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Preface 
This thesis report is the result of my graduation project at Boskalis Nederland. Through the 

university I got in contact with Boskalis, which provided me the possibility of performing 

research using their laboratory, knowledge and expertise. From several topics I chose the 

possibility to do research on the prediction of functional properties of asphalt concrete. During 

the process I decided to focus on the prediction of asphalt concrete stiffness. This topic is in 

line with my specialization road and railway engineering at TU Delft. Besides, it is a relevant 

topic for Boskalis since the development of these prediction models is crucial for the 

introduction of functional verification. 

In this report some useful conclusions are drawn for the prediction of asphalt concrete stiffness 

and a proposal is made for a new model. Also recommendations are given for further research 

on this topic. The report can serve other purposes as well. For future independent research on 

asphalt stiffness, chapter 2 gives an overview of the existing models and the underlying tests 

and mixes. Conclusions in the other chapters are based on a database that has been 

composed specially for this research. For further research with this database, all corresponding 

tests have been described in detail in chapter 3. Chapter 4 can be used to gain insight in the 

dependence of asphalt concrete stiffness on certain asphalt characteristics. Some steps have 

been taken in the problem of the determination of the binder glassy modulus in section 4.3.7. 

I would like to thank the thesis committee for their contribution to the realization of this project. 

Special thanks goes to Berwich Sluer and Natascha Poeran from Boskalis for keeping me in 

the right direction during the process. I would also like to thank Boskalis’ asphalt laboratory 

team which helped me during the two months of performing tests. 

I wish you a pleasant read, 

Joost Droogers 

Nieuw-Vennep, 2018  
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Summary 
Boskalis Nederland is currently taking the first steps in the introduction of functional verification 

of asphalt works in The Netherlands. At this moment the verification of delivered works is based 

on non-functional properties, like binder properties, void content and level of compaction. 

However, functional properties are used in design and they determine the lifespan of the 

pavement. Functional tests are more time-consuming and due to the fact that characteristics 

develop over time, the tests can only be performed after eight weeks. A model for estimating 

the functional properties of the delivered works is required, so that functional lab tests become 

unnecessary. Functional tests will only be performed if the model rejects the work. In this 

research only the prediction (+/- 10%) of the functional property stiffness of asphalt concrete 

mixes is considered. 

As a starting point in the research eight existing asphalt concrete stiffness prediction models 

are investigating. They are used to gain insight in candidate predictive parameters and a 

possible structure for a new model. Most models originate from Belgium or the United States. 

A comparison between the databases used by the authors is included. These databases 

determine the applicability of the model. Test conditions and mixes differ from Dutch standards. 

For this reason, a new database was set up at Boskalis. This database consists of data of 

seven asphalt concrete mixes (base, bind) including mixes with RAP and polymer modified 

binders. In total 46 candidate predictive parameters are determined, including all predictive 

parameters of the existing models. The candidate predictive parameters are addressed in 

three different groups: binder properties, volumetric properties and gradation properties. They 

are assessed on precision, theoretical preference, and the correlation with the asphalt concrete 

stiffness. It can be concluded that the binder stiffness, the penetration value, the volume 

fractions, coefficient of uniformity and the maximum aggregate size are preferred in a new 

model. The binder glassy modulus can best be obtained by determining the asymptote of the 

master curve, but cannot be precisely determined. Models like the Van der Poel nomograph 

used for the determination of predictive parameters should be avoided due to inaccuracy and 

inapplicability. 

Subsequently, the existing models are all applied on the Boskalis database. In order to correct 

for the differences in mixes and test conditions, the coefficients of the existing models have 

been fitted. The unfitted models show low accuracy in general while some fitted models show 

higher accuracy. Outstanding is the accuracy of the Jacobs model, both fitted and unfitted. 

This model is based on a linear regression analysis, which has been used for building a 

complete new model in the end. In total eight regression models have been obtained, with 

different starting points. The last model is preferred for its accuracy, simplicity and the 

significance and theoretical value of the predictive parameters. The used predictive 

parameters are the binder stiffness, and the air and aggregates fractions. 90% of the 

predictions deviate less than 10% from the measurements. 

The conclusion can be drawn that a multiple linear regression model is simple and accurate 

compared to existing (un)fitted models. Further accuracy can possibly be achieved by 

performing separate analyses for mixes with polymer modified binders. The Boskalis database 

needs to be extended for this reason. Another recommendation is to extend the variation in 

binder content and include different kind of surface layer mixes as well. More research should 

be done on the spread of data of both predictive parameters and the asphalt concrete stiffness.  
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1 Introduction 
1.1 Problem definition 

The Netherlands is a country with a high quality road infrastructure (Waze 2017). Due to years 

of research, new developments like the introduction of porous asphalt, good quality control and 

an extensive maintenance program, Dutch roads belong to the best of the world. Nevertheless, 

in this field still many developments are taking place. Over the years, the government in the 

Netherlands has shifted many responsibilities, like maintenance, from the road authority to the 

contractor. Instead of prescribing a particular asphalt concrete mix, functional requirements 

are given. The road should fulfil its function for a certain number of years and the asphalt 

concrete should have certain properties, while the design of the pavement is the responsibility 

of the contractor. Contracts can include maintenance of a particular road section for a certain 

number of years, as well. Since the shift of responsibilities from the government to the 

contractors, large companies started their own research departments. 

Because this shift of responsibilities, contractors need to be able to prove that the properties 

of the asphalt concrete works are similar to those obtained in type tests. This verification exists 

since in the construction phase many steps are taken which can influence the final quality of a 

pavement negatively. For example, poorly compacted asphalt at a lower temperature will result 

in a much lower asphalt concrete quality. At this moment this verification is based on the 

composition and binder properties of asphalt concrete like the density, the grading of the mix, 

and the penetration of the reclaimed bitumen. These parameters can be determined by 

measurements on the road, and by testing cores taken from the road (field cores) in the lab. 

The obtained values are compared to certain limits, which can be found in the ‘standaard RAW 

bepalingen’ (CROW, 2014), which is a Dutch contract specification in the geotechnical, 

pavement and hydraulic engineering business. These limits have been determined empirically. 

Due to the development of new asphalt mixes with higher RAP percentages, modified binders 

and composite fillers it is questionable if these checks do still guarantee the actual quality of 

the delivered work sufficiently. According to Boskalis, this way of verification is not in line with 

high quality asphalt pavements in the Netherlands. A good indication of the delivered quality 

is desired for a fair assessment of the contractors. The functional properties fatigue and 

stiffness are directly used in the design of new asphalt concrete pavements. Boskalis is 

defender of the introduction of functional verification, where the verification of new asphalt 

pavements is based on functional properties. This offers the possibility to directly compare the 

assumed functional properties in the design and the actual functional properties of asphalt in 

the road. Boskalis is currently taking the first steps in introducing this new way of verification. 

Functional properties include stiffness, fatigue resistance, permanent deformation resistance 

and indirect tensile strength (before and after submersion in water) (RAW, 2015). Some of 

these properties are determined in the lab for the specification of new asphalt concrete mixes 

by tests. The Dutch standards prescribe the four point bending test on prismatic specimens to 

determine stiffness and fatigue resistance, the triaxial test to determine the resistance to 

permanent deformation and the indirect tensile test to determine the tensile strength. For these 

tests cylindrical and prismatic specimens are produced in the lab. In order to determine these 

properties from field cores for verification purposes, test specimens must be drilled from the 

road. This is a time consuming and laborious process. Test specimens are only allowed to be 

tested after eight weeks according to the standard, since the properties are believed to be 

relatively constant in time by then. For functional tests multiple specimens are tested in order 

to increase the reliability of the data. Moreover, the capacity of laboratories of contractors is 
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limited. The aforementioned points make the introduction of functional verification a difficult 

process. Some steps are currently taken to overcome these problems. Instead of using 

prismatic test specimens, research has been done on determining the stiffness and fatigue 

resistance on cylindrical specimens (CIT-CY), which are easier to obtain from the road. 

However, the stiffness and fatigue resistance determined in a four-point bending test differs 

from that in the CIT-CY. 

1.2 Objectives 

Functional verification will be easier, quicker and cheaper if the determination of the functional 

properties did not purely depend on tests. Another way of determining functional properties is 

the use of prognosis models. These models use non-functional properties as predictive 

parameters like composition and binder properties, which are easier to determine than the 

functional properties themselves. Currently the following tests are done for the (composition-

based) verification process of new asphalt concrete in the Netherlands: 

- Thickness of the layers (RAW 2015 test 63) 

- Grading (NEN-EN 12697-2) (NEN, 2015) 

- Binder content (RAW 2015 test 65.0) 

- Void content (RAW 2015 test 69.0) 

- Degree of compaction (RAW 2015 test 66) 

- Penetration of reclaimed bitumen (NEN-1426) (NEN, 2015) 

The output of these tests can be used as input for prediction models for functional properties. 

If most of the work can be verified using a model, less of the time-consuming functional lab 

tests are necessary. Besides, the functional properties can be determined shortly after the 

construction phase, so correcting measures can be taken earlier. Functional tests are only 

allowed at specimens at an age of at least eight weeks as mentioned before . A model for 

prediction of functional properties for the Dutch practice does not exist at this moment and 

must be developed. Currently existing models are developed outside the Netherlands and are 

based on data obtained with other tests on different mixes. The goal of this study is to develop 

a prediction model for the functional properties based on the Dutch data and standards. 

The motivation for research on this topic is the introduction of functional verification. However, 

a high quality prediction model can serve many other purposes as well. It can help to speed 

up the iterative design of new mixes. Besides, it can provide insight in the influence of the 

included parameters on the functional properties. This can be a reason for further research. 

Four functional properties have been mentioned before. From a design point of view stiffness 

and fatigue resistance have the highest priority since they are directly used in the design of 

asphalt pavements. According to Shen & Carpender (2007) fatigue has a dependence on the 

stiffness. Moreover, more research has been done abroad on the prediction of the stiffness, 

which gives a starting point in the process. Therefore, in this thesis, stiffness prediction has 

been chosen as the main topic. Since the asphalt stiffness is particularly important for base 

and subbase layers, the research will focus on asphalt concrete mixtures (NEN-EN 13108-1) 

only. For developing a new model a database is composed, which includes asphalt concrete 

mixes with RAP and polymer modified binders. Currently existing models are verified using 

this database and used as a starting point for building a new model. The following questions 

will be answered: 
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Main question: 

Can a model be developed that accurately (+/- 10%) predicts the stiffness modulus of asphalt 

concrete for functional verification to be introduced in the future? 

Sub questions: 

a. Which parameters are relevant for the prediction of the stiffness of asphalt concrete? 

b. To which extend do currently existing models predict the stiffness of asphalt concrete 

accurately? 

c. Which relations can be found between predictive parameters and the asphalt concrete 

stiffness? 

d. Which structure for the development of a new model can best be chosen? 

e. Does the proposed model satisfy the requirements and accuracy for functional 

verification? 

1.3 Report structure 

For answering these questions, a stepwise research has been done. First of all, the existing 

literature will be reviewed in chapter 2. Earlier models are presented with their background and 

limits. The corresponding tests will be described briefly. These models will be used to gain 

insight in the possible relevant parameters for predicting stiffness in chapter 4 by using lab 

results from Boskalis. These lab results, as described in chapter 3, will be used in a statistical 

analysis as well. This analysis results in insight in the relations between the parameters and 

the asphalt concrete stiffness. Also the spread of the data and the mutual relations will be 

reviewed. In chapter 5, the currently existing models are verified using the Boskalis database 

and the pros and cons per model are discussed. In chapter 6, proposals are made for new 

models. These models will be assessed on their accuracy and suitability for functional 

verification. Finally, conclusions are drawn and recommendations are made in chapter 7. 
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2 Existing asphalt concrete stiffness 

prediction models 
2.1 Introduction 

Stiffness is an important functional design parameter for road construction. Together with the 

thickness of the layers, it determines the stiffness of the construction as a whole. Together with 

the load and the total height of the structure, the strain at the bottom of an asphalt pavement 

can be calculated. In a given material, the higher the strain, the higher the fatigue damage. A 

completely stiff structure is undesirable since the pavement should be able to deform as a 

result of thermal stresses and subsoil settlements. Each case has its own optimal combination 

of layers, thicknesses and asphalt properties, among which the stiffness modulus. Therefore, 

stiffness of the asphalt concrete is an indispensable input parameter for pavement design. 

As a start in the analysis, a literature study has been carried out. This study includes the tests 

as used in The Netherlands and all over the world as well as some important currently existing 

models. A research on existing models has been carried out for the following three reasons: 

- To gain insight in possible valuable existing models. 

- To gain insight in relevant parameters for implementation in a new model. 

- To gain insight in the possible approaches for developing a new stiffness model and to 

decide if one of those models can be used as a starting point. 

The existing models will be evaluated both quantitatively and qualitatively. Data from several 

Dutch asphalt concrete mixes is used as input for the models (chapter 3). Attention should be 

paid to the input used for the development of the existing models. This data determines the 

validity range of the models. Another important aspect is the background of each model. 

Different researchers use different approaches for developing their stiffness prediction model. 

Serious research on stiffness prediction of asphalt concrete mixes has been performed since 

the 50’s. The most famous model is probably the Shell model, which was published in 1977. 

An even earlier version of this model was developed in 1954 by Van Der Poel. A lot of research 

has also been carried out in Belgium by Louis Francken, and in the United States by Witczak. 

An extended review and comparison of these models is given in paragraph 2.3. 

2.2 Stiffness tests 

Different stiffness test standards are used all over the world. Since January 2005 the NEN-EN 

12697-26 (NEN, 2018) is the standard for EU countries. In this standard nine different tests for 

determining the stiffness modulus are described:  

- Two point bending test on trapezoidal specimens (2PB-TR) 

- Two point bending test on prismatic specimens (2PB-PR) 

- Three point bending test on prismatic specimens (3PB-PR)  

- Four point bending test on prismatic specimens (4PB-PR)  

- Test applying indirect tension to cylindrical specimens (IT-CY) 

- Direct tension-compression test on cylindrical specimens (DTC-CY) 

- Test applying direct tension to cylindrical specimens (DT-CY) 

- Test applying direct tension to prismatic specimens (DT-PR) 

- Test applying cyclic indirect tension to cylindrical specimens (CIT-CY) 
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These tests are described in Annex A-F. The reason for the description of more than one test 

is the history of different stiffness tests used all over Europe. The advantage of the European 

norm is the increase in uniformity in conducting tests. However, there are still multiple tests 

allowed, where different tests can give different outcomes by testing the same material. For 

this reason, in the Netherlands the four point bending test on prismatic specimens (4PB-PR) 

is prescribed in the standard ‘Standaard RAW bepalingen’ (RAW, 2015). This prescription is 

more detailed than the general NEN-EN. 

The four point bending test is carried out on prismatic specimens with dimensions 

450x50x50mm (4PB-PR). These specimens are supported near the ends with a spacing L of 

420 mm. The bar is loaded at two points in between the supports with a spacing l of 140 mm 

in such a way that the setup is symmetrical. An example of the setup is shown in Figure 1 

(NEN, 2018). The specimen is than loaded by a force equivalent to a strain of 50 µm/m. This 

is done at a range of loading frequencies and at a temperature of 20˚C. The final stiffness is 

defined at a temperature of 20˚C and 8 Hz. 

 

Figure 1 – Concept of the 4PB-PR. Reprinted from NEN-EN 12697-26, 2018, p. 14 

The two point bending test on trapezoidal specimens (2PB-TR) is also briefly presented, since 

the models developed by Francken in Belgium (section 2.3.3) are based on results from this 

test. In this test, trapezoidal specimens with a height of 250 mm are glued to a metal stand 

and loaded by a single point load at the top of the sample. A force will be applied at the head 

corresponding to a maximum strain of 50 µm/m. The concept of this test is shown in Figure 2 

(NEN, 2018). 

 

Figure 2 – Concept of the 2PB-TR. Reprinted from NEN-EN 12697-26, 2018, p. 14 

The stiffnesses as a result of both tests are not interchangeable. There are too many 

differences in the descriptions of the tests and the test specimens. For example, in the 2PB-

TR, a frequency range is described (NEN, 2018), while this is not the case for the 4PB-PR. 

The 4PB-PR procedure prescribes an acclimatization time, while the 2PB-TR does not. Both 

tests can be carried out with specimens aged between 2 weeks and 2 months. The age can 
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have a significant influence on the stiffness while the timeframe is large (Marsac, 1999). This 

example illustrates the importance of recording all test conditions in detail. For a valid research, 

test results from only one test under exactly the same conditions should be used. Extra care 

should be given to the input used for developing the existing models. 

Another standardized European test is the Indirect Test applying Cyclic Indirect Tension to 

Cylindrical specimens (CIT-CY). This test is interesting as cylindrical test specimens can be 

easily obtained from the road compared to the prismatic specimens for the 4PB-PR test. Use 

of cylindrical specimens for the verification of new asphalt structures is desirable and therefor 

the stiffnesses obtained in these tests will be.used for the database for the new model At 

Boskalis, it was concluded that the stiffnesses obtained in the CIT-CY and 4PB-PR are 

comparable. The stiffness determined in the CIT-CY is on average 10% higher in value than 

the 4PB-PR stiffness (Poeran, Sluer, & Telman, 2018). The CIT-CY test is performed at a 

cylindrical specimen which is vertically loaded by a pulse load corresponding to a deformation 

between 0.005% and 0.01% of the specimens diameter in the horizontal direction. The 

temperatures and dimensions are specified in NEN-EN 12697 (NEN, 2018). The norm also 

specifies a formula for calculating the asphalt concrete stiffness using the dimensions, 

deformation and applied force. 

   

Figure 3 – Example of a setup of the CIT-CY. Reprinted from NEN-EN 12697-26, 2018, p. 41 

For other models considered in this study, tests from the United States are used. D3497-79 

(ASTM International, 2003) is a test on cylindrical test specimens. These specimens are loaded 

by a stress controlled load at three loading frequencies and three temperatures.  

Another American test is specified in the TP62-03 norm (AASHTO, 2007). The superpave 

shear tester is a machine that can perform multiple tests. The Frequency Sweep test at 

Constant Height (FSCH) (AASHTO, 2007) is performed for determination of the shear dynamic 

modulus. A sample is typically 150 mm in diameter and 50 mm in height. The specimen is 

glued in between two platens which are moved side-to-side. The force is increased till a 

maximum strain of 0.01% is reached. The force is sinusoidal and the test is conducted at 

 

 

 

 

1 loading piston 

2 test specimen 

3 extensometer 

4 deflection strip 

5 loading strips 
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several frequencies. A formula is used for calculating the stiffness. By estimating the Poison 

ratio, this dynamic shear modulus can be converted to the dynamic stiffness modulus.  

The simple performance test is an unconfined test conducted at cylindrical specimens as well. 

These specimens, with a diameter of 150 mm and a height of 170 mm, are loaded by a 

controlled sinusoidal compressive stress at various frequencies. The chamber in which the 

specimen is placed is temperature controlled. The resulting displacement is then measured by 

sensors. These test results are included in Al-Khateeb’s database (Table 1, page 24). 

2.3 Existing asphalt concrete stiffness prediction models 

2.3.1 Shell Nomograph 

The first model to mention is the famous Shell nomograph (Bonnaure, Gest, Gravois, Ugé, 

1977) as shown in Figure 4, which is developed in 1977. The model uses as input the three 

different volume fractions and the binder stiffness. For the determination of this stiffness, 

reference is made to the Van Der Poel nomograph (Appendix A) (1954). The graph can be 

used without any numerical calculations. As long as the input parameters are known, the 

asphalt concrete stiffness can be simply determined using a ruler. 
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Figure 4 – Shell nomograph, reprinted from A new method of predicting the stiffness of asphalt paving mixtures, Bonnaure et 

al, 1977 
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The nomograph is derived from the following formulas: 

𝛽1 = 10.82 −
1.342(100 − 𝑉𝑔)

𝑉𝑔 + 𝑉𝑏
 (1) 

𝛽2 = 8.0 + 0.00568𝑉𝑔 + 0.0002135𝑉𝑔
2 (2) 

𝛽3 = 0.6log⁡(
1.37𝑉𝑏

2 − 1

1.33𝑉𝑏 − 1
) (3) 

𝛽4 = 0.7582 ∗ (𝛽1 − 𝛽2) (4) 

 

For  5*106 N/m2 < Sb < 109 N/m2: 

log 𝑆𝑚 =
𝛽4 + 𝛽3
2

(log(Sb) − 8) +
𝛽4 − 𝛽3
2

|log 𝑆𝑏 − 8| + 𝛽2 (5) 

 

For 109 N/m2 < Sb < 3 * 109 N/m2: 

log 𝑆𝑚 =⁡𝛽2 +⁡𝛽4 + 2.0959(𝛽1 − 𝛽2 − 𝛽4)(log𝑆𝑏 − 9) (6) 

Where: 

Vg = volume aggregates (%) 

Vb = volume bitumen (%) 

Sbit = bitumen stiffness (Pa) 

Sm = asphalt concrete stiffness (Pa) 

Bonnaure et al (1977) developed the model based on 2PB-TR test results from 12 different 

mixes. Their approach was to determine the stiffness of both the mix and the binder at various 

temperatures by tests and the Van der Poel nomograph respectively. By plotting both 

stiffnesses in one graph, a function can be found to describe their relation. A statistical analysis 

showed that this relation can best be presented as a function of the aggregate fraction Vg. In 

the statistical analysis some basic boundary conditions have been used. The stiffness of the 

mix should be equal to the stiffness of the binder when the aggregate fraction (Vg) is zero, and 

the stiffness of the mix should be equal to the elastic modulus of the aggregate when the 

asphalt contains no air and binder (Vg = 100%). It appeared that the relation between mix and 

binder stiffness can best be described using different relations for two binder stiffness intervals. 

The results of the statistical analysis where finally rationally and numerically verified. 

The Shell model is not build for the stiffness prediction of new Dutch mixes, and its applicability 

on these mixes is not guaranteed. First of all, the model is outdated. The tested mixes used in 

this analysis contain no reclaimed asphalt or modified binders. Moreover, the model is not 

made for predicting stiffness moduli of newer asphalt mix designs, like porous asphalt. The 

test conditions are not verified, and the 2PB-TR test is used for determination of the stiffness, 

which is not the Dutch standard. Also, the number of parameters included is limited. According 

to the Shell pavement design manual (Shell, 1978) this method can predict the stiffness with 

an accuracy of a factor 1.5 to 2, which is not in line with the desired accuracy for functional 

verification (+/- 10%). However, the approach used for building the formulas can be a starting 
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point for a new model since it is simple and analytical. The model can also give insight in the 

importance of the included parameters. 

2.3.2 Asphalt Institute 

An early method developed in the United States is the Asphalt Institute Model (Hwang and 

Witczak, 1979). The following relations were found using a regression analysis: 

 

𝐸∗ = 100,000 ∗ 10𝛽1 (7) 

𝛽1 = 𝛽3 + 0.000005𝛽2 − 0.00189𝛽2𝑓
−1.1 (8) 

𝛽2 = 𝛽4
0.5𝑇𝛽5 (9) 

𝛽3 = 0.553833 + 0.028829(𝑃200𝑓
−0.1703) − 0.03476𝑉𝐴 + 0.07037𝜆

+ 0.931757𝑓−0.02774 
(10) 

𝛽4 = 0.483𝑉𝑏 (11) 

𝛽5 = 1.3 + 0.49825 log 𝑓 (12) 

Where: 

f = loading frequency (Hz) 

T = temperature (˚F) 

Va = volume air voids (%) 

λ = bitumen viscosity at a temperature of 77˚F (106 poises) 

P200 = percentage by weight of aggregate passing through a No. 200 sieve (US system) (%); 

No. 200 sieve = 0.075 mm 

Vb = volume bitumen (%) 

E* = asphalt concrete stiffness (psi) 

This model was developed for the computer program DAMA (an elastic multi-layer program) 

and uses more predictive parameters than the Shell model, including the filler fraction (P200) 

and the viscosity. The viscosity may be estimated from the following relationship: 

𝜆 = 29508.2(𝑃77˚𝐹)
−2.1939 (13) 

Where: 

P77˚F = bitumen penetration at 77˚F or 25˚C (= pen) (dmm) 

Since the derivation of the model is missing, the approach of Hwang and Witczak is unclear. It 

is assumed that the model is based on a regression analysis on stiffness data as a result of 

former tests and standards from the US. Moreover, Witczak published newer versions of his 

own stiffness prediction model in 1999 and 2006, which are assumed to be more accurate. 

The Asphalt Institute model is included in the comparison though, since the way the model is 

build, with the use of multiple dependent variables (β1 – β5), is completely different from other 

models. A study of this model can be interesting. 
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2.3.3 Francken 

Another interesting model is the Belgium model of Francken (1977). Earlier versions are 

presented in papers of Francken, Vanaelstraeten and Clauwaert going back to 1975. This 

model includes the often-used volumetric parameters Va, Vb and Vg, and two binder properties: 

the stiffness and glassy modulus of the bitumen. The model has been used in the prediction 

program PRADO. 

The approach of this model is that the stiffness modulus is a multiplication of the purely elastic 

modulus E∞ and the reduced modulus R* as a function of the temperature and the frequency. 

|𝐸 ∗|(𝑇, 𝐹𝑟) = 𝐸∝ ∗ 𝑅
∗(𝑇, 𝐹𝑟)⁡(𝑀𝑃𝑎) (14) 

𝐸∝ = 14360(
𝑉𝑔

𝑉𝑏
)
0.55

exp(−0.0584𝑉𝑎) (15) 

log(𝑅∗) = log⁡(𝐵 ∗)(1 − 1.35(1 − exp⁡(−0.13 (
𝑉𝑔

𝑉𝑏
))(1 + 0.11 log(𝐵 ∗)) (16) 

𝐵 ∗=
𝑆𝑏𝑖𝑡(𝑇, 𝐹𝑅)

𝑆𝑏𝑖𝑡,𝑖𝑛𝑓
 (17) 

Where: 

Va = volume air voids (%) 

Vg = volume aggregates (%) 

Vb = volume bitumen (%) 

Sbit = bitumen stiffness (MPa) 

Sbit,∞ = bitumen glassy modulus (MPa) 

E* = asphalt concrete stiffness (MPa) 

The relation for the reduced modulus as presented is used in most papers of Francken and 

Vanelstraeten concerning this model and implemented in the PRADO program. In Francken 

and Clauwaert (1987) another version of this relation is presented in the form of an integral. 

The approach of Francken is that the stiffness of the mix has a certain maximum value, which 

is expressed as the purely elastic modulus. The value of this purely elastic modulus is 

determined by the fractions only. The reduced modulus R* is a value between 0 and 1 and 

determines the part of the purely elastic modulus that represents the actual stiffness based on 

the volumetric parameters and binder stiffness. Again, on binder level, a distinction is made 

between the maximum binder stiffness (the glassy modulus) and the actual stiffness. The ratio 

between these two determines the actual predictive parameter B*. The stiffness of the binder 

can also be expressed in the shear modulus using the following relation: 

𝑆𝑏𝑖𝑡 = 𝐺
∗ ∗ 2(1 + 𝑣) (18) 

Where: 

Sbit = bitumen stiffness (MPa) 

G* = bitumen shear modulus (MPa) 

v = Poisson ratio 
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Since only a ratio of the actual binder stiffness and the glassy modulus determines the 

predictive parameter B*, Sbit and Sbit,∞ can be replaced by G* and G*∞ which is done in the 

implementation in the prediction software PRADO (Francken, 2003). It should be noted that 

Christensen (paragraph 2.6) did research on the conversion by equation 18 by comparing 

measured binder shear moduli and measured binder stiffness moduli and claimed that this 

conversion is inaccurate. He assumed a Poisson ratio of 0.4. Telman & Van den Berg 

(Appendix H) tried to obtain a value for the Poisson ratio by fitting the Hirsch model (section 

2.3.5). This procedure did not lead to increased accuracy and the Poisson ratio tended to the 

lower constrain. 

The Francken model is developed using a combination of an empirical and a rational approach. 

Parts of the formulas are fits on the data of 60 mixes. The data of these mixes is obtained from 

2PB-TR tests on cores from the road and cores from the lab. Interesting is the parameter Sbit,∞. 

This glassy modulus has different definitions in the literature and can best be described as the 

stiffness of the bitumen when it behaves like glass. This value can be approximated by 

determining the stiffness at very low temperatures and high frequencies. In the literature, it is 

assumed that the glassy stiffness modulus can be approximated by a conservative value of 

3000 MPa (Francken, 1977). Mohan (2010) did research on this assumption and concluded 

that the glassy modulus is a sensitive parameter in the model and this value cannot just be 

estimated. In section 4.3.7 further research on the determination of this parameter will be 

performed. 

For Dutch practice, the model has potential to serve as a starting point for a new model. The 

number of parameters is limited, and the model is based on both empirical and analytical 

relations. However, the model is even older than the Shell model, and is based on 2PB-TR 

tests. Not all test conditions can be verified, and the influence of reclaimed asphalt concrete is 

not included. The validity of the model using modified binders, which were not included as input 

for the development of the model, has been verified by Francken (1996). The approach used 

for the development of the model, the fact that the model is implemented in modern computer 

programs and the fact that it has been presented in many papers and is based on some 

European tests makes it an interesting model for further research. 

2.3.4 Witczak 

Witczak, professor of Civil Engineering at the Arizona State University, published his first 

stiffness prediction model in 1972 and presented his most recent model in 2006. An earlier 

version was published in 1999, which is governed by equation 19 (Witczak, 1999). 

𝐿𝑜𝑔|𝐸∗|

= −1.249937 + 0.029232𝑃200 − 0.001767(𝑃200)
2 − 0.002841𝑃4 − 0.058097𝑉𝐴

− 0.82208 ∗
𝑉𝑏𝑒𝑓𝑓

(𝑉𝑏𝑒𝑓𝑓 + 𝑉𝐴)

+
(3.871977 − 0.0021 ∗ 𝑃4 + 0.003958𝑃38 − 0.000017(𝑃38)

2 + 0.005470𝑃34⁡

1 + 𝑒(−0.603313−0.313351𝑙𝑜𝑔𝑓−0.393532𝑙𝑜𝑔𝜂)
 

(19) 

 

The most recent version of his model is given by equation 20 (Witczak 2006). 
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𝑙𝑜𝑔|𝐸∗|

= −0.349 + 0.754(|𝐺𝑏
∗|−0.0052)

∗ (6.65 − 0.032𝑝200 + 0.0027𝑝200
2 + 0.011𝑝4 − 0.0001𝑝4

2 + 0.006𝑝38 − 0.00014𝑝38
2

− 0.08𝑉𝐴 − 1.06(
𝑉𝑏𝑒𝑓𝑓

𝑉𝐴 + 𝑉𝑏𝑒𝑓𝑓
))

+⁡

2.56 + 0.03𝑉𝑎 + 0.71 (
𝑉𝑏𝑒𝑓𝑓

𝑉𝑎 + 𝑉𝑏𝑒𝑓𝑓
) + 0.012𝑃38 − 0.0001𝑝38

2 − 0.01𝑝34

1 + 𝑒(−0.7814−0.5785𝑙𝑜𝑔|𝐺𝑏
∗|+0.8834𝑙𝑜𝑔𝛿𝑏)

 

(20) 

Where: 

Gb* = shear modulus of the binder (psi) 

δb = phase angle (˚) 

f = loading frequency (Hz) 

VA = volume air voids (%) 

Vbeff = volume effective binder (%) 

P200 = mass percentage aggregates passing 0.075 mm sieve (%) 

P4 = cumulative mass percentage aggregates retained at 4.75 mm sieve (%) 

P38 = cumulative mass percentage aggregates retained at 9.5 mm sieve (%) 

P34 = cumulative mass percentage aggregates retained at 19 mm sieve (%) 

η = binder viscosity (106 poise) 

E* = asphalt concrete stiffness (105 psi) 

Instead of using the binder viscosity η for defining the binder properties (Witczak 1999), the 

stiffness modulus of the binder is used in the 2006 model. The viscosity of the binder in the 

1999 model is obtained from the ASTM Ai -VTSi equation, and thus depends indirectly on the 

binder shear stiffness: 

𝜂 =
𝐺𝑏𝑖𝑡

∗

10
∗ (

1

sin𝛿
)
4.8628

 (21) 

log log 𝜂 = 𝐴 + 𝑉𝑇𝑆⁡𝑙𝑜𝑔⁡𝑇 (22) 

Where: 

η =binder viscosity (cP) 

G* = binder complex shear modulus (Pa) 

δ = phase angle (˚) 

A, VTS = regression parameters 

T = temperature (˚F) 

Using the first equation, the binder viscosity can be estimated from some fundamental binder 

properties. The second equation can be used to obtain a relation for the viscosity for any 
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temperature. When at least two sets of G*, δ and T values are known for a particular binder, a 

regression analysis can be conducted to determine A and VTS.  In order to verify this relation, 

further research will be done in section 4.3.4. Witczak mentioned that using the viscosity as a 

predictive parameter in stiffness models is cumbersome, since the shear modulus can be 

measured in DSR tests and could be used as direct input in the model. For this reason, Gb* is 

implemented in the 2006 model. 

The approach which is used for the development of the models is based on statistical fits. The 

choice for the predictive parameters is based on previous publications and a sensitivity 

analysis. Each candidate parameter was plotted versus the stiffness and the variance was 

determined. The parameters with the largest variance were considered the most important for 

the determination of the stiffness. It should be noted that it is not always possible to look at just 

one parameter by keeping other parameters constant since the research is always limited to 

available test results, which are mostly obtained with tests on existing mixes used in practice. 

Witczak used a standard sigmoidal function for developing his formula’s: 

𝑦 = 𝛿 +
𝛼

1 + 𝑒𝛽−𝛾𝑥
 (23) 

 

Using this equation, Witczak made a similar assumption as the Belgian model (Francken). The 

stiffness has a certain maximum value, which is equal to δ + α. The minimum value is equal to 

δ. All values in between this maximum and minimum value are defined by the factors β and γ. 

Witczak claims that this is the best function to define the master curve and to eliminate 

unrealistic values at the extremes. By determining the dependency (tangent) of a certain 

parameter at high and low values of the stiffness, a choice was made for including that 

parameter in the δ, α, β and/or γ part of the equation. 

The final equations of the prediction models are fits on the available data. Some candidate 

models were considered, and with the help of Microsoft Excel’s solver, the best possible fit 

was found using a least squares solution. The way the equations for δ, α, β and γ are build 

have no rational background. The database used for the 2006 model is an extended version 

of the 1999 database. This is another reason the model has a different shape. Finally, Witczak 

did an extensive verification of his models. 

The applicability of the Witczak models on Dutch mixes is not guaranteed. The mixes and tests 

used by Witczak for developing his models don’t agree to Dutch practice and standards. The 

database used by Witczak is impressive. The 2006 model is based on 346 mixes with different 

compositions and binders, including aging. This improves the fit. However, no differentiation is 

made for different kind of mixes (i.e. surface layer mixtures vs. base layer mixes). Developing 

different models for different kind of mixes could have made the models more accurate for 

particular situations. Another disadvantage of the models is the quality of the input data. The 

database in the 2006 model is a combination of the 1999 database and the test results of 6 

different projects. The stiffness modulus determination is based on different tests. Besides, it 

is unlikely that the test conditions in these tests were equal. The parameters included are 

based only on earlier American models, mostly Witczak’s. For this reason, other candidate 

parameters, like the glassy modulus in the model of Francken, are not considered. The models 

of Witczak are the only models in this report taking into account the gradation of the asphalt 

concrete. Besides, the models are based on a large database and include many parameters. 

Especially for research on potentially interesting predictive parameters in a new model, the 

choice is made for further evaluation of these two models. 
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2.3.5 Hirsch 

The Hirsch model (Christensen, Pellinen and Bonaquist, 2003) was presented in 2003: 

|𝐸∗|𝑚𝑖𝑥 = 𝑃𝐶 ∗ (4200000 (1 −
𝑉𝑀𝐴

100
) + 3|𝐺∗|𝑏𝑖𝑛𝑑𝑒𝑟 (

𝑉𝐹𝐵 ∗ 𝑉𝑀𝐴

10000
))

+
(1 − 𝑃𝐶)

(
1 −

𝑉𝑀𝐴
100

4200000
+

𝑉𝑀𝐴
3𝑉𝐹𝐵|𝐺∗|𝑏𝑖𝑛𝑑𝑒𝑟

 (24) 

𝑃𝐶 =
(20 +

𝑉𝐹𝐵 ∗ 3|𝐺∗|𝑏𝑖𝑛𝑑𝑒𝑟
𝑉𝑀𝐴

)
0.58

650 + (
𝑉𝐹𝐵 ∗ 3|𝐺∗|𝑏𝑖𝑛𝑑𝑒𝑟

𝑉𝑀𝐴 )
0.58 (25) 

Where; 

Gb* = binder shear modulus (psi) 

VMA = voids in the mineral aggregate (%) 

VFB = voids filled with bitumen (%) 

E*mix = asphalt concrete stiffness (psi) 

A complete different approach is chosen for the development of this model. The main 

assumption of the Hirsch model is that asphalt concrete consists of three fractions (air, binder 

and aggregate) with their own stiffnesses. Together, these fractions can behave like a series 

system, a parallel system, or a combination. At high temperatures, the binder stiffness 

decreases, becomes more viscous and the asphalt concrete behaves more like a series 

system, since there is less interaction between the aggregates and the binder. At low 

temperatures, the asphalt concrete behaves more like a parallel system since the stiffer binder 

puts the aggregates together. 

During derivation of the model some combinations of parallel and series systems were 

considered, with the result that the combination in Figure 5 resulted in the most accurate 

predictions. This model was mathematically written and forms the basis of the Hirsch model. 

The proportion of the parallel phase is expressed by the factor Pc (equation 25), while the 

series phase is expressed by the factor (1-Pc). Three models where finally compared: one 

using the mastic stiffness, one including factors for the film thickness, and one simple version. 

By using experimental data the models were verified, and the conclusion was drawn that the 

accuracy of the models is similar, thus the simple model is the best to choose. In the equation 

of Pc, three regression constants are included that are used to fit the model to a database. This 

makes the model a combination of an empirical and rational model. The model was verified by 

multiple datasets and compared to Witczak’s model. It is claimed that the accuracy is at least 

as high as the Witczak model (2006). 
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Figure 5 – The arrangement of the phases used in the final Hirsch version, reprinted from Hirsch Model for Estimating the 

Modulus of Asphalt Concrete, W. Christensen, 2003, p. 126 

Hirsch’ model can be interesting for predicting the stiffness of Dutch mixes since the approach 

is more fundamental and step-wise. The main assumption is the law of mixtures. The 

dependence of the model on regression analysis is kept to a minimum compared to Witczak’s 

model, which makes it more widely applicable. Other parameters can be added by changing 

corresponding parts of the formula’s. For example, if a second binder property should be built 

into the model as a predictive parameter, the corresponding parts of the formula to the binder 

phases can be reformulated. The amount of data (18 mixes) and parameters (3) used in the 

model is limited compared to Witczak’s database. The stiffness data is obtained from the 

superpave shear tester. Mixes were used with 8 different binders and 5 different gradations. 

The model can give insight in possible relevant parameters, but the model is particularly 

interesting for its approach. Therefore the model is included in the analysis. 

2.3.6 Al-Khateeb 

The Al-Khateeb model was published in 2006 (Al-Khateeb, 2006) : 

|𝐸∗| = 3 (
100 − 𝑉𝑀𝐴

100
)

(

 
(90 + 1.45

|𝐺∗|𝑏
𝑉𝑀𝐴)

0.66

1100 + (0.13
|𝐺∗|𝑏
𝑉𝑀𝐴)

0.66

)

 |𝐺∗|𝑔 (26) 

Where: 

Gb* = binder shear modulus (Pa) 

G*G = glassy shear modulus of the binder (109 Pa) 

VMA = voids in the mineral aggregate (%) 

E* = asphalt concrete stiffness (Pa) 

The Al-Khateeb model is based on the law of mixtures like the Hirsch model, and was 

developed with the intension to do better predictions at high temperatures and low frequencies. 

Al-Khateeb started with a parallel system, and finally used a modified version of the contact 

volume Pc as presented in the Hirsch model in his derivation. At the end two models are 

presented with five and four regression constants respectively. These constants were 

determined with a least squares error solution using a database with 6 mixes. For this database 

‘simple performance tests’ (paragraph 2.2) were conducted. Finally the model as presented 

above was chosen to be the most promising. At the end, the model was verified and it was 

shown that the prediction is more accurate at high temperatures and low frequencies compared 

to the Hirsch model. 

Va’p = volume aggregates in parallel part 
Vmp = volume mastic in parallel part 
Va’s = aggregate contact volume in 
parallel part 
Va’s = volume air in series part 
Vms = volume mastic in series part 
Vvs = volume air in series part 
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Al-Khateeb claims that his model is more accurate at predicting the stiffness at higher 

temperatures and low frequencies compared to the Hirsch model. He verified both models 

using his own database, which could give a distorted picture. A model is most accurate for its 

original database. It should be noted that Al-Khateeb used a relatively small database with only 

6 mixes. Besides, his model includes 2 extra regression constants, and uses one less 

predictive parameter, making the asphalt concrete stiffness dependent on two predictive 

parameters only. The contact volume Pc was obtained from the derivation of the Hirsch model. 

The glassy shear modulus is also included in the model under the assumption that its value 

can be estimated at 1 GPa. For these reasons, the more fundamental Hirsch model is 

considered a better starting point for developing a new model based on the law of mixtures for 

the Dutch practice. However, the model of Al-Khateeb will be part of the analysis to draw final 

conclusions about the prediction. 

2.3.7 Jacobs 

The last model considered is a recent simple model developed by Jacobs at BAM (Jacobs, 

Qiu, Frunt, & Rering): 

𝑆𝑚𝑖𝑥_4𝑃𝐵 = −52.3𝑃𝑒𝑛 + 1219.9
𝑉𝑔

𝑉𝑏
− 698.1𝑉𝑎 + 4344.3 (27) 

Where: 

Pen = penetration bitumen (dmm) 

Va = volume air voids (%) 

Vg = volume aggregates (%) 

Vb = volume bitumen (%) 

Smix_4PB = asphalt concrete stiffness (MPa) 

Jacobs didn’t use a fundamental approach but chose a linear multivariable regression analysis 

as a base for his model. By using the statistical software SPSS, the dependence of each 

parameter to the asphalt concrete stiffness has been determined. Only the relevant parameters 

are included in the final model, in which only linear terms are used. For the development of the 

model a database is used which includes surface, binder and base layer mixes. 

The model is simple compared to other prediction models. The assumption is made that each 

parameter has a linear relationship with the stiffness, which can be point of discussion. 

Furthermore, the model has no fundamental basis and is obtained using a statistical software. 

Still this model can be interesting for the development of a new model for the Dutch practice 

since it is based on an extensive Dutch database. It is the only model that uses 4PB-PR test 

results as input. The simplicity of the model can be an advantage if the model appears to be 

accurate. Besides, the model is unique in using the ratio between the aggregate and binder 

fractions as a direct predictive parameter. Implicitly, the variables Ngyr (number of gyrations 

needed to achieve the aimed air voids content) and Dmax (maximum aggregate size in the mix) 

are part of the model as well. They appeared to have no significant relation with the stiffness, 

whereby the regression parameter has been put to 0. 

2.4 Relevance 

The models presented above differ in their approach and underlying database. This thesis is 

focused on the development of a new model based on the Dutch standards and CY-IT tests. 
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However, none of the above mentioned models are based on these standards and tests. The 

Jacobs model is based on Dutch mixes and data, which makes the underlying database more 

relevant. The Hirsch model is based on tests abroad, but a more fundamental approach has 

been used. A summary of the input for the databases used for the development of each model 

is given in Table 1. The Boskalis database (chapter 3) is included in this database as well. 

Since this background does not say anything about the predictive capacity, all models will be 

further analysed in chapter 5. 
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Table 1 – Overview of input used for developing the models  
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3 Database 
3.1 Introduction 

For the verification of the models as presented in chapter 2, the determination of relevant 

parameters and the possible development of a new model, a database has been built by 

performing tests on several different asphalt concrete mixes and their binders. This database 

includes all the predictive parameters used in the models in chapter 2 and the asphalt concrete 

stiffness. Beforehand it cannot be said which parameters are relevant for the prediction of the 

asphalt concrete stiffness. This is why other parameters are included in the database as well, 

like the age of the asphalt concrete during testing and the percentage of RAP. These 

parameters are not included in the models in chapter 2. It is expected that special surface layer 

mixes like porous asphalt (ZOAB) and stone mastic asphalt (SMA) behave differently due to 

their high void content and mastic content respectively. For this reason the choice is made to 

focus on asphalt concrete mixes only. Asphalt concrete is mostly used in base layers, where 

the stiffness determines the deformation at the bottom of the structure. This deformation has 

an impact on the fatigue life thereafter, which makes the prediction of the stiffness of asphalt 

concrete mixes the project with the highest priority. 

For building a new model, the predictive parameters determined in the tests will be ranked 

based on their relevance in chapter 4. This ranking is based on the relation with the asphalt 

concrete stiffness and on the precision of that parameter. A parameter that is determined in an 

inaccurate test should not be used as a predictive parameter in the new model since it makes 

the final predictions less reliable. For this reason, if possible, the data has been obtained twice 

by performing two identical tests. Two results are the minimum for gaining insight in the spread 

in data. A full overview of the included parameters of the database can be found in Appendix 

B. 

3.2 Mixes 

The database used for the project was built specially for this research. The database includes 

functional properties of 7 asphalt concrete mixes (base, bind and / or surface layer) used by 

Boskalis these days or in the recent past. The mixes differ in binder type, gradation, use and 

amount of RAP and aggregate type. An overview of the mixes is given in Table 2. 
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Mix 

number 

Max 

aggregate 

size (mm) 

RAP 

(%) 
Binder 

Aggregate 

type 

Target 

density 

(kg/m3) 

Target 

binder 

content 

(%) (m/m) 

Application 

252 22 65 
70/100 + 

RAP binder 

Scottish 

granite 
2386 4.3 Base 

248 22 60 
70/100 + 

RAP binder 

Scottish 

granite + ECO 

granulate 

2368 4.3 Base 

938 22 50 

Sealoflex 5-

50HT + RAP 

binder 

Scottish 

granite + 

bestone 

2390 4.3 Base / bind 

210 16 0 40/60 

Scottish 

granite + 

bestone 

2351 4.3 Base / bind 

212 16 65 
70/100 + 

RAP binder 

Scottish 

granite + 

bestone 

2360 4.3 Base 

218 16 60 
70/100 + 

RAP binder 
ECO granulate 2350 4.3 Base / bind 

451 11 0 40/60 Bestone 2369 5.8 Top 

Table 2 – Overview mixes in the Boskalis database 

3.2.1 RAP 

Five of the mixes contain RAP (reclaimed asphalt pavement). For environmental and economic 

reasons high amounts of this reclaimed asphalt content are used in mixes in The Netherlands. 

Only Jacobs (section 2.3.7) stated that he used data of mixes containing RAP for developing 

his model. Mixes with RAP should be included in the analysis since the goal is to support the 

functional verification process, which includes the verification of mixes with RAP. To keep the 

database as diverse as possible, mixes were chosen with different RAP contents. 

The use of RAP in asphalt concrete mixes has the disadvantage that the properties of the RAP 

and the interaction with the new materials is unknown. Besides, the properties of the RAP (i.e. 

gradation, binder properties and density) can highly differ per batch of RAP. For this reason, 

only one batch of RAP is used for all the mixes. This makes a comparison between the different 

mixes more fair and limits the variation between specimens of the same mix, making the 

correlations with the asphalt concrete stiffness stronger (chapter 4). This RAP batch is obtained 

from the APA (Asfalt Productie Amsterdam). Multiple tests have been performed for 

characterizing the RAP for the calculation in the mix designs. A representative sample has 

been extracted. A machine washes the binder off the aggregates using Methylene. The clean 

aggregates are then sieved to obtain the sieve curve. By weighing the sample before and after 

the washing process, the binder content can be obtained (NEN-EN 12697-1). Finally, the mix 

of binder and methylene has been heated for the methylene to evaporate. The resulting 

bitumen has been used for binder research (paragraph 4.3). 

3.2.2 Binder variation 

The mixes contain different binders. The majority contain conventional binders, while the 938 

mix contains a polymer modified binder. For the mixes containing RAP, the binder is a 

combination of the RAP binder and new 70/100 bitumen. The target binder content is 4.3% for 

all mixes except mix 451, which has a target binder content of 5.8% (m/m). This mix is the only 

surface layer mix in the database. 
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3.2.3 Gradation variation 

The database also has variation in gradation. Different maximum aggregate sizes and different 

sieve curves have been used in the several mix designs.  

3.3 Sample production 

The asphalt concrete test specimens have been manufactured using the type test. In this type 

test, the gradation, aggregate type, and binder content are written. For the mixes with RAP, 

the gradation is a combination of the newly added aggregates and the aggregates in the RAP. 

First, the sieve curve of this RAP was obtained by sieving representative samples. 

Representative samples have been made according to NEN-EN 932-2 (NEN, 1999). It should 

be noted that it is difficult to obtain a representative sample, and that this can have a negative 

influence on the accuracy of the sieve curve of the RAP. Since the sieve curve of the RAP is 

fixed, the gradation of the mix can be adjusted by the added new aggregates. A calculation 

has been done to approximate the desired sieve curve. The amount of new binder has been 

chosen in such a way that the total binder content approximates the target binder content. 

Since RAP batches differ in gradation and binder content, it is difficult to exactly reproduce the 

mix as used in type tests of RAP mixes. This makes the results of different researches on the 

same mix less comparable. However, the mixes within this database are built from the same 

batch of RAP. The differences in RAP should be taken into account when extending the 

database or by applying the models in chapter 2 and 6 on mixes build from different RAP 

batches. This can have an impact on the accuracy of the models. 

The resulting mix design has been used to produce a plate with dimensions of 500*500*100 

mm. The aggregates and binder have first been weighted and warmed, than mixed and finally 

poured into a mold. Using the dimensions of the mall, and the target density as specified in the 

type test, the amount of asphalt concrete needed is calculated. A roller is used to compact 

(static) the asphalt and to flatten the top of the plate. At the laboratory of Boskalis, a special 

ramp is used to compact the plate by the roller from different directions to simulate the field 

conditions. A ruler has been used to check the smoothness of the surface of the plate. 

The plate was left for cooling for at least one day. Than the specimens are obtained from the 

plate using a pillar drill. For the CIT-CY, cylindrical specimens are used with a height of 40 mm 

and a diameter of 100 mm. A polishing machine was used to reduce the height to 40 mm by 

polishing both the top and bottom of the sample. In total 12 samples were produced per mix 

from which at least 8 were used to obtain the stiffness. The specimens were measured and 

weighted for determination of the density (both hydrostatic and volumetric). Finally the 

specimens were put in a climate chamber at 15˚C. Marsac (1999) concluded that the asphalt 

concrete stiffness increases in time up to 5.4 MPa per day. For this reason, the samples were 

tested at the same age (+/- 6 weeks), with a maximum deviation of 1 week. In this way, it is 

ensured that the resting time of the specimens is not a highly influencing factor in the model. 

3.4 Asphalt stiffness tests 

The asphalt concrete stiffness data has been obtained by the CIT-CY test as described in 

paragraph 2.2. The new model will be used to predict the stiffness at a temperature of 20˚C 

and a frequency of 8 Hz. For this test a Boskalis protocol is used. In this protocol the specimen 

is tested at one temperature and at frequencies of 30, 10, 8, 5, 2, 1, 0.5, 0.2, 0.1, and 30.0 Hz. 

The first specimen is used for finding the load corresponding to an approximate strain of 60 

µm/m. It is assumed that this strain is high enough to measure the stiffness accurately without 
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damaging the specimen (viscous behaviour). The stiffness is determined at 30 Hz twice. If the 

outcomes differ highly (> 15%), the specimen is assumed to be damaged during the testing. 

As an extra check, the specimen is turned 90˚ and tested a second time. These results can be 

compared to get a feeling for the influence of the direction of testing. 

3.5 Binder tests 

All the existing models from chapter 2 use a predictive parameter that characterizes the binder. 

The model of Jacobs uses the traditional penetration as a predictive parameter, while most 

models use the binder stiffness. In older models, like the model of Francken, the binder is 

characterized indirectly by the penetration. The Van de Poel nomograph is used to convert this 

penetration index into the binder stiffness. The Witczak (1999) and Asphalt Institute model use 

the viscosity as predictive parameter for characterizing the binder. 

All the binders used in the mixes have been tested separately. RAP is used in 5 mixes. These 

mixes contain both virgin bitumen and bitumen from the RAP. Since the latter is expected to 

have a large influence on the properties of the asphalt concrete, bitumen has been blended 

according to the mass ratios of the bitumen in the mix design. All binder tests have been 

performed on this blended bitumen as well. The following protocol has been used for this 

blending: 

1. Obtain the recovered bitumen according to NEN-EN 12697-4 (NEN, 2015) and prepare 

the virgin and recovered bitumen according to NEN-EN 12594 (NEN, 2014). Pour the 

bitumen separately in clean moulds. 

2. Cut or break the cold bitumen from the moulds in small pieces and add them together 

according to the mass ratio obtained from the mix design in a clean bucket. 

3. Heat the bucket for 30 minutes at 180 ˚C (penetration bitumen) or 190 ˚C (polymer 

modified bitumen). 

4. Stir the melted bitumen by hand 100 times clockwise and 100 times anti clockwise with 

an approximate frequency of 2 Hz. 

5. Repeat step 3, step 4 and finally step 3. 

6. Pour the warm bitumen. 

The following binders were tested for the database: 

a) RAP bitumen 

b) Bitumen 40/60 (BituNed) 

c) Bitumen 70/100 (BituNed) 

d) Multiflex bitumen 100S 

e) Sealoflex bitumen 5-50PA 

f) Sealoflex bitumen 5-50HS 

g) Sealoflex bitumen 5-50HT 

h) Blended bitumen according to design mix 252 

i) Blended bitumen according to design mix 248 

j) Blended bitumen according to design mix 938 

k) Blended bitumen according to design mix 218 

l) Blended bitumen according to design mix 212 

Bitumen d-g are polymer modified bitumen. k is a mix of RAP bitumen and polymer modified 

bitumen Sealoflex 5-50HT. 
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3.5.1 Traditional tests 

Two penetration and Ring and Ball tests have been carried out for each of the virgin and 

blended bitumen according to NEN-EN1426:2015 and NEN-EN1427:2015 respectively (NEN, 

2015). All tests have been carried out twice for research on the spread. 

3.5.2 DSR tests 

The Dynamic Shear Rheometer (DSR) has been used to obtain the binder shear stiffness and 

the viscosity of each binder. First three amplitude sweeps at -10˚C, 20˚C and 40˚C were 

performed on each binder. In these dynamic tests an increasing strain was applied while the 

stiffness was continuously calculated. At a certain strain level (LVE), the stiffness will drop. 

This is an indication that the specimen has been damaged. The used software RheoCompass 

proposes a safe strain level at which the specimen will remain intact. This strain level was used 

in the frequency sweep tests. In the frequency sweep test, the specimen is loaded by a 

sinusoidal load at different frequencies (0.1-15 Hz) and temperatures (-10, 0, 10, 20, 30, 40, 

50˚C). The polymer modified binders have also been tested at 60˚C and 70˚C. A sample with 

a height of 2 mm and a diameter of 8 mm has been used for testing at temperatures of 20˚C 

and lower, while a sample with a height of 1 mm and a diameter of 25 mm has been used at 

temperatures of 20˚C and higher. Both samples were tested at 20°C. This division is made to 

satisfy the maximum capacity of the machine at lower temperatures and to ensure the accuracy 

at higher temperatures (a larger sample results in more accurate measurements). A master 

curve was constructed at a reference temperature of 20˚C.  Viscosity tests are carried out at 

high temperatures of 135˚C and 150˚C. In this test the DSR measures the viscosity (unit: 

MPa*s) at several combinations of shear strains and shear rates. It is chosen to define the 

viscosity as the average value at a shear rate of 500 [1/s] over the several shear strains. All 

the DSR tests are performed in duplicate for research on the spread of the data. 

The models of chapter 2 use binder stiffness instead of shear stiffness as predictive parameter. 

The DSR uses the shear stiffness as output parameter. The linear elastic theory (equation 18) 

is used to convert this value to binder stiffness, assuming a Poisson ratio of 0.3. Pouget et al. 

(2012) determined the poisons ratio from experimental data of a 50/70 bitumen at 10°C as a 

function of the loading frequency and found values around this 0.3 for a frequency of 8 Hz. 

Even dough a Poisson’s ratio of 0.3 is used throughout this report, it should be noted that this 

ratio can change for different temperatures, loading times and bitumen types. Additional binder 

properties, like the glassy modulus are also included in the database. This parameter can be 

obtained from the master curve. More detailed information is given in section 4.3.7.  

3.6 Gradation parameters 

The Witczak models use gradation parameters as predictive parameters. The sieve curve is 

directly obtained from the mix design. The weighing of the aggregates for building the asphalt 

concrete plate was done carefully at a scale. To check to gradation afterwards, a small amount 

of asphalt was crushed and washed. The clean aggregates were then sieved again. No 

significant differences (> 5%) were found. 

Standard European sieve sizes C22.4, C16, C11,2, C8, C5.6, 2 mm, 0.5 mm, 180 µm and 500 

µm were included in the database, as well as the American sieve sizes P200, P4, P38 and 

P34 for the Witczak and Asphalt Institute models, see chapter 2. The American sieve values 

are obtained using linear interpolation. The maximum aggregate size and the coefficients of 

uniformity and curvature are included in the database as well. More detailed information is 

given in paragraph 4.5. 
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3.7 Volumetric parameters 

Returning predictive parameters in the existing models of chapter 2 are the volumetric 

parameters Va, Vb, Vg, VMA (voids in mineral aggregates), and VFB (voids filled with binder). 

These values were all obtained using the volumetric density of the asphalt concrete, the 

bitumen density (as indicated by the producer) and the density of the aggregates. The latter 

has been calculated by the mix design and the individual densities of the new aggregates and 

the RAP aggregates which have been determined using a pycnometer, which is specified in 

test 79 (RAW, 2015). 

The following relations were used to obtain the volumetric parameters: 

𝑉𝑏 =
𝑀%𝑏 ∗ 𝜌𝑎𝑠𝑝ℎ𝑎𝑙𝑡
𝜌𝑏𝑖𝑡𝑢𝑚𝑒𝑛

 (28) 

𝑉𝑔 =
𝑀%𝑔 ∗ 𝜌𝑎𝑠𝑝ℎ𝑎𝑙𝑡

𝜌𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒𝑠
 (29) 

𝑉𝑔 + 𝑉𝑏 + 𝑉𝑎 = 1 (30) 

𝑉𝑀𝐴 = 𝑉𝑎 + 𝑉𝑏 (31) 

𝑉𝐹𝐵 =
𝑉𝑏 ∗ 100

𝑉𝑀𝐴
 (32) 

Where: 

Va = volume air voids (%) 

Vg = volume aggregates (%) 

Vb = volume bitumen (%) 

M%b = mass percentage bitumen (%) 

M%g = mass percentage aggregates (%) 

ρasphalt = density asphalt concrete (kg/m3) 

ρbitumen = representative density bitumen (kg/m3) 

ρaggregates = representative density aggregates (kg/m3) 

VMA = voids in the mineral aggregate (%) 

VFB = voids filled with bitumen (%) 

3.8 Comparison databases 

The variation in predictive parameters in the database defines the applicability of a model 

based on this database. In Table 1, the Boskalis database can be compared to the databases 

used for the existing models presented in chapter 2. The Boskalis database has the 

advantages of uniformity in tests and test conditions and equally aged specimens during 

testing. These influence factors will not be a cause of spread during the development of a new 

model. The disadvantage is that those influencing factors cannot be examined. The database 

includes RAP and modified binders, which are commonly used nowadays, but which are 

missing in the databases of some older models. However, since only asphalt concrete mixes 

are included, the model’s applicability on porous asphalt and stone mastic asphalt (SMA) 

cannot be guaranteed. Variation in volumetric parameters Va, Vb, and Vg is limited compared 
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to the database used for the Shell model. The same holds for the penetration. Therefore, a 

model based on the Boskalis database will presumably have a smaller range of validity for 

these predictive parameters compared to a model based on the Shell database. 
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4 Predictive parameters 
4.1 Introduction 

The existing models presented in chapter 2 use different predictive parameters in different 

combinations and with different units. A new model should include predictive parameters that 

fulfil the following conditions: 

1. The predictive parameter has a strong correlation with the asphalt concrete stiffness. 

This relation should be a causal relationship. 

2. The predictive parameter can be obtained as easily and precisely as possible (see also 

section 4.3.1). 

All possible predictive parameters included in the database are reviewed separately in the 

following chapters. First the asphalt stiffness itself is reviewed in paragraph 4.2. The predictive 

parameters are reviewed in the paragraphs 4.3 – 4.5. 

4.2 Asphalt concrete stiffness Smix 

The stiffness is defined as the relation between the applied stress and the resulting strain. 

Asphalt concrete is a viscoelastic material and behaves differently at different temperatures 

and loading frequencies/times. Multiple quantities have been introduced for describing the 

stiffness of asphalt concrete. The resilient modulus is the stiffness obtained by a load without 

a specified waveform and rest period. The complex or dynamic modulus is the stiffness 

obtained by a sinusoidal or haversine load with no rest period. This complex modulus can be 

divided in the storage and loss moduli, which represent the part of the energy that is stored in 

the material and the part that is dissipated (‘’lost’’) during loading. The complex modulus is 

often referred to as the dynamic modulus, as used in the majority of the presented models in 

chapter 2 (Huang, 2004). The older models of Francken and Shell use the term stiffness 

modulus for describing the dynamic modulus. In this report, we refer to this dynamic modulus 

by the term asphalt concrete stiffness. 

The results of the asphalt stiffness tests as described in paragraph 2.2 were checked for large 

deviations. First, the stiffness measured at the beginning of the test is compared to the stiffness 

measured at the end of the test. The test starts and ends with a loading frequency of 30 Hz. 

The average difference between both 30 Hz stiffnesses of all mixes was 2.75%. No tests 

exceeded the 15% difference, where the specimen is assumed to be damaged. Most of the 

specimens were tested a second time, for which the specimen was turned approximately 90°. 

Subsequently, the difference was calculated between the 8 Hz stiffness values. The average 

difference for all mixes was 5.0%. 3 stiffness values were not included in the database since 

their difference was larger than 15% after turning them 90°. In this case the specimen was 

assumed to be damaged. The range of stiffnesses is 6234 MPa to 10787 MPa. The number 

of valid stiffness values per mix varies from 8 to 12. An overview of the average stiffness values 

per mix is given in Figure 6. 
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Figure 6 - Asphalt concrete stiffness 

It can be seen from the figure that the measured stiffness value ranges of the mixes overlap. 

Most of these mixes can be seen as similar when it comes to their stiffness. This implies that 

the possibilities of distinctively measuring the stiffness are limited, despite the facts that there 

is quite some variation in stiffness values and the assumed damaged specimens are left out. 

The stiffness range within each mix is large compared to the total range of stiffnesses. It should 

be noted that only one type of asphalt (asphalt concrete) with similar stiffnesses is included in 

the database, which keeps the variation limited. The variation within one mix can be caused 

by measurement errors, unexpected permanent deformation during testing and differences in 

the individual specimens of each mix. These can differ in compaction and composition. More 

large aggregates can be present in a specimen by chance. The unpredictability of the 

composition of the RAP can also increase the data spread (Figure 7). 

 

Figure 7 – A piece of metal was found in the specimen during polishing 

4.3 Binder characterization parameters 

4.3.1 Precision 

Binder properties are obtained using the DSR and traditional tests as described in paragraph 

3.5. All tests were performed in duplicate. As stated before, a predictive parameter should be 

precisely determinable. A test result is called precise in this report if the measurement error is 

small compared to the range of test results. This ratio is called the precision of parameter X, 
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which is mathematically described by equation 33 for the Boskalis dataset. n Different types of 

bitumen are included, with two measurements (Xn,1 and Xn,2) for each bitumen. 

 

𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛(𝑋) = ⁡
𝑎𝑣𝑒𝑟𝑎𝑔𝑒⁡𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡⁡𝑒𝑟𝑟𝑜𝑟(𝑋)

𝑟𝑎𝑛𝑔𝑒(𝑋)
∗ 100%

=

√∑ 𝑉𝑎𝑟(𝑋𝑛,1, 𝑋𝑛,2)
𝑛
𝑖=0

𝑛

max(𝑋) − min(𝑋)
∗ 100% 

(33) 

 

The equation has been used to obtain the precision of all the binder characterization 

parameters. It can be seen from Figure 8 that the viscosity and softening point can be obtained 

precisely while the glassy modulus cannot be obtained precisely. All binder properties satisfy 

an assumed maximum precision of 5%, except the phase angle and glassy modulus. 

 

Figure 8 - Precision determination binder properties 

It should be noted that these values can change by extending the database. By plotting the 

residues as a function of the actual value of the parameter, the precision can further be 

investigated. An example of such a residue plot is given in Figure 9. From the funnel-shaped 

point cloud it can be concluded that the larger the Pen value, the larger the deviation, and the 

smaller the precision. If a model uses the penetration as a predictive parameter, the accuracy 

will decrease at increasing pen values. Similar plots have been made for the other binder 

characterization parameters and are included in Appendix D. A funnel-shaped point cloud can 

be found in the Ring and Ball residue plot as well. The other parameters show no clear relation 

between the measured value and the residue. It can be concluded that the precision is 

independent on the measured value for those cases. 
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Figure 9 - Residue plot penetration 

4.3.2 Binder stiffness 

The binder stiffness is included as a predictive parameter in five of the models presented in 

chapter 2. The value is obtained from the master curve which is computed by the program 

RheoCompass. This program combines the stiffness results at different loading frequencies 

and temperatures into one master curve at a reference temperature of 20°C. Since the CIT-

CY tests are conducted at a temperature of 20°C and 8 Hz, the binder stiffness values are 

obtained for the same conditions. When a data point was not available at a frequency of 8 Hz, 

linear interpolation was used. The linear elastic theory (equation 18) is used to convert this 

value to binder stiffness, assuming a Poisson ratio of 0.3. Pouget et al. (2012) determined the 

poisons ratio from experimental data of a 50/70 bitumen at 10°C as a function of the loading 

frequency and found values around this 0.3 for a frequency of 8 Hz. Even dough a Poisson’s 

ratio of 0.3 is used throughout this report, it should be noted that this ratio can change for 

different temperatures, loading times and bitumen types. 

From theory, the binder stiffness is the most preferred binder characterization parameter to be 

included as a predictive parameter in a new asphalt concrete stiffness prediction model, since 

both parameters describe the same characteristic and bitumen is a component of asphalt 

concrete. 

Three types of binders were tested: Virgin bitumen from the oil refinery, reclaimed RAP 

bitumen and blended bitumen according to the mass ratios in the different mix designs 

(paragraph 3.5). Most existing models presented in chapter 2 are based on databases without 

mixes with RAP. Using the blended binder properties as input for those models is an option for 

taking the influence of the RAP binder into account. The RAP binder can have a significant 

influence on the properties of the blended binder. For example, the 212 mix has a RAP content 

of 65%. The virgin 70/100 binder has a stiffness of 9.31 MPa (8 Hz, 20°C), while the RAP 

binder has a stiffness of 48.19 MPa. The blended bitumen of this mix has a stiffness of 31.86 

MPa. For this reason, in a new prediction model, the influence of the RAP binder should be 

taken into account. A plot of the virgin bitumen as a function of the asphalt concrete stiffness 

is given in Figure 10. RAP bitumen is not taken into account here. 
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Figure 10 - Relation virgin binder stiffness - asphalt concrete stiffness, leaving out the effect of the RAP binder 

This graph shows a negative relation between asphalt concrete stiffness and binder stiffness, 

which is highly illogical. It implies that using a stiffer binder results in a less stiff asphalt concrete 

pavement.  This confirms the proposition that the influence of the RAP binder cannot be 

neglected.  It should be noted that there is not only variation in binder stiffness in the 

specimens, but also in gradation and volumetric parameters. No correction for these variations 

was made for the binders in Figure 10. 

In Figure 11, the blended binder stiffnesses are plotted versus the asphalt concrete stiffness. 

For the mixes without RAP, the binder stiffness of the virgin bitumen has been used on the 

horizontal axis. The brown line represents the linear trend line (least squares solution) for the 

stiffnesses of all the mixes with conventional penetration bitumen. In the graph, a distinction is 

made between the mixes. 
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Figure 11 - Relation blended binder stiffness - asphalt concrete stiffness 

From the graph it can be seen that there is a clear positive relationship between the stiffness 

of the blended bitumen and the asphalt concrete stiffness. An outlier is mix 938, which has not 

been used in computing the trend line. This asphalt concrete mix has a relatively high stiffness 

compared to the very low blended binder stiffness. It should be noted that mix 938 is the only 

mix with a polymer modified binder, which can be the cause. In the new model, extra care 

should be taken in the prediction accuracy of mixes with polymer modified binders. From 

Figures 10 and 11 it can also be concluded that there is no perfect relation between Smix and 

Sbit, since there is significant spread in the Smix measurements. This spread is visible as large 

‘columns’ of data points for each mix. It confirms the assumption that there are more relevant 

parameters to be included for developing a new accurate model. 

4.3.3 Van der Poel nomograph 

It can be seen from Table 1 that the Shell and Francken models use the Van der Poel 

nomograph (Appendix A) to determine the binder stiffness. These models were developed in 

times where no Rheometers were available, and only conventional bitumen were used in 

asphalt concrete mixes. The Van der Poel nomograph is based on simple creep and dynamic 

tests (Van der Poel, 1954). Shahin and McCullough (1972) tried to find an equation that fits 

the Van der Poel nomograph and found the following relations: 

For 10-8 < Sbit < 1 MPa; 

𝑙𝑜𝑔10𝑆𝑏𝑖𝑡 = −1.90072 − 0.11485𝑇 − 0.38423𝑃𝐼 − 0.94259 log 𝑡 − 0.00879𝑇 ∗ log(𝑡)

− 0.05643𝑃𝐼 ∗ log⁡(𝑡) − 0.02915(log(𝑡))2 − 0.51837 ∗ 10−3(𝑇2)

+ 0.00113 ∗ (𝑃𝐼3 ∗ 𝑇) − 0.01403 ∗ (𝑃𝐼 ∗ 𝑇3) ∗ 10−5 

(34) 
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For 1 < Sbit < 2000 MPa; 

𝑙𝑜𝑔10𝑆𝑏𝑖𝑡 = −1.35927 − 0.06743𝑇 − 0.90251 log(𝑡) + 0.00038𝑇
2 − 0.00138

∗ (𝑇 ∗ log(𝑡)) + 0.00661 ∗ (𝑃𝐼 ∗ 𝑇) 
(35) 

Where: 

t = loading time (1/f) (s) 

T = test temperature minus softening point (°C) 

PI = penetration index (equation 36) (-) 

Shahin found for the two relations a determination coefficient (R2) of 0.99 and 0.98. 

Using these formulas, the applicability of the Van der Poel has been examined using the 

Boskalis dataset as presented in Figure 12. The loading time and temperature were chosen 

equal to the test conditions (1/8 s and 25 °C). The PI values follow from equation 36 and take 

values between 0.05 and 8.60. The measured shear stiffness values have been converted to 

stiffness values by equation 18 and assuming a Poisson constant of 0.3. 

 

 

Figure 12 - Verification van der Poel nomograph 

From the graph it can be concluded that the relation is inaccurate for these bitumens. In 

general, the Van der Poel nomograph underestimates the binder stiffness for these bitumens, 

but a positive relation can be observed. The best prediction is made for the RAP bitumen. The 

relation works surprisingly well for blended bitumen but the model is incapable of predicting 

the stiffness of polymer modified bitumen as expected. The model was not developed for the 

stiffness prediction of these polymer modified bitumen. The left outlier from the blended 

bitumen is mix 938, which contains a polymer modified binder as well. It should be noted that 

the softening and penetration measurements themselves can be inaccurate as well, but from 

Figure 8 it can be concluded that this inaccuracy is limited. A Poisson ratio of 0.3 is used to 

convert the binder shear stiffness into stiffness values by equation 18, which is an assumption. 
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Since polymer modified bitumen are used on a wide scale these days, and their stiffness 

predictions by Van der Poel are inaccurate, the use of the nomograph has no preference. 

Stiffnesses obtained by the Van Der Poel nomograph can differ significantly from measured 

stiffnesses. Using measured and predicted bitumen stiffness values as input for a model at the 

same time decreases the precision of this parameter. It will result in a lower accuracy of an 

asphalt concrete stiffness prediction model in the end. 

4.3.4 Binder viscosity 

Viscosity is a parameter that is included in the Witczak (1999) and Asphalt Institute models. 

The parameter requires extra research since it is difficult to measure the viscosity at room 

(20°C) temperature. At this temperature the binder is too stiff to easily measure the resistance 

to flow.  A distinction is made between dynamic viscosity η (the ratio between shear stress τ 

and shear rate γ’) and the kinematic viscosity ν (dynamic viscosity η divided by the density). It 

is unclear which kind of viscosity should be used as input for the models. Witczak used 

equation 21 for the determination of the viscosity. The viscosity is related to binder stiffness 

here. Since no density is included in this relation, it is assumed the dynamic viscosity is used 

by Witczak. The same holds for equation 13 with only the penetration as predictive parameter, 

which is used in the Asphalt Institute model. Both equations estimate the viscosity at a 

temperatures of 20°C. In the DSR, viscosity tests have been performed for the determination 

of the viscosity at temperatures of 135°C and 150°C. 

The viscosities obtained by Witczak (equation 21), by Asphalt Institute (equation 13) and by 

measurements (section 3.5.2) show few similarities. The Witczak and Asphalt Institute show a 

quite linear mutual relation (trend line with R2 ≈ 0.8), but their viscosity results differ about a 

factor 100. There is no clear relation between the Witczak or Asphalt Institute viscosities and 

the measured viscosity data at high temperatures. The difference in temperature can be a 

cause of this missing relation, since the viscous behaviour of bitumen strongly depends on the 

temperature. The state of the bitumen changes from approximately solid to liquid in the 

temperature range 20°C - 150°C. At low temperatures, the flow of the material, which is closely 

related to the viscosity, will be much lower than at high temperatures. The measured viscosity 

at the two temperatures are quite similar and show an accurate linear correlation (R2 = 0.97). 
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Figure 13 – Overview mutual stiffness relations 

In Figure 13, the relation between the viscosity (both measurements and models) and the 

asphalt concrete (AC) stiffness is visualized. All relations are positive, but not accurate. The 

relation used in the Asphalt Institute model has the highest determination coefficient (R2 = 

0.65), while the measured viscosity shows even lower values (R2 ≈ 0.35). Like the binder 

stiffness, the large spread in asphalt concrete data is visible as large ‘columns’ of data points. 

It implies that viscosity cannot be the only predictive parameter in a highly accurate model. 

It is questionable if the binder viscosity is theoretically a good predictive parameter for asphalt 

concrete stiffness. Asphalt concrete is a viscoelastic material, which means it has both viscous 

and elastic properties. In a short time frame and at low temperatures during loading, no creep 

or relaxation will be visible and the material will behave like a purely elastic material. In a large 

timeframe and at high temperatures, the material will start to flow in the form of creep or 

relaxation. Depending on the circumstances, the behaviour of the asphalt concrete is 

somewhere in between. Stiffness tests, including the CIT-CY, are aimed at measuring elastic 

responses. The material is loaded by high frequencies (short time frame) and at room 

temperatures, where the material approximates a purely elastic material. The tests which are 

used to characterize the binder should also be intended to measure elastic response. 

However, viscosity tests are aimed at measuring viscous response. Viscosity is defined as the 

resistance against a shear deformation gradient. In other words, viscosity is the force or stress 

that is needed to apply a shear deformation gradient (shear rate) of 1 / s (Mezger, 2014). This 

characterizes the flowing behaviour of the material, which is a form of viscous behaviour. For 

this reason, the binder stiffness, which is a test on elastic responses of the binder, is preferred 

over the viscosity as a binder characterization predictive parameter from a theoretical point of 

view. 
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The positive relations found in Figures 13C and 13D is not necessarily a causal one, since 

binder viscosity and asphalt concrete stiffness are describing different properties of different 

materials. More doubts about this relation arise by looking at the relation measured binder 

viscosity (135°C) – binder stiffness, which is a step in between. No clear relation can be found 

here (R2 ≈ 0.03). The same holds for Witczak and Asphalt Institutes viscosities and the 

measured viscosity at 150°C. 

In conclusion, preference is given to other predictive parameters for the characterization of the 

binder in an asphalt concrete stiffness prediction model, like the binder stiffness. The accuracy 

of the relations asphalt concrete stiffness – binder viscosity is comparable to the relation 

asphalt concrete stiffness – binder stiffness. The best correlations can be found using the 

Witczak and Asphalt Institute models. However, using a model as input for another model is 

undesirable, since it entails extra assumptions and is at the expense of the accuracy. Besides, 

extra care should be given to the predictive parameters of those ‘input models’. Also 

theoretically preference is given to the binder stiffness. From Figure 8 it can be seen that both 

the viscosity and the binder stiffness can be determined precisely (< 5%). 

4.3.5 Traditional binder characterization parameters 

For all binders used in chapter 3, the traditional binder characterization parameters penetration 

(in dmm) and softening point (in °C) have been determined. All tests have been performed in 

duplicate, which resulted in 6 (2*3) penetration results per binder and 4 (2*2) ring and ball 

softening point values. The average value of all results have been used in the analysis. 

Interesting is the precision. According to Figure 8, the parameters penetration and softening 

point can be determined with high precision (< 5%). 

The two tests describe another parameter. The penetration is a measure for the consistency 

of the binder at a temperature of 25°C. At this temperature, the material is close to a solid 

condition. For this reason, the penetration parameter is comparable to the binder stiffness 

(defined at 20°C in the Boskalis database), even though the specimen endures plastic 

deformation in the penetration test. This assumption is supported by the high Pearson 

correlation coefficient of -0.81. The minus sign confirms the reasoning that a higher penetration 

will be found by testing a binder with a lower stiffness. They are to a certain extend 

interchangeable. It is not recommended to use both parameters in one model in order to avoid 

collinearity. 

The softening point is a parameter that has a more close relation to the viscous behaviour of 

the binder. The specimen is loaded for a longer period and the temperature is higher in general. 

At the softening point, the material has flowed over a distance of 25.4 mm or 1 inch between 

the ring and the plate. This reasoning is confirmed by the high Pearson correlation coefficient 

between the softening point and the viscosity at 135°C of 0.89, which means they are 

interchangeable to a certain extend. The correlation with the binder stiffness is much lower (-

0.36). 

By combining the penetration and softening point, the penetration index was calculated by the 

following formula (Scarpas et al, 2015): 

𝑃𝐼 =
20 ∗ 𝑇𝑅&𝐵 + 500 ∗ log(𝑃𝑒𝑛) − 1952

𝑇𝑅&𝐵 − 50 ∗ log(𝑃𝑒𝑛) + 120
 (36) 

 

This relation is a measure for the temperature dependency of the viscosity of the binder 

(Scarpas et al, 2015). In theory, this property has no clear relation with the asphalt concrete 
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stiffness. Viscosity and stiffness are describing different material characteristics as described 

in section 4.3.4. Besides, all stiffness values in the Boskalis database are determined at a 

temperature of 20°C. The temperature dependency is not part of the problem definition. 

The relations of these traditional parameters with the asphalt concrete stiffness have been 

plotted in Figure 14. For the mixes with RAP, the test results from the blended bitumen have 

been used. 

 

Figure 14 – Relations asphalt concrete stiffness – traditional parameters 

From the graphs it can be concluded that the penetration index has no clear relation with the 

asphalt concrete stiffness, which confirms the theory. The relations of the penetration and 

softening point with the asphalt concrete stiffness are similarly accurate and the sign of the 

relations is in line with the expectation. From a theoretical point of view, the penetration is a 

preferred prediction parameter over the softening point, since the first is more closely related 

to the binder stiffness, and thus to the asphalt concrete stiffness. From Figure 8 it can be 

concluded that both parameters can be determined accurately. 

4.3.6 Combined penetration relation 

For estimating the penetration of a mix of bitumen, the following well known relation can be 

used for estimating the penetration of a mix of bitumen. 

𝐴 ∗ log(𝑃𝑒𝑛𝐴) + 𝐵 ∗ log(𝑃𝑒𝑛𝐵) = (𝐴 + 𝐵) ∗ log(𝑃𝑒𝑛𝑚𝑖𝑥) (37) 
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In this relation, A and B represent the masses of bitumen which have been mixed. The rule 

can be of great use in an asphalt concrete stiffness prediction model, since it could make the 

blending process from paragraph 3.5 unnecessary. However, from Figure 15, it can be seen 

that the range of predicted penetration values is smaller than the range of measured 

penetration values. It can be concluded that the relation is not accurate enough to be used for 

an asphalt concrete stiffness prediction model. As stated in section 3.1.3, it is undesirable to 

use a model for the determination of a predictive parameter for another model, since this is at 

the expense of the accuracy of the prediction. 

 

Figure 15 - Verification equation 37 

4.3.7 Binder glassy modulus 

Francken (section 2.3.3) and Al-Khateeb (section 2.3.6) both use a form of the glassy modulus 

of the binder as predictive parameter in their model. This modulus can be interpreted as the 

stiffness value where the material behaves like glass. As mentioned before it follows from 

earlier research that small changes in this parameter results in large deviations in the asphalt 

concrete stiffness using the Francken model (Mohan, 2010). However, a constant glassy 

modulus value of 3000 MPa may be assumed according to Francken, and a constant glassy 

shear modulus value of 1000 MPa may be assumed according to Al-Khateeb . Four options 

were proposed for the determination of this glassy modulus: 

I. By determination of the upper asymptote of the master curve. This is the 

maximum ‘glassy’ stiffness value the material can have. 

II. From the relation phase angle – binder stiffness. The glassy modulus can be 

determined by finding the stiffness at which the phase angle is equal to 0 

(Anderson, 1994). 

III. By determination of the Fraass breaking point, which is the temperature at 

which the bitumen first becomes brittle determined in the Fraass breaking point 

test (NEN, 2015). By finding the stiffness at this temperature, a measure for the 

glassy modulus can be found. 

IV. Using the Bending Beam Rheometer, which measures the stiffness at low 

temperatures (NEN, 2012), which can be an indication of the glassy modulus. 
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The tests considered in III and IV have not been performed for the database as presented in 

chapter 3, so the glassy modulus was obtained directly from the stiffness data by method I and 

II. 

I. Asymptote method 

A master curve can mathematically be described as a sigmoid, which is an S shaped function 

with two asymptotes, which are fixed values at the y-axis. Since the binder stiffness can never 

be negative, the lower asymptote will be close to 0. The upper asymptote will give an indication 

of the glassy modulus. This asymptote is invisible for the master curves of the dataset since 

the used rheometer is incapable of conducting tests at extremely high frequencies and low 

temperatures. For this reason, the graph was extrapolated by fitting a sigmoid function using 

a least squares solution. The master curve is usually plotted at a logarithmic scale on both 

axes. The used function for fitting the master curve contains a logarithm at both sides of the 

equal sign for this reason: 

𝑙𝑜𝑔|𝐺 ∗| = 𝛿 +
𝛼

1 + 𝑒
𝛽+𝛾(log(

1
𝑓
))

 (38) 

 

At very high frequencies, the y value of the upper asymptote of this graph, which is assumed 

to approximate the glassy modulus, can be mathematically described as: 

⁡𝐺𝑏𝑖𝑡,𝑖𝑛𝑓 = ⁡10
𝛿+𝛼 (39) 

 

Note that the master curve obtained from the DSR software gives the shear stiffness as output. 

By assuming a Poisson ratio of 0.3, this value can be converted to Sbit by equation 18. 

In Figure 16, the master curves (shear moduli) of modified bitumen Sealoflex 5-50PA have 

been plotted with their corresponding fit. 
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Figure 16 - Mastercurve fitting Sealoflex 5-50PA 

From this graph it can be concluded that the sigmoidal fit is not accurate at low frequencies 

when presented in log log scale. To achieve this fit, a standard least squares solution has been 

used. A better fit in log log scale could possibly be achieved by introducing a logarithm in the 

least squares equation (equation 40). In this way, the fit is less dominated by large errors at 

high frequencies. 

∑(log
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑⁡𝑑𝑎𝑡𝑎

𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑⁡𝑑𝑎𝑡𝑎
)
2

→ 𝑚𝑖𝑛 (40) 

 

This approach led indeed to better fits at low frequencies, but this was at the expense of the 

accuracy at high frequencies. The high frequencies lie closer to the upper asymptote, which is 

the point of interest. For this reason, the inaccuracy of the fit at low frequencies in a logarithmic 

scale is ignored, and a normal least squares error solution has been used. This resulted in 

accurate fits at high frequencies (+/- 1 MPa for the last 5 data points). In Figure 16 the two 

independent master curves have been plotted. At the frequency range of the measured data, 

the two curves lie close to each other. It can be seen from the graph that despite the high 

accuracy of the fit, the error between both master curves grows due to extrapolation by the 

sigmoidal fits. The dashed lines represents the asymptotes of both fits. Due to the logarithmic 

scale, the picture is distorted, and the shear moduli corresponding to the asymptotes differ 

significantly. A glassy shear modulus of 652 MPa (Sbit,inf = 1695 MPa) was found for the first 

dataset, while for the second dataset a value of 915 MPa (Sbit,inf = 2379 MPa) was found. 
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II. Phase angle = 0 method 

Anderson (1994) suggested that the glassy modulus can be estimated by finding the stiffness 

at which the phase angle is 0. At this phase angle, the material behaves completely elastic. An 

applied stress results directly in a strain without any phase lag. This phase angle is an output 

parameter of the DSR master curve analysis as well. The phase angle is given in relation with 

the frequency. If the frequency corresponding to a phase angle of 0 is known, the 

corresponding binder stiffness modulus can be found using the master curve. This method 

requires fits for both the phase angle and the stiffness modulus. A sigmoidal function has been 

used to fit the phase angle curve as well. Since the phase angle is usually plotted at a 

logarithmic frequency axis and a linear phase angle axis, the following curve was used for 

fitting: 

𝜙 = 𝛿 +
𝛼

1 + 𝑒
𝛽+𝛾(log(

1
𝑓
))

 (41) 

 

A normal least squares error was used for fitting the relation. The fitted line, and the process 

of finding the glassy modulus by this method is graphically presented in Figure 17. 

 

Figure 17 - Glassy modulus determination bitumen 70/100 dataset 1 

A first look onto this graph suggests that this approach is a solid method for the determination 

of the glassy modulus. However, the method has some large drawbacks which are listed 

below: 

- The method is based on two fitted sigmoid functions instead of one, which makes the 

prediction at least twice as unreliable as the asymptote method (I). 

- It is unclear which curve form can best be used for fitting the phase angle data. The S-

shape is not clearly visible for the phase angle data of some binders. Using equation 

41 for fitting give highly inaccurate results for some binders. 

- For many binders no intersection between the fitted phase angle relation and the x-axis 

was found since the lower asymptote of the sigmoid has a positive phase angle value. 
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According to this analysis, there is no stiffness were the phase angle is equal to 0, and 

no corresponding glassy modulus can be found. 

- The phase angle is 0 at high frequencies. At those frequencies, the phase angle relation 

approaches its asymptote, which means the slope of the curve becomes gentle. A small 

change in the fitted formula will shift the intersection with X axis significantly. This 

makes the prediction even more relying on a good fit with the data, which is a difficult 

task as mentioned before. 

- If the lower asymptote of the phase angle sigmoid fit was negative, glassy modulus 

values were found that highly differ from the values found using the first (I) method. 

For these reasons the asymptote method (I) was used for determination of the glassy modulus. 

For all binders in the Boskalis database, two independent master curves were obtained. For 

each master curve, a glassy modulus was found. The average of these two values was used 

in the continuation of this research. The two values and their average can be read from Figure 

18. Note that the shear moduli have been converted to stiffness moduli here using equation 

18 and assuming a Poisson ratio of 0.3. 

 

 

Figure 18 - Asymptote method glassy modulus results 

It can be seen from the figure that glassy modulus values of the same binder can differ 

significantly. The precision of the parameter is low, which is confirmed by Figure 8. For some 

binders, like the 70/100 bitumen, the glassy modulus results were quite similar. The blended 

bitumen glassy moduli vary widely. Francken (1987) used a glassy modulus of 3000 MPa in 

his model which was assumed to be a safe upper limit for all bitumen. It can be concluded from 

the above results that the actual glassy moduli can come close to this value. The glassy 

modulus of mix 938 even exceeds this value. It should be noted that Pouget et al (2012) 

showed that at high loading frequencies the Poisson ratio decreases, which would lower the 

glassy modulus results in Figure 18. A significant spread can be observed in the glassy 

modulus results in general. Assuming a fixed glassy modulus value of 3000 MPa is inaccurate. 

This is in line with Mohan’s conclusion (2010). The glassy moduli obtained using this asymptote 

method will be used in the further analysis of the Francken and Al-Khateeb models in section 

5.3.2. 
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4.3.8 Mutual relations binder characterization parameters 

An overview of the Pearson correlation coefficients between each binder characterization 

parameter and the asphalt concrete stiffness is given in Table 3. It should be noted that the 

Pearson correlation coefficient only considers linear relations. Other variations in the mixes, 

like the volumetric proportions and the gradation fluctuate as well. 

Parameter 
Pearson correlation coefficient 

with asphalt concrete stiffness 

Ring & Ball softening point blended bitumen 0.81 

Penetration blended bitumen 0.80 

Glassy modulus virgin bitumen 0.76 

Stiffness virgin bitumen 0.76 

Penetration virgin bitumen 0.75 

Phase angle blended bitumen 0.73 

Phase angle virgin bitumen 0.71 

Viscosity 135°C blended bitumen 0.63 

Viscosity 150°C blended bitumen 0.56 

Glassy modulus blended bitumen 0.32 

Viscosity 150°C virgin bitumen 0.23 

Stiffness blended bitumen 0.16 

Ring & Ball softening point virgin bitumen 0.10 

Viscosity 135°C virgin bitumen 0.09 

Table 3 – Correlation between binder characteristics and asphalt concrete stiffness 

Traditional binder characterization parameters penetration and softening point of the blended 

bitumen show a high correlation with the asphalt concrete stiffness. Viscosities of both virgin 

bitumen and blended bitumen show a less clear relationship. Surprising is the low correlation 

between the stiffness of the blended bitumen and the asphalt concrete stiffness. As mentioned 

before, it should be noted that this low correlation can be partly explained by the polymer 

modified bitumen in mix 938. By leaving this mix out of the analysis, the correlation coefficient 

increases significantly from 0.16 to 0.67. 

To keep a new asphalt concrete model simple, it should include as few parameters as possible, 

with the best possible prediction results. Some predictive parameters are mutually related. This 

implies they are to a certain extend interchangeable in a model. This is the case for the 

softening point and the viscosity as described in section 4.3.5. Binder stiffness and penetration 

are also interchangeable as described in section 4.3.5. Adding both parameters will result in 

collinearity (Field, 2013), reducing the reliability of a model. Other strong correlations can be 

found between Ring & Ball softening point and PI, Ring & Ball softening point and viscosity, 

and glassy modulus and viscosity. A matrix with all mutual relations between binder 

characterization parameters can be found in Appendix E. 

4.3.9 Conclusion binder characterization parameters 

The following can be concluded for binder characterization predictive parameters for a new 

asphalt concrete stiffness prediction model: 

- The influence of the RAP binders used in asphalt concrete cannot be neglected. A way 

of including this influence is by using blended bitumen properties instead of using the 

virgin binder characteristics only. 

- Models used for the determination of predictive parameters (log pen rule, viscosity 

prediction models and the Van der Poel relation) should be avoided. They are 
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inaccurate in general and their use goes at the expense of the accuracy of the stiffness 

prediction. No polymer modified bitumen were implemented in these models. 

- Theoretically, the binder stiffness is the best parameter to choose as predictive 

parameter for a model. However, this parameter shows average correlations with the 

asphalt concrete stiffness. A good alternative is the use of the penetration, which can 

be measured surprisingly accurate. 

- Viscosity and Ring & Ball softening point are theoretically less interesting predictive 

parameters, but the latter has quite a high correlation with the asphalt concrete 

stiffness. 

- Determination of the glassy modulus from the master curve is possible by finding its 

asymptote. These values are unprecise and show large deviations. Preference is given 

to a model without the glassy modulus as predictive parameter. 

- Extra care should be given to mixes with polymer modified binders. The test results 

often form the outlier in a linear trend, like in the case of the binder stiffness. 

- Interchangeable parameters should not be included in a stiffness prediction model in 

order to avoid collinearity. 

4.4 Volumetric predictive parameters 

All models presented in chapter 2 contain at least one volumetric predictive parameter. The 

traditional parameters Va, Vb and Vg and combinations of them are further analysed in sections 

4.4.1 till 4.4.3. 

4.4.1 Traditional volumetric parameters Va, Vb and Vg 

Traditional parameters Va, Vb and Vg are the air, binder and aggregate fractions respectively. 

The more air in a mix, the more space for particles to move during loading, and the lower the 

asphalt concrete stiffness. Therefore, a larger air percentage Va will result in a lower mix 

stiffness Smix in theory. This is in line with the negative relation found in Figure 19. The 

determination coefficient R2 is equal to 0.10. From the figure it can be concluded  that mix 451 

is a clear outlier. This can be explained by the large binder fraction of mix 451. Without this 

mix, a significantly higher R2 value of 0.57 is found. The negative relation between Va and the 

asphalt concrete stiffness can also be found by considering individual mixes. 
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Figure 19 - Relation percentage air voids - asphalt concrete stiffness 

Another simple volumetric parameter is the aggregate fraction (Vg). If the stiff aggregate 

fraction increases, the stiffness of the mix as a whole will increase as well. This is confirmed 

by an accurate positive relation between Vg and the asphalt concrete stiffness, with a 

determination coefficient of 0.77. 

In Figure 20, the relation Vb - Smix is plotted. From the figure it can be seen that the Boskalis 

database has limited variation in Vb values. Only two ‘columns’ of data points are visible. All 

mixes have a target binder content of 4.3% (m/m), except for mix 451, which has a target 

binder content of 5.8% (m/m). From the figure a clear negative relation can be observed as 

expected. The larger the soft binder fraction, the lower the overall stiffness of the mix. Due to 

the limited variation in data, no assertion can be made about the kind of relationship (linear, 

quadratic etc). 
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Figure 20 - Relation percentage bitumen - asphalt concrete stiffness 

4.4.2 Combinations of Va, Vb and Vg 

In the Hirsch and Al-Khateeb models, the voids in the mineral aggregate (VMA) is used as a 

predictive parameter. This parameter is officially defined as the volume of space between the 

aggregate particles of a compacted mixture that includes air voids and the effective binder (Liu, 

2016). The effective binder is the binder not absorbed by the aggregates. The part that is 

absorbed by the aggregates is assumed to be negligible. Therefore, the VMA is obtained by 

equation 31. A linear trend line was fitted over the VMA - Smix data with a determination 

coefficient of 0.77. The relation is similar to the Vg – Smix relation, but mirrored. VMA is 

interchangeable with the parameter Vg since their sum is always 1. Including both VMA and Vg 

in a new asphalt concrete stiffness prediction model is unnecessary and causes collinearity. 

In the Witczak and Hirsch models, the voids filled with bitumen (VFB) is used as a predictive 

parameter. This parameter is defined as the share of the voids that is effectively filled with 

bitumen (Liu , 2016). This relation has been simplified and is given by equation 32. The 

effective binder content was replaced by the total binder content. The found relation with the 

asphalt concrete stiffness is negative as expected. Due to limited variation in the database, a 

very small determination coefficient was found (R2 = 0.0255). Mix 451 is a clear outlier here as 

well. 

Another parameter considered is the Vg/Vb ratio, as used in the Francken model. The 

parameter is interesting because this ratio does not depend on the level of compaction. A 

determination coefficient value of 0.54 was found for the relation with the asphalt concrete 

stiffness, which is low due to the limited variation in the database. 

Other candidate predictive parameters are the density and the target density. The latter is not 

considered interesting since the model should be based on the actual properties. The density 

can be a predictive parameter, but using the volumetric fractions instead make more sense. 

These values indicate the volumetric structure. There is already compensated for their 

individual densities (equations 28, 29, and 30). 
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4.4.3 Relevance 

It can be concluded that the volumetric parameters as described above do have a relationship 

with the asphalt concrete stiffness as expected. One or more volumetric parameters should be 

included in an asphalt concrete stiffness prediction model. A good approach is to keep the 

predictive parameters as simple as possible by using Va, Vb and Vg. It should be noted that 

they are interrelated, since the sum of the fractions is always equal to 1, or 100% in case of 

percentages. Including two of these three parameters is sufficient for including the three 

separate influences. Collinearity will be avoided. Another logical approach is the use of Vg/Vb 

and Va. Vg/Vb indicates the aggregates/binder ratio (hot mix properties) while Va is proportional 

to the level of compaction (density). In this approach, these influences are considered 

separately. It should be noted that Va does not perfectly reflect the level of compaction, since 

this parameter is also influenced by the grading. This becomes more important if the Boskalis  

database is extended with mixes with a truly different grading, like porous asphalt. Less 

preference is given to the use of VMA and VFB since they are normally not used in describing 

Dutch asphalt concrete mixes. Using Pearson’s correlation coefficient to quantify the relation 

with the asphalt concrete stiffness, preference is given to the use of Vg, Vb/Vg or VMA. VFB is 

least correlated and is therefore again less preferred as predictive parameter. 

4.5 Gradation characterization parameters 

In the Boskalis database, many parameters are included describing the characteristics of 

grading and the aggregates. The Pearson correlation values with the asphalt concrete stiffness 

are presented in Table 4. 

Parameter 

Pearson correlation 

coefficient with 

the asphalt concrete 

stiffness 

Coefficient of uniformity 0.80 

Percentage retained at 3/8 inch sieve (US standards) 0.79 

Percentage passing C11.2 sieve -0.79 

Percentage passing C8 sieve -0.78 

Percentage passing 0.5 mm sieve 0.78 

Percentage passing 2 mm sieve -0.72 

Maximum aggregate size 0.70 

Percentage passing 0.180 mm sieve 0.58 

Percentage retained at #4 sieve (US standards) 0.56 

Percentage passing C16 sieve -0.54 

Percentage retained at 3/4 inch sieve (US standards) 0.54 

Percentage passing C5,6 sieve -0.53 

Percentage passing 0.063 mm sieve -0.48 

Percentage passing C22.4 sieve -0.47 

Coefficient of curvature 0.18 

Percentage passing #200 sieve (US standards) 0.05 

Table 4 – Correlation between gradation characteristics and asphalt concrete stiffness 

In theory, the maximum aggregate size has a positive relation with the stiffness. The only place 

in a mix where significant deformation can occur is in between the aggregate particles. The 

larger the particles, the less of these transitional zones exist. The large particles form a solid 

backbone of the mix. This expected positive relation is in line with the positive Pearson 

correlation coefficient of 0.70. The correlation is high compared to some other gradation 

characterization parameters. 
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The individual sieve sizes can be ranked based on their correlation with the asphalt concrete 

stiffness. The upper and lower sieve sizes are least correlated, while most sieves in between 

(C11,2; C8) have a much higher correlation. It is known from theory that a dense graded mix 

has a higher stiffness. In a dense mix, the spaces in between the larger particles are filled with 

smaller particles. There is minimal space for the particles to move, which results in a stiffer 

mix. Porous asphalt is open graded and has in general a much lower stiffness, despite the 

large particles used. One individual sieve size parameter does not characterize the shape of 

the sieve curve. In a dense graded mix, the sieve curve will be close to the Fuller curve. In 

theory, instead of individual sieve sizes, better predictive parameters are the coefficients of 

uniformity and curvature. These parameters are a measure for the grading of the material as 

a whole. The coefficients are defined by equation 42 and 43 (Viswanadham): 

𝐶𝑢 =
𝐷60
𝐷10

 (42) 

𝐶𝑐 =
(𝐷30)

2

𝐷10 ∗ 𝐷60
 (43) 

Where: 

Cu = coefficient of uniformity 

Cc = coefficient of curvature 

D10 = grain diameter at 10% passing 

D30 = grain diameter at 30% passing 

D60 = grain diameter at 60% passing 

The coefficients D10, D30 and D60 are obtained by linear interpolation. The larger Cu or Cc, the 

better the grading. A positive relation with the asphalt concrete stiffness is expected from 

theory and confirmed by the positive Pearson correlation coefficients of 0.80 and 0.18 for Cu 

and Cc respectively. Since Cu has a relatively high correlation with the asphalt concrete 

stiffness, this parameter is preferred over Cc as a predictive parameter in a new model. It 

should be noted that the variation of Cu and Cc in the Boskalis database is limited since only 

asphalt concrete mixes are included. By extending the database with other surface layer mixes, 

like porous asphalt, the correlations with the asphalt concrete stiffness can possibly increase 

significantly.  
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5 Model verification 
5.1 Introduction 

Eight asphalt concrete stiffness prediction models are presented in chapter 2. In chapter 4 the 

Boskalis database as described in chapter 3 has been used for an extensive review on the 

predictive parameters for an asphalt concrete stiffness prediction model. This database will be 

used in this chapter for the assessment of the models based on their predictive parameters, 

accuracy and applicability to the Dutch tests and standards. 

5.2 Assessment models based on predictive parameters 

From chapter 4 it follows that certain binder, volumetric and gradation characterization 

parameters are less preferred as predictive parameters, since they cannot be determined 

precisely or they have little or no correlation with the asphalt concrete stiffness. Also from a 

theoretical point of view a certain parameter can have preference over others. In the sections 

5.2.1 – 5.2.3 the models will be assessed on their predictive parameters. Each group of 

predictive parameters will be addressed separately. 

5.2.1 Bitumen properties as predictive parameters 

In section 4.3.9 it was concluded that the bitumen stiffness and the penetration are preferred 

binder characterization parameters as predictive parameters in an asphalt concrete stiffness 

prediction model. These parameters can be precisely determined, make from a theoretical 

point of view sense and have a relatively high correlation with the asphalt concrete stiffness. 

The Penetration is only used by Jacobs, while Francken, Shell, Witczak (2006), Hirsch and Al-

Khateeb use the binder stiffness as predictive parameter. However, the Francken and Al-

Khateeb models are less preferred since they use the glassy modulus as a predictive 

parameter as well, which cannot be precisely determined (Figure 8). The Asphalt Institute and 

Witczak (1999) models use the bitumen viscosity as a predictive parameter, which is 

theoretically a less preferred parameter (section 4.3.4). 

5.2.2 Volumetric predictive parameters 

According to section 4.4.3, two approaches are preferred for dealing with the volumetric 

parameters for a model: including two of the three volumetric fractions (1) or separating the 

influences of the mixing ratio’s (Vg/Vb) and the compaction (Va) (2). Both Witczak’s models and 

the asphalt institute and Shell models are in line with the first approach, while Francken, Jacobs 

and Shell used the second approach. Hirsch and Al-Khateeb use VMA as predictive 

parameter, which is a good alternative for Vg (section 4.4.2). However, the Hirsch model also 

uses the VFB which has a very low correlation with the asphalt concrete stiffness according to 

section 4.4.2. Al-Khateeb uses only one volumetric parameter (VMA) and therefor does not 

account for the three fractions (Va, Vb, Vg) separately. 

5.2.3 Gradation predictive parameters 

The only models using predictive parameters characterizing the gradation are the Witczak and 

the Asphalt Institute models. The Witczak models use four different fractions, which are not 

multiplied by one another. This implies that each fraction has its individual influence on the 

binder stiffness according to Witczak. The Asphalt Institute model only uses one fraction 

(P200) as gradation predictive parameter. According to paragraph 4.5, the gradation as a 

whole has an influence on the asphalt concrete stiffness in theory. This makes the models of 

Witczak and Asphalt Institute less preferred. Some coefficients corresponding to volumetric 
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parameters in the Witczak models are very small, and some volumetric parameters have been 

squared without a theoretical explanation. The model is overfilled with parameters whose 

contribution has not been theoretically verified. 

5.3 Assessment models based on accuracy 

All models were evaluated by plotting the measured values versus the predicted values of the 

considered model. An example of such a plot is shown in Figure 21 for the Hirsch model. The 

measured and predicted asphalt concrete stiffnesses are presented on the horizontal and 

vertical axes respectively. The line of equality represents the locations in the graph where the 

predicted values are equal to the measured values. The close to this line, the better the 

prediction. The data points corresponding to a particular mix have been grouped by a color. 

This gives more insight in the predictive capacity of the model for a certain mix. The model 

under predicts the stiffness if the data points are under the line of equality, while the model 

over predicts the stiffness if the data points are above the line of equality. An overview of the 

plots for the other models can be found in Figure 24. Larger graphs can be found in Appendix 

F. The overview of the coefficients of determination is graphically shown in Figure 22. 

 

Figure 21 - Hirsch model prediction 

5.3.1 Accuracy 

The coefficient of determination (R2) is a value between 0 and 1 indicating the accuracy of the 

model. The larger this value, the larger the part of the measured data that can be explained by 

the model (Field, 2013). From Figure 22 it can be concluded that the prediction of the Hirsch 

model is the least accurate, despite the fundamental approach that was used (see also section 

2.3.5). The Shell and Witczak model predictions are better, but still a low determination 

coefficient can be found (0.4-0.5). The Jacobs model is at the top of the list with a relatively 

high determination coefficient of 0.79. A possible reason for this high accuracy is the Dutch 

database used for the model. Jacobs is the only one using Dutch tests and standards for the 

development of his model.  
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5.3.2 Glassy modulus 

The Al-Khateeb and Francken models both use the glassy modulus as a predictive parameter. 

A value of 3000 MPa may be assumed according to Francken as a safe upper limit of the 

glassy modulus in the case this parameter is unknown. Al-Khateeb suggested a safe upper 

limit for the glassy shear modulus of 1000 MPa. The binder glassy modulus values obtained 

in section 4.3.7 by the asymptote method are used to verify the models. In a second analysis, 

the constant values of 3000 MPa (stiffness) and 1000 MPa (shear stiffness) were used in the 

models of Francken and Al-Khateeb respectively. The resulting R2 values are both shown in 

Figure 22. The Al-Khateeb model’s accuracy (R2) increases from 0.18 to 0.22 by using the 

asymptote method. However, the model remains highly inaccurate. The Francken model’s 

accuracy decreases significantly from 0.52 to 0.22 by using the asymptote method. The 

Francken model results using both glassy modulus values have been plotted in Figure 23. It 

can be seen that the predicted values are shifted further from the line of equality in general by 

using the glassy modulus values obtained by the asymptote method. It can be concluded that 

the glassy modulus can better be kept at a constant value. 

 

Figure 22 - Overview accuracy models 
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Figure 23 - Francken model verification 

5.3.3 Under- and overestimation 

By looking at the plots for each model in Figure 24, more statements can be made about why 

certain models have a lower accuracy and what are the strong and weak points of certain 

models. One of those weak points is over- or underestimation. Shell, Witczak (1999) and Al-

Khateeb (glassy shear modulus = asymptote method) show structural underestimation, while 

the Witczak (2006) model shows structural overestimation. These inaccuracies do not 

necessarily make the model a bad model. Unit issues or different tests used for their databases 

can be a cause for these deviations. In paragraph 5.4, there has been corrected for these 

issues by fitting the relations on the Boskalis database. It should be noted that both Witczak 

models and the Asphalt Institute model show very large deviations from the measured stiffness 

values compared to the other models. The Asphalt Institute model results in predictions up to 

60,000 MPa, while the Witczak model (1999) results in stiffness values lower than 2000 MPa. 

These results lowers the trust in these models. 

5.3.4 Oversensitivity and insensitivity 

More problems arise when a model partly over- or underestimates, which is the case for the 

Asphalt Institute model. The model is oversensitive for a certain predictive parameter. This 

means a certain mathematical function or transformation applied to that predictive parameter 

by the model is inaccurate. For the Asphalt Institute model this predictive parameter is the 

penetration. By changing the penetration values slightly (i.e. 5 dmm), the asphalt concrete 

stiffness changes in the order of thousands of MPa’s. On the other hand, the Hirsch and Al-

Khateeb (glassy shear modulus = 1000 MPa) models are insensitive for one predictive 

parameter or a combination of predictive parameters. Some data points are accurate, but the 

range of predicted values is smaller than the range of measured values. This is visible as a 

more flattened horizontal point cloud. 

In the database, for each set of specimens of the same mix, one value for a binder 

characterization parameter is available. This value is the average of at least two tests and is 

assigned to the group of specimens of the corresponding mix. The latter holds for gradation 
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parameters as well. Meanwhile, the volumetric parameters are unique for each specimen, 

since each specimen was measured and weighted separately. Variation of predicted asphalt 

concrete values within one mix must be the result of variation in volumetric properties. There 

is little variation in predicted asphalt concrete values within one mix for the majority of the 

models, which means the models are insensitive for volumetric properties. This can best be 

seen for the Al-Khateeb model plots in Figure 24. The data points form horizontal lines per mix. 

On the other hand, the Shell and Jacobs models show the highest sensitivity to volumetric 

parameters. Positive relations can here be observed between the predicted and measured 

asphalt concrete stiffness within one mix. 

5.3.5 Outliers 

For most of the models one or more predicted values are much more inaccurate than the other 

predicted values. Most models have a certain insensitivity to volumetric properties and do not 

distinguish within a mix. This is why a group of outliers mostly belongs to one specific mix. Mix 

938 is a clear outlier in the models of Shell, Francken, Witczak (2006), Hirsch and Al-Khateeb. 

This mix is unique in its binder, which is a combination of RAP binder and the polymer modified 

binder sealoflex 5-50HT. The databases of Shell and Francken did not include polymer 

modified binders, while Witczak and Hirsch did (Table 1). It confirms the assumption that older 

models are incapable of predicting the stiffness of asphalt concrete mixes with polymer 

modified binders. However, even some newer models have difficulties. Most models highly 

underestimate the stiffness of mix 938. Another outliers is mix 451 in Franckens prediction. 

Mix 451 is distinguishable by its high bitumen content of 5.8% (m/m). 
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Figure 24 – Overview predictions models chapter 2 
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5.4 Fitted models 

The asphalt concrete stiffness prediction models as presented in chapter 2 are based on other 

tests and standards than the data in the Boskalis database. The differences between the 

databases can be observed in Table 1. Using the Boskalis database for the verification of those 

models is not completely fair for this reason. Deviations between the measured and predicted 

data can be caused by these differences and do not necessarily mean the model has a low 

quality. A correction for these effects can be made by fitting the constants of each model to the 

Boskalis dataset. 

5.4.1 Fitting procedure 

The generalized Hirsch model as presented in equation 42 and 43 is used as an example for 

explaining the fitting procedure. 

|𝐸∗|𝑚𝑖𝑥 = 𝑃𝐶 ∗ (C7 ∗ (C8 −
𝑉𝑀𝐴

C9
) + C10 ∗ |𝐺∗|𝑏𝑖𝑛𝑑𝑒𝑟 (

𝑉𝐹𝐵 ∗ 𝑉𝑀𝐴

C11
))

+
(C12 − 𝑃𝐶)

(
C13 −

𝑉𝑀𝐴
C14

C15
+

𝑉𝑀𝐴
C16 ∗ 𝑉𝐹𝐵 ∗ |𝐺∗|𝑏𝑖𝑛𝑑𝑒𝑟

 (44) 

𝑃𝐶 =
(C1 +

𝑉𝐹𝐵 ∗ C2 ∗ |𝐺∗|𝑏𝑖𝑛𝑑𝑒𝑟
𝑉𝑀𝐴

)
C3

C4 + (
𝑉𝐹𝐵 ∗ C5 ∗ |𝐺∗|𝑏𝑖𝑛𝑑𝑒𝑟

𝑉𝑀𝐴 )
C6

 (45) 

 

All constants in de model were changed into variables C1-CX. Some C-values were kept 

constant since they are based on theory or fundamental relations. C2, C5, C10, and C16 

represent the conversion from shear modulus to stiffness modulus by equation 18 and are kept 

unchanged. A Poisson ratio of 0.5 is assumed by Christensen, which is in conflict with the 

findings of Pouget (2012) (section 4.3.2). C8, C9, C12, C13 and C14 represent fixed values 

for calculations with volumetric properties. These constants are kept unchanged as well. The 

left over constants are finally used as variables for fitting. For each model a careful trade-off 

has been made which parameters are changeable, and which should be kept constant. A least 

squares error has been used to fit the model. The solver function SOLVER.XLAM in Excel 

2013 has been used for performing this least squares error. The original values in de model 

were used as start values for the analysis. A summary of the regression analysis for each 

model is presented in Appendix F, while the effect on the quality of the fit is shown in Figure 

25. 

5.4.2 Results fitted functions 

The R2 values of the fitted versions of the models are presented in Figure 25. A comparison is 

made with the R2 values of the original models. From this graph it can be seen that the 

accuracy increases for all models. The models of Francken, Shell and Witczak (2006) show 

much higher accuracies after fitting (R2 ≈ 0.8). The models of Jacobs and Asphalt Institute 

show a slightly increased accuracy. The Hirsch and Al-Khateeb model accuracies do increase, 

but stay much lower than the other fitted models, which implies that the formula’s used in their 

models are less applicable to the Boskalis dataset. A more extensive fitting procedure has 

been performed on the Hirsch model by Telman & Van den Berg (Appendix H). This resulted 

in similar R2 values with a maximum of 0.31. Telman excluded mix 938 in a second analysis, 
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which resulted in very high R2 values up to 0.85. In a new model extra care should be given to 

mixes with polymer modified binders. 

 

 

Figure 25 - Accuracy original and fitted models 

5.4.3 Implications fitting process 

Some points should be noted about the fitting process: 

- For some models it is difficult to recall which constants follow from fundamental 

relations and which are the result of a regression analysis. If a mistake is made here, 

the model changes fundamentally. 

- Valuable information from the model’s original database will be lost in the case the 

original database is inaccessible. 

- Excel’s SOLVER.XLAM has its limitations. Not all possible combinations of predictive 

parameters are considered. The fit highly depends on the starting values. 

- After fitting, some constants take values equal to 0. Depending on the corresponding 

part of the formula, this can result in insensitivity for certain parameters. For example, 

if the first constant in the Jacobs model changes from -52.3 to 0, it implies that the 

model becomes insensitive for the penetration. The majority of the models contain at 

least one constant that is set to 0 after fitting. Some constants take very large values 

after fitting. When this parameter is part of the denominator, this implies the model can 

lose the sensitivity to a certain parameter.  
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6 Multiple linear regression analysis 
6.1 Introduction 

The accuracy of the asphalt concrete stiffness prediction models as presented in chapter 2 is 

limited for the Boskalis database. This can be concluded from Figure 22. The process of fitting 

does increase the accuracy for certain models, but the determination coefficient does not 

exceed the value of 0.81, which can be seen in Figure 25. An interesting conclusion is that the 

Jacobs model’s accuracy is the highest (R2 = 0.79) out of the unfitted models. After fitting, a 

similarly high determination coefficient is found (R2 = 0.81), making this model the best 

performing fitted model as well. Furthermore, the linear Jacobs model is a very simple model. 

Jacobs used a multiple linear regression analysis on his dataset. This analysis can be done 

easily by modern statistics software like SPSS, or be programmed in other software. However, 

in that case you have to add or remove variables manually. This analysis has been performed 

for certain combinations of predictive parameters in paragraph 6.4. 

6.2 Multiple linear regression analysis in SPSS 

The multiple linear regression analysis presented here is performed using SPSS. The software 

returns the coefficients bX that belong to the predictive parameter Xi, which can be all the 

parameters that are potentially able to predict the stiffness, such as discussed in Chapter 4. 

and a constant C for the prediction of the dependent variable Y. The model includes n 

independent variables X. This linear model can mathematically be written as follows: 

𝑌 = 𝑏𝑋1 ∗ 𝑋1 + 𝑏𝑋2 ∗ 𝑋2 +⋯+ 𝑏𝑋𝑛 ∗ 𝑋𝑛 + 𝐶 (46) 

 

The predictive parameters X used in the model can be pre-set in the software. The first is 

called the enter method. The software itself can also choose which parameters to include in a 

prediction model. The forward method starts with an empty equation, and first inserts the 

predictive parameter with the highest correlation. It then inserts a second predictive parameter 

that contributes most to the accuracy of the model. A variable is only entered into the model if 

the significance level of its F value is less than the preset value 0.05. The backward method 

starts with all possible predictive parameters in a model. It then takes out the predictive 

parameters one by one that contribute the least to the accuracy of the model. A variable is only 

removed if the significance level of its F value is greater than the preset value of 0.10. The 

stepwise method is a combination of both methods. After inserting a new predictive parameter, 

the contribution of the previously inserted parameter will be determined (Field, 2013). The 

methods will be applied on the Boskalis database in paragraph 6.3. It should be noted that a 

multiple linear regression model does not account for non-linear relations, such as Smix
2. 

However, these usually do not have a physical meaning anyway. Also, the linear regression 

models described in paragraphs 6.3 and 6.5 contain no cross terms. 

6.3 Regression models 

Multiple starting points can be used to obtain a set of predictive parameters as input for a 

multiple linear regression analysis. Examples are given in the next sections. 

6.3.1 Model 1: Engineering judgement (Sbit,blend, Va, Vg/Vb) 

From engineering judgement, the predictive parameter blended binder stiffness (Sbit,blend) is 

chosen as binder characterization parameter. Physically, the binder stiffness is the predictive 

parameter that is closest to the asphalt concrete stiffness. The air fraction (Va) and the ratio 
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between aggregates and bitumen volumes (Vg/Vb) are chosen as in the Jacobs model. For a 

given grading, these parameters describe the influence of the compaction (Va) and the ratios 

of the mix design (Vg/Vb) separately. 

6.3.2 Model 2: Theory and precision (Sbit,blend, Va, Vb, Dmax, Cu) 

The second model is based on theory and precision of the predictive parameters. The blended 

binder stiffness (Sbit,blend) is a theoretically preferred binder characterization parameter (section 

4.3.9) and can be determined with average precision (Figure 8). Two simple volumetric 

parameters have been included (Va and Vb) according to the first approach in section 4.4.3. Va 

and Vb can be easily adjusted in the design by changing the target level of compaction or the 

amount of added bitumen respectively. Since also gradation characterization parameters show 

significant correlations with the asphalt concrete stiffness (paragraph 4.5), the predictive 

parameters maximum aggregate size (Dmax) and the uniformity coefficient (Cu) are included. 

These parameters are preferred from a theoretical point of view as well (paragraph 4.5). 

6.3.3 Model 3: Simplicity (Penblend, Va, Vb) 

Simplicity can also be chosen as a starting point for selecting predictive parameters. An easily 

and widely available binder characterization parameter is the penetration (Penblend). Only two 

simple volumetric parameters have been chosen (Va and Vb). No gradation characterization 

parameters have been chosen to keep the model as simple as possible. 

6.3.4 Model 4: Maximum correlation (TR+B, Vg, Vb, Cu) 

Predictive parameters in a linear regression model can also be chosen according to their 

correlation with the asphalt concrete stiffness. For each group of predictive parameters (binder 

characterization, volumetric properties and gradation) the predictive parameter with the highest 

correlation is chosen as input for the model. This results in the parameters softening point 

(TR+B), volume aggregates (Vg), volume binder (Vb), and coefficient of uniformity (Cu). Two 

volumetric parameters have been included since this is sufficient for including the separate 

influences of all the three fractions (Va, Vb, Vg) (section 4.4.3). 

6.3.5 Model 5: SPSS – forward method 

The following predictive parameters followed from SPSS by choosing the forward method: 

- Vg = volume aggregates (%) 

- Penblend = penetration blended bitumen (dmm) 

- Sbit,inf,virgin = glassy modulus virgin bitumen (MPa) 

It should be noted that this choice of predictive parameters cannot be theoretically explained. 

It is not preferred to use the volume of aggregates (Vg) individually as a volumetric predictive 

parameter, since the influence of the other volumetric predictive parameters (Va, Vb) is not 

included. Also, the glassy modulus of the virgin bitumen is not preferred as predictive 

parameter. This parameter is not precisely determinable and does not include the influence of 

the RAP in contrast to the glassy modulus of the blended bitumen. 

6.3.6 Model 6: SPSS – backward method 

The following predictive parameters followed from SPSS by choosing the backward method: 

- Vg = volume aggregates (%) 

- VFB = voids filled with bitumen (-) 

- ηvirgin,135˚C = viscosity virgin bitumen at 135°C (MPa*s) 



73 
 
 

- C22.4 = mass percentage of aggregates passing sieve size 22.4 mm (%) 

- Age of the specimen (days) 

- RAP% = percentage RAP (%) 

 

Like in model 5, the choice of predictive parameters cannot be theoretically explained. The 

viscosity of the virgin bitumen is not preferred as a predictive parameter (section 4.3.4), as well 

as the C22.4 value (paragraph 4.5). The age of the bitumen should be unnecessary as 

predictive parameter, since the age at testing is kept within limits (paragraph 3.3). Besides, the 

number of predictive parameters is large. The model should include as few predictive 

parameters as possible for easy use. Striking is the difference in predictive parameters from 

model 5: SPSS - forward method. 

6.3.7 Model 7: SPSS – stepwise method 

The stepwise regression method resulted in the same predictive parameters as the forward 

regression method as described in section 6.3.5. For this reason, the step-wise method results 

have not been addressed separately. 

6.4 Verification regression models 

6.4.1 Accuracy regression models 

In Appendix G the measured asphalt concrete stiffness is plotted versus the predicted values 

for each multiple linear regression model. In Figure 26 the resulting determination coefficients 

(R2) have been visualized. 

 

Figure 26 - Determination coefficient overview 

The following can be observed: 

- The forward SPSS and backward SPSS methods have the highest accuracy with a 

determination coefficient of 0.81 and 0.84 respectively. 

- All regression models show similar accuracy (≈ 0.80). 

- The accuracy of the regression models is much higher than the accuracy of the original 

unfitted existing models as can be seen in Figure 22. It should be noted that the 

regression models are based on the Boskalis dataset, while the existing models are 

based on their own datasets. 

- The accuracy of the regression models is similar to the accuracy of the fitted existing 

models of Francken (glassy modulus = 3000 MPa) (R2 = 0.81), Shell (R2 = 0.78), 
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Witczak (2006) (R2 = 0.80)  and Jacobs (R2 = 0.81). It should be noted that both the 

regression models and the fitted existing models are based on the Boskalis dataset. 

From these observations the expectation arises that there is a certain maximum accuracy (R2 

≈ 0.80) which can be explained by the models. With the unfitted existing models as presented 

in chapter 2, the fitted existing models as presented in paragraph 5.4 and the regression 

models this ‘maximum’ correlation coefficient can be found. It should be noted that there is 

always a part of the results that cannot be explained by the model and is caused by spread in 

the data. Note that some asphalt concrete stiffness measurements on the same specimen 

exceeded the 15% difference as described in paragraph 3.4. Another interesting observation 

is the similarity in accuracy of the regression models. This can partly be explained by the 

similarity in stiffness predictions. The Pearson correlation coefficient matrix has been 

computed for the stiffness results of the regression models. The minimal Pearson correlation 

coefficient that could be found was 0.97. This confirms that the predictions of the regression 

models are highly equivalent. Also, by looking at the similarity of the accuracy of the various 

regression models in figure 26, it can be concluded that the high number of predictive 

parameters in model 6 has no significant added value. Model 6 is the only model with six 

predictive parameters. 

6.4.2 Theoretical verification regression analysis 

In Table 5, the regression coefficients b and the constants C of the models have been 

presented.  

Parameter 

1 

Engineering 

judgement 

2 

Theory 

3 

Simplicity 

4 

Maximum 

correlation 

5 

SPSS 

forward 

6 

SPSS 

backward 

C22.4      1028.88 

Constant C 3670.02 20885.08 20572.90 -69571.47 -41557.64 -140253.95 

Cu  19.81  -3.87 (b)   

Dmax  -23.93 (a)     

Age      -167.90 (d) 

Penblend   -25.64  -83.21  

RAP%      17.90 

Sbit,inf_virgin     -0.93  

Sbit_blend 23.72 14.31     

TR+B,blend    72.27   

Va -1019.74 -1066.11 -860.15    

Vb 
 -756.49 -634.79 193.19 (c)   

Vg 
   851.12 661.07 593.72 

Vg/Vb 1130.91      

VFB      48.42 (e) 

ηvirgin_135˚C      0.44 

Table 5 – Overview regression constants b and C for each model 

Some coefficients b have been highlighted in red. The signs of these coefficients are not 

supported by the theory for the following reasons. The letters after the coefficients in Table 5 

correspond to the letters in the following list: 

a. In theory, the larger the maximum aggregate size, the higher the stiffness as explained 

in paragraph 4.5. This is not in line with the negative b value. 
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b. The better the grading, the higher the coefficient of uniformity Cu. A better graded mix 

results in less space for the particles to move. A lower stiffness is the result in theory 

as explained in paragraph 4.5. This is not in line with the negative b value. 

c. The higher the share of soft binder, the lower the stiffness of the asphalt concrete 

stiffness. This assumed negative relation is confirmed by Figure 10. This is not in line 

with the positive b value. 

d. According to Marsac (1999) the stiffness of asphalt concrete increases with the age. 

This is not in line with the negative b value. 

e. The larger the VFB, the larger the share of soft bitumen in the voids. A negative relation 

with the asphalt concrete is expected and confirmed by a negative Pearson coefficient 

as described in section 4.4.2. This not in line with the positive b value. 

Model 5 and 6 have no preference since the choice of predictive parameters cannot be 

theoretically explained. Furthermore, model 6 includes two illogical relations, and the number 

of predictive parameters is large. The fourth model, which is based on parameters with a high 

correlation with the asphalt concrete stiffness includes two illogical relations. 

6.5 Model 8: Optimal model 

The model as presented in equation 47 is proposed as the most optimal model for the following 

reasons: 

- The starting point of this model is regression model 2. The included predictive 

parameters are theoretically preferred, have a high correlation with the asphalt 

concrete stiffness and can be precisely determined. The other models reach high 

accuracy without a theory-based choice in predictive parameters. 

- Dmax was removed from the model since the resulting regression coefficient was 

negative, which cannot be theoretically explained. 

- Cu was removed from the model since this parameter was statistically insignificant (p = 

0.235 > 0.05). This is possibly caused by the limited variation in this predictor parameter 

in the Boskalis database as described in paragraph 4.5. 

- The remaining predictive parameters are statistically significant (p < 0.05) and the sign 

of their corresponding regression constant b can be theoretically explained. 

- Despite the removal of two predictive parameters, the determination coefficient is still 

high (R2 = 0.80). 

𝑆𝑚𝑖𝑥 = 24.131 ∗ 𝑆𝑏𝑖𝑡,𝑏𝑙𝑒𝑛𝑑 − 1113.6 ∗ 𝑉𝑎 − 826.35 ∗ 𝑉𝑏 + 22062 (47) 

Where: 

Sbit,blend = binder stiffness blended bitumen (MPa) 

Va = volume air voids (%) 

Vb = volume bitumen (%) 

Smix = asphalt concrete stiffness (MPa) 

6.5.1 Verification optimal model 

In Figure 27, the predicted asphalt concrete stiffness is plotted versus the measured asphalt 

concrete stiffness.  
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Figure 27 - Multiple linear regression model 8: optimal model 

It can be seen from the figure that the prediction is accurate. The model is sensitive to 

volumetric parameters, since a positive relation can be observed within one mix. This can be 

concluded from the fact that the data points belonging to a single mix lie along the x = y line 

(see also section 5.3.4). No significant under- or overestimation is present. Mix 938 shows the 

largest deviation from the line of equality at higher stiffness values. This mix is the only mix in 

the Boskalis database containing a polymer modified binder. 

 

 

Figure 28 - Residue plot optimal model 

 

In Figure 28, a residue plot is presented. It can be seen that there is no clear relation between 

the residues (measured data minus predicted data) and the air fraction (Va), which means the 
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model is appropriate. The same holds for the other residual plots. A linear regression analysis 

has the disadvantage of not accounting for possible nonlinear relations. By checking the 

residual plots, those nonlinear relations can possibly be observed if they exist. Those non-

linear relations are not observed for the predictive parameters used in equation 47. This does 

not necessarily mean that there is no nonlinear relation. The data should have a smaller natural 

spread or the database should be larger to make these relations visible. In Figure 29 a 

histogram of the residuals can be seen. It can be concluded that the distribution is close to a 

normal distribution which makes the model appropriate. 

 

Figure 29 - Histogram residues optimal model 

6.5.2 Applicability PMB mixes  

As mentioned in section 4.3.2, extra care should be taken to mixes with polymer modified 

binders (PMB’s). Mix 938 is the only mix in the Boskalis database containing a polymer 

modified binder. By leaving this mix out of the analysis, a significantly higher determination 

coefficient (R2 = 0.85) can be found. More alarming is the change in the regression constant b 

corresponding to the blended binder stiffness. A regression analysis at a database without mix 

938 gives a b-coefficient of 114. The original regression analysis resulted in a b-coefficient of 

24. The model becomes five times more sensitive to the binder stiffness. The resulting model 

is presented in equation 48. In Figure 30, the predicted asphalt concrete stiffness is plotted 

versus the measured asphalt concrete stiffness. The Boskalis database is not sufficiently 

extensive to obtain a separate regression model for mixes with polymer modified binders, 

which could make the asphalt concrete predictions more accurate. 

𝑆𝑚𝑖𝑥 = 114.23 ∗ 𝑆𝑏𝑖𝑡,𝑏𝑙𝑒𝑛𝑑 − 928.1 ∗ 𝑉𝑎 − 713.9 ∗ 𝑉𝑏 + 17571 (48) 

Where: 

Sbit,blend = binder stiffness blended bitumen (MPa) 

Va = volume air voids (%) 

Vb = volume bitumen (%) 

Smix = asphalt concrete stiffness (MPa) 
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Figure 30 - Multiple linear regression model 8: optimal model without mix 938 

6.5.3 Sensitivity to binder content 

Another outlier is mix 451, which has a higher bitumen content as mentioned in section 3.2.2. 

A regression analysis has been performed without this mix. The resulting determination 

coefficient drops significantly to a value of 0.61. The coefficients b corresponding to the 

predictive parameters Sbit,blend and Va stay at the same level (+/- 10%). It can therefore be 

concluded that Vb is a valuable parameter in a prediction model. No separate models need to 

be developed for mixes with high bitumen content. 

6.5.4 Comparison to Jacobs model 

The multiple variable regression analysis approach is also used by Jacobs, which resulted in 

the model as presented in equation 27. The following conclusions can be drawn by comparing 

the Jacobs model and the model given in equation 47. 

- Jacobs uses three volumetric predictive parameters, while the model presented in 

equation 47 uses only two. This should be sufficient (section 4.4.3) 

- Jacobs uses the penetration as predictive parameter, while the model presented in 

equation 47 uses the binder stiffness. Both parameters can be used since they can be 

determined precisely, but the binder stiffness has preference from a theoretical point 

of view as described in section 4.3.9. 

- The penetration values of mixes with RAP in Jacobs’s database are obtained by the 

combined penetration rule. This rule should be avoided as described in section 4.3.6. 

Instead, the penetration value of the blended bitumen (paragraph 3.5) should be 

determined by tests. 

- Jacobs used a database in which the age of the specimens at testing is unknown. This 

can have a significant influence on the stiffness (Marsac, 1999). The influence of the 

age of the specimens has not been investigated in this report since the age of the 

specimens in the Boskalis database is kept within limits (see also paragraph 3.3). 
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- No mixes with polymer modified binders were included in Jacobs’ database. 

- Also gradation parameters have been considered in building the model as presented 

in equation 47. 

- Jacobs’s database is more extended than the Boskalis database, apart from the lack 

of mixes with polymer modified binders. 

6.5.5 Applicability surface layer mixes 

The database as described in chapter 3 contains only one asphalt concrete surface layer mix, 

which is mix 451. To gain more insight in the applicability of the model on surface layer mixes, 

the models as presented by equation 47 and 48 are verified using data of asphalt concrete 

mixes as presented in Table 6. These mixes contain no RAP or polymer modified binders. This 

data is obtained from existing available type tests and researches at Boskalis and do not 

belong to the database as presented in chapter 3. 

Mix 
Max aggregate 

size (mm) 
Binder 

Aggregate 

type 

Target density 

(kg/m3) 

Target binder 

content (%) 

(m/m) 

A 16 70/100 Bestone 2368 5.7 

B 11 40/60 
Bestone + 

Reflexing white 
2420 5.9 

C 8 70/100 Bestone 2372 6.2 

Table 6 – Overview surface layer mixes 

The data has a lower quality. The following should be noted: 

- The stiffnesses of the mixes are obtained by the 4PB-PR, while the stiffnesses of the 

Boskalis database (chapter 3) are obtained by the CIT-CY. The stiffness determined 

in the CIT-CY is on average 10% higher in value than the 4PB-PR stiffness (Poeran, 

Sluer, & Telman, 2018). 

- No checks are done whether the specimens are damaged during testing. 

- The corresponding binder data is obtained from the Boskalis database. It cannot be 

said if this binder data is representative (i.e. changing suppliers, different batches). 

- The age of the specimens varies from 2 to 8 weeks. This time-span is much larger 

than in the Boskalis database (6 +/- 1 week) 

In Figures 31 and 32 the measured stiffness values are plotted versus the predicted stiffness 

values as obtained by equations 47 and 48. 
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Figure 31 - Verification model equation 47 

 

Figure 32 - Verification model equation 48 

The following can be concluded from Figures 31 and 32 with in mind the aforementioned 

points. 

- The model as presented by equation 47 is only accurate (average error < 10%) for mix 

B.  

- The model as presented by equation 48 is only accurate (average error < 10%) for 

mixes B and C  

- The stiffnesses of mix A are overestimated by both models. 
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- Both models are sensitive to volumetric parameters, since a positive relation can be 

observed within one mix (section 5.3.4). 

- The model as presented by equation 48 is more accurate than the model presented 

by equation 47 when considering asphalt concrete surface layer mixes with 

conventional binders. 

6.5.6 Applicability functional verification 

The primary goal of the model given by equation 47 is to predict the stiffness for verification 

purposes (chapter 1). Ideally, this model will be used for the verification of the majority of the 

delivered works. This implies that all predictive parameters must be obtained for all new 

delivered asphalt works. The volumetric parameters Va and Vb can be obtained by RAW test 

65.0 (RAW, 2015), RAW test 66 (RAW, 2015) and equations 28, 29 and 30. For using this 

model, the binder stiffness must be known for each work to be delivered. This implies the 

obligation for each contractor to use a rheometer, since in section 4.3.3 it was concluded that 

the use of the van der Poel nomograph should be avoided. Besides, for mixes with RAP, each 

binder must be blended according to the protocol in paragraph 3.5, since the combined 

penetration rule is not preferred. Determination of the binder stiffness by a Rheometer is time-

consuming. On the other hand, using a rheometer to characterize the binder is an accurate 

and modern approach.  

On average, the error of the model as presented by equation 47 is 4.69%. 9.9% of the predicted 

values differ more than 10% from the measured data. This value is rather high. It roughly 

implies that 5% of the delivered work needs additional verification without the actual quality 

being insufficient. Another 5% of the work will be unjustly approved. By excluding mix 938 and 

analysing the resulting model as presented in equation 48, an average error of 4.32% was 

found. Only 4.9% of the predicted values differ more than 10% from the measured data. The 

model becomes twice as reliable. 
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7 Conclusions and recommendations 
7.1 Conclusions 

Predictive parameters that are relevant for an asphalt concrete stiffness prediction model are 

accurately determinable, theoretically preferred and have a high correlation with the asphalt 

concrete stiffness. Taking this into consideration, for binder characterization predictive 

parameters preference goes to the use of binder stiffness or penetration value. There should 

be accounted for the influence of the RAP (reclaimed asphalt pavement) bitumen. A proposed 

method is the determination of properties of blended RAP and virgin bitumen and use them as 

predictive parameters. For volumetric parameters the air, binder and aggregates fractions are 

preferred as predictive parameters. The use of only two of these three predictive parameters 

suffices in theory, but including them all can separate the influences of composition and 

compaction. The coefficients of uniformity and curvature are preferred as parameters that 

describe the gradation of the mix. Models like the van der Poel nomograph used for the 

determination of predictive parameters should be avoided since this goes at the expense of 

the accuracy of the asphalt concrete stiffness prediction model. Closely related properties, like 

binder softening point and binder viscosity, should not be used both to avoid collinearity. 

The binder glassy modulus should be avoided as predictive parameter. This parameter can 

best be obtained by determining the asymptote of the master curve. The parameter cannot be 

precisely determined. The use of this glassy modulus instead of assuming a fixed value in the 

Francken model decreases its accuracy. 

Most existing asphalt concrete stiffness prediction models are not accurate when applied at 

the Dutch CIT-CY Boskalis database, which includes base and bind layer mixes with and 

without polymer modified binders. The Jacobs model shows the highest accuracy with a 

resulting determination coefficient (R2) of 0.79, while seven other models do not exceed the 

0.55 value. The lowest R2 value of 0.15 can be found by applying the Hirsch model. By fitting 

the coefficients on the Boskalis database, the accuracy of most models increases significantly. 

The R2 of the majority of the models increase to a value larger than 0.60. The Jacobs models 

accuracy remains the highest (R2 = 0.81), while the Hirsch models accuracy remains the lowest 

(R2 = 0.25). The models are inaccurate since the underlying databases differ in mixes and test 

standards from the Boskalis database. Fitting does not fully compensate for these differences. 

The asphalt concrete stiffness of Dutch mixes can be accurately predicted by the use of a 

multiple linear regression model. This is the same approach as used by Jacobs. A model  

including the binder stiffness and the air and binder fractions as predictive parameters is 

preferred and results in a R2 value of 0.80. 90% of the predictions of such a model are within 

the 10% deviation limit, which is the desirable accuracy for functional verification. Including 

many more predictive parameters should be avoided. This does not significantly contribute to 

the accuracy of the model, and there is a large chance for relations that are not supported by 

the theory. No gradation characterization parameters have been included in the model for this 

reason. Including the binder stiffness as a predictive parameter implies the obligation of using 

a rheometer. Verification of the model using additional data shows varying applicability to 

surface layer mixes. 

Advantages of the Boskalis database are the equal Dutch test conditions on samples with 

similar age. A large number of candidate predictive parameters has been included. A 

disadvantage is the limited variation in certain parameters, so that observing non-linear 

relations becomes difficult. The applicability of a regression model based on this database is 
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limited. Besides, the number of mixes with a polymer modified binder is too small to perform a 

well-founded separate regression analysis for this type of mixes. 

The unfitted, fitted and preferred regression models show R2 values up to 0.81. It is 

questionable if a higher accuracy can be achieved without more accurate asphalt concrete 

stiffness measurements, or without further differentiation in mixes. When plotting a random 

binder characterization parameter versus the asphalt concrete stiffness in the Boskalis 

database, mix 938 with polymer modified binder is mostly an outlier in a linear trend. The 

combined penetration rule and the Van Der Poel monographs are inaccurate when applying 

on a polymer modified binder. By performing a multiple linear regression analysis by excluding 

mix 938 in the database, an R2 of 0.85 is found. 95% of the predictions of such a model are 

within the 10% deviation limit. The inclusion of the polymer modified binder mix in the Boskalis 

database reduces the accuracy of the regression model. 

7.2 Recommendations 

The following recommendations followed from the research: 
 

- Extend the Boskalis database with more mixes with polymer modified binders and 
perform separate linear regression analyses for this group of mixes. Building one model 
by multiple linear regression for all kind of mixes reduces its accuracy. Presumably a 
more accurate model can be built by obtaining separate equations for mixes with 
traditional pen bitumen (1) and mixes with polymer modified binders (2). At this moment 
the database does not suffices for this purpose. 

- Extend the Boskalis database with more variation in predictive parameters. In 
particular, mixes with different binder contents should be included. Subsequently, a 
nonlinear regression analysis can be performed for increasing the accuracy. Due to the 
limited size of the Boskalis database at this moment, only a linear regression analysis 
makes sense. Using a larger database for building the model will increase its 
applicability. 

- Extend the Boskalis database with porous asphalt and stone mastic asphalt mixes and 
verify the applicability of the proposed models to these mixes. A more widely applicable 
model has more value. Alternatively, additional linear regression analyses can be 
performed for these groups of mixes. Since these mixes differ significantly in gradation 
compared to asphalt concrete mixes, inclusion of these mixes in the Boskalis database 
can lead to more insight in the influence of the gradation on the asphalt concrete 
stiffness. 

- Perform a more extended research on the precision of the binder characterization 
parameters. Even though all binder tests have been performed twice, some 
circumstances were kept constant. For two parallel tests bitumen from the same can 
has been used. All tests have been performed using the same test device and 
technician. A ring trial between multiple laboratories is preferred. The results can 
change the preference for certain predictive parameters. 

- Perform The Fraass breaking point test and determine the stiffness by using the 
Bending Beam Rheometer. Use the resulting estimates for the glassy modulus in the 
Francken and Al-Khateeb models. These glassy modulus values can possibly increase 
the accuracy of the model, making it an interesting model in the end. The asymptote 
method proved to be the best out of the two performed methods, but still resulted in an 
imprecisely determinable glassy modulus which decreases the accuracy of the models. 

- Decrease the spread of the asphalt concrete measurements and perform a multiple 
linear regression analysis. This can be done by testing on larger specimens (i.e. 100 
mm instead of 50 mm) or by performing the test multiple times by turning the specimen. 
An average value of those measurements can be determined. The spread in asphalt 
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concrete measurements is large, which decreases the possibilities of determining the 
relations with predictive parameters accurately. 

- Perform research on the prediction of other functional properties, like fatigue and 
tensile strength using the Boskalis database. Especially fatigue is an important design 
parameter. 

- Use the DSR to obtain the stiffnesses of mastic (binder + filler) and use these in a 
regression analysis. It is possible that the mastic characteristics have a much larger 
correlation with the functional properties of asphalt concrete than the binder 
characteristics only. Alternatively, Christensen, Pellinen and Bonaquist (2003) propose 
models containing the mastic stiffness as predictive parameter, which can be further 
analyzed. 

- Perform research on the Poission ratio of bitumen. A fixed value of 0.3 is used for 
converting shear moduli into stiffness moduli. However, if the Poisson ratio varies 
significantly between bitumen types, it can possibly have a significant influence on the 
predictive parameter bitumen stiffness. 
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Appendix A – Van Der Poel Nomograph 
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Appendix B – Overview Boskalis database 
Number of mixes: 7 

Number of asphalt concrete specimens per mix: 8 - 12   

Parameter group Parameter Symbol Unit 
Min 

value 
Max 

value 

Asphalt properties Asphalt concrete stiffness Smix MPa 6234 10787 

Volumetric properties Volume air voids Va % 3.47 6.31 

 Volume aggregates Vg % 81.76 86.61 

 Volume bitumen Vb % 9.63 13.39 

 Voids in the mineral aggregate VMA % 13.39 18.24 

 Voids filled with bitumen VFB % 60.60 78.05 

 Ratio V_g/V_b Vg/Vb - 6.19 8.74 

 Density ρspecimen kg/m3 2324.65 2393.82 

 Target density ρtarget kg/m3 2350.00 2390.00 

Virgin bitumen properties Stiffness virgin bitumen Sbit,virgin MPa 7.94 24.37 

 Glassy modulus virgin bitumen Sbit,inf,virgin MPa 1170.56 2943.44 

 Shear glassy modulus virgin bitumen G*bit,inf,virgin MPa 450.22 1132.09 

 Shear stiffness virgin bitumen G*bit,virgin MPa 3.05 9.37 

 Penetration virgin bitumen Penvirgin dmm 60.83 89.67 

 Ring & Ball softening point virgin 
bitumen 

TR&K,virgin °C 50.45 105.43 

 Penetration index virgin bitumen PIvirgin - 0.05 8.60 

 Phase angle virgin bitumen δvirgin ° 46.49 53.70 

 Viscosity at 135°C virgin bitumen ηvirgin,135˚C mPa*s 401 1758 

 Viscosity at 150°C virgin bitumen ηvirgin,150˚C mPa*s 242 980 

Blended bitumen 
properties 

Stiffness blended bitumen Sbit,blend MPa 12.55 31.86 

 Glassy modulus blended bitumen Sbit,inf,blend MPa 1170.56 3440.39 

 Shear glassy modulus blended 
bitumen 

G*bit,inf,blend MPa 450.22 1323.23 

 Shear stiffness blended bitumen G*bit_blend MPa 4.83 12.25 

 Penetration blended bitumen Penblend dmm 30.67 60.83 

 Ring & Ball softening point blended 
bitumen 

TR&K,blend °C 53.23 63.80 

 Penetration index blended bitumen PIblend - 0.05 0.96 

 Phase angle blended bitumen δblend ° 35.88 46.49 

 Viscosity at 135°C blended bitumen ηblend,135˚C mPa*s 493 1229 

 Viscosity at 150°C blended bitumen ηblend,150˚C mPa*s 242 658 

Sieve sizes Percentage passing sieve C22.4 C22.4 % 98.83 100.00 

 Percentage passing sieve C16 C16 % 88.44 100.00 

 Percentage passing sieve C11.2 C11.2 % 77.50 98.22 

 Percentage passing sieve C8 C8 % 65.43 85.00 

 Percentage passing sieve C5.6 C5.6 % 51.80 66.70 

 Percentage passing sieve 2 mm 2 mm % 43.00 45.00 

 Percentage passing sieve 0.500 mm 0.500 mm % 23.62 31.47 

 Percentage passing sieve 0.180 mm 0.180 mm % 9.00 14.69 

 Percentage passing sieve 0.063 mm 0.063 mm % 6.00 6.50 
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US sieve standards Percentage passing sieve #200 P200 % 6.60 7.27 

 Percentage retained at sieve #4 P4 % 38.67 50.25 

 Percentage retained at sieve 3/8 
inch 

P38 % 8.76 28.87 

 Percentage retained at sieve 3/4 
inch 

P34 % 0.00 6.69 

Sieve curve characteristics Coefficient of uniformity Cu - 27.70 55.54 

 Coefficient of curvature Cc - 0.18 2.79 

Other Max grain size Dmax mm 11.00 22.00 

 Specimen age age days 44.50 53.00 

 RAP percentage RAP% % 0 65 
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Appendix C – Protocol database expansion 
For extending the Boskalis database with other mixes, a protocol is written to obtain values 

for all predictive parameters. 

Perform the following tests for each mix: 

1 Asphalt 

a. Perform CIT-CY stiffness measurements according to NEN-EN 12697-26:2018 on a 

minimum number of 8 specimens with dimensions of 40 mm in height and a diameter 

of 100 mm. The age of the specimens at testing should be 6 +/- 1 weeks. Start and 

end with a frequency of 30 Hz. Turn the specimen 90° and repeat the test. 

b. Determine the density of each specimen according to NEN-EN 12697-6:2012 en. 

2 Bitumen 

Perform tests c-g on the following binders: 

In the case of a mix without RAP: 

- The virgin bitumen from the same can / batch as used for producing the asphalt. 

In the case of a mix with RAP: 

- The virgin bitumen from the same can / batch as used for producing the asphalt. 

- The blended virgin and RAP bitumen according to paragraph 3.5. 

 

c. Determine the softening point twice according to NEN-EN 1427:2015 en. 

d. Determine the penetration twice according to NEN-EN 1426:2015 en. 

e. Perform amplitude sweeps using a DSR at a frequency of 10 rad/s and at 

temperatures of -10 °C, 20 °C and 40 °C. Determine the LVE range and obtain safe 

strain levels for the frequency sweep. 

f. Perform frequency sweeps in duplicate using a DSR at 0,1 to 100 rad/s using safe 

strain levels as obtained in the amplitude sweeps. Perform tests at the following 

temperatures: 

- For pen bitumen / blended bitumen with pen bitumen: 

 -10 °C, 0 °C, 10 °C, 20 °C (PP8) and 20 °C, 30 °C, 40 °C, 50 °C 

(PP25). 

- For polymer modified bitumen  / blended bitumen with polymer modified 

bitumen: 

 -10 °C, 0 °C, 10 °C, 20 °C (PP8) and 20 °C, 30 °C, 40 °C, 50 °C, 60 °C, 

70 °C (PP25). 

g. Perform viscosity tests in duplicate at 135 °C and 150 °C at a shear rate of 500 1/s. 

Make sure the densities of the bitumen and aggregates (representative density) are known. 

In the following table short descriptions are given for the determination of each predictive 

parameter. 
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Parameter Remarks 

Smix 
Use the average 8 Hz CIT-CY value. Exclude the value from the database if the 30 Hz 
stiffness values differ more than 15% or the 8 Hz values before and after turning differ 
more than 15%. 

Va Use equations 28, 29, and 30. 

Vg Use equations 28, 29. 

Vb Use equations 28, 29. 

VMA Use equations 28, 29, 30 and 31. 

VFB Use equations 28, 29, 30 and 32. 

Vg/Vb Use equations 28, 29. 

ρspecimen Obtain the denisty according to NEN-EN 12697-6:2012 en. 

ρtarget Obtain from the mix design. 

Sbit,virgin 
Obtain a master curve at 20°C and interpolate at 8 Hz. Use the average of the two 
independent values. Use equation 18 to convert the shear stiffness values assuming a 
Poisson ratio of 0.3. 

Sbit,inf,virgin 
Obtain glassy modulus values using the asymptote method (section 4.3.7). Use the 
average of the two independent values. Use equation 18 to convert the shear stiffness 
values assuming a Poisson ratio of 0.3. 

G*bit,inf,virgin 
Obtain glassy modulus values using the asymptote method (section 4.3.7). Use the 
average of the two independent values. 

G*bit,virgin 
Obtain a master curve at 20°C and interpolate at 8 Hz. Use the average of the two 
independent values. 

Penvirgin Use the average value. 

TR&K,virgin Use the average value. 

PIvirgin Use the average value. 

δvirgin 
Obtain a master curve at 20°C and interpolate at 8 Hz. Use the average of the two 
independent values. 

ηvirgin,135˚C Use the average value of the measurements at varying frequency. 

ηvirgin,150˚C Use the average value of the measurements at varying frequency. 

Sbit,blend 
Obtain a master curve at 20°C and interpolate at 8 Hz. Use the average of the two 
independent values. Use equation 18 to convert the shear stiffness values assuming a 
Poisson ratio of 0.3. 

Sbit,inf,blend 
Obtain glassy modulus values using the asymptote method (section 4.3.7). Use the 
average of the two independent values. Use equation 18 to convert the shear stiffness 
values assuming a Poisson ratio of 0.3. 

G*bit,inf,blend 
Obtain glassy modulus values using the asymptote method (section 4.3.7). Use the 
average of the two independent values. 

G*bit_blend 
Obtain a master curve at 20°C and interpolate at 8 Hz. Use the average of the two 
independent values. 

Penblend Use the average value. 

TR&K,blend Use the average value. 

PIblend Use the average value. 

δblend 
Obtain a master curve at 20°C and interpolate at 8 Hz. Use the average of the two 
independent values. 

ηblend,135˚C Use the average value of the measurements at varying frequency. 

ηblend,150˚C Use the average value of the measurements at varying frequency. 

C22.4 Obtain from the mix design. 

C16 Obtain from the mix design. 

C11.2 Obtain from the mix design. 

C8 Obtain from the mix design. 

C5.6 Obtain from the mix design. 

2 mm Obtain from the mix design. 

0.500 mm Obtain from the mix design. 
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0.180 mm Obtain from the mix design. 

0.063 mm Obtain from the mix design. 

P200 Interpolate from mix design data. 

P4 Interpolate from mix design data. 

P38 Interpolate from mix design data. 

P34 Interpolate from mix design data. 

Cu Use equation 42 and interpolate from mix design data. 

Cc Use equation 43 and interpolate from mix design data. 

Dmax Obtain from the mix design. 

age 
The number of days between the production day of the asphalt and the day of the CIT-
CY testing. 

RAP% Obtain from the mix design. 
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Appendix D – Residue plots binder 

characterization parameters 
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Appendix E – Mutual relations predictive 

parameters 
E-1 Pearson correlation matrix binder characterization parameters 

 
Shear 

modulus 8 
Hz 20˚C 

Stiffness 
modulus 8 
Hz 20˚C 

Viscosity 
135˚C 

Viscosity 
150˚C 

Penetratio
n 

Ring & Ball 
softening 

point 

Penetratio
n index 

(PI) 

Glassy 
modulus 

(asymptote 
method) 

Shear modulus 8 
Hz 20˚C 

1.00 1.00 -0.17 -0.33 -0.81 -0.37 -0.57 -0.36 

Stiffness modulus 
8 Hz 20˚C 

1.00 1.00 -0.17 -0.33 -0.81 -0.37 -0.57 -0.36 

Viscosity 135˚C -0.17 -0.17 1.00 0.98 0.02 0.89 0.79 0.73 

Viscosity 150˚C -0.33 -0.33 0.98 1.00 0.16 0.91 0.85 0.78 

Penetration -0.81 -0.81 0.02 0.16 1.00 0.28 0.51 0.10 

Ring & Ball 
softening point 

-0.37 -0.37 0.89 0.91 0.28 1.00 0.96 0.57 

Penetration index 
(PI) 

-0.57 -0.57 0.79 0.85 0.51 0.96 1.00 0.51 

Glassy modulus 
(asymptote 

method) 
-0.36 -0.36 0.73 0.78 0.10 0.57 0.51 1.00 

 

E-2 Pearson correlation matrix volumetric parameters 

 Volume air 
voids 

Volume 
aggregates 

Volume 
bitumen 

Voids in 
the mineral 
aggregate 

Voids filled 
with 

bitumen 
V_g/V_b Density 

Target 
density 

Volume air voids 1.00 -0.24 -0.26 0.24 -0.85 0.21 -0.97 -0.63 

Volume 
aggregates 

-0.24 1.00 -0.88 -1.00 -0.30 0.90 0.43 0.22 

Volume bitumen -0.26 -0.88 1.00 0.88 0.73 -1.00 0.06 0.09 

Voids in the 
mineral 

aggregate 
0.24 -1.00 0.88 1.00 0.30 -0.90 -0.43 -0.22 

Voids filled with 
bitumen 

-0.85 -0.30 0.73 0.30 1.00 -0.69 0.72 0.49 

V_g/V_b 0.21 0.90 -1.00 -0.90 -0.69 1.00 0.00 -0.06 

Density -0.97 0.43 0.06 -0.43 0.72 0.00 1.00 0.63 

Target density -0.63 0.22 0.09 -0.22 0.49 -0.06 0.63 1.00 
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E-3 Pearson correlation matrix gradation characterization parameters 

 C22,4 C16 C11,2 C8 C5,6 2 mm 
0.5 
mm 

0.180 
mm 

0.063 
mm 

#200 
3/8 
inch 

3/4 
inch 

34 Dmax 

C22,4 1.00 0.99 0.70 0.55 0.29 0.34 -0.34 -0.38 0.72 0.26 -0.30 -0.64 -0.99 -0.89 

C16 0.99 1.00 0.80 0.66 0.42 0.47 -0.46 -0.38 0.73 0.27 -0.42 -0.74 -1.00 -0.94 

C11,2 0.70 0.80 1.00 0.96 0.79 0.86 -0.89 -0.38 0.67 0.22 -0.81 -0.99 -0.79 -0.94 

C8 0.55 0.66 0.96 1.00 0.82 0.96 -0.95 -0.47 0.50 0.02 -0.83 -0.99 -0.65 -0.86 

C5.6 0.29 0.42 0.79 0.82 1.00 0.86 -0.86 0.07 0.29 0.27 -1.00 -0.82 -0.41 -0.61 

2 mm 0.34 0.47 0.86 0.96 0.86 1.00 -0.98 -0.43 0.29 -0.11 -0.87 -0.92 -0.46 -0.71 

0.5 
mm 

-0.34 -0.46 -0.89 -0.95 -0.86 -0.98 1.00 0.38 -0.39 -0.01 0.88 0.93 0.45 0.71 

0.180 
mm 

-0.38 -0.38 -0.38 -0.47 0.07 -0.43 0.38 1.00 -0.14 0.66 -0.04 0.43 0.38 0.46 

0.063 
mm 

0.72 0.73 0.67 0.50 0.29 0.29 -0.39 -0.14 1.00 0.66 -0.31 -0.59 -0.73 -0.75 

#200 0.26 0.27 0.22 0.02 0.27 -0.11 -0.01 0.66 0.66 1.00 -0.27 -0.12 -0.27 -0.23 

#4 -0.30 -0.42 -0.81 -0.83 -1.00 -0.87 0.88 -0.04 -0.31 -0.27 1.00 0.83 0.41 0.62 

3/8 
inch 

-0.64 -0.74 -0.99 -0.99 -0.82 -0.92 0.93 0.43 -0.59 -0.12 0.83 1.00 0.73 0.91 

3/4 
inch 

-0.99 -1.00 -0.79 -0.65 -0.41 -0.46 0.45 0.38 -0.73 -0.27 0.41 0.73 1.00 0.94 

Dmax -0.89 -0.94 -0.94 -0.86 -0.61 -0.71 0.71 0.46 -0.75 -0.23 0.62 0.91 0.94 1.00 
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Appendix F – Verifications results 

currently existing models 
F-1 Shell 

Generalized model: 

𝛽1 = C1 +
C2 ∗ (C3 − 𝑉𝑔)

𝑉𝑔 + 𝑉𝑏
 (F-1.1) 

𝛽2 = C4 + C5 ∗ 𝑉𝑔 + C6 ∗ 𝑉𝑔
2 (F-1.2) 

𝛽3 = C7 ∗ log⁡(
C8 ∗ 𝑉𝑏

2 + C9

C10 ∗ 𝑉𝑏 + C11
) (F-1.3) 

𝛽4 = C12 ∗ (𝛽1 − 𝛽2) (F-1.4) 

 

For  5*106 N/m2 < Sb < 109 N/m2: 

log 𝑆𝑚 =
𝛽4 + 𝛽3
C13

(log(Sb) + C14) +
𝛽4 − 𝛽3
C15

|log 𝑆𝑏 + C16| + 𝛽2 (F-1.5) 

 

For 109 N/m2 < Sb < 3 * 109 N/m2: 

log 𝑆𝑚 =⁡𝛽2 +⁡𝛽4 + C17(𝛽1 − 𝛽2 − 𝛽4)(log 𝑆𝑏 + C18) (F-1.6) 

 
Coefficients: 
 

  Original model Fitted model 

C1 10.82 10.73498685 

C2 -1.342 0 

C3 100 100 

C4 8 7.971436965 

C5 0.00568 0.005662747 

C6 0.0002135 0.000209336 

C7 0.6 0.598784145 

C8 1.37 1.368832016 

C9 -1 -1 

C10 1.33 1.331133751 

C11 -1 -1 

C12 0.7582 0 

C13 2 3.023212762 

C14 -8 0.042365662 

C15 2 2.973600883 

C16 -8 0 

C17 2.0959 2.107724256 

C18 -9 0 
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Prediction plot: 
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F-2 Asphalt institute 

Generalized model: 

𝐸∗ = C1 ∗ C2𝛽1 (F-2.1) 

𝛽1 = 𝛽3 + C3 ∗ 𝛽2 + C4 ∗ 𝛽2𝑓
C5 (F-2.2) 

𝛽2 = 𝛽4
𝐶6𝑇𝛽5 (F-2.3) 

𝛽3 = C7 + C8 ∗ (𝑃200𝑓
C9) + C10 ∗ 𝑉𝐴 + C11 ∗ 𝜆 + C12 ∗ 𝑓

C13 (F-2.4) 

𝛽4 = C14 ∗ 𝑉𝑏 (F-2.5) 

𝛽5 = C15 + C16 ∗ log 𝑓 (F-2.6) 

 
Coefficients: 
 

  Original model Fitted model 

C1 100000 552225.3783 

C2 10 1.523044514 

C3 0.000005 5.39535E-07 

C4 -0.00189 0 

C5 -1.1 -1.1 

C6 0.5 0.483901967 

C7 0.553833 0.58585485 

C8 0.028829 0.029077409 

C9 -0.1703 -0.1703 

C10 -0.03476 -0.03476 

C11 0.07037 0.048525718 

C12 0.931757 1.017300517 

C13 -0.02774 -0.02774 

C14 0.483 0.486414743 

C15 1.3 1.405833659 

C16 0.49825 0.512299698 
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Prediction plot: 
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F-3 Francken 

Generalized model: 

|𝐸 ∗|(𝑇, 𝐹𝑟) = 𝐸∝ ∗ 𝑅
∗(𝑇, 𝐹𝑟)⁡(𝑀𝑃𝑎) (F-3.1) 

𝐸∝ = C1 ∗ (
𝑉𝑔

𝑉𝑏
)
C2

exp(C3 ∗ 𝑉𝑎) (F-3.2) 

log(𝑅∗) = log⁡(𝐵 ∗)(C4 + C5(C6 − exp⁡(C7 ∗ (
𝑉𝑔

𝑉𝑏
))(C8 + C9 ∗ log(𝐵 ∗)) (F-3.3) 

𝐵 ∗=
𝑆𝑏𝑖𝑡(𝑇, 𝐹𝑅)

𝑆𝑏𝑖𝑡,𝑖𝑛𝑓
 (F-3.4) 

 
Coefficients: 

 Original model 

Fitted model 
(Glassy 

modulus = 
asymptote 
method) 

Fitted model 
(Glassy 

modulus = 3000 
MPa) 

C1 14360 173041.8578 103874.8428 

C2 0.55 0 0.214323612 

C3 -0.0584 -0.0584 -0.110593616 

C4 1 1 1 

C5 -1.35 -1.35 -0.108054692 

C6 1 1 1 

C7 -0.13 0.010314936 -0.252546704 

C8 1 1 1 

C9 0.11 2.121476148 -2.056712658 
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Prediction plot: 
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F-4 Witczak 1999 

Generalized model: 

𝐿𝑜𝑔|𝐸∗| = C1 + C2 ∗ 𝑃200 + C3 ∗ (𝑃200)
2 + C4 ∗ 𝑃4 + C5 ∗ 𝑉𝐴 + C6 ∗

𝑉𝑏𝑒𝑓𝑓

(𝑉𝑏𝑒𝑓𝑓 + 𝑉𝐴)

+
(C7 + C8 ∗ 𝑃4 + C9 ∗ 𝑃38 + C10 ∗ (𝑃38)

2 + C11 ∗ 𝑃34⁡

C12 + 𝑒(C13+C14∗𝑙𝑜𝑔𝑓+C15∗𝑙𝑜𝑔𝜂)
 

(F-4.1) 

 
Coefficients: 

  Original model Fitted model 

C1 -1.249937 0.195109004 

C2 0.029232 0.027560473 

C3 -0.001767 0 

C4 -0.002841 0.00010907 

C5 -0.058097 0 

C6 -0.802208 0.039257662 

C7 3.871977 1.375842654 

C8 -0.0021 6.61425E-07 

C9 0.003958 0.004075797 

C10 -0.000017 0 

C11 0.00547 0.005543838 

C12 1 1 

C13 -0.603313 0.124264127 

C14 -0.313351 0 

C15 -0.393532 0 
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Prediction plot: 
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F-5 Witczak 2006 

Generalized model: 

log𝐶1|𝐸
∗|

= C2 + C3 ∗ (|𝐺𝑏
∗|C4)

∗ (C5 + C6 ∗ 𝑝200 + C7 ∗ 𝑝200
2 + C8 ∗ 𝑝4 + C9 ∗ 𝑝4

2 + C10 ∗ 𝑝38 + C11 ∗ 𝑝38
2 + C12

∗ 𝑉𝐴 + C13 ∗ (
𝑉𝑏𝑒𝑓𝑓

𝑉𝐴 + 𝑉𝑏𝑒𝑓𝑓
))

+⁡

C14 + C15 ∗ 𝑉𝑎 + C16 ∗ (
𝑉𝑏𝑒𝑓𝑓

𝑉𝑎 + 𝑉𝑏𝑒𝑓𝑓
) + C17 ∗ 𝑃38 + C18 ∗ 𝑝38

2 + C19 ∗ 𝑝34

C20 + 𝑒(C21+C22∗𝑙𝑜𝑔|𝐺𝑏
∗|+C23∗𝑙𝑜𝑔𝛿𝑏)

 

(F-5.1) 

 
Coefficients: 

  Original model Fitted model 

C1 10 12.34461133 

C2 -0.349 0 

C3 0.754 0.661821405 

C4 -0.0052 0 

C5 6.65 5.324626695 

C6 -0.032 0.00868937 

C7 0.0027 0.005331557 

C8 0.011 0.015871314 

C9 -0.0001 0 

C10 0.006 0 

C11 -0.00014 0 

C12 -0.08 0 

C13 -1.06 0.707340798 

C14 2.56 4.740970197 

C15 0.03 0 

C16 0.71 0.510393666 

C17 0.012 0.00912732 

C18 -0.0001 0 

C19 -0.01 0 

C20 1 1 

C21 -0.7814 0 

C22 -0.5785 0.08313625 

C23 0.8834 0.699710443 
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Prediction plot: 
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F-6 Hirsch 

Generalized model: 
 

|𝐸∗|𝑚𝑖𝑥 = 𝑃𝐶 ∗ (C7(C8 −
𝑉𝑀𝐴

C9
) + C10 ∗ |𝐺∗|𝑏𝑖𝑛𝑑𝑒𝑟 (

𝑉𝐹𝐵 ∗ 𝑉𝑀𝐴

C11
))

+
(C12 − 𝑃𝐶)

(
C13 −

𝑉𝑀𝐴
C14

C15
+

𝑉𝑀𝐴
C16 ∗ 𝑉𝐹𝐵|𝐺∗|𝑏𝑖𝑛𝑑𝑒𝑟

 (F-6.1) 

𝑃𝐶 =
(C1 +

𝑉𝐹𝐵 ∗ C2 ∗ |𝐺∗|𝑏𝑖𝑛𝑑𝑒𝑟
𝑉𝑀𝐴

)
C3

C4 + (
𝑉𝐹𝐵 ∗ C5 ∗ |𝐺∗|𝑏𝑖𝑛𝑑𝑒𝑟

𝑉𝑀𝐴
)
C6

 (F-6.2) 

 
 
Coefficients: 
 

  Original model Fitted model 

C1 20 20.13688987 

C2 3 3 

C3 0.58 0.466599313 

C4 650 179.0467333 

C5 3 3 

C6 0.58 0.58 

C7 4200000 7393860.042 

C8 1 1 

C9 100 100 

C10 3 3 

C11 10000 10000 

C12 1 1 

C13 1 1 

C14 100 100 

C15 4200000 4200850.48 

C16 3 3 
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Prediction plot: 
 

 

 
 
  

0

2000

4000

6000

8000

10000

12000

14000

0 2000 4000 6000 8000 10000 12000 14000

P
re

d
ic

te
d
 a

s
p
h
a
lt
 c

o
n
c
re

te
 s

ti
ff

n
e
s
s
 (
M

P
a
)

Measured asphalt concrete stiffness (MPa)

Hirsch model prediction (original constants)

Line of equality Mix 252 Mix 248 Mix 451

Mix 218 Mix 212 Mix 210 Mix 938

0

2000

4000

6000

8000

10000

12000

14000

0 2000 4000 6000 8000 10000 12000 14000

P
re

d
ic

te
d
 a

s
p
h
a
lt
 c

o
n
c
re

te
 s

ti
ff

n
e
s
s
 (
M

P
a
)

Measured asphalt concrete stiffness (MPa)

Hirsch model prediction (fitted constants)

Line of equality Mix 252 Mix 248 Mix 451

Mix 218 Mix 212 Mix 210 Mix 938



118 
 
 

F-7 Al-Khateeb 

Generalized model: 
 

|𝐸∗| = C1 ∗ (
C2 − 𝑉𝑀𝐴

C3
)

(

 
(C4 + C5 ∗

|𝐺∗|𝑏
𝑉𝑀𝐴)

C6

C7 + (C8
|𝐺∗|𝑏
𝑉𝑀𝐴

)
C9

)

 |𝐺∗|𝑔 (F-7.1) 

 
Coefficients: 
 

 Original model 

Fitted model 
(glassy 

modulus = 
asymptote 
method) 

Fitted model 
(glassy shear 

modulus = 1000 
MPa) 

C1 3 3 3 

C2 100 100 100 

C3 100 100 100 

C4 90 2.66758E-08 91.46158365 

C5 1.45 0.002195776 0.287639042 

C6 0.66 1.975420506 0.800130678 

C7 1100 100562.149 0 

C8 0.13 0.000771461 0.557676948 

C9 0.66 1.975420506 0.66 
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Prediction plot: 
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F-8 Jacobs 

Generalized model: 

𝑆𝑚𝑖𝑥_4𝑃𝐵 = −C1 ∗ 𝑃𝑒𝑛 + C2 ∗
𝑉𝑔

𝑉𝑏
+ C3 ∗ 𝑉𝑎 + C4⁡(𝑀𝑃𝑎) (F-8.1) 

 
Coefficients: 
 

  Original model Fitted model 

C1 -52.3 -25.428 

C2 1219.9 866.928 

C3 -698.1 -778.725 

C4 4344.3 6395.898 

 
 
Prediction plot: 
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Appendix G – Verification linear regression 

models 
G-1 Multiple linear regression model 1: Engineering judgement 

𝑆𝑚𝑖𝑥 = 23.72 ∗ 𝑆𝑏𝑖𝑡,𝑏𝑙𝑒𝑛𝑑 − 1019.74 ∗ 𝑉𝑎 + 1130.91 ∗
𝑉𝑔

𝑉𝑏
+ 3670.02 (G-1) 

Where: 

Sbit,blend = blended bitumen stiffness (MPa) 

Va = volume air voids (%) 

Vg = volume aggregates (%) 

Vb = volume bitumen (%) 

Smix = asphalt concrete stiffness (MPa) 
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G-2 Multiple linear regression model 2: Theory 

𝑆𝑚𝑖𝑥 = 19.81 ∗ 𝐶𝑢 − 23.93 ∗ 𝐷𝑚𝑎𝑥 + 14.31 ∗ 𝑆𝑏𝑖𝑡,𝑏𝑙𝑒𝑛𝑑 − 1066.11 ∗ 𝑉𝑎 − 756.49 ∗ 𝑉𝑏
+ 20885.08 

(G-2) 

Where: 

Cu = coefficient of uniformity (-) 

Dmax = max grain size (mm) 

Sbit,blend = blended bitumen stiffness (MPa) 

Va = volume air voids (%) 

Vb = volume bitumen (%) 

Smix = asphalt concrete stiffness (MPa) 
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G-3 Multiple linear regression model 3: Simplicity 

𝑆𝑚𝑖𝑥 = −25.64 ∗ 𝑃𝑒𝑛𝑏𝑙𝑒𝑛𝑑 − 860.15 ∗ 𝑉𝑎 − 634.79 ∗ 𝑉𝑏 + 20572.90 (G-3) 

Where: 

Penblend = penetration blended bitumen (dmm) 

Va = volume air voids (%) 

Vb = volume bitumen (%) 

Smix = asphalt concrete stiffness (MPa) 
 

 
 
  

0

2000

4000

6000

8000

10000

12000

14000

0 2000 4000 6000 8000 10000 12000 14000

P
re

d
ic

te
d
 a

s
p
h
a
lt
 c

o
n
c
re

te
 s

ti
ff

n
e
s
s
 (
M

P
a
)

Measured asphalt concrete stiffness (MPa)

Multiple linear regression model 3: simplicity

Line of equality Mix 252 Mix 248 Mix 451

Mix 218 Mix 212 Mix 210 Mix 938



126 
 
 

G-4 Multiple linear regression model 4: Maximum correlation 

𝑆𝑚𝑖𝑥 = −3.87 ∗ 𝐶𝑢 + 72.27 ∗ 𝑇𝑅+𝐵,𝑏𝑙𝑒𝑛𝑑 + 193.19 ∗ 𝑉𝑏 + 851.12 ∗ 𝑉𝑔 − 69571.47 (G-4) 

Where: 

Cu = coefficient of uniformity (-) 

TR+B,blend = ring & ball softening point (°C) 

Vb = volume bitumen (%) 

Vg = volume aggregates (%) 

Smix = asphalt concrete stiffness (MPa) 
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G-5 Multiple linear regression model 5: SPSS forward 

𝑆𝑚𝑖𝑥 = −83.21 ∗ 𝑃𝑒𝑛𝑏𝑙𝑒𝑛𝑑 − 0.93 ∗ 𝑆𝑏𝑖𝑡,𝑖𝑛𝑓,𝑛𝑒𝑤 + 661.07 ∗ 𝑉𝑔 − 41557.64 (G-5) 

Where: 

Penblend = penetration blended bitumen (dmm) 

Sbit,inf,virgin = glassy modulus virgin bitumen (MPa) 

Vg = volume aggregates (%) 

Smix = asphalt concrete stiffness (MPa) 
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G-6 Multiple linear regression model 6: SPSS backward 

𝑆𝑚𝑖𝑥 = 1028.88 ∗ 𝐶22.4 − 167.90 ∗ 𝑎𝑔𝑒 + 17.90 ∗ 𝑅𝐴𝑃%+ 593.72 ∗ 𝑉𝑔 + 48.42

∗ 𝑉𝐹𝐵 + 0.44 ∗ 𝜂𝑛𝑒𝑤,135°𝐶 − 140253.95 
(G-6) 

Where: 

C22.4 = percentage passing sieve C22,4 (%) 

age = specimen age (days) 

RAP% = RAP percentage (%) 

Vg = volume aggregates (%) 

VFB = voids filled with bitumen (%) 

ηvirgin,135°C = viscosity at 135°C virgin bitumen (mPa*s) 
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Appendix H – Telman, J., & Van den Berg, 

M. (2018). Voorspelling van E_mix met het 

model van Hirsch (2003) 
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