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Executive Summary

Nondestructive testing (NDT) methods are typically used to measure the variations in the
modulus of different pavement layers. The critical strains necessary to estimate the remaining
lives of a pavement system are then determined from the estimated moduli. The Falling Weight
Deflectometer (FWD) and the Seismic Pavement Analyzer (SPA) are two of the NDT devices
used for this purpose.

The Falling Weight Deflectometer applies an impulse load to the pavement and measures the
surface deflection with seven sensors. Moduli of different pavement layers can then be
backcalculated from these deflections. The shortcomings of this method are the uncertainties
associated with the backcalculation procedure.

The Seismic Pavement Analyzer is based on generating and detecting stress waves in a layered
system. The elastic moduli of different layers are obtained from an inversion process. The SPA
imparts small external loads to the pavement; therefore, seismic moduli are linear elastic moduli.
To incorporate in pavement design and analysis, seismic moduli of different layers have to be
adjusted to represent moduli at strain and stress levels that are close to those applied by truck
traffic. To do so, the nonlinear and viscoelastic behaviors of different layers should be
accurately determined. These nonlinear parameters vary widely for different types of granular
base and subgrade materials. The nonlinear parameters of each pavement layer can be preferably
obtained from laboratory testing. However, adequate published information is available to be
used as a first approximation.

The major objective of this study is to develop an algorithm for predicting the design modulus of
each layer given the seismic modulus and the nonlinear and/or viscoelastic parameters of each
pavement layer. This is the last document produced as a part of this project. In the first
document, the feasibility of the concept was demonstrated, and several options to be pursued
further were provided. In the second document, it was demonstrated that the design modulus
could be determined reasonably accurately by combining the seismic moduli with the nonlinear
parameters of the base and subgrade determined from the laboratory tests. It was also
demonstrated that a simple model based either on the plasticity index (PI) or the type of the
material might be used as a first approximation. That document also contained a comprehensive
discussion on the most feasible method for incorporating their methodology in the day-to-day
operation of the Texas Department of Transportation (TxDOT).



In the third document, the work presented in the second report was further expanded to
determine the feasibility of backcalculating the nonlinear parameters of the base and subgrade
given the seismic modulus of each layer and the deflection basin measured at the same location.
An algorithm has been developed for this purpose. In the algorithm, a material model that relates
the design modulus with seismic modulus was selected. A so-called equivalent linear structural
model was also adopted. An equivalent linear model is based on an elasto-static layered system
modified to incorporate the material model through an iterative process. An optimization
algorithm was developed to derive the nonlinear parameters of pavement materials from the
FWD deflections and the seismic moduli.

The efforts towards combining all algorithms in a software package called SMART (Seismic
Modulus Analysis and Reduction Tool) are described in the fourth report. That report also
contains a user’s manual for the SMART.

The validation of SMART is described in this report. More than a dozen sites were visited. The
results from this validation indicate that the program is capable of providing reasonable values to
design engineers. The procedure is particularly attractive in the situations where the depth to
bedrock is shallow or when the water table is close to the pavement surface.
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Implementation Statement

With the initiation of NCHRP project 1-37A, which aims towards a nation-wide mechanistic
pavement design procedure, this project may have significant impact. To develop a mechanistic
pavement design that can contain performance-based specifications, the same engineering
properties that are used to design a pavement should be used to determine the suitability of a
material for construction and should be specified as criteria for accepting the material placed at
the site. The only practical and available method at this time is based on seismic testing.
Furthermore, it seems that with proper laboratory testing technique and proper simulation one
can develop remaining life models that are more realistic.

Some of the software and protocols being developed can also be applied in pavement design with
the FWD.
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Chapter 1
Introduction

PROBLEM STATEMENT

Nondestructive testing (NDT) methods are typically used to measure the variations in the
modulus of different pavement layers. The critical strains necessary for the estimation of the
remaining life of a pavement system are determined from the estimated moduli. The Falling
Weight Deflectometer (FWD) and the Seismic Pavement Analyzer (SPA) are two of the NDT
devices used for this purpose.

The Falling Weight Deflectometer applies an impulse load to the pavement and measures the
surface deflection with seven sensors. Moduli of different pavement layers can then be
backcalculated from these deflections. The shortcomings of this method are the uncertainties
associated with the backcalculation procedure.

The Seismic Pavement Analyzer is based on generating and detecting stress waves in a layered
system. The elastic moduli of different layers are obtained from an inversion process. The SPA
imparts very small external loads to the pavement; therefore, seismic moduli are linear elastic
moduli. To incorporate in pavement design and analysis, seismic moduli of different layers have
to be adjusted to represent moduli at strain and stress levels that are close to those applied by
traffic loads. To do so, the nonlinear and viscoelastic behaviors of different layers should be
accurately determined.

These nonlinear parameters vary widely for different types of granular base and subgrade
materials. The nonlinear parameters of each pavement layer are preferably obtained from
laboratory testing. However, in the absence of laboratory testing, adequate published
information is available to be used as a first approximation.



OBJECTIVE AND APPROACHES

The major objective of this study is to develop an algorithm for predicting design modulus of
each layer given its seismic modulus and the nonlinear and/or viscoelastic parameters. The
algorithm developed under this project has been incorporated in a software package called
SMART (Seismic Modulus Analysis and Reduction Tool). In Research Reports 1780-1 (1999),
1780-2 (2002) and 1780-3 (2004), the progression of developing the algorithms used in SMART
is documented. TxDOT report 1780-4 (2004) is the user’s guide for SMART. In this report the
validation procedure and results of the validation are addressed. More than a dozen sites were
visited where data was collected and materials retrieve for laboratory testing. The results from
this validation indicate that the program is capable of providing reasonable values to design
engineers. The procedure is particularly attractive in the situations where the depth to bedrock is
shallow or when the water table is close to the pavement surface.

ORGANIZATION

Chapter 2 contains a review of relevant literature regarding the FWD and SPA as well as a
general description of the methods for the interpretation of data from the two devices. The
different pavement analysis algorithms used by the SMART program is presented. The two most
common failure modes of the pavement and remaining life of the pavement are also described in
that chapter.

Chapter 3 depicts the features and overall flow of SMART. Snapshots taken of SMART help
describe the execution and operation of the program. That chapter can be used as a quick guide
to start utilizing SMART.

The validation procedure used to verify the viability of using seismic data to calculate design
modulus values is presented in Chapter 4. Each step of the validation starting from field testing
to laboratory test and data analysis is outlined in that chapter. One of the test sites is used as an
example to illustrate the entire process.

Chapter 5 contains the results of the validation process. A discussion of the analysis and results
for all sites tested are also presented. The strengths and limitations of the algorithm based on the
validation results are included.

The overall validation procedure and results are summarized and the relevant conclusions are
drawn in Chapter 6.



Chapter 2
Background

INTRODUCTION

An ideal mechanistic pavement design process includes (1) determining pavement-related
physical constants, such as types of existing materials and environmental conditions, (2)
laboratory and field testing to determine the strength and stiffness parameters and constitutive
model of each layer, and (3) estimating the remaining life of the pavement using an appropriate
algorithm. Pavement design or evaluation algorithms can be based on one of many layer theory
or finite element programs. The materials can be modeled as linear or nonlinear and elastic or
viscoelastic. The applied load can be considered as dynamic or static. No matter how
sophisticated or simple the process is made, the material properties should be measured in a
manner that is compatible with the algorithm used. If a balance between the material properties
and analytical algorithm is not struck, the results may be unreliable.

Brown (1996) discusses a spectrum of analytical and numerical models that can be used in
pavement design. With these models, the critical stresses, strains and deformations within a
pavement structure and, therefore, the remaining lives can be estimated. Many computer
programs with different levels of sophistication exist. The focal point of all these models is the
moduli and Poisson’s ratio of different layers.

MATERIAL MODELS

The linear-elastic model is rather simple since the modulus is considered as a constant value
independent of the state of stress applied to the pavement. As such, the modulus of each layer
does not change with the variation in load applied to a pavement. Most current algorithms used
in pavement analysis and design take advantage of this type of solution. The advantage of these
models is that they can rapidly yield results. Their main limitation is that the results are rather
approximate if the loads are large enough for the material to exhibit a nonlinear behavior. More
sophisticated material models can of course be considered. The load-induced nonlinear behavior



may be of interest for the base, subbase and subgrade layers. The viscoelastic behavior of the
AC layer has to be considered in many occasions.

Nonlinear Constitutive Model

The nonlinear constitutive model adopted for the base, subbase and subgrade layers by most
agencies and institutions can be generalized as:

E=kolo,” @.1)

where ki, k; and k; are coefficients preferably determined from laboratory tests. In Equation 2.1,
the modulus at a given point within the pavement structure is related to the state of stress. The
advantage of this type of model is that it is universally applicable to fine-grained and coarse-
grained base and subgrade materials. The accuracy and reasonableness of this model are
extremely important because they are the keys to successfully combining laboratory and field
results. Barksdale et al. (1997) have summarized a number of variations to this equation. Using
principles of mechanics, all those relationships can be converted to the other with ease. The so-
called two-parameter models advocated by the AASHTO 1993 design guide can be derived from
Equation 2.1 by assigning a value of zero to k, (for fine-grained materials) or k; (for coarse-
grained materials). As such, considering one specific model does not impact the generality of
the conclusions drawn from a given model.

Using geotechnical engineering conventions, the term ko< corresponds to the initial tangent
modulus. Since normally parameter k; is positive, the initial tangent modulus increases as the
confining pressure increases. Parameter ks suggests that the modulus changes as the deviatoric
stress changes. Because k3 is usually negative, the modulus increases with a decrease in the
deviatoric stress (or strain). The maximum feasible modulus from Equation 2.1 is equal to
k16, i.e. the initial tangent modulus.

In all these models, the state of stress is bound between two extremes; when no external loads are
applied and under external loads imparted by an actual truck. When no external load is applied
the initial confining pressure, G init, iS

1+ 2k - 22)

o L c—
C _ init v
- 3

where oy is the vertical geostatic stress and k, is the coefficient of lateral earth pressure at rest.
The initial deviatoric stress, 64 jnit can be written as

o, . =2:_2k_°cr (2.3)
_init 3 v



When the external loads are present, additional stresses, oy, oy and o, are induced in two
horizontal and one vertical directions under the application of an external load. A multi-layer
elastic program can conveniently compute these additional stresses. The ultimate confining

pressure, G ul; iS

+2 o, +t0 +0,
O-c ult = 1 kO O.v + o (24)
- 3 3
and the ultimate deviatoric stress, oq i, is equal to
_ 20, —0. -
Gy =2 32"0 R 2.9)

Under actual truck loads, the modulus can become nonlinear depending on the amplitude of
confining pressure, o._u, and deviatoric stress, oq . In that case

E= klgc_ulrkzad_ukaa (26)

One of the purposes of this study is to relate seismic modulus with the load-induced nonlinear
modulus while predicting k; and k; parameters considering state of stress under the external load
imparted by a FWD or truck load. Ke et al. (2000) derived such a relationship, which is in the

form of:
k, ks
o
E= E’[ Tecul ] [ 4o ] Q.7
oc—inif O-d —init

where E is the resilient modulus at a given depth under FWD or truck load, Es.s is the seismic
modulus of the layer, k, and k; are statically determined coefficients. Gc.init and Oc.u are
respectively initial and ultimate confining pressures. Gu.init and oy are the initial and ultimate
deviatoric stresses, respectively. The derivation of Equation 2.7 is included in Report 1780-2
(2002).

One of the limitations of Equation 2.7 is that at very small or at very large deviatoric stresses the
modulus tends to be infinity or zero, respectively. Many years of research (Kramer, 1996) have
shown that below a certain strain level the modulus is constant and equal to the small-strain
linear-elastic modulus of the material. Similarly, at higher strain levels, the modulus approaches
a constant value. Therefore, a set of boundary limitations is applied. If in Equation 2.7 the strain
is small enough that the modulus becomes greater than the seismic modulus measured in the
field, the seismic modulus will be adopted as the modulus of the material. On the other hand, if
at higher vertical strain levels the modulus becomes lower than 5% of the seismic modulus



measured in the field, 5% of seismic modulus will be adopted as the modulus of the material. As
such, the upper and lower bounds of the modulus are:

E =E, (2.82)

up

E,, =0.05E, (2.8b)

fow

Another variation to Equation 2.1 is model developed by the Georgia Department of
Transportation (GADOT). In that study, Santha (1994) collected and tested a number of soil
samples to determine parameters k from resilient modulus tests. He also obtained various
construction parameters such as the moisture content, compaction, and percent saturation. He
then developed regression equations for cohesive and granular materials that estimate parameters
k from the construction parameters using the octahedral shear stress model:

k, b
8 TO(:
My =kF, [‘P—} [‘;L] (2.9

a a

where @ =0, +0, +0,is the bulk stress, toy is the octahedral shear stresses, P, is the

atmospheric pressure, and k;_k; and k3 are multiple regression constants evaluated from resilient
modulus test data. According to Santha, for granular material the three k parameters are in the
form of

log(k,)=3.479-0.07* MC +0.24* MCR
+3.681* COMP +0.011*SLT + 0.006*CLY
—0.025*SW —0.039* DEN +0.004*(SW*/CLY)
+0.003*(DEN*/540) (2.10)

log(k,) = 6.044 - 0.053* MOIST -2.076 * COMP
+0.0053*S4TU - 0.0056* CLY + 0.0088* SW
—-0.0069*SH —0.027* DEN +0.012* CBR

+0.003*(SW? /CLY)-0.31*%(SW + SH)/CLY (2.10b)

log(k,) =3.752=0.068* MC +0.309* MCR
—0.006*SLT +0.0053* CLY —0.026 * SH

~0.033* DEN —0.0009* (SW? / CLY)
+0.00004% (SATU * / SH) - 0.0026 * (CBR * SH) 2.100)



and for cohesive materials,

log(k,) =19.813—0.045* MOIST —0.131* MC
—9.171*COMP +0.0037* SLT +0.015* LL
—0.016* PI —0.021* SW —0.052* DEN
+0.00001*(S40* SATU) 2.11a)

log(k,) =10.274 - 0.097 * MOIST -1.06 * MCR
—3.471* COMP +0.0088* S40 —0.0087 * P/
+0.014*SH —0.0246 * DEN (2.11b)

where MC is moisture content, MOIST is optimum moisture content, MCR is the ratio of MC
and MOIST, COMP is compaction, SATU is percent saturation, S40 is percent passing sieve No.
40, CLY is percent of clay, SLT is percent of silt, SW is percent swell, SH is percent shrinkage,
DEN is maximum dry unit weight, CBR is California Bearing Ratio, LL is liquid limit, and PI is

plastic limit index.

Although these equations were generated based on test sites in Georgia they can be used in the
absence of resilient modulus test for determining k; and k3 values.

Nonlinear Plasticity Index Model

Ishibashi and Zhang (1993) combined the effects of the confining pressure and plasticity index
on modulus behavior in the form

E

seis

= K(y,PI)o", Y"- PO 2.12)

where PI is the plasticity index of the base or subgrade material and 7 is the shear strain and

K(y,PI)=0.5{1+ tanh{ln[o'oomoi Pl )]0,492 ]} (2.13)
: 0.4
m(y, PI)—m, =0.272{1- tanh{ln[gm);)—%] } exp(-0.0145P"*) (2.14)
0.0 forPI =0
-6 1,404
anpTT

2.7x107° P[P

forPI > 70



Several parameters affect the modulus of bituminous materials. The most important parameters
are the rate of the loading (i.e., frequency of loading) and temperature. The typical frequency
‘range at which asphalt concrete (AC) moduli measured with seismic methods is about 10 kHz to
25 kHz; whereas, the actual traffic load has a dominant frequency of about 10 Hz to 30 Hz.
Aouad et al. (1993) clearly demonstrated the importance of considering the impact of frequency
on modulus.

Viscoelastic Model

The AC modulus is strongly dependent on temperature. Aouad et al. (1993), Li and Nazarian
(1994) and several other investigators have studied the variation in modulus with temperature.
The relationship suggested by Li and Nazarian (1994) for adjusting the modulus of AC to a
reference temperature of 77° F (25° C) was used here. That relationship is in the form of

E_,. = =t
7F1.35-0.0078 (t-32)

(2.16)

where Es and E; are the moduli at 77°F and temperature t (in Fahrenheit).

Using the principals of viscoelastic and time-temperature superposition, Witczak and his
colleagues have provided a relationship that can be used to adjust the moduli for frequency and
temperature through the so-called master curve. The new Mechanistic Pavement Design Guide
encourages the use of the master curve. Witczak et al. (1999) describe the newer methodology
proposed in the development of the master curve. A typical distribution of complex modulus
with time and temperature of an asphalt concrete mixture is shown in Figure 2.1. The general
practice has been that the testing is performed at various temperatures at similar loading times
(see Figure 2.1a, then a data is shifted based on a reference temperature using a time-temperature
shift factor (see Figure 2.1b) and finally a master curve is generated at the reference temperature
using a curve fitting technique (see Figure 2.1¢). The master curve is then developed based on
the assumption that asphalt concrete is a thermo-rheoloigeally simple material. The results
presented in Figure 2.1 are shifted horizontally to develop a master curve.

A sigmoidal function proposed by Ferry (1970) can be used to generate a master curve. The
sigmoidal function is in the form of:

log(E*) =5+ d @2.17)

+e P+yloge,

where E* = dynamic modulus, t; = loading period, 8 = Minimum value of dynamic modulus, & +
a = Maximum value of dynamic modulus and B, y = sigmoidal function shape parameter.
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Mirza and Witczak (1995) have proposed the following relationships for obtaining values of the
sigmoid parameters in the absence of lab tests:

S =—1.249937 +0.02932p,,, — 0.001767 p2,, —0.002841p,

0.802208V 2.18
S50y —— 19
Vbeﬂ + Vu
o =3.871977~0.0021p, +0.003958 pyq @.19
—0.000017 2 +0.005470p,, '
B =-0.603313-0.393532log(n, ) (2.20)
7 =0.313351 2.21)

where pz is percent passing on the 0.075Smm sieve, p, is cumulative percent retained on the
4.76 mm sieve, V, is percent air voids in the mix by volume, V. is percent effective bituminous
content by volume, p3s is cumulative percent retained on the 9.5 mm sieve, p34 in cumulative
percent retained on the 19 mm sieve, 7, is viscosity of the binder at a reference temperature.

Once the master curve is established, either from lab testing or the regression relationships
presented in Equations 2.18 through 2.21, the design modulus can be readily determined from
the design vehicular speed and the design temperature as recommended in the 2002 AASHTO
Design Guide

Saeed and Hall (2001), based on tests on a half a dozen specimens have shown that the seismic
modulus and the master curve from complex modulus correlate well. An example from one site
is shown in Figure 2.2. Typical results from one material when the seismic and complex moduli
are combined are shown in Figure 2.3. The process of defining the design modulus is marked on
the figure as well. First a reference temperature is defined for the regional. A design frequency
is then determined based upon the vehicular speed. The desired modulus based on these two
input parameters can be readily defined.

ANALYSIS OPTIONS

The analysis algorithm can be either a multi-layer linear system, or a multi-layer equivalent-
linear system, or a finite element code for a comprehensive nonlinear dynamic system. A multi-
layer linear system is the simplest simulation of a flexible pavement. In this system, all layers
are considered to behave linearly elastic. WESLEA (Van Cauwelaert et al., 1989) and BISAR
(De Jong et al., 1973) are two of the popular programs in this category.
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The equivalent-linear process is based on the static linear elastic layered theory. Nonlinear
constitutive models, such as the one described in Equation 2.1, can be implemented in them. An
iterative process has to be employed in this process. To implement the algorithm, nonlinear
layers are divided into several sublayers. One stress point is chosen for each nonlinear sublayer.
An initial modulus is assigned to each stress point. The stresses and strains are calculated for all
stress points using a multi-layer elastic computer program. The confining pressure and
deviatoric stress can then be calculated for each stress point using Equations 2.2 through 2.5. A
new modulus can then be obtained from Equation 2.7. The assumed modulus and the newly
calculated modulus at each stress point are compared. If the difference is larger than a pre-
assigned tolerance, the process will be repeated using updated assumed moduli. The above
procedure is repeated until the modulus difference is within the tolerance and, thus, convergence
is reached. Finally, the required stresses and strains are computed using final moduli for all
nonlinear sublayers. Ke et al. (2001) describes the development of the equivalent-linear process.
This method is relatively rapid; however, the results are approximate. In a linear-elastic layered
solution, the lateral variation of modulus within a layer cannot be considered. To compensate to
a certain extent for this disadvantage, a set of stress points at different radial distances are
considered.

The all-purpose finite element software packages, such as ABAQUS, can be used for nonlinear
models. These programs allow a user to model the behavior of a pavement in the most
comprehensive manner and to select the most sophisticated constitutive models for each layer of
pavement. The dynamic nature of the loading can also be considered. The constitutive model
adopted in nonlinear models is the same as that in the equivalent-linear model, as described in
Equation 2.7.

The goal with all these models is of course to calculate the critical stresses and strains and finally
the remaining life. We will concentrate on the tensile strain at the bottom of the AC layer and
compressive strain on top of the subgrade. These two parameters can be incorporated into a
damage model (e.g. the Asphalt Institute models) to estimate the remaining lives due to a number
of modes of failure (e.g. rutting and fatigue cracking). These equations are well known and can
be found in Huang (1994) among other sources.

APPROPRIATE MODULUS PARAMETER FOR MODELS

The structural model and the input modulus values should be considered together. Different
structural models require different input parameters. For the equivalent-linear and nonlinear
models, all three nonlinear parameters are required. The process of defining these parameters
can be categorized as material characterization. For the linear model, a representative linear
modulus has to be determined. The process of approximating the modulus is called the design
simulation.

One significant point to consider has to do with the differences and similarities between material
characterization and design simulation. In material characterization, one attempts to determine
the engineering properties of a material (such as modulus or strength). The material properties
measured in this way, are fundamental material properties that are not related to a specific

12



modeling scenario. To use these material properties in a certain design methodology, they
should be combined with an appropriate analytical or numerical model to obtain the design
output. In the design simulation, one tries to experimentally simulate the design condition, and
then estimate some material parameter that is relevant only to that condition. Both of these
approaches have advantages and disadvantages. In general, the first method should yield more
accurate results but at the expense of more complexity in calculation and modeling during the
design process.

NONDESTRUCTIVE TESTING METHODS

Nondestructive testing techniques are widely used to obtain field stiffness parameters of
pavement materials. Several nondestructive testing (NDT) and evaluation devices are available.
Two nondestructive testing devices, Falling Weight Deflectometer (FWD) and Seismic
Pavement Analyzer (SPA), are utilized in this study.

The Falling Weight Deflectometer is the most popular NDT device. The FWD applies an
impulse load to the pavement, so that the pavement deflections can be measured at seven or more
points. The deflections obtained from the seven sensors are input into a backcalculation program
to determine the layer modulus of the pavement.

The Seismic Pavement Analyzer is becoming a popular NDT device. This trailer-mounted
nondestructive testing device operates on the principle of generating and detecting stress waves
in a layered medium Nazarian et al. (1993). The SPA uses more transducers than the FWD with
higher frequencies and more sophisticated interpretation techniques. The measurement is rapid.
A complete testing cycle at one point takes less than one minute (lowering sources and receivers,
making measurements, and withdrawing the equipment). Pavement properties estimated by the
SPA are the small strain moduli of different layers.

The advantages and disadvantages of deflection-based and seismic-based methods are

summarized in Table 2.1. The SMART software developed under this project uses only data
collected from seismic methods. The FWD will only be used for validation.

Table 2.1 Advantages and Disadvantages of Methods Used to Obtain Moduli

Test . ;
Method Major Advantage Major Weaknesses
Imposes loads that approximate The state-of-stress within pavement
FWD P pp strongly depends on moduli of different
wheel loads .
layers, and hence is unknown.
Measures a fundamentally-correct S f duri L .

SPA parameter (i.e., linear elastic tate-of-stress during seismic tests differs

modulus) from the state-of-stress under actual loads
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TEMPERATURE CORRECTION

The modulus of the asphalt concrete (AC) layer is sensitive to changes in temperature of the
asphalt. The means of adjusting the seismic modulus with temperature was introduced before.
The shape of a deflection basin is also impacted by the temperature. Two procedures were used
to adjust the deflection basin for temperature.

Scullion (1987) developed a shift factor based on deflections collected through out the day at a
number of sites adjusted to a fixed temperature. Along with the shift factors a climatic
classification of the state of Texas was devised. Texas was divided into five zones and with that
a mean temperature value was assigned to each zone for each of the 12 month. The mean

temperature and the shift factor could then be used to adjust the deflection immediately under the
load using:

dO(adj) = d() + FaCtor(TempStandard - TempMeasured ) (222)

where dynqp is the adjusted deflection under the load, dj is the measured deflection under the
load, Factor is the shift factor dependent on the thickness of AC layer (0.05 for thickness of AC
layer is less than 3in., or 0.12 for thickness of AC layer is greater than 3in.), Tempsundara 1S the
standard temperature that can be obtained from Figure 2.4 and Temppreasurea is the measured
temperature.

ZONE 2
[ zone 8
ZONE 4
ZONE §

Mean Standard Temperature Values (°F)

Zone|Dec| Jan | Feb | Mar | Apr | May| Jun| Jul | Aug| Sep | Oct | Nov
1 | 48|40 | 39| 66 | 87 | 92 (103|116 104| 82 | 49 | 60
2 | 65| 72|53 |76 |100| 99 | 86 [118]|112| 93 | 61 | 61
3 | 56|46 | 66 | 78 | 89 | 95 |100(114| 89 | 90 | 70 | 70
4
5

55 | 76 | 82 | 96 [ 103)|105| 114|112 108|106 | 98 [ 67
66 | 74 | 71 | 77 | 95| 94 | 93 110118 99 | 93 | 63

Figure 2.4 - Standard Mean Temperature Based on Zones for Texas (from Scullion, 1987)
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(Lukanen et al. 2000) developed a set of equations for temperature adjustment. In this
procedure, the deflections are adjusted using the difference between the deflection under the load
plate and the deflection at some offset sensor distance, as shown below:

Deltal? = d(0) - d(12) (2.23a)
Delta24 = d(0) - d(24) (2.23b)
Delta36 = d(0) - d(36) (2.23¢)
Delta60 = d(0) - d(60) (2.23d)

The resulting equations for temperature adjustment are categorized by the AC thickness. For AC
layer thickness of less than 4 in.:

d(0)=d(24)+ Delta24 10" ((-0.000146 +6.6E™> hy )* (Tpy T} ) (2.24a)

for AC layers from 4 in. to 8 in.

d(0)=d(36)+ Delta36 10"((-0.00064 +5.78E ™ hy )* (T,yy T} )) (2.24b)

and for the AC layer thickness greater than 8 in.:

d(0)=d(60) + Delta60 10°((-0.000303 +4.47E by )* (T, - T} ) (2.24¢)

where d(0) is the deflection adjusted to reference temperature, H; is the thickness of asphalt layer
(in mm), 7,, is the measured (or estimated) mid-depth temperature (in °C), and 7, is the reference
mid-depth temperature to adjust to (in °C). The adjusted deflections for the other spacings are
functions of the deflection at a distance of 36 in. from the load. These regression equations can
be used for that purpose:

log(deltal2) = 3.45-1.59 log(ac) + 0.489 log(®)

(2.25a)
+0.449 log(defl36)—0.0275 T + 0.012T log(ac) log(® )
log(delta24) = 3.30 - 1.32 log(ac) + 0.514 log(® )log(defl36) (2.25b)
—0.00622 T log(®) log(defI36) + 0.00838 T log(ac) log(®) '
log(delta36)=3.05-1.13log(ac) + 0.502 log(® )log(defl36) 2.25¢)
29¢

—0.00487 T log(®) log(defI36) + 0.00677 T log(ac) log(®)
log(delta60) = 2.67 - 0.770 log(ac) + 0.650 log(delta36) + 0.00290 T log(ac) (2.25d)

where ac is the total thickness of the HMA (in mm), @ is the latitude of the pavement section,
defl36 is the deflection (normalized to 40 kN) at 36 in. from the center of the load plate (in
microns) and 7 is the temperature at the mid-depth of the HMA (in °C).
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These three sets of equations can be used to predict the deflections for all sensor locations.
However, because deflections directly under and close to the load are most sensitive to
temperature, adjusted deflections farther away from the center sensor will not be considered as
necessary information.

A close examination of the models presented above indicates that for some thin asphalt layers,
placed over a soft subgrade, and low latitudes, the models are not applicable. In these cases, the
deflections would increase with a decrease in temperature. This situation was unfortunately
pertinent to several of our case studies. In these cases, we did not adjust the deflection basin for
temperature.
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Chapter 3

Description of SMART

INTRODUCTION

The main purpose of the software package SMART (Seismic Modulus Analysis and Reduction
Tool) is to use seismic moduli and well-substantiated nonlinear relationships to provide
representative moduli for pavement design and analysis. SMART incorporates seismic moduli
in a constitutive model recommended by a National Cooperative Highway Research Program
(NCHRP) research project to determine the pavement responses in terms of the stress and strain
developed within the pavement structures. Research Report 1780-4 (2002) contains the users’
manual of SMART. The main features of the program are briefly described in this chapter.

SMART is a windows-based program. The main modules of the program are presented in Figure
3.1. The program contains four main modules; a) main menu, b) pavement property information
and analysis, c) results, and d) online help. The flow of execution starts from the main menu,
proceeds to pavement property information and analysis module and end with the results module.
The online help module offers detailed explanation of all features in each of the SMART menus.

MAIN MENU

The main menu is shown in Figure 3.2. This menu controls access to different aspects of the
program. The options available in the main menu are:

1. Analysis
2. Results
3. Help

4. Optional features
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Figure 3.1 - Modules of SMART

Figure 3.2 - Main Menu of SMART
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Analysis: Analysis is the first option that the users select in the main menu. It allows the user to
be prompted for the required data necessary to conduct a given analysis.

Results: This menu option provides users with the flexibility to directly access previously-
analyzed data without performing the analysis again.

Help: This option brings up the online help menu providing users access to detailed
explanations and information on all features of the program.

Optional features: Three additional (optional) features are provided in the main menu. The first
feature is the project information option. Project information is a menu that allows a user to
provide header information for each project. The second feature is the wizard option which
provides instructions for novice users. The last optional feature is the sound option. Sounds are
incorporated into SMART to help users transition with the flow of execution.

USING SMART

To start using SMART, a user first selects the analysis option. The user is then prompted to
make a selection of either working with a new project or opening an existing one. The existing
project option enables the user to select and rerun a previously-defined project. By selecting a
new project, the user is prompted for the necessary data. At this point, the user can choose to use
either a) default data or b) actual field data. The default data consists of a set of typical values
which can be used during the design stages. These values are only recommendations and can be
modified by users. Alternatively, the seismic data collected in the field can be retrieved.
SMART provides the user with an option to link with a seismic reduction program.

Analysis with Default Data

The analysis with default data option provides a preliminary analysis without the need for
complete field data. Users might have partial seismic data (e.g. modulus of AC from PSPA), in
which case these values can be substituted in for the default values. When laboratory values are
available, the user can substitute laboratory values as well. In the planning stages, .the built-in
typical seismic values can be used to run the analysis

Figure 3.3 shows an example of the menu where the pavement structure is developed. For each
layer, the user selects a) layer type, material type and constitutive model. Five layer types are
available: a) overlay, AC, base, subbase and subgrade. After the layer is selected SMART will
prompt the user to select a material type from a list of suitable options. Once the material type is
selected, the user then selects a suitable constitutive model applicable to a given material.
SMART has six models to select from: a) linear, b) viscoelastic, ¢) nonlinear (using resilient
modulus test results), d) nonlinear (using the plasticity index test results), €) nonlinear (using
estimated nonlinear parameters based on material quality) and f) nonlinear (using estimated
nonlinear parameters based on index tests).
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Figure 3.3 - Assembling Layer Property Information

The next menu provides a layer-by-layer summary of the information input (see Figure 3.4). The
user can make any final changes to any parameter before performing the analysis. As depicted in
Figure 3.4, the user can either enter the depth to rigid layer or select a semi-infinite layer. The
first option allows users to consider shallow depth to rigid layer.

Analysis with Field Data

Analysis with field data allows the user to process seismic modulus and thickness values reduced
with seismic inversion programs such as SASW for SPA. The goal would be to use reduced data
from seismic test of an entire pavement section in SMART to obtain design modulus values.

SMART provides two options to incorporating reduced seismic data: a) reduce the data using
SASW program and b) retrieve reduced data. If the field data has not been reduced the first
option is used, where SMART links up to SASW for SPA. Once the data has been reduced and
saved using SASW, it can be retrieved and analyzed using SMART. The second option retrieves
reduced data by any seismic reduction software as long as the format of the output file is
compatible. The format of the output file is available in the online help menu.
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Upon selection of the data file, SMART reads and interprets the file containing seismic data and
prompts the user to select the analysis model and the constitutive material types for each layer.
Figure 3.5 shows a snapshot of the menu where the model types are selected. Once the layer
model types are selected the data from the reduced seismic file is read and summarized as shown
in Figure 3.6. After reviewing all input data, the user initiates the analysis by selecting the run
analysis button.

Viscoelastic Feature for Overlays and AC Layers

SMART program features three options for temperature and frequency adjustments for the AC
layer modulus values. These options are listed as: a) simplified, b) master curve based on mix
properties, c) master curve based on lab testing. The details of adjusting modulus values based
on temperature for all three methods were described in Chapter 2. Figure 3.7 contains the menus
used for temperature adjustment. Figure 3.7a is a snapshot of the simplified method where the
user only inputs the field or testing temperature. When selecting the update button from the
menu, the modulus value is calculated for a temperature of 77°F (25°C).

If the second or third options are selected, the temperature adjustment is based on the master

curve. The main premise of temperature adjustment due to master curve is to calculate a
modulus value at a given temperature based on a sigmoid curve. A sigmoid curve is a four-
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a) Simplified Method

Figure 3.7 - Snapshots from SMART Viscoelastic Menus
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parameter curve (a, B, v, 6). As indicated in Chapter 2, by knowing the four parameters of the
master curve, the adjusted modulus values can be calculated. The difference between the two
master curve options is in the method of determining the four parameters.

The first method uses regression equations that are functions of material mix properties to
calculate the curve parameters. Figure 3.7b shows the section where mix property values are
provided to calculate the master curve parameters. Along with the mix properties, the design and
testing frequencies are needed. These values are used to shift the curve and determine the design
modulus value.

The second method for extracting master curve parameters as indicated in Chapter 2 is by
laboratory testing using the complex modulus test. This option assumes that the laboratory test is
performed and the master curve parameters are known. Figure 3.7c shows where the master
curve parameters need to be entered. Along with parameters values, design and testing
frequency values are also needed.

Nonlinear Feature for Base, Subbase and Subgrade

As discussed in Chapter 2, SMART uses two nonlinear material models: a) nonlinear constitutive
model (refer to Equations 2.1 through 2.7), and b) plasticity index model (refer to Equations 2.12
through 2.15). The nonlinear constitutive model requires parameters k; and k3 since parameter
k; is calculated from seismic modulus. SMART provides three options from which parameters
k, and kj can be obtained.

The first and the most desirable option is to obtain the parameters k, and k; from the resilient
modulus tests. Figure 3.8a shows a snapshot of where the parameters k; and k; from lab test can
be incorporated. The second alternative is by selecting the quality of the materials (see Figure
3.8b). The material quality is classified from basically good to average to poor. Based on
literature and previous studies, preset k, and k3 values are selected for each quality. This option
is not recommended, and should only be used for preliminary analysis when values from the
resilient modulus tests are not available. A third option is to obtain the parameters k; and k3
from index tests such as compaction, moisture, density, saturation, etc. (see Equations 2.10 and
2.11). This option is disabled at this time until an extensive study for Texas condition is carried
out.

The plasticity index nonlinear option only requires the PI of the material. Figure 3.8c shows a
snapshot from SMART, where a user inputs a PI value of a material if the nonlinear plasticity
option is selected. This option is borrowed from the geotechnical earthquake engineering field
and should provide reasonable results.

Results

The results menu in SMART is either accessed from the main menu directly or automatically
after an analysis is complete. As a reminder the main use of SMART is to determine design
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’ Main Menu

Figure 3.9 - Results Menu

modulus values from seismic data and as such the design modulus values are presented by
SMART’s results menu. An example of the results menu is shown in Figure 3.9. Design
modulus of each layer is presented in two fashions: a) conservative values and b) average values.
The conservative design value is the minimum nonlinear value calculated for each layer and the
average design value is the average value calculated for each layer. A graph of the variation in
the design modulus of each layer as a function of test point is also depicted in Figure 3.9.

Estimation of Nonlinear Parameters

The estimation of the nonlinear parameters is a separate module that is linked with SMART.
This program was developed to determine the feasibility of backcalculating the nonlinear
parameters ko and k; from the SPA and FWD data. Meshkani et al. (2001) contains the
algorithm used in this program. An overview of the features of this module is included here.

A menu similar to the main menu in SMART is developed (see Figure 3.10a). The FWD data
are then automatically retrieved. Once the FWD information is retrieved, all the required
information for the analysis is provided through a menu shown in Figure 3.10b. The user selects
the number of cases to analyze and the number of layers in the pavement section. The user also
either specifies the depth to rigid layer or the program automatically uses a regression analysis
developed by Rhode and Scullion (1990) and advocated by Michalak and Scullion (1995) to
calculate the depth to the rigid layer. The next step consists of determining the seed values for
the two nonlinear parameters for each layer based on the type and quality of the material.
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a) Main menu b) Analysis Setup

“expert system”
menu

Figure 3.10 — Select Menus from Nonlinear Parameter Estimation Program

A simple “expert system” is built into the program based on studies by Meshkani et al. (2001) to
provide recommendations to the user in terms of whether obtaining a reasonable backcalculated
parameter is feasible or not. Meshkani et al. (2001) extensively demonstrated the limitations of
backcalculating nonlinear parameters for thick and strong pavement structures.

Once the SPA data are retrieved, the results of the analysis are shown automatically in the results
menu (see Figure 3.10c). The figure displays k, and ks values highlighting values the were
backcalculated. Also presented in the result menu are the RMS error related to the mismatch
between the measured and calculated deflection basins to assess the closeness of the two
deflection basins. The values from this program can then be used to calculate the design
modulus values of the pavement section being analyzed.

27



28



Chapter 4

Validation Process

INTRODUCTION

As in any other validation process, the ultimate goal is to compare the results from the proposed
methodology to known and measurable parameters. In this project, the main goal was to
determine the validity of using seismic moduli in the algorithms incorporated into SMART to
determine the design moduli. Since determining the exact moduli of different pavement layers at
a test site is close to impossible, an independent means of assessing the validity of the SMART
was needed.

One independent way of assessing the validity of the proposed algorithm is the use of the FWD
measurements. An FWD measures a response (seven deflections) of a pavement to a known
load. Normally, the load and deflections can be input into a backcalculation program to
determine the modulus of each layer. Given the uncertainty associated with the backcalculation
process, we attempted to avoid it as a primary validation tool. A more straight forward means of
validating the process is to estimate the seven deflections that would have been measured by the
FWD using the seismic moduli. Seismic moduli and lab test results were input into SMART to
determine the variation in modulus within each layer. Using the moduli suggested by SMART,
the seven deflections were then calculated. The closeness between the measured deflection
basins and those calculated from the output of SMART was used to determine the
appropriateness of the suggested algorithms.

Figure 4.1 illustrates how the validation tasks are related. To obtain all the necessary
information, the following main tasks had to be carried out:

a) field testing,

b) lab testing,

c) data analysis and

d) interpretation of results
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Figure 4.1 - Flowchart of Validation Process

The first task was field testing, which consisted of collecting seismic data, FWD deflections, and
retrieving materials for lab testing. The second task was to perform resilient modulus tests on
the specimens collected from the test site. The nonlinear parameters from the lab tests and the
seismic field data were then used as input to SMART to obtain design modulus profile for each
layer (Task 3). As a part of Task 3, the theoretical deflections from the calculated modulus
profile were also determined. The final step consisted of comparing the theoretical and
experimental deflections. As a secondary task, the moduli from the FWD backcalculation and
from SMART were also compared.

The validation process started with the selection of a wide variety of test sites. A matrix of
desirable sites, as presented in Table 4.1, was developed to ensure that all flexible pavement
sections built in Texas are considered. The pavement sections were first categorized based on
the subgrade type (i.e., clayey vs. sandy). Each category was further subdivided into the
following four groups: a) thin AC with thin base, b) thin AC with thick base, c¢) thick AC with
thick base, and d) thick-AC with thin base. The range of layer thickness for each pavement
section is included in the table. To optimize the use of the resources available for this project,
two of the pavement types were eliminated. Pavement sections with thick AC and thin base for
both types of subgrades are not common in Texas and therefore not considered in the validation
process. These two sections are shaded gray in Table 4.1.

FIELD TESTING

The data collection process consisted of conducting nondestructive tests with the FWD and SPA
followed by a trenching operation where material was retrieved for lab testing. The NDT
protocol at each site consisted of testing eleven locations each about 30 ft apart. As shown in
Figure 4.2, five points were located before the trench, five after the trench, and the eleventh point
in the vicinity of the trench. This allowed for the quantification of variations in the material
properties along a site. Figure 4.2 also outlines the numbering scheme used in reporting the
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Table 4.1 - Matrix of Pavement Sections Used for Validation

Layer
Type Subgrade Type
Subgrade Clayey Subgrade
B Thin Thick Thin Thick
ase (6in. To 8in.) (12in. To 18in.) (6in. To 8in.) (12in. To 18in.)
Thin Thin Thick Thin Thin Thick
AC (2in. To (2in. To | (6in. To | (2in. To (2in. To | (6in. To

4in.) 4in.) 8in.) 4in.) 4in.) 8in.)

Note: shaded area was excluded as possible test section.

-ﬁ Direction of Traffic

Trench

30 ft between each test point
Figure 4.2 - Layout of Test Locations at Each Site

properties along a site. In some of the sites, where trenching was not carried out, more or less
than eleven points were tested as it will be discussed in Chapter 5.

NDT Test Equipment and Data Collection

Falling Weight Deflectometer (FWD)

FWD tests were carried out at four load levels at each test point. The measured load and
deflections were saved into a file for further analysis. This process was repeated for each test

point. The data associated with a load of 9000 Ib was extensively used in this study because it
simulates the load applied by a typical truck.
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Seismic Pavement Analyzer (SPA)

The SPA lowers transducers and sources to the pavement and digitally records surface
deformations induced by a large pneumatic hammer which generates low-frequency vibrations,
and a small pneumatic hammer which generates high-frequency vibrations (see Figure 4.3). All
measurements were performed either shortly before or shortly after the FWD tests at the same
points. The main test used in this study is the SASW tests. The SASW method is a seismic
method that can nondestructively determine modulus profiles of pavement sections. Detail on
the SASW test process can be found in Nazarian et al. (1995).

a) FWD data Collection b) SPA-SASW data Collection

Figure 4.3 - FWD and SPA Data Collection Scheme

Trenching and Sample Collection

The materials necessary for the resilient modulus tests were retrieved from a trench dug in the
pavement usually at the center test point. The procedure for collecting the soil samples consists
of the following steps:

e Approximately a 3 ft by 12 ft section of AC was removed. This operation was carried out
with no or little water to minimize changes to the moisture of base.

e At least five moisture and density tests were carried out on top of the exposed base layer
using a nuclear-density device.

e About 600 lbs of the base material was carefully removed and bagged for lab testing.
e Several random specimens were retrieved so that the in-place moisture content of the base
can be verified.
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e The trench was thoroughly cleaned to the top of the subgrade by removing the excess base
material from it.

e About 300 Ib of the subgrade material was removed and bagged for lab testing.

¢ The pavement section was backfilled and repaired.

A few AC cores were also obtained to verify the thickness of the layer.

LABORATORY TESTING

The base specimens were prepared in 6-in. molds in six 2-in. lifts using a standard mechanical
hammer following test method Tex-113-E. The material required for preparing a specimen was
homogenized at the desired moisture content by adding the required water, thoroughly mixing,
and storing for one day. Similar procedure was followed for the subgrade materials but the
standard Proctor procedure was followed on 4 in. diameter 8 in. high specimens.

The resilient modulus of the subgrade and base materials were typically determined by applying
various deviatoric stresses at different confining pressures in a repeated load triaxial test. The
confining pressure was applied by subjecting the specimen to compressed air inside the acrylic
cell surrounding the specimen. The pressure was monitored by a pressure gage.

Figure 4.4 shows the resilient modulus test in progress. A half-sine loading waveform with a
loading duration of 0.1 seconds and rest period of 0.9 seconds is used. The axial deformations
were measured along the middle one-third of the specimen with six non-contact proximetor
sensors. The protocol developed by Nazarian et al. (1995) was followed. From the measured
axial displacements at a particular deviatoric stress and confining pressure, the resilient modulus
of the specimen was determined.

Figure 4.4 - Schematic of Resilient Modulus Test
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The constitutive model used to describe the results of the resilient modulus tests is

Mg = k| 60 64 @.1)

o4 and o, are the deviatoric stress and confining pressure, respectively. Parameters k; through k;

are statistically-determined coefficients. Equation 4.1 is the same as Equation 2.1 described in
Chapter 2.

DATA ANALYSIS

In this section, the results from a site located in Waco, Texas are included to clarify the analysis
process. The site consisted of about 3 in. of AC over 17 in. of stiff base over a moist clayey
subgrade. This site was selected because its results were generally representative of most sites.
The site which was located on FM 933 was visited in August, 2001.

The procedure used to analyze the data and test the samples collected from the field is as
follows:

e Conduct laboratory resilient modulus tests to determine nonlinear parameters k, and ks for
the base and subgrade,

e Reduce SPA results to determine seismic modulus profile,

e Combine seismic moduli with laboratory-derived k; and kj to estimate design modulus using
SMART,

e Calculate surface deflections from design modulus values using SMART and compare with
those measured with the FWD,

e Reduce FWD data to determine effective modulus of each layer,

e Compare the variation in modulus within the base and subgrade with the backcalculated
ones, and

e Predict nonlinear parameters k, and ks for base and subgrade by combining seismic moduli
with FWD deflections. This part of the analysis process is included to verify the limitation of
backcalculating nonlinear parameters with the two NDT devices.

Each item is elaborated below.

Resilient Modulus

The resilient modulus, as discussed earlier, is used to determine the nonlinear parameters k, and
k3 of the base and subgrade. Figure 4.5a demonstrates typical response from bases. As the
confining pressure increases, the modulus also increases. Conversely, as the deviatoric stress
increases, the modulus decreases. Similar results but for the subgrade are shown in Figure 4.5b
for the clayey subgrade. As anticipated, the modulus does not vary much with the confining
pressure. The k; and k3 values from Equation 4.1 for the base are 0.50 and -0.30, and for the
subgrade are 0.04 and -0.4, respectively.
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Figure 4.5 - Process for Estimating Nonlinear Parameters Based on Resilient Modulus Test

FWD Analysis

The backcalculation programs MODULUS and EVERCALC were used to estimate the design
modulus values of the layers. Even though MODULUS is exclusively used by TxDOT,
EVERCALC allows more flexibility over the depth to rigid layer. The FWD deflections
measured in the field for FM 933 are presented in Table 4.2. The reported FWD deflections
were normalized to 9000 b using the following equation:

d[ Normalized = d,‘ 9000 _ i=1to7 (42)
Load

Actual
where d; is the deflection at sensor i and Load .4 1S the load at the time of the test.

The measured deflection bowl at the trench location is compared with the deflection bowls
calculated from the two backcalculation programs in Figure 4.6. The backcalculated moduli
from each program are also presented in Figure 4.6. The modulus of the AC was fixed since the
AC layer was less than 3 in. thick. As shown in the figure, the two theoretical deflections bowls
match the measured deflection bowl well with slightly different set of modulus values.
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Table 4.2 - Measured FWD Field Data Normalized to 9000 1bs

Deflections (mils)
Point Sensor Spacing
0in. 12 in. 24 in. 36 in. 48 in. 60 in. 72 in.

-5 8.3 4.3 3.2 2.6 2.1 1.7 1.3
-4 7.4 4.2 3.4 2.7 2.3 1.9 1.5
-3 7.9 4.6 3.4 2.6 2.1 1.6 1.3
-2 8.0 4.2 3.0 2.4 1.8 1.5 1.2
-1 6.9 3.7 2.8 2.3 1.8 1.5 1.2
0 6.6 3.6 2.6 2.0 1.5 1.2 1.0
1 5.6 3.3 2.5 2.0 1.6 1.3 1.0
2 5.3 3.2 2.5 1.9 1.6 1.3 0.9
3 6.2 3.7 2.9 1.9 1.4 1.2 0.9
4 5.5 3.1 2.5 2. 1.6 1.4 1.1
5 8.5 4.2 3.2 2.5 2.1 1.8 1.3

Sensor Spacing (in.)

72

0 12 24 36 48 60
0 L 1 1 NNp— o I —_— | J
| ® Measured FWD Deflections
O Calculated FWD Deflections (EverClac 5.0)
Ly A Calculated FWD Deflections (MODULUS 5.1) &
2 ™
z
23
=
é 4 MODULUS 5.1 (RMS =2.7%) EverCalc 5.0 (RMS =1.7%)
L
(= 5 | AC Modulus* = 500 ksi AC Modulus* =500 ksi
Base Modulus = 250 ksi Base Modulus = 223 ksi
6 - SG Modulus = 32 ksi SG Modulus = 38 ksi

<
—

*- modulus of AC was fixed
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The results of the FWD backcalculation from both MODULUS and EVERCALC for the
remaining points tested at FM 933 are summarized in Table 4.3. The RMS errors, which reflect
the closeness of fit between the measured and calculated deflection bowls, are small for all test
points. The average base and subgrade moduli from MODULUS are 285 ksi and 27 ksi,
respectively and from EVERCALC, 265 ksi and 34 ksi respectively.

Table 4.3 - Results of Backcalculated Design Modulus Values

Modulus (ksi) using MODULUS 5.1 | Modulus (ksi) using EVERCALC 5.0

POINT | AC | BASE | SUBGRADE | RMS | AC | BASE | SUBGRADE | RMS
-5 500 | 215 26 7.0% | 500 | 211 30 4.2%
-4 500 | 311 22 6.5% | 500 | 308 28 4.1%
-3 500 | 230 24 3.0% [ 500 | 204 30 1.5%
-2 500 | 206 28 5.1% | 500 | 191 33 2.2%
-1 500 | 284 28 6.1% | 500 | 276 34 3.6%
0 500 | 250 32 2.7% [ 500 | 223 38 1.7%
1 500 | 361 30 3.5% | 500 | 330 38 1.6%
2 500 | 407 29 4.6% | 500 | 355 38 4.5%
3 500 | 270 31 3.8% | 500 | 229 39 5.2%
4 500 | 405 28 5.7% | 500 | 396 36 3.7%
5 500 | 195 24 8.6% | 500 [ 196 28 5.8%

SPA-SASW Analysis

The reduction of the SASW data is a two step process (see Nazarian et al., 1995). The first step
consists of constructing an idealized dispersion curve; variation in phase velocity with
wavelength. Once a dispersion curve is determined, an inversion (backcalculation) algorithm is
used to estimate the seismic modulus profile of the pavement section. This reduction scheme is
performed for each test point.

The dispersion curve and seismic modulus profile at the trench location for FM 933 are
presented in Figure 4.7. The measured and calculated dispersion curves are compared in Figure
4.7a. The calculated dispersion curve is generated by the inversion process using the seismic
modulus profile depicted in Figure 4.7b. The RMS error and number of iterations in Figure 4.7b
refer to the closeness of the fit between the measured and calculated dispersion curves. Table 4.4
present the results for all test points at FM 933. The average, standard deviation and coefficient
of variation (COV) are also presented. The results from the seismic reduction process for all
sites are presented in Appendix B.
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Figure 4.7 - SPA-SASW Data Reduction Processes
Table 4.4 - Results of SASW Data Reduction Process for FM 933
AC Base Subgrade
Point Modulus Thickness Modulus Thickness Modulus
(ksi) ~ (in.) (ksi) - (in.) (ksi)
-5 2267 2.2 346 15.6 30
-4 2070 2.2 375 16.0 26
-3 2199 1.9 276 16.1 28
-2 2094 2.0 276 17.3 25
-1 2028 2.8 348 17.5 23
0 1878 2.4 335 16.9 20
1 2108 2.5 404 16.3 26
2 2133 2.7 385 16.7 32
3 2011 2.6 172 18.2 27
4 1978 2.6 448 16.4 29
5 2240 2.0 286 16.1 29




Analysis with SMART

The next stage in the validation process consisted of introducing the seismic moduli and the
results from the laboratory tests (k; and k3 values) into the SMART program. Figure 4.8 shows
the overall data flow as used by SMART. The first stage demonstrates the process where
SMART retrieves seismic data and nonlinear layer parameters to calculate the variation in design
modulus within each pavement layer. In the second stage, seven deflections under a 9000 1b load
from the moduli estimated by the SMART are calculated. Two sets of design modulus values
(i.e. conservative and average) are also calculated with SMART.
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Figure 4.8 - SMART Analysis to Calculate FWD Deflections

Comparison of Deflections

Deflection basins measured with the FWD and those calculated from SMART using nonlinear
and linear analyses at the trench point for FM 933 are compared in Figure 4.9. The measured
deflections were adjusted to a temperature of 77°F using the temperature correction scheme
proposed by Lukanen et al. (2000). At a few sites when the test temperatures were high
(>120°F) and the AC layers were thin, the deflection correction scheme would yield
unreasonable results (i.e. proposed deflections for Sensor 1 that were greater at 77°F than the test
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temperature). In those few cases, the deflections were not adjusted for temperature. Appendix A
provides the results of the FWD deflections for all test sites.

Sensor Spacing (in.)

0 12 24 36 48 60 72
0.00 | | i ] ! |

1.00 -

2.00 -

3.00 -

4.00 -

Deflection (mils)

5.00 -

6.00 3

—&— FWD Data
7.00 - =] inear-Elastic

—#&— Equivalent-Linear

8.00

Figure 4.9 - Comparison of Deflection Bowls calculated with SMART
to Measured FWD Deflections

The deflections from the linear and nonlinear models without considering depth to a rigid layer
are compared in Figure 4.9. The deflections from the last four sensors compare quite well when
either the linear or the equivalent-linear model is used. On the other hand, the deflections for the
first three sensors from the equivalent linear analysis yield larger deflections as compared to the
linear elastic solution. This should be the case since the nonlinear behavior of the layers is only
prominent near the load. Farther from the load, the stresses are similar irrespective of the
material model used.

In Figure 4.9, the shapes of the FWD and equivalent-linear deflection bowls are similar.
However, the calculated and measured deflections are parallel to one another. This can occur
because the depth to a rigid layer is ignored. Meshkani et al. (2001) showed that by varying the
depth to a rigid layer, the calculated deflection bowl can be shifted to better fit the measured
bowl. Also verified in the report is that varying the depth to rigid layer in that manner had no
impact on the estimated critical strains and the remaining lives of a pavement. To demonstrate
this concept, the deflection bowl was calculated by gradually moving the rigid layer closer to the
surface.
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Figure 4.10 - Impact of varying Depth to Rigid Layer

The variation in the deflection bowl by varying the depth to rigid layer from 300 in. (standard
option in SMART) to 100 in. is shown in Figure 4.10a. At a depth of 100 in., the calculated
deflections agree well with the FWD measurements. Figure 4.10b shows the results of the
critical strains with varying depths to rigid layer. The critical strains used to predict remaining
life of the pavement do not change. To avoid any bias in the results, this process was not
adopted for the validation process. The depth to rigid layer used in the analysis was maintained
at a depth defined from the algorithm incorporated in MODULUS for estimating the depth to the
rigid layer.

The calculated deflections for the equivalent-linear model for FM 933 site are shown in Table
4.5. The RMS errors with respect to the FWD measurements are also reported. The RMS error
for all points except one (point 0) are less than 10%. Similar results are shown for the PI model
in Table 4.6. In general, the PI model, which is thoroughly discussed in Research Report 1780-2
(Ke et al. 2002), yields results with slightly higher RMS errors. The subtle difference between
the nonlinear model and the P1 model is that the deflections near the load from the PI model are
typically greater than those from the nonlinear model. As compared to the FWD deflections, the
PI model over-predicts the deflections near the load; whereas the nonlinear model under-predicts
them. These results are good indications of the applicability of the seismic methods to determine
design values that can be used for pavement design and analysis. The average deflections for all
test sites calculated from SMART are presented in Chapter 5.
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Table 4.5 - Deflection Results from Equivalent-Linear Methods Using SMART

Location Deflection, mils RMS

0in. 12in. | 24in. | 36in. | 48in. | 60in. | 72in. Error
-5 6.18 3.85 2.72 2.03 1.52 1.16 0.89 9%
-4 6.25 4.05 2.97 2.28 1.74 1.35 1.05 8%
-3 7.15 4.31 2.96 2.19 1.63 1.23 0.95 7%
-2 6.99 4.28 3.03 2.29 1.74 1.35 1.05 3%
-1 6.14 4.00 3.02 2.39 1.88 1.49 1.18 2%
0 7.18 4.78 3.59 2.83 222 1.75 1.39 15%
1 5.80 3.78 2.84 2.20 1.70 1.33 1.04 4%
2 5.19 3.24 2.36 1.80 1.38 1.06 0.83 4%
3 8.09 4.51 2.93 2.14 1.60 1.22 0.95 6%
4 5.23 3.38 2.55 1.97 1.52 1.19 0.93 3%
5 6.80 4.10 2.83 2.09 1.56 1.18 0.91 8%

Table 4.6 - Deflection Results from PI Methods Using SMART
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Location Deflection (mils) RMS

Oin. | 12in. | 24in. | 36in. 48 in. 60in. | 72in. | Error

-5 6.71 3.77 2.57 1.95 1.49 k15 0.89 9%
-4 7.39 4.05 2.84 2.19 1.71 1.33 1.05 8%
-3 7.52 4.24 2.79 2.1 1.6 1.22 0.95 7%
-2 7.56 4.31 2.89 2.21 1,72 1.34 1.05 2%
-1 7.31 4.13 2.94 2.31 1.85 1.47 1.17 2%
0 8.74 4.97 3.49 2.74 2.18 1.74 1.38 15%
1 6.84 3.82 2.73 2.13 1.68 1.32 1.04 4%
2 5.73 3.21 2.26 1.74 1.35 1.06 0.83 5%
3 7.87 4.13 2.74 2.06 1.57 121 0.95 5%
4 6.33 3.38 2.45 1.91 1.5 1.17 0.92 4%
5 7.12 4.02 2.66 2.01 1.53 1.17 0.91 9%




Estimating Design Modulus Values

In the previous section, the deflections obtained from the seismic method were compared to
deflections measured with the FWD. The calculated deflections were estimated from the
variation in the modulus within each layer. Ke el al. (2000) contains an algorithm to obtain the
variation in modulus within a layer. The variation in modulus in each layer calculated by
SMART for the FM 933 at the trench location is contoured in Figure 4.11. The top layer was
considered as a linear viscoelastic layer, and therefore its modulus is a constant value of 586 ksi.
The variations in the modulus values within the base and subgrade layers under a standard dual-
tandem axle are also shown in the figure. The modulus of the base layer varies from 200 ksi
(located at the bottom of the base under the load) to 320 ksi (located away from the loading
area). As for the subgrade the modulus varies from 14 ksi (located near the loaded area) to 20
ksi (located at the bottom of the subgrade). The critical stresses and strains obtained from the
interface based on these results will vary significantly from those obtained from the linear
analysis. It is therefore evident that considering the load-induced variation in modulus of each
layer has a large impact on the estimated remaining life of a pavement.

Radial Distance (in.)

0 12 24 36 48 60 72
24 AC Modulus (ksi) . 586
320
7.4 290
260
12.4
230
Base Modulus (ksi) (B8
17.4 " | 200
E 274
S
)
(=]
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47.4
57.4 20.0
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67.4

15.5
S.G. Modulus (ksi) 14.0

Figure 4.11 - Modulus Profiles Based on a Center Point of FM 933
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Although the variation in modulus within each nonlinear layer can be used visually to appreciate
the degree of load-induced nonlinearity in the layer, they may not be quantitative enough for
engineering design. Therefore, graphs like those shown in Figure 4.11 have to be further
summarized.

A schematic of the algorithm used by SMART to provide the design modulus for each layer is
shown in Figure 4.12. Upon consultation with TxDOT Project Management Committee for this
project, the minimum (conservative) and a weighted average modulus (average) under the load
within a layer is provided as an output to the user. For the trench location at FM 933, the design
moduli are schematically presented in Figure 4.12. Note that the design moduli are related to the
load applied, the thickness of the layers, the nonlinear parameters of the base and subgrade and
the viscoelastic behavior of the AC layer.

The modulus values for the entire site are presented in Table 4.7. The table contains both the
conservative and average moduli. Users can decide which of the two modulus values to use
based on the importance of the project and the required level of confidence of the project. For
the FM 933, the minimum design modulus values for the base and the subgrade are about 20% to
30% less than the average values.
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Table 4.7 - Design Moduli from SMART for FM 933 Site

Modulus (ksi)
Point Conservative Average
AC Base Subgrade AC Base Subgrade
-5 708 209 19 708 280 26
-4 646 228 17 646 306 22
-3 687 158 18 687 219 24
-2 654 163 16 654 222 21
-1 633 222 16 633 288 20
0 586 204 14 586 271 17
1 658 258 18 658 335 22
2 666 251 21 666 322 28
3 628 93 17 628 133 23
4 618 296 20 618 378 25
5 700 166 18 700 228 25

As a final summary, the moduli obtained from different tests and different stages of processing
for the site are summarized in Table 4.8. The AC layer moduli from the two FWD analysis
programs were maintained constant at 500 ksi, were the low-strain seismic modulus is about
2,100 ksi. After the viscoelastic behavior of that layer is considered, the design modulus of
about 650 ksi is obtained. The modulus for the base layer from the FWD analysis is about 265
ksi to 290 ksi at this site which is extremely higher than typical base but representative of the site
tested. The low-strain seismic modulus of the layer is also high and about 330 ksi. However,
when the load-induced nonlinear behavior of the layer is considered, a minimum base modulus
of about 204 ksi is estimated near the subgrade layer with an average modulus of about 270 ksi
as the weighted average modulus of the layer. For the subgrade, the FWD deflections yield a
modulus of about 27 ksi to 34 ksi, which is similar to the subgrade modulus of about 27 ksi low-
strain seismic modulus estimated by the SPA. The load-induced nonlinear analysis with
SMART yields a minimum modulus of about 18 ksi with an average modulus of 23 ksi. The
significance of this case study is that the seismic analysis can yield moduli that can estimate the
measured deflection basin with a reasonable closeness, at the same time it provides a means of
incorporating the nonlinear behavior of the layer in a more rational manner.

Table 4.8 - Summary of Results from FM 933 Study

Modulus, ksi
Layer FWD SASW SMART
Modulus EVERCALC Conservative Average
AC 500 500 2091 653 653
Base 285 265 332 204 271
Subgrade 27 34 27 18 23
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Estimation of Nonlinear Parameters of Base and Subgrade

As stated before, the nonlinear parameters of the base and subgrade were also estimated using
the FWD deflections and the seismic modulus values. A detailed description of this al<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>