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ABSTRACT: One of the design parameters using mechanistic methods for structural evaluation of asphalt 
pavement is the modulus value obtained from the DSR test for asphalt modulus and UMATTA test for mixture 
modulus. Tests were carried out on hot mix asphalt with sixteen combinations using reclaimed asphalt 
pavement, EAF slag and a combination of both with a percentage of up to 30%. The result of the mixture 
modulus showed that the mixture with a combination of slag and Reclaimed Asphalt Pavement (RAP) gave 
better performance compared to the control mixture using asphalt pen 60/70 and natural aggregate. The 
development of the mixture modulus model was analyzed statistically with the classical assumption test and 
the determination of dependent variables based on the existing theoretical model. The asphalt stiffness modulus 
was taken from the calibrated DSR test results, asphalt mix volumetric plus the variables of the RAP and slag 
percentage in this study. Of the several models obtained, there were two different mixture volumetric 
parameters the void in mix and void filled with asphalt in the mixture both models were validated to the 
stiffness modulus of the mixture. From the test results obtained, the closest ratio range was the stiffness 
modulus of mixture model with the void in mix parameter.   
 
Keywords: Asphalt Stiffness Modulus, Stiffness Modulus of Mixture, Slag, Reclaimed Asphalt Pavement. 
 

 
1. INTRODUCTION 
 

One important parameter in pavement design is 
the stiffness describing the behavior of mechanical 
materials and allows the dimensions of the 
pavement system in layers. The modulus and 
thickness of each pavement layer allow structure 
analysis with stress and strain distribution under 
wheel loads [1], where the condition of most asphalt 
mixes is not elastic because it undergoes permanent 
deformation on each repetition of loads. However, 
if the load is relatively small compared to the 
strength of the material and undergoes a high 
repetition of loads so that the deformation that 
occurs at each repetition of loads is almost 
completely perfect and proportional to the loads, 
then the material is considered an elastic material 
[2].   

Stiffness modulus is a fundamental mechanical 
parameter that expresses synthetically the structural 
properties of an asphalt mix determined through 
non-destructive tests and is very useful for 
conducting statistical evaluations of the effects of 
one or more components in the mechanical response 
of a mixture [3]. Stiffness Modulus of Mixture, in 
addition to being influenced by asphalt stiffness 
modulus also depends on the type of asphalt and 
aggregate used and the type of modification done. 
Both for its rheological properties and its 

mechanistic properties, where the modification is 
other than improving the overall mixture, is also 
environmentally friendly. An example is the 
utilization of waste, namely the use of RAP 
technology which is the result of the process of 
pavement scraping and utilizing artificial 
aggregates, one of which is the slag aggregate [4,5]. 

From the laboratory test results, used recycled 
slags and aggregates to analyze the dynamic 
characteristics of an asphalt mix using three types 
of aggregates, including dacite, steel slag, and 
recycled aggregate, through the Marshall method to 
determine optimum asphalt percentage. The results 
showed that the mixture with steel slag as coarse 
aggregate and recycled aggregate as fine aggregate 
showed a good performance [6]. Meanwhile, in 
conditions of the short-term and long-term aging 
test, there was a decrease in stability compared to 
the normal condition. This happened because of the 
reduced interlocking properties of slag aggregate 
with asphalt that has aged. This indicates that the 
asphalt oxidation occurred was not too high, thus 
causing the asphalt not to become harder and brittle 
[7]. 

Evaluated that the long-term aging of hot 
asphalt mix containing electric furnace steel slag 
was conducted by testing the Marshall stability and 
resilient modulus at temperatures of 250C and 400C, 
indirect tensile strength and moisture susceptibility. 
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In this experiment, the aggregate substitutes with 
steel slag can increase the value of stability, 
stiffness, resilient modulus, and indirect tensile 
strength and is recommended for use in hot asphalt 
mix [8]. The mixture stiffness modulus in the 
asphalt mix containing recycled aggregate and 
Electric Arc Furnace (EAF) slag also shows a 
higher value compared to the control mixture. The 
contribution of RAP materials to the increase in 
stability value is basically due to the effects of aging 
that occur on RAP asphalt. With the increasing use 
of RAP, the amount of asphalt aging integrated into 
asphalt concrete mix has also increased. The asphalt 
mix with EAF slag also shows a higher stiffness 
modulus, regardless of the RAP content in the 
mixture [3,9,10]. 

 
2. MATERIALS AND METHODS  
 
2.1 Aggregate 
 

The aggregate material used in this asphalt mix 
consisted of three, which are the recycled aggregate 
(RAP), steel slag, and andesite aggregate. Recycled 
material was obtained from raking the Karawang 
national road, Indonesia. The steel slag used was the 
EAF slag type, which is the slag produced from the 
processing of steel that is cooked by the furnace 
using electrodes derived from steel waste. While the 
andesite aggregates were obtained from crushed 
stones from Karawang, Indonesia. The test results 
of the three aggregates as shown in Table 1.  

 
Table 1 Aggregate Properties 

 
Test type RAP Steel 

slag 
Andesite 

Coarse 
Aggregate 
Specific Gravity 

2.496 3.488 2.642 

Fine Aggregate 
Specific Gravity 

2.442 3.086 2.614 

Abrasion with 
LA Machine 

32.30 13.01 21.17 

 
The specific gravity for steel slags was higher 

than the specific gravity for conventional 
aggregates, especially for coarse aggregates. This 
was caused by the metal content in the slag 
aggregate. The difference in density that was large 
enough will result in differences in volume with the 
same weight and the amount of absorption of 
different water will affect the amount of optimum 
asphalt needed from the Marshall test. Based on the 
RAP aggregate test results, the hardness was 
32.30% and the specific gravity was about 2.5. 
Some advantages of using slag are highly angular in 
shape and have rough surface texture [11]. 

The gradation used in this study was the Asphalt 

Concrete - Binder Course (AC-BC) [12], the design 
RAP gradations obtained from the gradation filter 
analysis experiment were within the upper and 
lower limits of the reference gradation used in the 
study, as result of combined gradation between the 
new aggregate and the RAP aggregate, was set 
adjusted to be line in the middle line of Asphalt 
Concrete – Binder Course (AC_BC) gradation [4], 
while the gradation slag aggregate gradation was 
similar to the reference gradation because slag 
aggregate for all filter sizes was available, as shown 
in Fig 1. 

 

 
 

Fig.1 Aggregate Gradation 
 

2.2 Asphalt 
 
There were two asphalt materials used, they are 

the asphalt produced from RAP material and 
original asphalt with 60/70 penetration, Table 2 
presents the modified asphalt properties. 

 
Table 2 Asphalt Properties 

 
Test type RAP RAP+ 

Reclamite 
Pen 

60/70 
Asphalt 
Content 

5.1% - - 

Penetration 
250C 

10 62.04 64.7 

Softening Point 
0C 
Ductility 

80 
 

38 

52.95 
 

100 

51 
 

100 
 
 Tests of the characteristics of RAP asphalt 

included the percentage of RAP asphalt content 
using Trichloroethylene (TCE) liquid, while the 
separation of asphalt from TCE liquid used an 
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evaporator to determine the RAP asphalt content 
where the asphalt content would affect the new 
asphalt pen 60/70 which would be added to the hot 
asphalt mix. To rejuvenate the RAP asphalt, its 
characteristics are close to controlling asphalt 
penetration 60/70, Reclamite® rejuvenating 
material was used by using an approach to the 
softening point value and its penetration. An 
optimum Reclamite® content of 23% was obtained 
to be mixed into the RAP asphalt which was 
expected to restore its characteristics so that it 
approaches the control asphalt pen 60/70 [4].  
 

 
 

Fig.2 Master Curve 
 

Based on Fig 2 master curve illustrated that the 
level of asphalt sensitivity to changes in 
temperature and frequency of loads, the asphalt pen 
60/70 has a fent slope. This indicates that the 
temperature range and loading time were getting 
wider so that it is easy to be applied in the field, as 
well as for Reclamite-added RAP asphalt to 
approaches the master curve of asphalt pen 60/70 
which means that Reclamite rejuvenating material 
can increase the temperature range and loading time 
when compared to RAP asphalt without 
rejuvenating material, which is steeper because the 
RAP asphalt was [13]. 

 

 
 

Fig.3 Black Diagram  

The relationship of asphalt stiffness modulus 
and phase angle (δ) is depicted in a black diagram 
as seen in Fig.3 in the RTFOT conditions with δ 
values ranging between 40 -100. The addition of 
Reclamite rejuvenating material to RAP asphalt 
affects the asphalt stiffness modulus value, where 
the asphalt stiffness modulus value will decrease, as 
well as an increase in δ on Reclamite-added RAP 
asphalt. This showed that the asphalt is more 
viscous to the asphalt pen 60/70 compared to RAP 
asphalt without rejuvenating material. 

 
2.3 Methods 

 
This study used 16 mixture designations in 

which there were variations in the percentage of 
slag and RAP with one mixture as a control using 
natural aggregate and asphalt pen 60/70 as shown in 
Table 3. Using the Marshall method, it is known 
that the optimum asphalt content in each mixture 
combination will be used for the mixture resilient 
modulus test, where further discussion regarding 
the determination of optimum asphalt content can 
be seen in another paper that has been presented by 
the author [5,13]. 

 
Table 3 Mixture Designation 

 
Aggregate RAP Steel 

slag 
Andesite 

C0 - - 100 
CS1, CS2, 

CS3 
- 10, 20, 

30 
90, 80, 70 

CR1, CR2, 
CR3 

CS1R1 
CS1R2 
CS1R3 
CS2R1 
CS2R2 
CS2R3 
CS3R1 
CS3R2 
CS3R3 

10, 20, 
30 
10 
20 
30 
10 
20 
30 
10 
20 
30 

- 
 

10 
10 
10 
20 
20 
20 
30 
30 
30 

90, 80, 70 
 

80 
70 
60 
70 
60 
50 
60 
50 
40 

 
The asphalt stiffness modulus can be determined 

based on a laboratory test using Dynamic Shear 
Rheometer (DSR) [14], with a test frequency of 10 
rad/s and the test temperature that refers to the 
temperature range contained in the PG [15]. The test 
was carried out on three asphalt conditions: original, 
RTFOT and PAVT. The parameters obtained were 
complex shear modulus and phase angle. This value 
can estimate the stiffness modulus [16], as in 
 
Sbit = 2 (1 + μ) G*   (1) 
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Where, 
μ   = Poisson number 
G*= complex shear modulus 
 

The resilient modulus test in the laboratory was 
carried out by indirect tensile strength test, using the 
UMATTA tool as shown in Fig. 4 [17], with a 
loading pulse width of 250 ms, pulse repetition 
period of 3000 ms, and carried out on temperature 
variations concerning for to fluctuations in 
temperature at the pavement, which were at 
temperatures of 20°C, 25°C, 35°C and 45°C. 

The determination of mixture stiffness modulus 
can also be done using several mathematical models, 
the model used as a comparison in this study was 
the Nottingham model [18] using Eq. (2). 
 
𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒 = 𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒 �𝟏𝟏 + 𝟐𝟐,𝟓𝟓 𝐂𝐂𝐂𝐂

𝐧𝐧(𝟏𝟏−𝐂𝐂𝐯𝐯)
�
𝐧𝐧
     (2) 

 
Where, 
Smix =stiffness modulus of mixture (Mpa) 
Sbit   =asphalt stiffness modulus (MPa) 
Cv     =aggregate concentration (%). 
 

 
Fig.4 UMATTA Test Equipment 
 
3. RESULT AND DISCUSSION 
 
3.1 Asphalt Stiffness Modulus  

 
The value of asphalt modulus based on the 

results of the laboratory test using DSR was seen 
from the complex modulus approach (G*) refer to 
Eq.(1) for frequency sweep test condition at the 
loading time of 0.25 based on the mixture stiffness 
modulus in the experiment with the UMATTA tool, 
while the asphalt stiffness modulus theoretically 
used the Van der Poel nomogram in Fig.5. 

Based on Fig. 5, the asphalt stiffness modulus 
from the DSR test results for asphalt pen 60/70 was 
higher than that of Reclamite-added RAP asphalt. 
Basically, this is due to the characteristics of the 
rejuvenating material that make RAP asphalt that 
has aged return into asphalt that is new and more 
liquid. From the comparison of experimental and 
nomogram results, the asphalt stiffness modulus 
value of the DSR test results was smaller compared 
to the Van der Poel nomogram.  

This difference was due to the different 
approach assumptions which for this nomogram 

were used for conventional asphalt. While 
experimentally, it was possible to use modified 
asphalt. Therefore, a calibration factor was needed 
using statistical calculations. A calibration factor of 
0.83 was obtained, which was multiplied by the 
asphalt stiffness modulus of the nomogram to get 
the stiffness modulus of the modified experiment 
asphalt. This value would be used in developing the 
stiffness modulus of mixture model. 

 
 

Fig.5 Asphalt Stiffness Modulus 
  

3.2 Stiffness Modulus of Mixture 
 

The temperature on the mixture stiffness 
modulus value of the HMA mixture using either 
RAP, slag or a combination of both with increasing 
temperature made the stiffness modulus of mixture 
value lower. This was due to changes in the 
viscoelastic (changing from elastic into viscous) 
mechanical property of asphalt that caused a 
decrease in the stiffness modulus in asphalt mix at 
250C as shown in Fig. 6. 

It can be seen that the stiffness modulus of the 
theoretical mixture using the Nottingham model 
refer to Eq. (2) that the results were smaller than 
using this experiment because of the difference in 
the approach used. The test with the UMATTA tool 
was conducted based on the maximum load given 
and the resulting strain, while the Nottingham 
model was done by predicting the stiffness modulus 
based on the value of asphalt stiffness modulus, 
asphalt volume, and aggregate volume. 

Increasing the slag percentage in the mixture 
increases the modulus value (Fig. 6) caused the 
volumetric characteristics of the mixture. 
Increasing slag percentage (CS10-CS30) in the 
asphalt mix resulted in an increased value of void in 
mix (VIM) and decrease in the value of void in 
mineral aggregate (VMA) and surface roughness 
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characteristic in the slag aggregate, giving a greater 
stiffness modulus of mixture modulus than the 
control mixture.  

An increase in the percentage of RAP (CR10-
CR30) in the asphalt mix could increase the 
stiffness modulus of the mixture. This could be 
caused by the asphalt contained in RAP material 
that had undergone aging was integrated into with 
hot mix asphalt. This was also seen when RAP and 
slag material were combined. The test results show 
that the stiffness modulus of the mixture value of 
the CR30S10-S30 mixture was higher than the 
control mixture, as well as when compared to the 
mixture of CR10S10-S30 and CR20S10-30. This 
showed that with an increase in RAP and slag in the 
hot mix asphalt, the stiffness modulus of mixture 
value also increased. This was due to the volumetric 
characteristics of the mixture which had a higher air 
void in mix value in the CR30S30 mixture. 

 

 
 

Fig.6 Stiffness Modulus of Mixture 
 

 
3.3 Stiffness Modulus of Mixture Model 

 
The asphalt mixture modulus model approach 

was developed based on the behavior of elastic 
material obtained from laboratory test results. The 
prediction model used regression analysis with 
dependent variables (stiffness modulus of mixture) 
and some independent variables [19]. The analysis 
was performed with SPSS software, with the classic 
assumption test as follows [20-22]: 
1. Determination of multicollinearity occurs 

when there are more than two correlating 
variables, seen from the value of tolerance and 
variance inflation factor (VIF) where the 
tolerance value > 0.10 and VIF ≤ 10.  

2. Autocorrelation is to see if there is a linear 

relationship among errors in a series of 
observations, sorted by time with the Durbin 
Watson test refer to Eq. (3). If the calculated 
DW value limit is outside the lower limit (dL) 
and the upper limit (dv), then the model is no 
autocorrelation. 

 
𝐷𝐷 −𝑊𝑊 = ∑(𝑒𝑒𝑡𝑡− 𝑒𝑒𝑡𝑡−1)

∑𝑒𝑒𝑡𝑡
2          (3) 

 
Where,  
D-W= Durbin Watson value 
Et  = Error at i - th (i =1,2,….n) 
 

3. The Objective determination of data should 
have a normal distribution, which means the 
data has spread evenly so it can represent the 
population, and can be distinguished that the 
skewness level.  

4. To determine whether the regression model is 
Homoskedasticity, the variance from one 
observation to another observation can be seen 
from the graph between the predictive value of 
the dependent variable and the residual. 

5. To determine whether two or more variables 
have a significant linear relationship or not. If 
the relation between variables is not linear, the 
other correlations should be tested, for example 
ie; quadratic or logarithmic correlations. 

 
Based on analysis statistical with the classic 

assumption test obtained two models that meet the 
requirements were selected, Eq (4) and (5). 

 
SMix = 1499.333 Sbit + 109.598 VIM +19.253 
RAP + 15.507 Slag - 3773.855       (4) 
   
SMix = 1497.524 Sbit – 28.824 VFA + 17.212 RAP  
+ 15.479 Slag - 1443.124        (5) 
 
Where, 
Smix =Stiffness Modulus of Mixture (Mpa) 
Sbit   =Stiffness Modulus of Asphalt (Mpa) 
VIM =Void in Mix (%) 
VFA =Void Filled with Asphalt (%) 
RAP = Reclaimed Asphalt Pavement (%) 
 

From the two models, we can assess the overall 
model fit using the (adjusted) R2 and the 
significance of the F-value the result of a one-way 
analysis of variance (ANOVA). When we interpret 
the model fit, the F-test is the most critical, as it 
determines if the overall model is significant.  Table 
4 shows the R2 value it is known that the model D 
is greater than the model B, this indicates the model 
D can provide almost all the information needed to 
predict variations in the dependent variable (Smix).  

The analysis was performed using 95% 
confidence level (α= 0.05), in Table 4 with ANOVA 
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test from model B and model D where the F-statistic 
was greater than F-value which represent 
relationship between the independent variable 
(stiffness modulus of asphalt, void in mix, void 
filled with asphalt, RAP and slag) and the 
dependent variable (stiffness modulus of mixture). 
This finding is consistent with that the p-value of 
the F-test is below 0.05 (i.e., a significant model). 
However, it automatically meant that all of our 
regression coefficients were significant effect the 
stiffness modulus of mixture. 

Refer to Eq (4) and (5) that all variables 
statistically affected the stiffness modulus of 
mixture, this finding was consistent with the 
existing model, while increase asphalt stiffness 
modulus and percentage RAP at increased stiffness 
modulus of mixture. This phenomenon can be 
attributed to the higher aging rate at higher 
percentage asphalt in the mixture as well as 
increment percentage slag contributed to higher 
stiffness modulus of mixture. 

 
3.4 Model Validation 
 

To validate the proposed model, the database of 
the test results of the stiffness modulus of mixture 
in the laboratory were compared to the modulus 
predicted by the model. It can be seen in fig. 5 that 
it had linear line densities that are close together. 
The average ratio has a value close to 1.0 for the Eq 
(4), while for the Eq (5) the average ratio is 1.08. 

 

 
 
Fig.7 Suitability the Stiffness Modulus Mixture 

 
From the result of the R2 value, it is known that 

the model D was greater than the model B, but in 
the selection of the regression model, the coefficient 
of determination (R2) was one of and not the only 
criterion for choosing a good model, because if a 
linear regression estimate produces a high 
coefficient of determination but it was not 
consistent with the theory chosen by the researcher, 
then the model was not the best estimator model. In 

the development of the asphalt mix prediction 
model, the model B was chosen because it has a 
higher average ratio value and illustrates that the 
modulus result of this prediction model is closest to 
the result of the direct test modulus with UMATTA. 
Also, this model has consistent values for all the 
basic data models. 

 
4. CONCLUSION 
 

Based on the analysis and discussion of the 
development of stiffness modulus of mixture 
prediction model, the following conclusions were 
obtained: 
1. The asphalt stiffness modulus produced by a 

laboratory test with DSR was lower than 
theoretically using Van Der Poel Nomogram. 
Then, a statistical analysis was done to obtain 
the modification DSR asphalt stiffness 
modulus that would be used in the development 
of asphalt mix stiffness modulus prediction 
model. 

2. An increase in the stiffness modulus of mixture 
was seen in asphalt mix through an increase in 
the percentage of slag and RAP. This related to 
surface roughness in slag aggregate. This also 
applies to mixtures containing RAP. This was 
caused by the asphalt found in RAP material 
that had undergone aging, then integrated into 
with hot mix asphalt. The mixture with the 
largest modulus was found in the CR30S30 
mixture. 

3. Parameters for determining variables in the 
development of stiffness modulus of mixture 
model used theoretically. Based on the 
Nottingham model stiffness modulus model for 
hot mix asphalt containing slag and RAP was 
chosen with the following equation: SMix = 
1499.333 Sbit + 109.598 VIM +19.253 RAP + 
15.507 Slag -3773.855. 
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