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Abstract— In this study, a well-known dynamic modulus 

prediction method, the Al-khateeb model, is evaluated to see how 

it performs to estimate dynamic modulus of asphalt mixtures 

designed and made based on Western Australian asphalt 

specifications and materials. The parameters needed for this 

model are obtained through laboratory tests on binder and 

mixture properties. Also, the actual dynamic modulus of asphalt 

samples is obtained through testing the samples which are made 

with the same mixtures and tested in Asphalt Mixture 

Performance Tester (AMPT) machine in a series of different 

loading frequencies and temperatures.  Later the results of the 

model are compared with the actual results. The results showed 

that even though this model is very common in literature, it does 

not perform satisfactorily for mixtures in this study. Therefore, 

some modifications were made on the model to improve its 

accuracy. 
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I.  Introduction 
The dynamic modulus (E*) of the asphalt mixtures is an 

imperative parameter in many asphalt pavement design 
standards. [1, 2]. This parameter is affected by both elastic and 
viscous behaviour of the asphalt sample under harmonic loads. 
This test can be done in various load frequencies and 
temperatures to determine the response of the asphalt mixture 
in different conditions. It can be also done in compression 
mode, tension mode and the combination of both modes, while 
the results are not expected to be different as it is suggested by 
[3] that asphalt concrete is an isotropic material. There are 
several methods to perform this test. For example, it is 
suggested by [4] to utilise indirect tensile test to measure the 
dynamic modulus of the samples. However, the typical 
approach is to measure the response of the compacted 
cylindrical sample under a sinusoidal loading as [5] and [6] 
suggested.  

However, performing the tests to measure the dynamic 

modulus of an asphalt mixture, is a costly and time-consuming 
procedure. Also, this parameter, in some standards, might be 
needed in the design phase of a project. Therefore, developing 
a method to accurately predict this parameter is very 
important.  

II. Literature Review 
Many studies have been done to achieve a prediction 

model which can perform satisfactorily. Some of these models 
are Witczak 1-37A, Witczak 1-40D, Hirsch model, Al-khateeb 
model (also known as mixtures parallel model) as well as 
artificial intelligence based methods including the artificial 
neural network. [7], [8], [9] [10]. However, none of these 
models include the asphalt mixtures designed by Western 
Australian (WA) materials and standards. This might cause a 
significant error as materials and specifications in WA are 
different in some aspects from other places. Also, some of 
these models have not considered the possibility of RAP 
inclusion in the mixture and its effects on the mixtures’ 
response. Therefore it is not clear whether these methods can 
be applied to the mixtures in the WA which might contain 
recycled asphalt pavement. In this study, the Al-khateeb model 
is selected to be evaluated for the RAP contained WA 
mixtures as this model requires the least parameters in 
comparison to other models and also because of its simplicity 
to use. In this study, the Al-khateeb model is evaluated and 
then its performance is improved by calibrating its parameters 
according to the data available in this research. 

III.  Methodology 
To assess the accuracy of the results of the Al-khateeb 

model for the WA’s asphalt mixtures a variety of samples with 
different nominal aggregates size and RAP content were made 
and then tested under different loading frequencies and 
temperatures. In this study, 150 data points in total were 
collected for dynamic modulus of asphalt mixtures. Then the 
results were compared with the dynamic modulus estimated by 
the Al-khateeb model based on the properties of each sample. 
Later, the parameters of the model were adjusted to improve 
its accuracy. The details of each of these steps are described in 
the following subsections. 

A. Al-khateeb model for E* prediction of 
asphalt mixtures 
In this model, a composite three-phase system (including 

aggregates, asphalt binder, and air voids) was utilised to 
develop the relationship between the properties of the mixture 
and its dynamic modulus [8]. Based on the experiments done 
by Al-khateeb, this relationship is as shown in (1). 
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(1) 

where, |E*|m is dynamic modulus of HMA (psi), |G*|b is 
dynamic shear modulus of binder (psi), VMA is percentage of 
voids in mineral aggregates and |G*|g is glassy modulus of 
binder (psi): |G*|g  is usually taken as being equal to 145000 
psi. 

B. Experimental program 
1) Materials and mixtures 

In this study, two typical asphalt mixtures with 14 and 
20mm nominal aggregates sizes were designed using the C320 
binder. The 14mm mixture is redesigned to incorporate 4 
different levels of RAP; 0, 10, 20 and 30% by the total weight 
of the mixture. To ensure the results can be applied to the 
WA’s mixtures, the material and binders were all collected 
from an asphalt plant and the mixture design was based on 
WA Mainroad’s specifications and approved job mix design 
from the asphalt plant. The particle size distributions of the 14 
and 20mm mixtures are shown in Fig.1 and Fig.2 respectively. 
Also, the binder contents of the mixtures are 4.7 and 4.3% by 
the total weight for 14 and 20mm mixtures respectively. 

 

 

Figure 1.  Particle size distribution of 14mm mixtures 

 

 

Figure 2.  Particle size distribution of 14mm mixtures 

By testing the binder content and PSD of the RAP, the amount 
of virgin binder and aggregates of 14 mm mixtures were 

redesigned to incorporate 0,10, 20 and 30 % of  RAP with the 
same final PSD and binder content, assuming the binder in the 
RAP was totally blended in the mixture. 

2) Sample preparation and dynamic 
modulus testing 

In this research, at least three samples were made for each 
mixture. These samples were made by pouring hot asphalt 
mixture into a cylindrical mould and then compacting using 
gyratory compactor. Then the cylindrical samples (150mm 
height, 100mm diameter) were taken from the compacted 
material by coring and cutting the compacted sample. The air 
voids and voids in the mineral aggregates of the samples were 
then measured according to WA Main roads specification 
[11]. Having the sample ready for test in AMPT machine from 
IPC Global Company, sinusoidal compression was applied on 
each sample at different temperatures while monitoring the 
response of the sample. The frequencies and temperatures 
utilized in this study are shown in Table I. 

TABLE I.  LOAD FREQUENCIES AT EACH TEST TEMPERATURE FOR 

ASPHALT SAMPLES DYNAMIC MODULUS TEST 

By processing the load and the response of the sample over 
time as schematically shown in Fig. 3the dynamic modulus of 
the sample can be calculated using (2). 

 

  

Figure 3.  Schematic graph of applied stress and monitored strain over time 

in dynamic modulus test 

 

 
(2) 

where, ζ is an applied stress, ε is a measured strain, ζ0 is 
the amplitude of applied stress, ε0 is the amplitude of measure 
strain, t is time and δ is the phase angle. For completely elastic 
materials, δ is 0° while for  completely viscous it is equal to 
90° [12]. Considering all the samples in different conditions, 
totally, 150 data points were collected and used in this study. 

Temperatures (°C) Frequencies (Hz) 

4 10.0,1.0,0.1,0.01 

20 and 40 10.0,1.0,0.1 
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3) Binder properties 
As it was explained in section A, the Al-khateeb model 

requires the dynamic shear modulus of the binders in the 
mixture. To provide this parameter when designing a new mix, 
the provided properties of the binder from its supplier or the 
result of a blending chart (when a combination of binders are 
in the mixture) can be used. However, in this study, to 
eliminate error in the estimation of the binder properties, the 
binders of each mixture were recovered using a solvent and 
rotary evaporator according to [13] and [14]. The recovered 
binders then were tested in 5, 20, 30 and 40°C in a dynamic 
shear rheometer (DSR) machine at frequencies between 0.1 to 
10 Hz. To ensure the results were consistent, the binder 
recovery was done two times per mixture and two samples 
from each recovery of a mixture were tested in the DSR 
machine. It should be noted that in some cases, no DSR data 
was available for exactly the conditions that the asphalt 
mixtures were tested. For instance, no binder tested at 4°C. 
Also, at 40°C, there is no binder data available for 0.01Hz. In 
these cases, the concept of time-temperature superposition 
principle was utilised to find the response of the binder in 
temperature or frequencies other than what were measured in a 
similar procedure recommended in [6]. A shift factor function 
can shift the frequency of a record data to its equivalent 
frequency at reference temperature as (3) shows. 

where, ωr is the reduced frequency at the reference 
temperature, ω is the frequency of the data from the 
experiment and aT is the shift factor at a temperature of 
interest T. In this study, Arrhenius function as illustrated in (4) 
considered as a shift factor function. 

Where T is the actual temperature (°K), Tref is a reference 
temperature (°K) and C is an adjustment constant. An equation 
of a master curve of a binder, curve which consists of shifted 
data of a binder at a reference temperature, can be assumed to 
be a sigmoidal [15]as (5) illustrates. 

where, E
*
 is the complex modulus of a binder, ωr is the 

reduced frequency (Hz), δ is the minimum value of |E
*
|, α is 

the difference between the maximum and minimum value of 
|E

*
| while β and γ are adjustable constants. The maximum 

value of E* can be assumed to be the glossy modulus which is 
can be considered to be 1GPa (145000psi). [6].  

Finally to construct the master curve of a binder at the 
reference temperature, the adjustable constants in shift factor 
and sigmoidal function were optimized to fit the master curve 
to the shifted data available from the experiments. This 
optimization was done using the Solver toolbox of Microsoft 
Excel. The master curve of binders at 4 and 40°C are shown in 
Fig. 4 and Fig. 5 respectively. 

 

Figure 4.  Master curve of binders recovered from mixtures at 4°C reference 

temperature 

 

Figure 5.  Master curve of binders recovered from mixtures at 4°C reference 

temperature 

C. The method of modification 
To improve the accuracy of the Al-khateeb model to 

estimate the dynamic modulus of the mixtures in this study, 
some parameters of this model were adjusted. To do so, the 
adjustable parameters in the model were defined as (6).  

where, a,b,c,d,e and f are the optimisation parameters and 
the rest of the parameters are as the same as defined 
previously. Moreover, the summation of square error (SSE) 

 
(3) 

 

(4) 

 
(5) 

 

(6) 
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function, was defined as an objective function to determine the 
accuracy of each set of parameters as shown in (7). 

 

(7) 

where, n is the number of data points, Vm is the ith 
measured value and Vp is the ith predicted value by modified 
Al-khateeb model. To find the optimum set of optimization 
parameters, the Solver tool in Microsoft Excel was used to 
minimize the value of the objective function in (7) and using 
the data available in this study. 

IV. Results and discussions 
In this section, the results of the original Al-khateeb model 

are evaluated using the 150 data points available in this study 
and then in the next subsection it will be modified to achieve 
better accuracy. To compare the results of a prediction model 
and measured from the experiment, a parameter as (8) shows 
is defined which shows the error between the measured and 
predicted value in percentage form. 

A. Evaluation 
In Fig. 6 the outcome of original Al-khateeb model and the 

actual values of dynamic modulus are compared.  

 

Figure 6.  The accuracy of Al-khateeb model to predict E* of 14 and 20mm 

mixtures 

It is obvious that for stiffer samples, E* higher than 
4000MPa, the model underestimated the results while in softer 
samples, E* lower than 4000, it overestimated the actual 

results. It is also indicated that the nominal size of the 
aggregates had no meaningful effect on this trend. 

The error or this model is plotted in Fig. 7. This fig shows 
that for samples which showed a low dynamic modulus (low 
loading frequency or high temperature or both) the 
overestimation error might reach to -130% while in higher 
values of E* (high frequencies, low temperatures or both) the 
error has an increasing trend with E* and it can reach to 60% 
(underestimation). 

 

 

Figure 7.  The error of Al-khateeb model versus measured E* 

In other words, the original Al-khateeb model did not 
estimate the dynamic modulus of the samples in this study 
satisfactorily. 

B. Modification 
As the original Al-khateeb model did not perform well in the 
research, the model was modified. Table II shows the result of 
optimization process on adjustable parameters and (9) 
illustrates the modified model based on data in this study. 

TABLE II.  OPTIMIZATION PARAMETERS OF ORIGINAL AND MODIFIED 

AL-KHATEEB MODEL 

 Optimisation Parameters 

Model a b c d e f 

Original 

model 
90 10000 0.66 1100 900 0.66 

Modified 

model 
205.7 3548 0.753153 2209 253.3 0.719247 

 

 

(8) 

 

(9) 
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The performance of the modified model is far better than the 
original model as it can be seen in Fig. 8. In the whole range 
of E*, the modified model shows a balanced performance and 
does not tend to underestimate or overestimate the values in 
certain areas. 

 

Figure 8.  Comparison the accuracy of modified and original Al-khateeb 

model 

Also, as Fig. 9 shows, the level of error has dropped 
significantly. For lower E*values (less than15000 MPa), the 
maximum error is about 40% while for samples with higher 
E* (greater than 15000 MPa), the maximum error is less than 
20%. 

 

Figure 9.  Comparison of the error of original and modified Al-khateeb 

model 

V. Conclusion 
This research illustrated that the original Al-khateeb model 

was not able to accurately estimate the dynamic modulus of 
the samples made using WA’s materials and specifications. 
The model underestimates the samples with higher dynamic 
modulus while overestimating the dynamic modulus of 
samples with lower dynamic modulus. Also, the error levels of 

this model can be very high and even reach to -130% 
(overestimation) at lower E* to 60% (underestimation) at 
higher E*. To correct this weak performance, the parameters 
of this model were modified to match the 150 point data set 
available in this study. The modified model performed well in 
predicting the dynamic modulus of the samples with no 
tendency to underestimate or overestimate the result in certain 
levels of E* while it showed significantly lower levels of error 
which is less than 40 and 20% for samples with low and high 
values of E* respectively. 
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