Figure 6.40. Such errors will inevitably lead to erroneous

backcalculat_ion results.
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Figure 6.40 Effect of deflection imprecision and signal truncation on deflection basin errors

.6.3.6.1 Effect of Deflection Imprecision on Backcalculated Results

The effect of deflection imprecision on backcalculation results was investigated for two
cases: (i) when moduli and layer thicknesses are backcalculated, and (ii) when layer moduli

and damping ratios are backcalculated. The pavement structure used in this analysis is shown
in Table 6.16.
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Table 6.16 Pavement structure used to study the effects of deflection imprecision on
backcalculated results

Thickness . . . Unit Weight . )
Layer Name (inch) Modulus (ksi) Damping Ratio (pch) Poisson Ratio
400 to 700 0.135 t0 0.02
AC 8 (from 5to25Hz) (from 5 to 25 Hz) 145 ' 0.3
Base 12.13 204 0.03 135 0.35
Subgrade 54.69 15 0.02 125 04
Stiff layer © 100 0.05 145 0.15

Case (I) — Backcalculation of Layer Moduli and Thicknesses

In this éase, layer moduli and thicknesses were backcalculated while the damping ratios of
the unbound layers were assumed. Figure 6.41 through Figure 6.47 show the backcalculated
parameters using surface deflections with full precision and + 1 micron precision. The error
in backcalculated layer thicknesses varies with the layer type and the frequency at which the
backcalculation was performed. The maximum error in the backcalculated AC thickness was
2.5%, which is very reasonable. For the base layer, the errofs in thickness varied from 7.5%
to 16%, which is relatively large. For the subgrade depth (or depth-to-stiff layer,) the
maximum error was 5.5%. Therefore, it appears that base thickness is the most affected by
deflection imprecision. In terms of modulus backcalculation (for the case when layer
thicknesses are also backcalculated,) the error in AC modulus (and damping ratio) was
negligible. For the base modulus, the error is within 5% except for one case (15 Hz) where

the error is 20%. For the subgrade modulus, the maximum error was close to 7%.
Case (II) — Backcalculation of Layer Moduli and Damping Ratios

In this case, layer thicknesses are assumed while the moduli and damping ratios of all layers
are backcalculated. Figure 6.48 through Figure 6.53 show the backcalculated parameters
using surface deflections with full precision and £ 1 micron precision. The errors in
backcalculated layer moduli (Figure 6.48 through Figure 6.50) are significantly lower than
when layer thicknesses were backcalculated, with the error being within 1% for the AC and
subgrade layers, and the maximum error being short of 4% for the base layer. The errors in
backcalculated damping ratios (Figure 6.51 through Figure 6.53) are insignificant except for
one case (15 Hz) where the backcalculated base damping ratio was 2.3% as compared to the

actual value of 3%.
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6.3.6.2 Effect of Signal Truncation on Backcalculated Results

The effect of signal truncation on backcalculation results was investigated for two cases: (i)
deflections matched within £1 micron and (ii) deflections matched with full precision. The
program was not able to backcalculate layer thicknesses when the deflection records were
truncated, so only the resulté without thickness backcalculation are shown. The pavement

structure used in this analysis is shown in Table 6.17.

Table 6.17 Pavement structure used to study the effects of signal truncation on
backcalculated results

Layer Name ’(l;lli(;]l;ness Modulus (ksi) Damping Ratio }}I)Icl:lt; Weight Poisson Ratio
AC 8 210 0.30 : 145 0.3

Base 12.13 18 0.15 135 0.35
Subgrade 54.69 24.1 0.06 125 0.4

Stiff layer © 100 0.07 145 0.15

Case (I) — Backcalculation with =1 Micron Precision

Figure 6.54 through Figure 6.61 show the backcalculated parameters using 200 ms and 60 ms
(truncated) records. The results clearly show that there are errors associated with the
truncation of the load and deflection time histories. Using the longer (200 ms) records,

DYNABACK was able to backcalculate layer moduli and damping ratios correctly.
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However, when the truncated (60 ms) records were used, backcalculated parameters showed
an erratic behavior with frequency. Basically, the frequency content of the motion is
modified when the response is truncated before it fully decays. This will result in deflection
basins that are different enough to change the backcalculation results. Figure 6.62 shows
examples of deflection basins using the truncated and full time histories, while Table 6.18
shows the corresponding RMS values at different frequencies. The table shows that these
values can be very high at certain frequencies. The lowest RMS values occur at the
frequencies where the response is maximal. For the real part of the deflection basin, this
occurs at 0 Hz; while for the imaginary part of the deflection basin, it occurs at about 10 Hz
for this profile. This suggests that if the truncation problem cannot be avoided in FWD
measurements, deflection matching should be done at these frequencies, for the real and

imaginary parts separately.

The error in the AC modulus varies from -8% to + 17% (Figure 6.54). For the base layer, the
error varies from -10% to +12% (Figure 6.55), and for the subgrade layer, the error varies
from -4% to +22% (Figure 6.56). The error for the stiff layer modulus varies from -19% to +
32% (Figure 6.57). More importantly, the erratic behavior with frequency that was observed
in the backcalculated parameters from field FWD records is similar to that shown in the
above figures (see Chapter 7). Therefore,it can be safely stated that this erratic behavior is

indeed caused by the truncation in time.

The percent errors in backcalculated damping ratios are larger than those for moduli. The
error in the AC damping ratio varies from -50% to + 30% (Figure 6.58). For the base layer,
the error varies from -47% to +73% (Figure 6.59), and for the subgrade layer, the error varies
from -48% to +60% (Figure 6.60). The error for the stiff layer modulus varies from -71% to
+ 128% (Figure 6.61).

Case (II) — Backcalculation with Full Precision

Figure 6.63 through Figure 6.70 show the backcalculated parameters using 200 ms and 60 ms
(truncated) records with full precision deflection matching. Comparison of these results with
those from case (i) shows practically no difference. This means that the errors caused by

truncation outweigh those that may be caused by sensor deflection imprecision.
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Table 6.18 RMS values for deflection basins corresponding to truncated versus untruncated
sensor signals

RMS(%)
Frequency (Hz) Real Part : Imag. Part
0 3% N/A
488 34% 18%
9.77 . 28% 3%
14.65 N/A 11%
19.53 12% 10%
2441 9% 51%
293 9% 297%
34.18 56% 12%
39.06 46% , 7%
43.95 751% 39%
48.83 40%, 204%
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Figure 6.63 Effect of signal truncation on AC modulus backcalculation (thicknesses
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6.3.7 Comparison of Dynamic and Static Backcalculation Results

Although dynamic backcalculation of layer moduli from deflection time histories should be
more realistic in identifying pavement moduli, deflection data collected from the FWD have
mostly been analyzed by using the static layered analysis methods. In this section, the
backcalculation results from static and dynamic backcalculation are compared. Time
histories of surface deflections were generated using SAPSI. The peak load and deflection
values were input in the MICHBACK program for static backcalculation. The pavement
profiles used are those described above (see Table 6.11 and Table 6.13), ‘The results are
shown in Table 6.19 and Table 6.20 for three-layer and four-layer pavement systems,
respectively. The results indicate large differences in the static and dynamic backcalculated
results. For the three-layer pavement system, MICHBACK overestimates the AC modulus by
4 to 29% and the subgrade modulus by 24% to 89%. The percent error for the base modulus :
varies from -42% to +33%. For the four-layer pavement system, the results from
MICHBACK are not reliable, especially for the base and subbase layer moduli, where the
base modulus is underestimated by a factor of 4 to 6, and the subbase modulus is
overestimated by a factor of 2 to 9. It should be noted, however, that the forward soiution in
MICHBACK is the CHEVRONX static layered elastic program, which may produce very
different results from those from SAPSI.

Table 6.19 Comparison of static and dynamic backcalculation results for three-layer
pavement systems

DYNABACK : MICHBACK

Case AC Base  Subgrade AC Base Subgrade

(si)  (ks) (ks (ksi) (ksi) (ksi)
Soft AC modulus 300 45 7.5 342.8 59.7 10.6
Medium-stiff AC modulus 500 75 15 ' 519.3 85.3 18.6
Stiff AC modulus 800 45 7.5 1034.9 35.2 11.8
Thin AC layer 600 45 7.5 563.9 59.4 9.6
Medium-thick AC layer 600 45 7.5 747.3 48.4 11.4
Thick AC layer 600 45 7.5 747.3 26.1 14.2

Table 6.20 Comparison of static and dynamic backcalculation results for four-layer pavement

systems
DYNABACK ' MICHBACK
Case AC Base Subbase Subgrade AC Base Subbase Subgrade
(ksi)  (ksi) (ksi) (ksi) (ksi) (ksi) (ksi) (ksi)
Med-stiff AC modulus 500 45 115 7.5 375.0 7.5 100.0 9.9

Stiff AC modulus 800 75 25 15 613.8 16.6 54.1 11.3
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6.4 Time-domain Backcalculation

As mentioned above, FWD response time histories are often truncated in time and do not
tend to zero at the end of the time window due to drifts in the measurement system. These
" inaccuracies can yield significant errors when transforming the measured data to the
frequency-domain, and subsequently difficulties are encountered in the backcalculation.
Time-domain backcalculation is more attractive than frequency-domain backcalculation

because the inaccurate regions of the FWD response time histories can be ignored.

In order to minimize computational effort, only two pieces of information from the deflection
time histories at each sensor are used: (a) the peak deflection, and (b) the time delay between

the peak of the load and the peak of the deflection.

6.4.1 Sensitivity Analysis

The peak deflections are influenced by the layer stiffnesses and the time lags are influenced
by the pavement inertia and damping characteristics. The profile used for this study is shown
in Table 6.21. In order to investigate the relationship between the response characteristics
(déﬂéctions and time lag) and layer properties (moduli, }damping and thickness), a sensitivity
analysis was conducted. The layer moduli of a four-layer flexible pavement section of
medium AC thickness were varied and their effects on the calculated surface deflections and
time lags were studied by plotting them against the layer moduli, damping ratio, and
thickness (see Figure 6.71 through Figure 6.81). Six time histories were computed at the
locationsr =0, 12, 24, 36, 48 and 60 inches from the load. |

Table 6.21 Profiles used for the sensitivity analysis

Layer Thickness (in) Damping Ratio  Modulus (ksi)
AC 8 0.05 400

Base 12 0.03 40

Subgrade 55 0.02 30

Bedrock o0 0.02 400
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Figure 6.81 Effect of subgrade damping on pavement deflection and time lag

The following observations can be made:

1. For the AC layer, thickness has greater effect on deflection and time lag than modulus,
and damping ratio. As thickness increased, the deflection decreased, however, the time lag -
may or may not increase for different sensors. As modulus increased, thev deflection
decreased, and the time lag may or may not increase for différent sensors. As the damping

ratio increased, the deflection increased.

2. For the base and subbase layers, the results are similar to those for the AC layer.
Thickness has greater effect on deflection and time lag than modulus and damping ratio.
Increasing the thickness or modulus resulted in decrease of the deflection, and the time lag
either increased or decreased depending on the sensor. Increasing damping ratio resulted in

an increase of the deflections as well as the time lags.
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3. For subgrade layer, as modulus increased, the deflection and the time lag decreased. As

damping ratio increased, the deflection and the time lag increased.

6.4.2 Theoretical Verification

Synthetic FWD data were generated for several pavement structures consisting of asphalt,
base and subgrade layers using the SAPSI computer program. The pavement profiles are
given in Table 6.22. The computed vertical displacement time histories obtained from the
SAPSI program were used as input for the backcalculation. Seven time histories were

computed at the locations r = 0, 8, 12, 18, 24, 36, and 60 inches from the load.

Table 6.22 Pavement profiles for synthetic data

Profile Layer Name Thickness _ Modulus Damping Unit Weight Poisson’s Ratio
: (in.) ~ (ksi) Ratio (pch)
AC 7.2 250 .10 145 0.3
Profile 1 Base 10 30 .03 135 0.35
Subgrade 0 10 .02 125 : 0.45
AC 4 250 .10 145 0.35
Profile 2 Base 36 20 .03 135 0.35
Subgrade © 10 .03 125 0.4
AC 8 400 075 145 0.35
Profile 3 Base - 12 30 .02 135 0.35
‘ Subgrade o0 5 .05 125 0.45
AC 12 600 .05 145 0.35
Profile 4 Subgrade 60 10 .03 135 0.4
Stiff layer o) 500 .01 125 0.2
AC 12 500 .05 145 0.35
Profile § Base ‘ 30 10 .03 135 04
g "~ Sat, subgrade ‘ 44.1 .01 125 0.48

Two types of dynamic backcalculation were performed: (a) Estimation of the layer moduli
and damping ratios using the correct thicknesses, and (b) estimation of the 1ayer moduli,
damping ratios and thicknesses. Static backcalculation using MICHBACK (10) was also per-
formed using the peak deflections from the synthetic time histories of Profile 1. Table 6.23
shows the static and dynamic backcalculation results for Profile 1. The percentage errors for
each back-calculated parameter are shown within parentheses. Using dynamic analysis, the
backcalculated layer moduli and damping ratios are essentially exact if the thicknesses are
assumed to be known. Errors occur if the thicknesses are also backcalculated, but the impact

of these errors is small. For the latter case,‘the errors in the backcalculated moduli and
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thicknesses are within 2%. The errors in the backcalculated damping ratios are as high as
33%, but the impact of this on the time histories is negligible since the damping ratios are
small to begin with. Also, since the damping ratios are not used at present in pavement

rehabilitation decisions, these errors are not significant in practice.

A sensitivity analysis (not shown here for brevity) revealed that peak deflections and time
lags were least sensitive to damping ratios. Deflections were more sensitive to modulus than

to thickness, and time lags were mostly sensitive to AC thickness and subgrade moduli.

Table 6.23 Comparison of dynamic and static backcalculation results using synthetic data for

profile 1
. Sead Dynamic Backcalculation Static
rue ee Known Layer Unkown Layer .
Value  Value . Thicknesses Thicknesses ?&igﬁg;}é%ﬂ
Case (a) Case (b)
- AC modulus (ksi) 250 - 450—- - 250.0-  (0%) -250.8- (03%) 207.7 (-16.9%)

AC damping ratio 0.1 0.3 0.099 (0%) 0.10 (0.0%) —*
AC thickness (in.) 7.2 12 —_ 7.23 04%) —
Base modulus (ksi) 30 70 29.99 (0%) 29.43 (-1.9%) 39.50 (31.7%)
Base damping ratio 0.03 0.1 0.03 (0%) 0.02 (-33%) —
Base thickness (in.) 10 15 — 10,10 (-1.1%) —
Subgrade modulus 10 70 10.0 (0%) 10.0 (0%) 10.15 (1.5%)
(ksi)
Subgr. damping ratio  0.02 0.1 0.02 (0%) 0.022 (10.0%) —

* Results are not applicable

The static backcalculation (from MICHBACK) underestimates the AC modulus by 16.9%
and compensates for this by overestimating the base modulus by 31.7%. These errors are
partly due to the fact that the forward analysis routine in MICHBACK is the CHEVRONX
pro-gram, which produces slightly different results than those from SAPSIL |

Table 6.24 shows dynamically backcalculated pavement layer parameters for profiles 2
through 5, when layer thicknesses are known. The percentage errors for each backcalculated
pa-rameter are shown within parentheses. The Backcalculated layer moduli and damping
ratios are essentially exact for three of the four profiles. For profile 4, where there is a stiff |
layer with a modulus of 500 ksi, there are large errors in the backcalculated damping ratios as
well as in the modulus of the stiff layer. The errors are not of practical significance, though,

since damping ra-tios are very small and the stiff layer modulus is high. More importantly,
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the errors in backcalcu-lated AC, base and subgrade moduli are within 2%. The RMS errors

for all cases are very low, and the convergence rate was good except for profile 4.

Table 6.24 Dynamic backcalculation results (known thickness) using synthetic data for

profiles 2 through 5
Profile 2 Profile 3 Profile 4 Profile 5
True Results True Results True Results True Results
values values values : values .
AC
250 399 608 500
Erlics);d)ulus 250 0.0%) 400 O (02%) 600 (1.4%) 500 (0.0%)
AC

. 0.10 0.07 0.03 0.05
S;rir(l)pmg 0.1 (0.0%) 0.075 (-6.7%) 0.05 (-40%) 0.05 (0.0%)
Base \

20.0 30.0 9.8 10.0
?lxccs)gulus 20 (0.0%) 30 (0.0%) 10 (-2%) 10 (0.0%)
Base

, ‘ 0.03 0.02 0.05 0.03
(r:la'iltrir(l)pmg 0.03 (0.0%) | 0.02 (0.0%) 0.03 (67%) 0.03 (0.0%)
Subgrade

10.0 - 5.0 661.7 44,0
gics)gulus 10 (0.0%) 5 (0.0%) 500 (32%) 44.1 (-0.2%)
Subgrade :

. 0.03 0.05 0.04 0.01
dar_nplng 0.03 (0.0%) 0.05 (0.0%) 0.01 (300%) 0.01 (0.0%)
ratio
emtions lo i 30 1

RMS 0.02% 0.17% 0.8% 0.09%

Table 6.25 shows dynamically backcalculated pavement layer parameters for profiles 2.
through 5, when layer thicknesses are unknown. The backcalculated layer moduli, damping
ra-tios and thicknesses are essentially exact for profiles 2 and 3. However, large errors occur
for profiles 4 and 5. The highest errors observed are for profile 4, which has a stiff layer
condition with unknown modulus value. Note that if this value is given, then the solution
converges with very accurate results. For profile 5, which has a saturated subgrade
(simulating a ground water table condition), the results are not as good as those for profiles 2
and 3, but much better than those for pfoﬁle 5. This is because while a ground water table
does present a stiff layer condi-tion, the stiff layer modulus is not nearly as high as that of
profile 5. Finally, as expected, the RMS errors are somewhat higher when layer thicknesses

are backcalculated; however, all cases except for profile 4 converged.

130



Table 6.25 Dynamic backcalculation results (unknown thickness) using synthetic data for

profiles 2 through 5
Profile 2 Profile 3 Profile 4 Profile 5
True Results True Results True Results True Results
values values values values
TAC
243 400 568 501
?ggulus 250 gy 400 0o 6 5% 500 03%
AC 01 0.072 0.01 0.06
damping O 0oy 007 (4 09 s0%) 00 (20%)
AC 4.0 . 30 12 2.8 0 12.0
Thickness (0.0%) : (0.0%) (6.7%) | (0.0%)
Base
20.0 30.0 6.0 10.7
zrll(zgulus 20 (0.0%) 30 (0.0%) 10 (-40%) 10 (1%)
Base 0.03 0.02 0.11 0.01
damping  0'0° oo %02 ©0o0% 003 266%) 093 (-66%)
Base 35.9 12.0 42.4 32,0
Thickness -0 03%) 12 00% 0 (-29%) 30 (6%)
Subgrade
10.0 5.0 2015 44.0
‘(1;(‘;3“1“5 0 0o S 00w % L N A Y1)
Subgrade 0.03 0.05 0.10 0.02
damping 0% ©00% %0 o 00 ©o0%) %01 (100%)
No.of g 19 30 13
iterations-
RMS 0.77% 0.02% 1.9% 0.79%

 6.4.3 Uniqueness

Synthetic FWD data were generated for a pavement structure consisting of asphalt, base and

subgrade layers using SAPSL The profile 1 provided in Table 6.22 was used. The computed

vertical displacement time histories obtained from SAPSI were used as input for the

backcalculation process. Seven time histories were computed at the locations r = 0, 8, 12, 18,

24, 36, and 60 inches from the load. Table 6.26 and Table 6.27 summarize the results with

and without thickness backcalculation using different seed values. The results show that the

backcalculated moduli and thicknesses are independent of seed values, proving the uniquness

of the solution. For damping, the differences covered by varying the seed values are higher,

although they are not of practical significance since the damping ratios vary between 1% and

3# and their effect in the response is negligible.
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Table 6.26 Uniqueness of results without thickness backcalculation

Case 1l Case 2 Case 3
Seed value Results Seed value Results | Seed value Results

' 250.0 2472 248.0
AC modulus | 450 (0%) 80 (-1.12%) 350 (-0.8%)
AC 0.099 0101 ‘ 0.099
damping | %3 (-1.0%) 0.01 (1.0%) 0.2 (-0.1%)
Base 29.99 29.97 30,05
modulus 70 0.03%) |10 (-0.1%) 20 (0.17%)
Base ' 0.030 0.028 0.031
damping | *'! (0.0%) 0.01 (6.67%) 0.01 (3.33%)
Subgrade 70 : 10.00 4 9.97 20 9.97
modulus (0.0%) (-0.3%) (-0.3%)
Subgrade 0,020 , 0.020 0.019
damping | *1 (0.0%) 0.01 (0.0%) 0.01 (5.0%)

Table 6.27 Uniqueness of results when thickness backcalculation is enabled

Case 1 ' Case 2 Case 3

Seed value Results Seed value Results Seed value Results
: 250.5 250.4 250.2
AC modulus | 450 (0.2%) 80 (0.2%) 350‘ (0.1%)
AC 0.11 0.15 0.11 -
damping | 3 (10%) 0.01 (50%) 0.2 (10%)
AC 12 723 . 7.34 Ts0 72
Thickness (0.4%) (1.9%) ’ (0.0%)
Base . 29.66 28.9 300 .
modutis | 0 (1.1%) 10 (-3.7%) 20 (00%)
Base 0.02 0.01 0.02
damping | ! (3339%) | %01 667%) |20 (-33.3%)
Base 15 9.82 5 ) 10.0 70 9.9
Thickness (~-1.8%) (0.0%) ' (1.0%)
Subgrade 70 10.00 4 10.0 20 10.0
modulus (0%) (0.0%) " (0.0%)
Subgrade 0.027 0.01 0.017
damping | O (35%) 0.01 (50%) 0.01 (-15.0%)

6.4.4 Convergence Characteristics

The convergence characteristics were studied using synthetic data. Figure 6.82 through
Figure 6.87 show convergence plots for layer moduli, damping ratios and thicknesses with
and without thickness backcalculation when using different seed values. When the layer
thicknesses are fixed, the solution converges within 10 iterations. When including thickness
backcalculation, the solution converges within 10 to 20 iterations. These results show

excellent convergence characteristics even when layer thicknesses are backcalculated, with
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the convergence rate being slightly faster for the cases when layer thicknesses are not

backcalculated.
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6.5 Summary

In this chapter, time histories of FWD surface deflections generated theoretically were used
to verify the capabilities of the newly developed dynamic backcalculation program. In
general, it was found that the frequency response-based backcalculation method can lead to
large errors in deflection basins if the FWD records are truncated before the motions fully

decay in time. The errors due to sensor imprecision were found to be less significant.

Based on the analysis, the following conclusions were drawn for frequency-domain

backecalculation:

The backcalculation results are all in excellent agreement with the true values. Both the
average root mean square error (RMS) on the calculated and actual deflection basins, and the
relative errors on layer moduli and thicknesses are practically zero, indicating that the

program has the ability of backcalculate the moduli and thicknesses accurately.

Theoretical backcalculation shows that among the modulus, damping ratio, thickness and
Poisson’s ratio, the modulus is the easiest to backcalculate followed by damping ratio,

thickness and Poisson’s ratio.

Theoretical backcalculation shows that the frequency backcalculation program gives
satisfactory convergence of layer moduli and thicknesses when using untruncated deflection
time histories. However backcalculation results at higher frequencies are less accurate than

those obtained at low frequencies.

Although Poisson’s ratio of the AC layer is frequency-dependent, assuming a constant value
for it will not affect the results significantly because the backcalculated results are not

sensitive to reasonable variations in this parameter.
The following conclusions were drawn for time-domain backcalculation:

Backcalculation based on synthetic time histories generated by SAPSI shows excellent

stability and accuracy.
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The time-domain approach can match selected features of the measured time histories
directly, and ignore the inaccurate measurement regions in time. Therefore, from this point of

view, the time-domain backcalculation is better than the frequency-domain backcalculation.

Numerical examples illustrate that the method is able to backcalculate layer moduli and
thicknesses accurately from synthetically generated FWD data for a three layer pavement
system. Backcalculation of layer damping ratios are less accurate, but the influence of this

error on the pavement response is insignificant.
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CHAPTER 7 - FIELD VALIDATION OF DYNABACK

7.1 General

Measured deflection time history data from several FWD tests conducted in Michigan and
elsewhere were analyzed to evaluate the applicability of the DYNABACK to interpret field
tests. The analyses include the comparison of backcalculated layer moduli and damping
ratios with MICHBACK results for various pavement sections and load levels. The
backcalculation was done in both frequency and time-domains, where the time-domain
backcalculation included backcalculation of thickness and modulus. The data were obtained
from tests involving KUAB and Dynatest FWDs. Most pavemenf sections were analyzed as

four-layer systems with some sections involving a stiff layer at shallow depth.
7.2 Backcalculation of Layer Parameters for Selected Pavement Sections

The selected pavement test sections include sites in Texas, Cornell University, Florence
(Italy), Michigan and Kansas'(LTPP study). The data were analyzed using DYNABACK and
MICHBACK. For the frequency-domain solution, the results shown in this chapter are from
single frequency backcalculation with the average values at the different frequencies
reported. For the Texas site, different load levels were considered. The following describes

the various test sites analyzed and the results of the backcalculation analyses.

7.2.1 Michigan Sites

The selection of the pavement test sections was accomplished in consultation with technical
advisory group from the Michigan Department of Transportation (MDOT). The main
criterion used in the selection is that the pavement sections be representative of Athe spectrum
of pavement cross-sections, paving materials used in the state of Michigan and that the cross-

section information be available.

‘While dynamic FWD test data were available for three different projects; only the US131
project had complete coring data available. Therefore, only the results for this project are

presented and discussed herein.
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Layer thicknesses were obtained by coring, which was done at several locations. The cores
were obtained by using a power auger equipped with a 6-inch coring bit. FWD tests were
conducted at several locations along the road. |

L
The data were sampled every 0.1 ms. and sampling time was 100 ms. The sensor spacings

are shown in Table 7.1.

Table 7.1 Sensor layout (distances are in inches) — Michigan data

Dl D2 D3 D4 D5 D6 D7

0 8 12 18 24 36 60

A significant feature in the FWD records is the truncation of the pulses at the end of the 100
ms sample times. Ideally, the pulses should die out or go to zero at the end of the sample
period. Instead, the deflection pulses usually cross the time axis and become negative before
they are truncated. An effort was made to get longer deflection records; however, it appears
that the accuracy of the sensor measurements after unloading is not acceptable, as the free
vibrations show unrealistic trends in time. Figure 7.1 shows an example of an “acceptable”
time history from the KUAB FWD system, and Figure 7.2 shows the filtered time history.

Tables 7.15 and 7.16 show the pavement profiles for two control sections along US131
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Figure 7.1 Time history from KUAB FWD
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Figure 7.2 Filtered time history from KUAB FWD

Table 7.2 Profile used for US131 site (section 50699)

Core Number AC Thickness (in)  Base Thickness (in) Subbase Thickness (in)

15 7.2 6 46.8
20 7.2 4.8 48
30 7.2 4.8 42

Table 7.3 Profile used for US131 site (section 67015)

Core Number AC Thickness (in)  Base Thickness (in) Subbase Thickness {in)

13 6 9.6 44.4

7.2.1.1 Comparison of Dynamic and Static Backcalculation for Four-layer System

Table 7.4 summarizes the backcalculation results when the profiles are characterized by a 4-
layer system and layer thicknesses are known. The backcalculated moduli are generally high
for all stations; however the time-domain backcalculation results seem to give unreasonable
results. Note that the backcalculated damping ratios for both dynamic solutions are not
reasonable. The static and dynamic backcalculation solutions give similar values for the AC,

subbase and subgrade moduli, but different values for the base layer modulus.
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Table 7.4 Comparison of frequency and time-domain backcalculation results with those from
MICHBACK —US131 site

Test

Frequency-domain

Time-domain

Static

Site Layer Dynamic . Dynamic Backcalculation Backcalculation
Backcalculation
Modulus Dammping Modulus Damping Modulus
(ksi) (ksi) (ksi)
AC 1953 0.08 2231 .04 2257
Base 272 0.12 42 .16 99
15 . Subbase 34 0.18 32 .26 36
Subgrade 39 0.07 60 .05 38
AC 1146 0.01 981 .08 1065
Base 150 012 = 42 .05 75
20 Subbase 46 0.15 31 28 43
Subgrade 18 0.15 27 .02 28
AC 697 0.13 838 12 834
_ Base 228 0.02 57 A1 89
30 Subbase 27 0.16 27 31 27
Subgrade 39 0.08 48 .01 45
AC 1334 0.13 1444 0.14 1443
13 Base 60 0.11 18 0.21 22
Subbase 53 0.12 69 0.08 63
Subgrade 29 0.18 28 0.02 32

Figure 7.3 through Figure 7.6 show the measured and predicted deflection basins at low,

intermediate and high frequencies for the different sites. The comparisons are fair to poor,

with the measured deflection basins showing irregular patterns for some test sensors and at

certain frequencies.

Figure 7.7 through Figure 7.10 show the measured and predicted peak deflections and time

lags. The agreement is fair for peak deflections and poor for time lags, with the measured

time lag curves showing irregular patterné. These irregularities could be caused by errors in

sensor locations and/or synchronization problems in the time readings from different sensors.
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7.2.1.2 Dynamic Time-domain Backcalculation for Three-layer System

In this analysis, the base and subbase layers were combined, and the pro gram was allowed to
backcalculate layer thicknesses. Table 7.5 show the backcalculation results from time-
domain analysis. The error in the backcalculated AC thickness varies from -17% to 39%. For
the cofnbined base and subbase layers, the errors in the backcalculated thickness are very
large, with the value reaching the boundary in 3 out of 4 cases. The effect of thickness
backcalculation on layer moduli is more pronounced for the AC layer, and the backcalculated

damping ratios are erratic.

Table 7.5 Backcalculation results from time-domain analysis — US131 site

. Without thickness With Thickness Backcalculation
Test Site Layer .
Backcalculation
i\ﬁ;c)iulus Damping i\ﬁ;)ic)iulus Damping Thickness (in.)
AC 2350 0.05 1473 0.01 6.7
15 Base 42 0.27 74 0.30 25.0
Subgrade 37 0.01 41 0.05 ---
AC - 1038 0.07 1424 0.01 43
20 Base 43 0.24 73 0.30 20.5
Subgrade 28 0.01 27 0.12 —
AC 905 0.08 958 0.03 6.3
30 Base 31 0.30 61 - 0.37 10.0
Subgrade 47 0.01 36 0.13 -—-
AC 726 0.03 742 0.33 10.0
13 Base 47 0.18 40 0.07 35.8
Subgrade 31 0.01 31 0.12 -
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Figure 7.11 through Figure 7.18 show the surface deflection and time lag in different sites.
The figures show fair to poor agreement between measured and predicted response, with the
measured time lags showing irregular patterns. These irregularities could be caused by errors

in sensor locations and/or synchronization problems in the time readings from different

SCnsors.
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Figure 7.11 Comparison of measured and calculated peak deflections and time lags
for US131 (50699-15) with thickness backcalculation
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7.2.2 Texas Site

This site is located in Texas near Jacksboro on State Highway 281. The pavement section
was tested using a Dynatest FWD. The data for this site were provided by the Transportation
Research Board (TRB) A2B05 committee. Surface deflections for various load levels (6000,
9000, 12000 and 16000 pounds) were measured and vertical displacements were recorded
simultaneously with a Multi-Depth Deflectometer (MDD) at three depths (3.7, 12.4 and 23.4
in). The pavement’s surface deflections were recorded at six points, 12 inches apart, starting
at the center of the FWD load plate. The applied loads and deflections were recorded at 0.2
ms interval for 60 ms. The MDDs have anchors deep in the subgrade or bedrock, and the
movement of these anchors dﬁring typical FWD-MDD tests has been recorded. The bedrock
depth is approximately 6.2 ft below the surface. Figure 7.19 shows the test setup and
pavement profile. The pavement is made up of an 8 in. asphalt concrete surface and a 12 in.

flexible base layer on top of the subgrade.
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Figure 7.19 Pavement profile and test setup for Texas site

Figure 7.20 shows the peak deflections versus peak load, normalized to the lowest load level
values for the six sensors. The curves show higher than 1:1 ratios, indicating that the
pavement system exhibits some nonlinear behavior. The nonlinearity is lowest for the first

sensor, and generally increases for the farther sensors.
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Figure 7.21 through Figure 7.24 show the time histories of the FWD load and measured

sensor deflections for the four different load levels.
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Figure 7.21 FWD load and deflection time histories (load level 1 — 6000 Ib) — Texas site
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Figure 7.23 FWD load and deflection time histories (load level 3 — 12000 1b) — Texas site
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Figure 7.24 FWD load and deflection time histories (load level 4 — 15000 1b) — Texas site

The fluctuations in the free vibration response confirm the presence of a stiff layer at shallow
depth, which traps the energy from the FWD load within the pavement system, thus causing
the propagating waves to reflect back and forth. The fact that the response of the first and
second sensors exhibit less vibrations, with the first sensor deflection remaining positive
even after the load reaches zero indicétes high damping in the pavement system. This can be
attributed to nonlinear material behavior in some of the pavement layers. The combination of
stiff layer and material nonlinearity makes this site particularly challenging for

backcalculation.

Table 7.6 and Table 7.7 show the profile used in the backcalculation exercise and the sensor

layout, respectively.

Table 7.6 Profile used for Texas site

Layer Name Thickness (in) Unit Weight (pcf) Poisson Ratio

AC 8 145 0.35
Base 12 135 040
Subgrade 55 120 0.45
Stiff layer o) 145 0,25

Table 7.7 Sensor layout (distances are in inches)

Dl D2 D3 D4 D5 D6

0 12 24 36 48 60
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7.2.2.1 Comparison of Dynamic and Static Backcalculation for Four-layer System

Normal practice for static analysis is to take the peaks of each of the deflection pulses from
different sensors and form a deflection basin. The static force is taken as the peak of the
cdrresponding force pulse. MICHBACK was used for the static backcalculation in order to

investigate the difference between dynamic and static backcalculation results.

Table 7.8 shows the results from frequency-domain, time-domain and static backcalculations.
The backcalculated moduli from time and frequency-domain analyses agree with those from
static analysis except for the stiff layer. However, the backcalculated damping from both

dynamic solution are not consistent.

Table 7.8 Comparison of frequency and time-domain backcalculation results with those from
MICHBACK - Texas site

Frequency-domain . . . Static
Load Level Layer B;lckcal}c,ulation Time-domain Backcalculation Backealculation
Modulus (ksi) Damping Modulus (ksi) © Damping Modulus (ksi)
AC 208 0.23 195 0.12 191
Base 23 0.15 22 0.06 29
6000 Ib Subbase 29 : 0.08 26 0.11 22
Stiff Layer 119 0.04 97 0.01 66
AC 216 0.20 197 0.02 214
Base 20 0.16 20 0.337 21
9000 Ib Subbase 28 0.06 26 0.03 23
Stiff Layer 95 0.02 87 0.01 51
AC 212 0.22 163 0.522 203
Base 19 0.17 27 0.01 22
12000 1b Subbase 26 - 0.07 20 0.10 20
o Stiff Layer 98 0.01 160 0.01 52
AC 228 0.25 167 0.55 214
Base 18 0.17 27 0.04 20
16000 Ib Subbase 26 0.07 19 0.01 19
: Stiff Layer 125 0.01 202 0.01 48

Figure 7.25 through Figure 7.28 show the match between measured and predicted deflection
basins from frequency backcalculation. The match between measured and predicted
deflection basins is better at low and high frequencies for real deflections. For intermediate

frequencies, the match is better for imaginary deflections.
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Figure 7.29 through Figure 7.32 show matched deflection from time-domain backcalculation.
The match for peak deflections is better than that for time lags. This could be due to errors in

sensor locations or in time synchronization of the data acquisition system.
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Figure 7.29 Comparison of measured and predicted deflection basins and time lags
for load level 1 — Texas site
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Figure 7.30 Comparison of measured and predicted deflection basins and time lags
for load level 2 — Texas site
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Figure 7.32 Comparison of measured and predicted deflection basins and time lags
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7.2.2.2 Dynamic Time-domain Backcalculation for Three- layer Sysiem

Due to the limited number of sensors, only 8 parameters including layer moduli, damping
ratios and thicknesses can be backcalculated. The results are listed in Table 7.9. The results
indicate that the error in backcalculated AC layer thickness varies between -25% and 4%

while that in depth-to-stiff layer varies between 23% and 41%.

The effect of thickness backcalculation on backcalculated layer moduli is significant for the
stiff layer, while it is not significant for the base layer. The effect on backcalculated AC layer

modulus is variable. For both options, the backcalculated damping ratios are not reasonable.
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Table 7.9 Backcalculation results for time-domain analysis — Texas site

Dynamic Backcalculation Dynamic Backcalculation
Load Level | Layer anithout Thickness 7 With Thickness
Modulus (ksi) Damping Modulus (ksi) Damping '(1‘121)0 kness
AC 192 0.11 300 . 0.73 6.0
6000 1b Base 23 0.12 27.3 0.09 94.8
Subgrade 125 0.58 3996 0.01 ---
AC 154 0.49 172 0.29 8.3
9000 1b Base 25 0.04 25 0.10 82.3
‘ Subgrade 67 0.45 3382 0.02 o
AC 151 0.53 230 0.35 6.8
12000 Ib Base 25 0.08 24 0.12 84.0
Subgrade 201 0.02 4000 0.02 e
AC 182 0.42 366 0.49 7.5
15000 Ib Base 21 0.14 21 0.10 92.8
Subgrade 104 0.46 306 0.27 ---

Comparisons of measured and simulated deflection time histories are shown in Figure 7.33

through Figure 7.40. The match for peak deflections is significantly better than that for time

lags. Again, this could be due to errors in sensor location or in time synchronization of the

data acquisition system. Also, the effect of thickness backcalculation on matching the peak

deflection and time lags is not visible.
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Figure 7.33 Comparison of measured and predicted deflection basins and time lags
for load level 1 (with thickness) — Texas site
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7.2.3 Cornell Site

Table 7.10 shows the pavement cross-section of the Cornell test site. Table 7.11 shows the
FWD sensor layouts, which is unique in the sense that it includes nine sensors with the

farthest sensor at almost 6 ft from the load.

Table 7.10 Profile used for Cornell site

Layer Name Thickness (in) Unit Weight (pcf) Poisson Ratio

AC 4.5 145 0.3
Base 15 ~ 135 0.35
Subbase 110 135 0.40

Subgrade o) 125 045

Table 7.11 Sensor layout (distances are in inches) for Cornell site

D1 D2 D3 D4 D5 D6 D7 .D8 D9

0 8 12 18 24 36 47 59 71

7.2.3.1 Comparison of Dynamic and Static Backcalculation for Four-layer System

The analysis was first conducted on a 4-layer pavement system. However, the results for
dynamic analysis compare reasonably well with those from MICHBACK as shown in Table
7.12, with the exception of the subgrade modulus. Both analyses predict a very low modulus

for the base layer and a high subgrade modulus which is not reasonable from an engineering
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point of view. Also, the backcalculated damping ratios for the unbound materials are

unreasonably high. This may be indicative of non-linear behavior for these materials.

Table 7.12 Comparison of ‘frequency and time-domain backcalculation results with those
from MICHBACK- Cornell site

Frequency-domain Time-domain Static
Bcekcalculation Bckcalculation Backcalculation
Modulus (ksi) Damping | Modulus (ksi) Damping Modulus (ksi)
AC 1752 0.10 1972 0.10 2013
Base 7 0.11 8 0.42 7
Subbase 29 . 0.08 20 0.13 21
Subgrade = 216 0.24 58 0.14 34

Figure 7'.41 shows the measured and calculated deflections in frequency. The match is better
for real deflections at low frequencies while it is better for imaginary deflection at
intermediate frequencies. Figure 7.42 shows the comparison of measured and predicted peak
deflections and time lags. The match is fairly good for peak deflections and poor for the time

lags.
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Figure 7.42 Comparison of measured and predicted deflection basins and time lags

7.2.3.2 Dynamic Time-domain Backcalculation for Three-layer System

In this section, the base and subbase layers were combined and the program was allowed to
backcalculate the layer thicknesses. The time-domain backcalculation results are listed in
Table 7.13. The error in the backcalculated thicknesses was about 33% for the AC layer and
about -40% for the combined base and subbase layer. The effect of thickness backcalculation
on layer moduli was significant for the AC layer as well as the subgrade. Also, the
backcalculated damping ratio values are unreasbnably high for the AC and base layers. The
backcalculated subgrade modulus and damping ratio fér the case when thickness
backcalculation was allowed are unacceptable. Comparisons of measured and simulated
deflections and time lags are shown in Figure 7.43 and Figure 7.44, for the cases with and

without thickness backcalculation. The matching is not good, in both cases.

Table 7.13 Backcalculation results from time-domain analysis — Cornell site

Dynamic Backcalculation ) ) ) .
' (without thickness Dynamic Backcalculatlor_l (with thickness
! backcalculation)
backcalculation)
Modulus (ksi) | Damping Modulus (ksi)  Damping Thickness(in.)
AC 1903 0.1 687 0.21 6
Base 117 0.38 14 0.14 74
Subgrade 23 0.05 400 0.001 -
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7.2.4 Florence Site

The site in Florence, Italy, consists of an asphalt concrete surface layer overlying a cement-

_treated base. Table 7.14 shows the pavement cross-section for the test site, and Table 7.15

shows the FWD sensor layouts.

Table 7.14 Profile used for Florence site

Layer Name Thickness (in) Unit Weight (psf) Poisson Ratio

AC 4 138 0.35
CTB 5.5 150 0.20
Subgrade 90 116 0.45
Stiff layer o) 120 0.15
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7.2.4.1 Comparison of Dynamic and Static Backcalculation for Four-layer System

Table 7.16 shows the backcalculation results. The results from time-domain analysis are
somewhat more reasonable than those for frequency-domain analysis, while the results for
static backcalculation are not reasonable, showing low values for the cement-treated base and
bedrock moduli and a very high value for the subgrade modulus. The damping ratios (for
dynamic analysis) for the AC layer and subgrade are also unreasonably high. Figure 7.45
shows the measured and predicted deflection basins at low, intermediate and high
‘frequencies. There is generally poor agreement in both shape and magnitude. Figure 7.46
shows the measured and predicted peak deflections and time lags. The agreement is fair but

not acceptable for backcalculation purposes.

Table 7.15 Sensor layout (distances are in inches) for Florence site

Dl D2 D3 D4 D5 D6 D7

0 12 18 24 35 47 59

Table 7.16 Comparison of frequency and time-domain backcalculation results with those for
MICHBACK — Florence site

Frequency-domain . . . Static
Bz?ckcalZulation Time-domain Backealculation Backcalculation
Modulus (ksi)  Damping | Modulus (ksi) Damping Modulus (ksi)
AC 295 0.32 562 0.52 440
CTB 495 0.01 624 0.01 200
Subgrade 11 0.13 9 0.27 124
Bedrock 124 0.05 1989 0.03 27
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7.2.4.2 Dynamic Time-domain Backcalculation for Three-layer System

In this analysis, the AC and CTB layers were combined again and the program was allowed
to backcalculate layer thicknesses. The time-domain backcalculation results are listed in
Table 7.17. The error in the backcalculated thicknesses was about 17% for the combined AC
and CTB layer and about 31% for the subgrade layer above the bedrock. The effect of
thickness backcalculation on layef moduli was significant for all layers with the difference
ranging from -55% to 34%. The backcalculated damping ratios arerunreasonably high.
Comparisons of measured and simulated deflections and time lags are listed in Figure 7.47
and Figure 7.48, for the cases with and- without thickness backcalculation. Matching of peak
deflections is better than that for time lags, and the results are slightly better when layer

thicknesses are known.

Table 7.17 Thickness backcalculation in time-domain

. Dynamic Backcalculation
Without Thlck_ness With Thickness Backcalculation
Backealculation
Modulus (ksi) Damping Modulus (ksi)  Damping Thickness(in.)
AC+CTB 862 0.11 547 0.23 11.1
Subgrade 9 0.18 12 0.12 118.2
Bedrock 118 0.47 52 0.50 -~
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7.2.5 Kansas Site

Backcalculation was also performed using FWD data collected in the field as a part of LTPP
study in Kansas (Section ID No. 20-0103-1). Two profiles were used: One using four layers
with thicknesses as determined from cores; the other using a 3-layer system with the
combined AC and ATB layers. For the three-layer system, backcalculation was done with
and without assuming layer thicknesses. Again, the MICHBACK program was used to
perform static backcalculation for comparison purposes. The FWD data contained eight
deflection time histories for sensors located at r =0, 8, 12, 18, 24, 36, 48 and 60 inches from

the load. The accuracy of each sensor was about £ 0.1 pm.
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7.2.5.1 Dynamic Time-domain Backcalculation for Four-layer System

The four-layer pavement profile and backcalculation results are shown in Table 7.18. The
results appear to be reasonable, although the subgrade modulus is higher than the base
modulus. This is typical of backcalculation results, but is not necessarily realistic. The
damping ratio values are also unrealistic. The measured and calculated peak deflections and

time lags are shown in Figure 7.49. The match is poor, especially for the time lags.

Table 7.18 Profile used for Kansas site
Layer Name _ Thickness (in)  Unit Weight (pcf) Poisson’s Ratio Modulus (ksi)  Damping ratio

AC 36 145 0.3 640 33
Base 7.7 135 0.35 436 .54
Subbase 6 135 0.35 18 .09
Subgrade 0 125 0.45 25 29
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Figure 7.49 Comparison of measured and calculated peak deflections and time lags
(four layer backcalculation)

7.2.5.2 Comparison of Dyn amic and Static Bdckcalculation Sfor Three-layer System

For the combined profile in Table 7.19, the results of the dynamic and static backcalculation

are given in

Table 7.20. The errors in the backcalculated AC and base thicknesses in Case 2 compared to
the thicknesses reported from cores are shown within parentheses. In the dynamic

backcalculation, the AC modulus decreases by 14% between Cases 1 and 2 mainly because
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the backcalculated AC thickness for Case 2 is 22% larger than the AC thickness used in Case
1. The backcalculated base thickness in Case 2 is 9.5% larger than the reported thickness

from cores.

The measured and predicted surface peak deflections and time lags are shown in Figure 7.50

and Figure 7.51. The following observations are made from these figures.

The magnitude of the peak displacement and the time of its occurrence are very well matched
by the simulation whether the layer thicknesses are assumed to be known (Figure 7.50), or
when the layer thickness are assumed to be unknown (Figure 7.51). |

Table 7.19 Profile used for Kansas site with combined AC and ATB layer

Layer Name  Thickness (in)  Unit Weight (pcf)  Poisson’s Ratio
AC 11.3 145 0.3

Base 6 135 0.35

Subgrade 0 125 0.45

Table 7.20 Backcalculation results for Kansas site

Dynamic Backcalculation Static
True Value Seed Value Ex<_:1ud1ng All Parameters Batckcalculatlon
Thicknesses (Case 2) using
(Case 1) & MICHBACK
‘&Si)m‘)d“lus Unknown 350 446.6 383.1 479.4
ACdamping  rpown 02 0.15 0.21 _
ratio
AC thickness 113 8 . 13.80 o
(in.y ) (Case 2 only) (22.1%)
Basemodulus 1y owm 20 543 5.50 425
(ksi) ‘
Base damping 1y oum 0.1 0.22 0.18 —
ratio
. 12.3 6.57
Base thickness 6 (Case 2 only) (9.5%) —
Subgrade ~  irown 10 42.1 41.4 5321
modulus (ksi) ‘
Subgrade Unknown 0.1 0.19 0.21 —

damping ratio
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7.3 Discussion

The discrepancies between measured and calculated deflection basins can be attributed to
either measurement errors (both in deflection amplitude and time or arrival) or the inability

of the theory to produce realistic responses for backcalculation purposes.

Measurement errors could be random or systematic. No matter what the nature of the error is,
the consequence is a variation in the deflection. Moreover, truncated time records cause
systematic errors in the frequency-based backcalculation solution. This will result in

deflection basins that are different enough to change the backcalculation results.
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While the program can theoretically backcalculate more parameters than typically allowed,
the use of field data causes the program not to coverage. The program will then select the
parameters corresponding to the lowest RMS automatically, which will potentially cause

errors in the backcalculation results.

When using field data, time-domain backcalculation is preferred over frequency-domain
backcalculation because the inaccurate regions of the FWD response time histories can be |
ignored and because of the truncations typically imposed on sensor time records. However,
time-domain backcalculation is computationally much more intensive than frequency-domain
backcalculation. Finally the use of an interpolation scheme and a cut off frequency in the
forward calculation may potentially cause some errors in time-domain backcalculation

results,

In summary, dynamic backcalculation of layer parameters using field data presents some
serious challenges. The frequency-domain method can lead to large errors if the measured
FWD records are truncated before the motions fully decay in time, and the time-domain
methods produce mixed results. At this point, it is recommended that time-domain solutions
should be further explored when analyzing field data, mainly because of the truncation

problem associated with the frequency-domain solution.

Simultaneous backcalculation of layer moduli and thicknesses is a difficult problem to solve
when using field data. This problem needs to be studied further. It is recommended that
point-by point matching of deflection sensor time histories be considered, and the use of
more powerful numerical regularization techniques should be explored for ensuring better
stability of the inversion procedure when matching time history traces as 'opposed to peak

values only.
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CHAPTER 8 - CONCLUSIONS AND RECOMMENDATIONS

8.1 Summary

In this study, a new method for backcalculating flexible pavement layer parameters based on
dynamic interpretatidn of FWD deflection time histories using frequency and time-domain
solutions have been developed. The method allows for theoretically backcalculating the layer
moduli, damping ratios and thicknesses for a three to five- layer system. The backcalculation
procedure is based on. the modified Newton-Raphson method originally adopted: in the
MICHBACK program [37]. The new associated program called DYNABACK has been
written in the FORTRAN 77 language, and offers two options: (i) frequency-domain

analysis, and (ii) time-domain analysis.

The new program uses the SAPSI program {14] as its forward routine. SAPSI models the
pavement structure as a system of layers that are infinite in the horizontal direction and
underlain by an elastic half-space. The materials are assumed to be isotropic and linearly
elastic with hysteretic damping. Full interface bonding is assumed at the layer interfaces. The
mass densities and elastic moduli are assumed to be constant within each layer. The steady-
state solution in SAPSI is used for the frequency-domain backcalculation, while the transient

solution is used for the time-domain backcalculation.

The dynamic backcalculation solution is an extension of the solution used in MICHBACK. It
uses the modified Newton method to obtain a least squares solution of an over determined set
of equations. In the MICHBACK solution, this set of equations are real-valued and
correspond to the peak deflection values, since the backcalculation scheme uses a static
solution (CHEVRONX) to predict the deflection basin. In the frequency-domain solution, the
equations are complex-valued and correspond to the steady-state solution at one vor multiple
frequencies. In the time-domain solution, the real-valued equations are expanded to
correspond to the peak transient deflections and their corresponding time lags relative to the

peak load.
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In addition, methods for estimating the depth to stiff layer and the seed subgrade modulus,
proposed by Roesset [46] and Lee et.al. [33], respectively, have been adopted with some

modifications and are implemented in the new program.

The new program has been incorporated into the Windows™ based MFPDS program, which
allows for user—friendly features including interactive input and output screens, and the

ability to view and process the deflection data before analyzing it.

The new program was theoretically verified using synthetic data, and its application to
mechanistically-based pavement design and rehabilitation was evaluated using field FWD

data.

For the theoretical verifications, time histories of FWD surface deflections generated from
SAPSI were used to verify the capabilities of the newly developed dynamic backcalculation
program. The backcalculation was done using both frequency and time-domain solutions.
Various pavement profiles of different combinations of layer thicknesses and moduli with up
to five layers were analyzed. Some profiles included cases where there was a shallow
bedrock or ground water table. In addition to conducting a sensitivity analysis, the effects of
signal truncations in time and imprecision of the measured sensor deflections were also

investigated theoretically.

To evaluate the applicabilify of the DYNABACK to interpret field tests, measured deflection
time history data from several FWD tests conducted in Michigan and elsewhere were
analyzed. The selected pavement test sections included sites in Texas, Cornell Urﬁversity,
Florence (Italy), Michigan and a SPS-l site in Kansas. For the Texas site, different load
levels were considered. The analyses included the comparison of backcalculated layer moduli
and damping ratios with MICHBACK results for various pavement sections and load levels.
The backcalculation was done in both frequency and time domains, where the time-domain
solution included backcalculating layer moduli and thicknesses. The data were obtained from
tests involving KUAB and Dynatest FWD machines. Most pavement sections were analyzed

as three- and four- layer systems with some sections involving a stiff layer at shallow depth.
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8.2 Conclusions

Based on the theoretical verification analysis, the following conclusions were drawn for

frequency-domain backcalculation:

1.

The bagkcalculation results are all in excellent agreement with the true values. Both
the average root mean square error (RMS) on the calculated ahd actual deflection
basins, and the relative errors on layer moduli and thicknesses are practically zero,
indicating that the program has the ability of backcalculate fhe moduli and

thicknesses accurately.

Theoretical backcalculation shows that among the modulus, damping ratio, thickness
and Poisson’s ratio, the modulus is the easiest to backcalculate followed by damping

ratio, thickness and Poisson’s ratio.

Theoretical backcalculation shows that the frequency backcalculation program gives
satisfactory convergence of layer moduli and thicknesses when using untruncated
deflection time histories. However backcalculation results at higher frequencies are

less accurate than those obtained at low frequencies.

Although Poisson’s ratio of the AC layer is frequency-dependent, assuming a
constant value for it will not affect the results significantly because the backcalculated

results are not sensitive to reasonable variations in this parameter.

The frequency response-based backcalculation method can lead to large errors in
deflection basins if the FWD records are truncated before the motions fully decay in

time. The errors due to sensor imprecision were found to be less significant.

The following conclusions were drawn from the theoretical verification analysis for time-

domain backcalculation:

6.

Backcalculation based on synthetic time histories generated by SAPSI shows
excellent stability and accuracy, therefore Newton-Raphson method could be used

with the time-domain backcalculation.
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7. The time-domain approach can match selected features of the measured time histories
directly, and ignore the inaccurate measurement regions in time. Therefore, from this
point of view, the time-domain backcalculation is better than the frequency-domain

backcalculation.

8. Numerical examples have illustrated that the method is able to backcalculate layer
moduli and thicknesses accurately from synthetically generated FWD data for a three
layer pavement system. Backcalculation of layer damping ratios are less accurate, but

the influence of this error on the pavement response is insignificant.

In terms of field evaluation of the new backcalculation solutions, the results were not
satisfactory. The discrepancies between méasured and calculated deflection basins can be
attributed to several factors including:
— Sensor measurement errors;
— Time synchronization errors in the data acquisition systems for.sensor measurements;
— Truncated time records, which cause systematic errors in the frequency-based
backcalculation solution; |

— Improper characterization of damping effects.

While the program can theoretically backcalculate more parameters than typically allowed,
using field data causes the program not to converge. The program will instead select the
parameters corresponding to the lowest RMS automatically, which will potentially cause

errors in the backcalculation results.
The following conclusions were reached from the analysis involving field FWD data:

1. When using field data, time-domain backcalculation is preferred over frequency-
domain backcalculation because the inaccurate regions of the FWD response time
histories can be ignored and because of the truncations typically imposed on sensor

time records.

2. Simultaneous backcalculation of layer moduli and thicknesses is a difficult problem

to solve when using field data.
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8.3 Recommendations

Dynamic backcalculation of layer parameters using field data presents some serious
challenges. The frequency-domain method can lead to large errors if the measured FWD
records are truncated before the motions fully decay in time, and the time-domain methods
produce mixed results. At this point, it is recommended that time-domain solutions are used
when analyzing field data, mainly because of the truncation problem associated with the

frequency-domain solution.

Simultaneous backcalculation of layer moduli and thicknesses is a difficult problem to solve
when using field data. This problem needs to be studied further. It is recommended that
point-by point matching of deflection sensor time histories be considered, and the use of
more powerful numerical regularization techniques should be explored for ensuring better
stability of the inversion procedure when matching time history traces as opposed to peak

values only.
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APPENDIX A - PROGRAM LAYOUT

DYNABACK has six main subroutines. These subroutines are briefly introduced in this

section.
A.1 Subroutines for Input Data

The subroutine for input data reads the inventory data of the pavement system and FWD

sensors as well as the time histories from the FWD output. The input subroutine is

composed of subroutines INPUT1, INPUT2, INPUT3, INPUT4, and INPUTS5. The

descriptions of these subroutines follow:

e INPUTI reads the FWD sensor locations, number of layers, and the radius of the B
loading plate in English units.

e INPUT2 reads the seed moduli, damping ratios, thlcknesses and mass densities of
each layer in English units.

e INPUT3 reads the number of frequencies at which the backcalculation will be
performed (frequency-domain analysis) or the number of frequencies at which the
steady-state response is to be calculated for determining the transient response (time-
domain analysis).

e INPUT4 reads the FWD sensor locations, number of layers, and the radius of the
loading plate in SI units.

e INPUTS reads the seed moduli, damping ratios, thicknesses, and mass densities of
each layer in ST units.

A.2 Subroutine for Estimating the Depth-to-Stiff Layer (DSL) and Subgrade
Modulus

There are two separate subroutines for estimating the depth-to-stiff layer and subgrade

seed modulus:

e DEFL uses regression equations to obtain the seed modulus of subgrade.

e DEPTH uses regression equations to obtain an initial estimate of the depth-to-stiff
layer
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A.3 Subroutine for Fast Fourier Transform (FFT) and Inverse FFT

Since the SAPST forward program calculates the deflections in the frequency-domain, the

following subroutines are used for transferring the load and/or deflection time histories

from one domain to another.

FFTT1 reads the FWD data (frequency- and time-domain backcalculations),

LOADINTERPOLATION interpolates the time history of the load to obtain a finer
time step (time-domain analysis).

FFT1 transfers load and deflection time histories (frequency-domain backcalculation)
or load time history (time-domain backcalculation) only into the frequency domain
using the Fast Fourier Transform algorithm.

For time domain analysis, the inverse FFT1 transfers the calculated deflections from
frequency-domain to time-domain. '

A.4 Subroutine for Forward Solution

This subroutine calls the subroutine MAINE in the SAPSI program which calculates the

response of a given pavement system subjected to a dynamic loading. This routine first

calculates the steady-state responses at specified frequencies and then calculates ‘the

transient response based on the steady-state responses. The routine is composed of the

following subroutines.

THICK1 subdivides the layers of the pavement structure.
FILMOD creates the subdivided profile of the pavement system.
HSPEXT simulates a half-space.

RESPL calculates the steady-state résponses and calls a number of subroutines that are
described in [16].

INTERPOLATION interpolates the steady—bstate responses from a limited number of

frequencies to calculate the steady-state responses at all frequencies, as described in
[16].

TRANSTIME obtains and saves the peak deflections and time lags from the deflection
time histories.
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A.5 Subroutine for Backcalculation

Subroutine BACKI is the core of the backcalculation program, which creates the gradient
matrix and solves for the increments in layer parameters at each iteration using

subroutine LLST, which is a least square solution of a system of linear equations.

A.6 Subroutine for Output

The subroutine for the output is composed of the following subroutines:

e SUMMARY creates a summary output of the backcalculation results.

e OUTPUT!1 prints the measured and predicted deflection time histories and
backcalculation results in English units.

e OUTPUT?2 prints the results corresponding to the lowest RMS of the deflections in
English units.

e OUTPUT3 prints the measured and predicted deflection time histories and
backcalculation results in ST units.

e OUTPUTH4 prints the results corresponding to the lowest RMS of the deflections in SI
units.
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APPENDIX B - USER GUIDE FOR DYNABACK PROGRAM
Introduction

The dynamic backcalculation module of MFPDS, DYNABACK, is able to backcalculate the layer
moduli, thicknesses, and damping ratios of flexible and composite pavements from the Falling
Weight Deflectometer (FWD) load and deflections. The program performs backcalculation by
usingbth‘e modified Newton-Raphson method for the backcalculation and the dynamic viscoelastic

SAPSI program as the forward solution.

" DYNABACK has the capability of automatically processing FWD time history measurement files
created by the KUAB FWD device used by the Michigan Department of Transportation (MDOT).
For other FWD devices such as DYNATEST, the measurement files need fo be converted into the
form of those from KUAB.

The DYNABACK can perform the backcalculation in either the frequency- or time-domain. The
parameters that may be backcalculated are summarized in Table B-1. As can be seen from the-table,
along with the moduli of all layers, the user may choose to backcalculate either the thicknesses of

all layers and the damping ratio of the AC layer or the damping ratios of all layers.

Table B-1 DYNABACK options

Analysis Case . Parameters Backcalculated
Domain Modulus Damping Ratio Layer Thickness
A AC layer only All Layers
Frequency B All Lavers ' All Layers N/A
T C Y AC layer only All Layers
D All Layers N/A

Starting the Backcalculation Program

The user can start the MFPDS program by double-clicking on the MFPDS icon either on the
desktop or in the folder where the MFPDS is installed. After starting the MFPDS, the window
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shown in Figure B-1 will appear. To start DYNABACK, select the “Dynamic Backcalculation”
option from the menu and then click the “OK” button.

AASHTO Design
Mechanistic Analysis
Backealculation
t Dynamic Backcalculation
Mechanisti i

Figure B-1 MFPDS Startup Menu

The program will then start up, displaying the screen shown in Figure B-2. This is the main
window for MFPDS where the user ‘may start inputting the data to perform a new analysis, or open
a previously saved file. This manual will not explain how to open or save the analysis files, since
this is common to any windows application, but rather explain the specific commands needed for

dynamic backcalculation.

Figure B-2 Dynamic Backcalculation Screen
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Entering the Input Data
Units Menu

Before starting a new dynamic backcalculation, the user needs to choose the units for the inputs.
The user can choose either SI or English units. The unit selection is under the “Analysis” menu as
shown in Figure B-3. The selected unit will have a check mark on the left hand side of the unit

(e.g., Figure B-3 shows that the English unit is currently selected).

e T T

Figure B-3 Unit Selection Menu

Data Menu

Once the units for the input data are selected, the user may start inputting the data. The input data is
entered or changed by clicking on the “Data” commaﬁd under the “Analysis” Menu. When the user
clicks on the “Data” command, the Job title window shown in Figure B-4 will appear. In this
window, the user may input the information about the test section, but is not required to do so. The

user may click the “Next” button to move to the next window.
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Figure B-4 Job title window

In the next window shown in Figure B-5, the user needs to input the information about the type of
the FWD machine, the radius of the loading plate, and the number of sensors. After that, the user

may click the “Next” button to move on to the next step.

Figure B-5 Falling Weight Deflectometer Configuration Page
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In the window shown in Figure B-6, the user needs to input the data for the FWD load and
deflection time histories. The user may click on the “Browse” button at the top center region of the
window and choose the file where the time histories are saved. Once the time history file is

selected, the path to the file will appear in the text box next to the “Browse” button.

Below the path to the time history file, there are two option buttons where the user needs to select
the units that are used in the time history file. Note that these option buttons are only specific to the

time history file.

Figure B-6 Backcalculation Options Page

After the path to the time history file is specified, the user needs to input the desired total number of

data points in the time history file. This number is necessary for the calculation of FFT and must be

an integer power of 2 (i.e., N = 2" where N is the desired number of points and # is an integer).

Below the desired number of points in the time history is the text box where the number of non-
zero rows in the time history file is inputted. This number has to be less than or equal to the desired

total number of total data points mentioned above.

The time step for the time history file needs to be inserted in the text box below the number of non-

zero points. The unit for this time step is always in milliseconds. When this value is inserted, the
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1000

———— . This is fhe interval of the
NAt(ms )

frequency step is automatically calculated as Af (Hz) =
discrete frequency in the frequency domain and has units of Hz.

At the bottom of the current window, there is a frame that contains some additional inputs. The user
may choose to estimate the initial seed value for the subgrade based on the built-in regression
equations of the program. The program detects the presence of a stiff-layer or bedrock based on the
free vibration responses o f the d eflection time histories. W hen either bedrock or a stifflayeris
detected, the user may specify whether the subgrade is saturated or not and whether the depth to

stiff layer is to be estimated.

Once the path to the time history file is specified and the information about the time history file is
inputted, the user may plot the time histories and the corresponding peak deflections and time lags

by clicking on the “Deflection Plot” button. A typical plot is shown in Figure B-7.

Figure B-7 Load and Deflection Time History Plots
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The user may also plot the FFT of the deflection time histories by clicking on the “Plot FFT”
button. A typical plot is shown in Figure B-8. The plot shows the real part, imaginary part and the
magnitude of the FFT of the measurements from one sensor at a time. To view the FFT of other

sensors, click on the “Sensor >>" button or the “<< Sensor” button at the bottom of the screen.

Figure B-8 Fast Fourier Transform Plots

The next step is to specify the material properties of the layers. This window is shown in Figure B-
9. The user first needs to enter the total number of layers in the pavement system, followed by the
names, thicknesses, Poisson’s ratios, damping ratios and the unit weight of each layer. For the
thicknesses and damping ratios, the values that are being entered in this window will serve as seed

values when they are being backcalculated.
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Figure B-9 Material Properties Page

After specifying the material properties, the user needs to decide whether the thickness
backcalculation is desired, as shown in Figure B-10. If the user decides to perform thickness
backcalculation, then the lower and the upper boundaries of the thicknesses of all layers except the

subgrade layer must be entered.

Figure B-10 Thickness Backcalculation Page
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The next step is to enter the seed values and the minimum and maximum boundaries for the layer

moduli as shown in Figure B-11.

3.96+004]
2.3E4004] 2300 2E+005}
5000) 500 TE+005)"

Figure B-11 Seed Moduli Configuration Page

In the next window, shown in Figure B-12, the user first needs to select the analysis domain;
frequency or time. When the frequency-domain analysis is desired then the user needs to insert the
total number of frequencies at which the backcalculation is to be performed. The specific
frequencies then need to be entered in the table below. Once the frequency numbers are entered,

the frequencies are automatically calculated as the product of the frequency step and the frequency

number.

When time-domain analysis is to be performed, the input frequencies are the frequencies where the
steady-state response is to be calculated in the forward solution. After the steady-state responses are .
calculated at these specified frequencies, the steady-state responses at all frequencies will be

interpolated, and then converted to time-domain.

In both the frequency- and time-domain analyses, it is recommended that the input frequeﬁcies be

greater than 0.01 Hz. If the frequencies are less than this value, then the calculation may have

CITors.



Figure B-12 Frequency Properties Page

In the next window, shown in Figure B-13, the user needs to enter the locations of the deflection
sensors of the FWD device. The user may also choose to put more or less weight on the sensor data
as shown in the figure. By default, dynamic backcalculation weighs all sensors equally in the
backcalculation process. If the user suspects that one or more sensors are faulty and wish to de-
emphasize their readings in the backcalculation procedure, then the weights may be varied to any

number between 0.0 and 1.0.
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Figure B-13 Sensor Information Page

The final step in entering the input data is shown in Figure B-14. In this window the user should
enter the number of iterations after which the gradient matrix will be computed, the maximum
number of iterations in the backcalculation procedure, the tolerances for moduli (or other layer

parameter) changes from one iteration to the next, and RMS errors.

Figure B-14 Convergence Control Page
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Running the DYNABACK Program

After entering the input d ata, the user should be ready to run the dynamic backcalculation. The
“Run DYNABACK” command is under the “Analysis” command (Figure B-15). The user needs to
select either the frequency- or time-domain for analysis, and under each analysis domain the user

needs to select from the two options. These options are listed in Table B-1.

Figure B-15 DYNABACK Run Menus

After selecting the backcalculation option, the program will display a popup window stating
“Starting Dynamic Backcalculation”. When the user clicks okay, the program will start: It may take
several minutes to completé the backcalculation, at which point there will be another popup alerting

the user that the calculation is finished.

When the frequency-domain backcalculation is performed it will display a window that looks like
Figure B-16 after completing the calculation. For each frequency at which the backcalculation was
performed, the program will generate three graphs, with arrow buttons along the bottom to move
between the different frequencies. The first graph shows the real part of the deflection versus the
distance from the FWD load. The second graph is the imaginary part of the deflection. The third



graph is the magnitude of the deflection. The blue line is the measured field data from FWD and

the red line is the calculated deflections from the forward program.

Figure B-16 Frequency Backcalculation Results Plot

When the time-domain backcalculation is perférmed it will display a window that looks like Figure
B-16 after completing the calculation. The first graph shows the time histories of the deflections for
each sensor. The second graph is the peak deflections versus the distance from the center of the
FWD load. The third graph shows the time lags from the load to the peak deflections at different
sensors. For the second and third graphs, the measured field data is in blue, with the calculated

results in red. The plots show the time histories from the field data with solid lines, and the

calculated time histories with dashed lines.
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Figure B-17 Time Domain Results Plot

Viewing the Results

The results o fthe b ackcalculation m ay b e ccessed through the “View” menu. The user should
move the mouse cursor to the text “Results” and then select the analysis domain, as shown in
Figure B-18. For frequency-domain analysis, the result and the summary files for case A may be
viewed by selecting “Output 1” and “Summary 17, respectively. The “Output 2” and “Summary 2”
give the results and the summary files for case B. Similarly, for time-domain analysis, case C
results can be viewed through “Output 1” and “Summary 1” whereas case D results can be viewed

through “Output 2” and “Summary 2”.
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Figure B-18 Results Menu

Format of FWD‘File

. The software has the capability of automatically processing falling weight deflectometer (FWD)
measurement files created by the KUAB FWD device used by the Michigan Department of
Transportation (MDOT). MDOT FWD devices have nine sensors, with a series of sensors behind
the loading plate, and another sensor in front of or to the side of the loading plate. Only the sensor
at the middle of the plate and the sensors behind the plate should be included in the analysis. Two
sensors (sensor 2 and sensor 3) are for measurement of load transfer efficiency (for rigid
pavements) and are not used; therefore seven sensors are used for backcalculation. However, the
program automatically deletes these two unused sensors when running. The layout of the time
histories is as follows: The first column is the recorded time (in milliseconds), and sensor 1 through
sensor 9 are in column 2 through column 10; the last column is the load time history. An example

of this file is shown in Figure B-19.



Time

0.0

0.1

02

0.3

0.4

0.5

0.6

D1

15.5

15.4

152

15.0

14.6

14.3

13.9

D2
8.9
94
10.0
10.6
11.2

11.9

12.6

D3

204

20.3

20.1

19.8

19.4

18.9

18.4

D4

18.7

18.2

17.6

17.0

16.5

16.1

15.8

D5

9.0

9.2

9.3

9.4

9.4

9.4

9.4

D6

5.8

5.8

5.8

5.8

5.7

5.7

5.7
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D7

5.6

5.6

5.5

5.5

5.4

5.4

5.4

D8

53

5.4

5.4

5.5

5.5

5.6

5.6

- Figure B-19 Example of KUAB FWD File

D9

29

2.5

2.2

1.9
1.7

1.6

Load

58.0

58.0

59.6

59.6 -

55.0

57.4






