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1 Executive Summary

For the past few decades, the stiffness of materials used for roadway design and construction has
been commonly characterized by the resilient modulus, defined as the ratio of the applied stress
to the recoverable strain. However, the resilient modulus is not a fundamental material property
of a viscoelastic material, and hence, the concept of resilient modulus has been subsequently
diminished in the latest Mechanistic-Empirical Pavement Design Guide (MEPDG). Although the
MEPDG could not endorse the use of the resilient modulus test protocol as the primary means of
asphalt concrete modulus characterization in the design of flexible pavements, it has been a
primary mixture test, and a considerable amount of laboratory testing has been completed to
date. In this paper, analysis methodologies are introduced for backcalculating the dynamic
modulus from the resilient modulus test data. To assess the usefulness of the proposed
algorithm, laboratory experiments in both the uniaxial compression and indirect tensile test
modes were carried out on asphalt specimens compacted using the Superpave gyratory
compactor. The backcal culated dynamic modulus was used to generate the master curve, and the
creep test data was used to enhance the accuracy of the master curve. The advantage of such a
methodology is that the existing resilient modulus and creep test data can be leveraged for
estimating the dynamic modulus. The approach would significantly save time and effort in
reevaluating the dynamic modulus of asphalt mixture when the resilient modulus and creep test

data are available.



2 INTRODUCTION

For the past few decades, the resilient modulus defined as the ratio of the applied stress to the
recoverable strain (1), has been commonly used by highway agencies for characterizing the
stiffness of asphalt concrete mixtures. As for the Florida Department of Transportation (FDOT),
resilient modulus test has been typically conducted along with creep and strength tests in the
Indirect Tensile (IDT) mode for obtaining the Energy Ratio, a single parameter which depicts the
relative cracking performance of a mixture based on the theory of Fracture Mechanics (2, 3).
Unfortunately, the resilient modulus is not a fundamental property of a viscoelastic material, and
hence the concept of resilient modulus has been subsequently diminished in the latest
Mechanistic-Empirical Pavement Design Guide (4). Instead, the new design guide uses the
dynamic modulus as a primary material input for both new construction and rehabilitation

projects.

Although the resilient modulus was not adopted for use in the new design guide, a considerable
amount of resilient modulus data has been gathered in the past to evaluate asphalt mixtures. On
the other hand, because the dynamic modulus test was not needed for the calculation of Energy
Ratio, it has not been conducted during most of FDOT’s previous research studies. Therefore,
there is a need for a reliable and accurate methodology that allows for converting the existing
resilient modulus data to dynamic modulus, in order to make use of the existing resilient

modulus data along with the new design guide.

In a recent study, Lee and Kim (5) proposed a direct methodology for backcalculating the
fundamental property of a viscoelastic material from an arbitrary loading function by means of
the method of least squares. The authors showed that if the historical resilient modulus test data
are available for a given asphalt mixture, then it is possible to backcalculate the dynamic
modulus from the test data by treating the resilient modulus loading as the arbitrary loading. The
methodology showed promising potential as it was able to backcal culate the dynamic modulus of
both laboratory-fabricated and field-cored asphalt specimens from the resilient modulus test data



at multiple temperatures (0°C, 10°C, and 20°C) in the uniaxial compression mode as well asin

the indirect tension (IDT) mode.

3 OBJECTIVE AND SCOPE OF WORK

The objective of this study was to construct the master curve of an asphalt mixture from the
dynamic modulus values backcalculated from the resilient modulus test data. In addition, the
creep test data which FDOT has typically been collecting with the resilient modulus data is
introduced to enhance the accuracy of the master curve constructed from the backcalculated

modulus.

4 REVIEW OF BACKCALCULATION METHODOLOGY
FOR UNIAXIAL TESTING CONDITIONS

In this section, the mathematical formulation of the backcalculation algorithm will be reviewed
briefly. Interested readers are referred to Lee and Kim (5) for amore detailed derivation.

4.1  Numerical Evaluation of the Convolution Integral

Based on the theory of linear viscoelasticity, the relationship between time-dependent uniaxial
stress and strain can be expressed as a convolution integral of the following form.

e(t)= ID(t —z‘)aa(r)dr [1]
i or

where oft), &t), and D(t) are the time-dependent stress, strain, and creep compliance,

respectively. The above convolution equation can also be written as the following, known as the

Riemann-Stieltjesintegral (6):



£t) = D(0)-oft)~ [ o(e) Dt~ )e 2

Following Lee and Kim (5), the above equation can be evaluated numerically for each given time

step, t,, asfollows:
&(t,)=D(0)-o, +Z[a D(t, -t;)-D(t, —t;.,)} fort, =t,...ty [3]

where ai = o(7) for the discrete time interval t; < 7 < tj;1. Note that the above equation can be

applied to any arbitrary functions D(t) and o(t) that are numerically available.

4.2 Backcalculation of Creep Compliance Using Least Squares

In order to backcalcul ate the creep compliance using the least squares approach, it is necessary to
identify a function that represents the creep compliance of viscoelastic materials. For this
purpose, the power function, which has been well accepted as an analytical representation of the
creep compliance of viscoelastic materials (7, 8, 9, 10, 11), has been selected due to its ssimple

form. The function is expressed as:
D(t)= Dy + D, -t™ [4]

The following equation is obtained by substituting Equation (4) into Equation (3):
g(t,)=Dy -0, + Dy Z[a { =, —t.,)" }], fort, =t,...t, [5]

which can be used to calculate the time-dependent strain of a viscoelastic material with the D(t)
shown in Equation (4) subjected to any arbitrary loading oft).



In order to determine the power function parameters Dy, D1, and m from the strain output due to
an arbitrary stress input using the least squares approach, the objective function is set up as

follows:

N N
F= Z{g(tn)_gm,n }2 = Z{Doo'n +D1én —€mn }2 (6]
n=1 n=1

where F is the function to be minimized, &y, isthe measured strain at timet = t,, and

$n = Z[Ui '{(tn —t)" = (t, —t,)" }] [7]

Note that the objective function shown in Equation (6) leads to a non-linear least squares
problem due to the parameter m in Equation (7). In order to overcome this difficulty, the m value
has been assumed for each iteration to ssimplify the problem into a linear least squares in which
the only remaining unknowns become, Dy and D;. Then, for a given m value, the function F is
minimized when its partial derivative with respect to Dy and D; equal to zero. This formulation

resultsin a set of linear equations that can be expressed in the following matrix form:

N ) N i N
Zo'n Zo'ngn ng,no'n
n=1 n=1 n=1

Do|
{Dl} B 19

N N ) N
Zanén an ng,ngn
L n=1 n=1 i n=1




5 REVIEW OF BACKCALCULATION METHODOLOGY
FOR INDIRECT TENSION TESTING CONDITIONS

5.1  Elastic Stress Analysis for Indirect Tensile Test

The illustration of the IDT test and the plane-stress distribution within an IDT sample are shown
schematically in Figure 1. For an IDT specimen with radius R and thickness d subjected to a
strip load of width a = 2R-sin(«) and magnitude P, the distributions of the tensile stress along the
horizontal axis and the compressive stress along the vertical axis were given by Hondros (12)

under the assumption of plane-stress condition as:

[ 1-(yRPsin2a A L0RF g
o,(x,0)= { ) ~tan (1+—t j]

mad | 1+ 2(x/R)* cos2a + (x/R)* (x/R)? [9-1]
2P
~ad "
2 2
o (0.y)= ZP{ 1-(y/Rf sn2ze +tan1(1+(y_/R)2tanaﬂ
mad | 1-2(y/R)* cos2a + (y/R) 1-(y/R) [9-2]
2P
——E”(Y)
from which the average stresses over the gauge length, |, are calculated as:
Gy = 1j/2 [10-1]
2P 1 /
Oy.avg T ad Ij [10-2]
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Figure 1. (a) Schematic illustration of the IDT test and (b) plane stress distributions

Because of the nature of the IDT specimen geometry, another constant can be derived. This
constant, g, is defined as the ratio of the horizontal and vertical stress magnitudes and is used to

simplify the equations for the creep compliance formulation in IDT (5, 13, 14):

I
2 d
B=- Oy.avg — I% n(y) " [11]

Oy,avg J'_VZ m(x)dy

For smplicity, the average horizontal and vertical stresses will be designated respectively as o

and oy in the subseguent sections of the paper.

5.2  Determining the Creep Compliance from Random Loading in the IDT Test

The plane-stress constitutive equations for alinear, elastic, and isotropic material are given as.

e, =D- lax - ,uayJ [12-1]



¢,=D"lo, - uo,| [12-2]

where D and u are the elastic compliance and Poisson’ sratio for the given material, respectively.
According to the elastic-viscoelastic correspondence principle, the constitutive equations for a
viscoelastic material in the Laplace domain are obtained by replacing the elastic materia
properties with their viscoelastic counterparts multiplied by the Laplace variable (6, 7, 15).

Therefore, the plane-stress constitutive equations for a viscoel astic material are given as.

£,(s) = sD(s)-|,(s)-sa(s)e, (s)] [13-1]

£,(s)=sD(s)-|&, (s)-sa(s)5, (s)] [13-2]

whereL[ f (t)] = f(s)zj.:e‘s‘f(t)dt is the Laplace transform of the function f(t), s is the

Laplace variable, and D(s) and i(s) are the Laplace transformed creep compliance and
Poisson’ s ratio, respectively. Rearranging the terms after eliminating ,&(s) from Equations (13-1)
and (13-2), and taking the inverse Laplace transform yields:

{e. )+ pe, (1))

j D(t — z‘)ai {ax (2')+ po, (r)}df [14]

T

where £ was defined in Equation (11). The above equation is essentially identical to Equation

(1) if the following substitutions are made for the stress, oft), and strain, &(t), terms in Equation

(D):

e(t): {gx(t)+ ﬂgy(t)} [15]
a(t)=1o,(t)+ po, (t)} [16]

Then, with the above replacement of variables and the power function shown in Equation (4) for

creep compliance, the same derivation and numerical scheme outlined for the uniaxial case



(Equations (1) through (8)) can be followed to backcal culate the creep compliance for the biaxial
loading conditions. By using the direct search method for the m value, the remaining power
function parameters Dy and D; can be determined from the following:

[N N 71N
Z(Gx,n +:3‘fy,n )2 Z(Ux,n +ﬂ0y,n)§n Z(gx,n +,Bgy,n XGx,n +:B(fy,n)
Do n=1 n=1 n=1
&)
1 N N 2 N
Z(O'x,n +ﬁo'y,n )én an Z(gx,n +:Bgy,n )5n
Ln=1 n=1 N n=1
where
égn = nz_l[(o-x,i + ﬂay,i ) {(tn _ti )m - (tn - 1:i+1)m }] [18]

6 CONVERSION OF CREEP COMPLIANCE TO
DYNAMIC MODULUS

Although the power function has been successfully used for representing the creep behavior of
viscoelastic materials, its mathematical deficiency does not provide enough flexibility for
analytical interconversion of the fundamental properties of viscoelastic media. Instead, the Prony
series has been widely used for the purpose of interconversion because of its mathematical
efficiency. For creep compliance in the time domain, the Prony series representation takes the

following form:

t

D(t)=D" + i DP(1-e ") [19]
i=1



where Dé’, and Dip, are the Prony series parameters, and 7 are the retardation times. In fitting

creep compliances using the Prony series, the retardation times, 7, are usually specified, and then
the unknown coefficients are determined by solving the linear system of equations (11, 16). In
this study, the Prony series shown in Equation (19) was fitted to the backcalculated creep
compliance, expressed in terms of the power function, with M=7 and retardation times of one
decadeinterval, 5= 109 (i=1,... 7).

Once the Prony series parameters have been determined, the real (D’) and imaginary (D) parts
of the complex compliance can be obtained by (5, 15, 17):

M DP
D'(w)=DP +>» — L — [20]
0 iglla)zri2+1
M wr,DP
D' (w)=) ——— [21]
§w21i2+1

where w is the angular frequency. Then, the dynamic modulus is obtained as the reciprocal of

the complex compliance as shown in the equation below:

1 1
D*(@)| /D'(w)? +D"(w)?

[22]

E* (o)

7 EXPERIMENTAL STUDY USING LABORATORY-
COMPACTED MIXTURES

In order to evaluate the usefulness and effectiveness of the backcal culation algorithm, laboratory
experiments have been conducted in both the uniaxial compressive mode and indirect tension
(IDT) mode. The material selected for testing was a dense graded asphalt mixture meeting all

Superpave requirements. The material was sampled from a local plant and compacted in the

10



laboratory. The mixture included 15 percent Reclaimed Asphalt Pavement (RAP), a 12.5 mm
nominal aggregate size, a PG76-22 modified binder, and a total binder content of 5.2 percent.
The volumetric properties of the mixture are summarized in Table 1.

Table 1. Volumetric properties of the laboratory-fabricated mixture

Sieve Size/ Mixture Property Percent Passing / Property Value
19 mm 100
12.5 mm 99
9.5 mm 90
#4 64
#8 42
#16 30
#30 22
#50 13
# 100 6
# 200 4
Specific Gravity for Aggregates, Gy, 2.647
Specific Gravity for Mixture, Gym 2.494
Total Asphalt Content, P, 5.2 %
RAP Asphalt Content 0.9 %
Virgin Asphalt Content 4.3%

7.1  Specimen Preparation

For uniaxial compression testing, three replicate specimens 170 mm tall by 150 mm in diameter
were prepared with a Superpave Gyratory Compactor. These gyratory specimens were cored and
trimmed to a fina size of 150 mm tall by 100 mm in diameter in accordance with AASHTO TP
62. For IDT testing, test specimens 185 mm tall by 150 mm in diameter were prepared with the
same Superpave Gyratory Compactor. From each specimen, three replicates of 38 mm thick IDT
samples were carefully cut from the middle of the specimen. All the uniaxial and IDT samples
met the 7 percent target air void with atolerance of + 0.5 percent in accordance with AASHTO T
322.

7.2 Uniaxial and IDT Testing on Mixtures

The uniaxial compressive testing, which is the primary testing mode in the MEPDG, is normally

conducted in the intermediate to high temperature range (approximately 0°C to 60°C), while the

11




IDT, which has been used for evaluating the resilient modulus, creep, and tensile strength (8, 18,
19) of asphalt mixtures, is conducted in the low to intermediate temperature range
(approximately -30°C to 30°C). Therefore, it was decided to conduct the uniaxial testing at 0°C,
10°C, 20°C, and 40°C and the IDT testing at 0°C, 10°C, 20°C, and 30°C.

A picture of the uniaxia test setup with specimen dimensions is shown in Figure 2. For the
uniaxial test, resilient modulus tests followed by dynamic modulus and by creep tests were all
performed in the compression mode. The resilient modulus test was conducted for five cyclesin
which each cycle consisted of a 0.1-second haversine load followed by a 0.9-second rest period.
The data were measured according to the method documented in a previous study (8). Then, the
dynamic modul us tests were conducted at frequencies of 0.1 Hz, 0.5 Hz, 1.0 Hz, 5.0 Hz, and 10.0
Hz, with rest periods of at least five minutes between the individua tests. Finaly, the creep test
was conducted for a duration of 1,000 seconds. All of the above tests conducted in the uniaxial
mode were also repeated in the IDT mode. A picture of the IDT specimen and the testing setup
is shown in Figure 3. The system for measuring the stress and strain responses was in accordance
with AASHTO T 322. The maximum strain in the resilient modulus test performed under the
uniaxial testing mode and the maximum horizontal strain in the same test under the IDT testing

mode were kept below 100 pe.

L]

150 mm 100 mm

| g |

100mm  Gauge Points
(b)

Figure 2. (a) Uniaxial test setup and (b) specimen dimensions
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-

150 mm

Gauge Points

(b)

Figure 3. (a) Indirect tensile test setup and (b) specimen dimensions

7.3  Comparison of Dynamic Modulus Master Curves from Indirect Tensile and

Uniaxial Test Modes

The uniaxial compressive testing has been chosen by the MEPDG as the standard testing mode
for evaluation of the asphalt dynamic modulus and construction of the master curve. However,
obtaining a field core meeting the specimen size requirement for this testing mode could pose
some challenges. As an example, a recent research funded by FDOT indicated that out of 25 in-
service pavement sections studied as part of FDOT’ s efforts to implement the MEPDG, only 6
test sections had a total asphalt thickness in excess of 150 mm, suitable for carrying out the
dynamic modulus tests in the uniaxial compression mode (20). It should aso be noted that the
asphalt layer in Florida is typically constructed with multiple lifts of thickness ranging from 40
mm to 50 mm. For this reason, the uniaxial testing conducted on field asphalt cores can only
represent the behavior of the composite asphalt mat which may be composed of layers with
different age, gradation, binder content, etc. Due to these reasons, the majority of FDOT’s
previous tests conducted on field cores had been carried out in the IDT mode rather than in the
uniaxial mode. Therefore, a quick comparison of results from the uniaxial and IDT test modes
are shown in this section of the paper to evaluate the feasibility of the IDT dynamic modulus as

input into the new design guide. It should be noted that the comparisons are limited to those

13



from the dynamic modulus testing. The backcalculation results will be presented in subsequent

sections of the paper.

The dynamic modulus from the uniaxial test was obtained according to the procedures outlined
in AASHTO TP 62. The procedure for obtaining the dynamic modulus in the IDT mode is
briefly described herein. Detailed mathematical derivations can be found in Lee and Kim (5).

From the plane-stress congtitutive equation for a linear elastic material shown in Equation (12),
the constitutive equation for a viscoelastic material in the frequency domain can be obtained by

replacing D and x in Equation (12) by their viscoelastic counterparts (7, 15):

g, =D" 'lO')(() —,u*O'SJ [23-1]

g, =D"|o° - u'c?] [23-2]

*

y are the complex amplitudes of the horizontal and vertical strains, af and 03

whereg, ande

are the horizontal and vertical stress amplitudes, and D* and ' are the viscoelastic, complex
compliance and Poisson’s ratio, respectively. Combining Equations (23-1), (23-2), and (11) by
eliminating " yieldsasingle equation for D*:

ey + Pey

D" (w) =
o? +ﬂ08

[24]

As already mentioned, taking the reciprocal of the dynamic compliance, |[D*|, obtained from the
above equation, results in the dynamic modulus, [E*|, in the IDT testing mode. For simplicity,
the dynamic modulus obtained from the dynamic modulus tests will be referred to as the

“measured” dynamic modulus in the remaining sections of the paper.

As mentioned earlier, both the uniaxial and the IDT dynamic modulus tests were conducted at 4

distinct temperatures among which 3 temperatures (0°C, 10°C, and 20°C) were common in both

14



the uniaxial and IDT mode. Figure 4 shows a comparison of the dynamic modulus values
measured in the uniaxial and IDT mode at the 3 temperatures mentioned above and at 5 different
frequencies (0.1 Hz, 0.5 Hz, 1.0 Hz, 5.0 Hz, and 10.0 Hz). The figure shows that the measured
dynamic moduli from the uniaxial and those from the IDT modes are in good agreement, with an
R? value of 0.98. The figure also shows that the IDT dynamic modulus values are slightly
greater than those from the uniaxial test. Although this was not expected, it should be noted that
the average absolute percent error between the two test modes was 8.7 percent which is less than
the estimated accuracy limit of the test method (approximately 12 to 13 percent) reported in
AASHTO TP 62. Therefore, ssimilar to a previous study conducted by Kim et a. (21), it can be
concluded that the dynamic modulus measured in the IDT mode is a reasonable estimate of the
dynamic modulus measured in the uniaxial mode.

3500

y=1.02x + 84.57
R2=0.98
2500 &
0/
o e
1500 / \
1000 / Line of Equality

0 500 1000 1500 2000 2500 3000 3500

Uniaxial Dynamic Modulus (ks)

w
3
o

3]
S

Indirect Tensile Dynamic Modulus (ksi)

| mo°C ¢10°C A20°C]

Figure 4. Comparison of Measured Uniaxial and IDT Dynamic Modulus

7.4  Generation of Master Curve Using Backcalculated Dynamic Modulus

Using the methodology presented earlier in the paper, the power function parameters for the
creep compliance were backcalculated from the resilient modulus test data. Then, the Prony
series was fitted to the creep compliance and was used to convert the creep compliance to the
dynamic modulus values corresponding to the same frequencies at which the actual dynamic
modulus tests were conducted (0.1 Hz, 0.5 Hz, 1.0 Hz, 5.0 Hz, and 10.0 Hz). Figure 5 shows a
comparison between the measured and the backcal culated dynamic modulus for both the uniaxial

15



and IDT mode. The average absolute percent errors between the measured and the
backcal culated dynamic moduli were calculated to be 9.9 and 10.7 percent for the uniaxial and
IDT test modes, respectively. Since these errors were less than the estimated limit of accuracy,
the master curves were constructed using both the measured and backcalculated dynamic
modulus values. All of the master curves presented in this paper were generated for a reference

temperature of 10°C.

Figures 6 and 7 show the master curves constructed using measured and backcal culated dynamic
moduli, for the uniaxial and IDT testing mode, respectively. For clarity, the master curves are
shown in both arithmetic and logarithmic scales. It can be seen from the figures that regardless of
the testing mode, the master curve from the backcalculated dynamic modulus has reasonable
agreement with the master curve from the measured modulus at higher frequencies (or
equivalently lower temperatures), but they tend to deviate from each other at lower frequencies
(or higher temperatures). It was also found that this was more pronounced in the uniaxial mode
than in the IDT mode. The authors believe that thisis mainly caused by the combined effect of
the following: (1) the fast rate of loading (0.1 sec. for loading and unloading with a rest period
of 0.9 sec.) and the short duration (5 sec.) of the resilient modulus test not being able to disclose
the prominent viscoelastic behavior of the material at elevated temperatures and low frequencies
that are equivalent to the long time range in the physical time domain, (2) the backcal culated
frequency range (0.1 Hz to 10.0 Hz) not being wide enough to provide sufficient overlap of the
dynamic modulus between successive temperatures, and (3) the inevitable errors associated with
the backcalculation. As explained by Kim et al. (21), sufficient overlap of modulus values in
successive testing temperatures is one of the most important requirements in construction of the
master curve. A closer look at Figure 5 (a) indicates that there is not a significant overlap of

modulus between different test temperatures.
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Backcalculated Uniaxial Dynamic Modulus (ksi)

Backcalculated IDT Dynamic Modulus (ksi)

Figure 5. Measured vs. Backcalculated (from Resilient Modulus) in (a) Uniaxial and (b)
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Modulus Test) Uniaxial Dynamic Moduli in (a) Arithmetic and (b) Logarithmic Scales
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Modulus Test) IDT Dynamic Moduli in (a) Arithmetic and (b) Logarithmic Scales

Based on the above reasoning, it was hypothesized that the backcalculated creep
compliance (and hence the dynamic modulus) at higher temperatures and lower frequencies (or

longer time range) could be enhanced by using the creep test data for the same mixture. As per
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AASHTO T 322, FDOT typically conducts the creep test for a duration of 1,000 seconds and
hence, it is believed to give a better estimate of the viscoelastic properties for alonger time range
than the backcal culated properties from the 5 second resilient modulus test. In addition, because
the creep test is conducted for a long duration (compared to the resilient modulus test), it was
hypothesized that incorporation of the creep test data may allow for estimating the dynamic
modulus at awider range of frequency.

7.5  Enhancing the Backcalculated Dynamic Modulus by Means of Creep Test Data

The idea behind the methodology presented in here was first proposed by Kim et. a. (11), who
showed that the creep compliance obtained from dynamic modulus testing at a single
temperature and limited frequencies (0.1 Hz to 25.0 Hz) was a better representation of the
material behavior at short loading times (or equivalently higher frequencies), whereas the creep
compliance from the actual creep test represented the material behavior at long loading times (or
equivalently lower frequencies). The creep compliances obtained from both the creep and
dynamic modulus tests were combined through the use of Prony series to obtain an enhanced
creep compliance curve that is accurate in both the short and long time ranges. This was
accomplished by replacing the last two terms of the Prony series (shown in Equation (19))
calculated from the dynamic modulus test data with the ones obtained from the creep test. The
enhanced creep compliance was also verified through an experimental study where the sample
was subject to a cyclic loading of over 300 cycles. The same methodology described above was
used in this study to enhance the creep compliance and the dynamic modulus estimated at each
temperature. The only obvious difference is that the creep data was used to enhance the
backcalculated dynamic modulus (rather than the measured dynamic modulus) especialy at
lower frequencies.

Figure 8 shows the comparison between the measured dynamic modulus and the backcal culated
dynamic modulus enhanced with creep data, for the range of frequency used in the dynamic
modulus testing (0.1 Hz to 10.0 Hz). Comparing Figure 8 with Figure 5, it can be observed that
the slopes of the linear regression line had negligible change and the magnitudes of the y-
intercept in both figures had slightly decreased, indicating that the regression line moved closer
to the line of equality after the enhancement. After the enhancement, the average absolute
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percent errors between the measured and backcalculated dynamic moduli were determined to be
10.1 and 10.2 percent for the uniaxial and IDT test modes, respectively, and were both below the
estimated limit of accuracy. The percent error for the uniaxial test mode increased by 0.2

percent, which was considered to be negligible for all practical purposes.
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Figure 8. Measured vs. Backcalculated (from Resilient Modulus and Creep) in (a) Uniaxial
and (b) IDT test modes
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As it was briefly mentioned, another potential and possibly more crucial advantage of enhancing
the backcalculated dynamic modulus using the creep data is that since the creep test was
conducted for 1,000 seconds, it allows for estimating the dynamic modulus at frequencies lower
than the lowest frequency at which the actual dynamic modulus tests were conducted (0.1 Hz).
Therefore, the enhanced creegp compliance was converted to the dynamic modulus at 0.005 Hz,
0.01 Hz, and 0.05 Hz, in addition to all frequencies where the actual dynamic modulus test was
conducted (0.1 Hz to 10.0 Hz). The master curves from the enhanced dynamic modulus have
been constructed by taking these additional frequencies into account to allow for some overlap of
the modulus values between the different temperatures. The updated master curves are shown in
Figures 9 and 10, for the uniaxia and IDT modes, respectively, along with the master curves
from the measured dynamic modulus. Figure 11 shows the shift factors that were calculated in
obtaining the different master curves. Compared to those shown in Figures 6 and 7, the
backcal culated master curves shown in Figures 9 and 10 show better agreement with those from
the measured dynamic modulus especially at lower frequencies. This clearly illustrates the
advantage of enhancing the creep compliance and hence the backcalculated dynamic modulus

using the creep test data.
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8 SUMMARY AND CONCLUSIONS

Because of the difficulty associated with the dynamic modulus test in the uniaxial mode, FDOT
has been conducting most of their testing on field cores in the IDT mode. In addition, because
the dynamic modulus is not required in calculating the Energy Ratio of the tested mixture, the
dynamic modulus tests were not typically conducted in previous research studies. Instead,
FDOT primarily conducted the Superpave IDT tests, namely resilient modulus, creep, and
strength tests, on the IDT specimens. In order to allow for the historical IDT test data to be used
in the new design guide, a methodology was necessary to estimate the dynamic modulus and to

construct the dynamic modulus master curve from the above tests.

In this study, a methodology was presented that allows for backcalculating the fundamental
viscoelastic material property, that is, creep compliance from the random loading and its
corresponding response. The creep compliance in terms of the power function was
backcal culated from the commonly used uniaxial and IDT resilient modulus test data using the
algorithms derived from the viscoelastic constitutive relations. Then, the dynamic modulus

master curves were generated from the measured and backcalculated dynamic modulus values.
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Although the master curve from the backcalculated dynamic modulus showed reasonable
agreement with those from the measured dynamic modulus, deviations were noticed in the lower
frequency (or higher temperature) ranges. In order to overcome this problem, the backcal culated
dynamic modulus was enhanced using the creep test data. The master curves generated using
these enhanced dynamic modulus showed a better agreement with those from the measured
dynamic modulus.

Although the Mechanistic-Empirical Pavement Design Guide (MEPDG) could not endorse the
use of the resilient modulus test protocol as the primary means of asphalt concrete modulus
characterization in the design of flexible pavements, it has been a primary mixture test, and a
considerable amount of laboratory testing has been done to date. The practical nature of the
proposed backcal culation methodology coupled with the approach developed in this study would
allow for evaluating the dynamic modulus of asphalt mixtures from existing resilient modulus
and creep test data, and the construction of the master curves for input into the new design guide.
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