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ABSTRACT: The complex modulus has been identified as a suitable mechanistic characterisation
technique for asphalt concrete because of its ability to capture the visco-elastic response of the material
and has since been incorporated in the new AASHTO 2002 road design guide. The pavement research
group of NRC developed a laboratory testing protocol involving a wide range of loading frequencies and
temperature conditions to satisfy requirements of a variety of analytical models. The high cost of the test
motivated developers of the ASSHTO guide to implement predictive models as an alternative to actual
laboratory test results in lower design levels. This paper discusses results of the tests performed at NRC
on typical asphalt concrete mixes and calls for establishing a material library for Canadian users of the
ASSHTO guide. The predictive equation came short of accurately estimating laboratory measured
dynamic modulus. The generic material properties listed in the library could be used instead of the
ASSHTO predictive equation.

1. INTRODUCTION

Gaps in the knowledge base delayed the development of effective analytical models for road design and
analysis using sound principles of mechanics and dictated reliance on empirical procedures. These
empirical design procedures were based on some indices, and at best, on physical properties to
characterize the different materials used in building roads. This approach was applied to asphalt concrete
where attempts are made to use the mix design process to produce a material with adequate resistance to
known forms of damage, mainly rutting. The process is done completely in isolation from the structural
design process, which is supposed to consider the characteristic response of the material. Attempts to
overcome limitations of the current practice led to the development of the AASHTO 2002 new design
guide where the asphalt concrete materials are mechanistically characterised using the complex modulus
concept. The complexity and time consuming nature of the laboratory test adopted in the advanced design
(level 1) motivated developers of the AASHTO 2002 design guide to introduce two more basic designs
(level 2 and 3) which do not require mechanistic material data and hence, no testing to characterise
asphalt concrete materials. More precisely, level 2 and 3 were designed to rely on predictive equations to
evaluate the complex modulus of asphalt concrete materials. Due to the limited capabilities of current
asphalt concrete (AC) testing systems available in Canada, it is expected that level 3 design will be relied
upon by practitioners. Hence the effectiveness of the predictive model incorporated in AASHTO 2002
guide to estimate the complex modulus was evaluated in this paper. The evaluation process relied on
comparison between model predictions and laboratory measurements of dynamic modulus of asphalt
concrete materials.
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2. THE COMPLEX MODULUS
2.1. Concept
Characterisation of asphalt materials focussed on capturing the known viscoelastic behaviour of the

material. Within this viscoelastic domain, the response of an asphalt concrete material to sinusoidal
loading is also sinusoidal but with a phase lag (Sayegh 1967) as shown in Figure 1.
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Figure 1. Viscous response of asphalt concrete

Simulating traffic loading in the laboratory involves subjecting asphalt concrete to sinusoidal loadings at
different frequencies within the linear viscoelastic range. Loading could be performed under either a
stress- or strain-controlled mode. In the first case, a specific stress value is applied and the corresponding
strain is obtained, while in the other case, specific strain amplitude is applied and the corresponding stress
is recorded. Equations 1 to 5 describe the viscoelastic approach mathematically (Heck et al. 1998, Richard
et al. 2003, Ferry 1980 and Sayegh 1967)

In the stress-controlled case the stress applied is given by:
[1 6 = 6,Sin (w.b)

And the corresponding strain is given by:

[2] € = gSin (w.t-¢)

In the strain-controlled case the applied strain is expressed as:

[3] £ =¢gSin (w.t

And the corresponding stress is given by:

[4] 6 = 6,Sin (@.t+¢)

where o, is the stress amplitude, ¢, is the strain amplitude (see Figure 1) and w is the angular velocity
related to the frequency f by Equation 5:

[5] w=27xf 3.5
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¢ is the phase angle related to the time that the strain lags the stress (see Figure 1). The phase angle is
an indicator of the degree of the viscoelastic behaviour of asphalt concrete mix. The phase angle ¢ values
are limited to between 0 and 7/2. A value of 0 is an indicator of a purely elastic behaviour, while a value of
n/2 is an indicator of a purely viscous behaviour

It is useful to express the sinusoidal relations in the complex notation in which they are commonly dealt
with. Hence, the previous functions can be rewritten as follows:

In the stress-controlled case the applied stress function is given by Equation 6:

[6] oc=0,e"

The corresponding strain is given by Equation 7:

71 e=g.e"?

In the strain-controlled case, the function of the applied strain is expressed as:
[8] e=g,.e""

And the corresponding stress is given by

[9] o=0,e""

There is general agreement among researchers about the effectiveness of the complex modulus concept
in evaluating the fundamental stress-strain response of asphalt concrete mixes. The modulus is a complex
number, which defines the relationship between the stress and strain for a linear viscoelastic material
subjected to sinusoidal loading. The real part of the complex modulus is a measure of the material
elasticity and the imaginary part is a measure of the viscosity. The complex modulus is defined (by
analogy to the Young modulus of elasticity) as shown in Equation 10 (Witczak and Root 1974):

. o 0, ; .
[10] E*(iw)=—=—e” =E +iE,
E &
The ratio of the stress to strain amplitudes defines the absolute value of the complex modulus which is
known as the dynamic modulus and is expressed by Equation 11;
_%

M

[11] ‘E

5‘0
2.2. Laboratory testing technique

The complex modulus test is included in the AASHTO 2002 guide as a mean for characterising asphalt
concrete materials and results are used as input for the advanced design (level 1). To determine the
dynamic modulus in the laboratory, a test protocol was developed which involved examining the impact of
temperature and loading conditions.

O The sensitivity of AC materials to temperature requires controlling the temperature of the sample
duging the test. In this study, five temperatures were used in the test including -10, 0, 20, 30 and
40°C.

O Loading was controlled by maintaining a displacement magnitude that produces a response within
the linear viscoelastic range of the material. Further, simulation of traffic characteristics dictates
controlling the loading frequency to account for different traffic speeds. Six frequencies (0.1, 0.3,
1, 5, 10 and 20 Hz) were used in this study.

A test setup was established to facilitate the necessary control over the above parameters and to collect
the data necessary for capturing all components of the material response. The data acquisition system
was designed to record the test history involving critical sampling rates capable of recording changes in
the stress and strain condition. Laboratory test results, determined at the five temperatures and six
frequencies, were used to gauge the effectiveness of the AASHTO 2002 predictive equations in estimating
the dynamic modulus of the mix under investigation.

TR-188--3



3. PREDICTIVE EQUATIONS

The best approach for obtaining the dynamic modulus of AC materials remains performing a complex
modulus test in the laboratory. However, given the complexity and time-consuming nature of the
laboratory test procedure, many predictive equations have been proposed to evaluate the dynamic
modulus of asphalt mixes using the results of simple and commonly performed aggregate, binder and mix
tests. In 1996, Fonseca and Witczak summarized the most important predictive equations developed since
1967 as they are reproduced here in Table 1 (Fonseca and Witczak 1996).

The models presented in Table 1 have several limitations. The major drawback of these equations is
associated with the use of classical statistical principles to extrapolate parameters outside the range of the
tests performed. The majority of test results were generated within a temperature range of 5 to 40°C. This
resulted in unrealistically large and small predictive moduli for very cold and very hot conditions outside
this range. Fonseca and Witczak observed that the majority of these predictive equations were based on
the original bitumen properties, with the test temperature being the most important variable in the system.
However, these predictive equations do not account for the hardening effects on binders, and
consequently the AC properties associated with long-term aging.

In 1996, Fonseca and Witczak proposed a predictive equation for the dynamic modulus based on a
reasonably large database. Improvements made to earlier models included taking into account hardening
effects from short and long-term aging, as well as extreme temperature conditions. Based on the gradation
of aggregates in the mix and asphalt binder properties, Witczak proposed the following dynamic modulus
predictive model which is currently incorporated in the AASHTO design guide (Fonseca and Witczak
1996).

log‘E* = —1.249937 +0.029232 P, — 0.001767(P,y,)* +0.002841P, — 0.058097V,
[12] 0.800008_ Ve, [3.871977-0.0021P, +0.00395P, —0.000017(P,)* +0.00547P,,]
: V +V) 1+e(—0.603313—0.313351log.f'—0.39353210g77)
beff a

where:
‘E*‘ = Asphalt mix dynamic modulus, in 10° psi,

n = Bitumen viscosity, in 10° poise,

f=Loading frequency, in Hz,

V,= Percent air voids in the mix, by volume,

Vyeff = Percent effective bitumen content, by volume,

P34 = Percent retained on ¥:-inch sieve, by total aggregate weight (cumulative),
P3s = Percent retained on 3/8-inch sieve, by total aggregate weight (cumulative),
P, = Percent retained on No. 4 sieve, by total aggregate weight (cumulative), and
P.g0 = Percent passing No. 200 sieve, by total aggregate weight.
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Table 1. Summary of dynamic modulus predictive equations

ﬁﬂ":;i;,n Equation model form

1 log,, |E"| = a, + a,p,y, +a,V, + A7 T AaPac 51,6

2 log,o|E"| = b, + b, poy, + BV, +byp, 4(logn,)"5

3 log,,|E'|= ¢, *c,p "

. 10g, |E'| = dy +d,(pyy) [ +dV, +dn., . +
ds[tp(d6+d7logf)pucdg]_I_dg[tp(d6+d7logf)pucdgfdlo]+d“fd|2

5 log,, |E' |=¢e,+eV, +ey, o +et, V"

] 108, [E"| = 8o + & (Do) S + &V, + 811 0 + &5
gt (IR g pang (RN g e

, log,,|E'|=h,+hV,+hp,,, + bt o + It + hslog f +
he(10g f#1,7) + Iy (Vi =V + 1) 1,2 + 1o (Vo D) + 1y (Pago Pasy)
10g,0|E"| = ky + KV, + KV, + ks prg + kypy + ks p oy + ket + ke f + kgt ) + KV, 07 +

8 KioPoso” + K Dys” + kD + kD ki p o+ kst o6 + ko + ks DyysVoe +
kis P318Voer + KioP31aDa + Kno D3 5Py + Koy s 5 Py
1080 [E"|= Iy + LV, + LV, + Lpagy + LDy + Ist, + Lo f + 11> +

9 Vs + loDago” + LioPs1s” + 11 P3ss” + Ly Poss” + L3 (77,40 Y+, f7+
llsp3/8Vbeﬁ‘ + llep3/4vbeff + 0P34 Ps t LisPs gDy + LigDs s P s

10

loglo‘E*‘ =m,+ mlvbeﬁ +mV, + m3(7770:106)+ myt, +m log f +

mg log(f * tpz) +11 Vi = Vo + )™ tpz +11,0(Vyy ) + 141 (Pogo P ass)

In the equations shown in Table 1, the alphabetic letters subscripted with numbers are regression
coefficients. The other variables have the following definitions and units:

1.0, = AC Viscosity at 70°F (21.1°C), in 10° poise

n, = AC viscosity at test temperature (t), in poise

1, = Test temperature, in °F

f = Test frequency of load wave, in Hz

V= Percent volume of air voids in the mix

Vheﬁ = Effective asphalt content of mix, by volume percentage

thﬂfopt = Effective optimum asphalt content of mix, by volume percentage
P, = Percentage asphalt absorption

p,. = Percentage asphalt content, by weight of mix

Pop = Optimum asphalt content of mix, in percent by weight of mix
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P54 = Percent weight (by total aggregate weight) retained on 3/4 inch sieve
P55 = Percent weight (by total aggregate weight) retained on 3/8 inch sieve
p, = Percent weight (by total aggregate weight) retained on a No. 4 sieve

Paoo = Percent weight (by total aggregate weight) passing through a No. 200 sieve

4. EVALUATION OF THE PREDICTIVE EQUATION

Different binders, aggregates and mix designs were included in this study. Ministry of Transportation of
Ontario (MTO) (1990) specifications were followed in determining the appropriate combinations of different
aggregate fractions to achieve the job mix formulae that satisfied gradation requirements outlined for each
specific HMA mix type. AASHTO specifications were followed to create job mix formulae that satisfied the
gradation curves of SuperPave mix designs (AASHTO 1993). Test specimens were prepared using a hot
mix asphalt (HMA 3) typically used as a surface course in Ontario and locally known as HL3. Evaluation of
the predictive equation focused on the impact of the binder type only. Specimens from the HMA 3 mix
were prepared using a binder content of 5+0.5% (selected using the Marshal mix design procedure).

Dynamic modulus predictions produced for different test temperatures and loading frequencies using
equation 12 were compared with results from mechanical tests performed according to the test protocol
discussed above. Predicted and measured dynamic modulus values for three different temperature
conditions (-10, 20 and 40°C) were compared. These temperatures were chosen to represent cold,
moderate and warm service temperatures. The selected loading frequencies (0.1, 1 and 20 Hz) represent
slow, medium and relatively fast vehicle speeds.

4.1. Physical properties

The gradation curve of HMA 3 is illustrated in Figure 2. The gradation fits well within the limits set by MTO
for this mix type. Physical characteristics of this mixture are shown in Table 2.

Table 2. Physical properties of HMA 3 mix

Specimen ID
Property HMA 3 58-22 HMA 3 64-34 HMA 3 52-34
Py (%) 5 5 4.9
G 2,530 2477 2.503
G., 2.396 2.337 2.375
G, 2.720 2.720 2.720
VMA 16.3 18.4 17.0
v, 53 57 5.1
Vour 11.0 12.7 11.9

Where
P,):  Binder content by total mass of mixture
m): Maximum specific gravity of mixture
b): Bulk specific gravity of compacted mixture
VMA) Voids in mineral aggregate as a percent of bulk volume
Air voids in compacted mixture as a percent of total volume
Vbeff) Effective bitumen content, as percent by volume

(
(G
(G
(
(Va
(
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HMA 3 Mix Design
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Figure 2. Gradation curve of HMA 3

4.2. Predicted vs. measured dynamic modulus

The absence of a wide range viscosity-temperature relationship was one of the main obstacles to the
development of accurate predictive equations. This relationship is critical for accurately assessing the
rheological behaviour of binders acting as part of the AC mix. In this study, the ability of the predictive
equation to discriminate between different binder types was evaluated. A comparison between the
predicted values and those determined using the complex modulus testing technique was conducted using
the equality line drawn at 45° (see Figure 3). Points located above this line indicate that model predictions
over-estimated the dynamic modulus value. Points below the equality line indicate under-estimated
values. Actual coordinates of data points (measured and predicted) were used in this study to quantify
deviation of predicted values from those measured in the laboratory. Lines that represent different
percentages of deviations were used on both sides of the equality line to highlight deviation determined
under different conditions. For example, a point falling between the equality line and the 0.8 Line
represents less than 20% deviation in the form of under-estimation.

Assessment of the accuracy of predictions performed on HMA 3 mixes prepared with two different binders
(PG 64-34 and PG 58-22) is given in Figure 3. The HMA 3 64-34 results indicate a trend towards over-
prediction compared with the measured values, with a deviation of more than 200% within the low
modulus state. In contrast, estimates of the HMA 3 PG 58-22 modulus values were mainly under-predicted
(with a deviation of up to about 40%), except in the case of small modulus values for which over-
predictions of less than 20% were observed.

Statistical analysis, performed on the data pertaining to the two mixes presented in Table 3 confirmed that
the predictive equation possesses limited capabilities for predicting the dynamic modulus of mixes with
engineered binders as reflected in the high average percent errors (169%). Predictions of the response for
the mix with a conventional binders (PG 58-22) using equation 12, were better as indicated by lower
average percent errors given in Table 3.

Table 3. Statistical analysis results

Equation Mean Absolute error (MPa) Average Percent Error (%)
HMA 3 64-34 HMA 3 58-22 HMA 3 64-34 HMA 3 58-22
2000 1024 3159 169 37
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Figure 3. Evaluation of predictions made for HMA 3 mix with different binder grades

The impact of the binder grade on the mix response was further analyzed. The dynamic modulus values at
different temperatures are shown in Figure 4 and 5 for the predictive equation and the laboratory test
results, respectively. The results shown in these two figures indicate that the predictive equation managed
to correctly rate the response at low temperatures associated with the two binders. However, the
predictive equation under-estimated the difference between the two binders as quantified in the test
results. The predictive equation showed a difference of only 27% compared with the measured response,
which reflects a 100% difference.

Loading Frequency: 1 Hz

= HMA 3 58-22
A HMA 3 64-34

Predicted dynamic modulus (MPa)

60

Temperature (C)

Figure 4 Predicted dynamic modulus vs. temperature
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Loading Frequency: 1 Hz

= HMA 3 58-22
A HMA 3 64-34

Measured dynamic modulus (MPa)

60

Temperatue (C)

Figure 5. Measured dynamic modulus vs. temperature

It is clear from the test results that the engineered binder (PG 64-34) will fulfill its purpose, which aims for
flexibility by reducing brittleness at low temperatures, hence reducing the potential for cracking. The
measured dynamic modulus of the HMA 3 with PG 64-34 is half the value of the HMA 3 with PG 58-22
binder (see Figure 5). Both measured and predicted dynamic moduli of the two binders are identical at
high temperatures, reinforcing the role-played by the aggregate skeleton at high temperatures.

5. CONCLUSION

The complex modulus concept is considered as a step forward towards mechanistic characterisation of
asphalt concrete materials. In times of shrinking resources for Canadian jurisdictions, circumventing the
need for a laboratory complex modulus test using predictive equations is considered a viable alternative.
However, the predictive model incorporated in the AASHTO 2002 guide came up short of accurately
estimating the dynamic moduli. The average percent errors of dynamic modulus estimation were found to
be high for neat binders and unrealistically high for engineered binders. Although the predictive equation
failed to quantify the dynamic modulus as measured in the laboratory, it successfully discriminated
between the two uniquely different binder grades by rating them correctly with respect to each other. The
predictive equation requires further development for effective estimation of the complex modulus and
accurate performance determination of roads.
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