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Hello friends. In the last lecture, we were talking about the characteriza�on of bituminous mixtures and 
we talked about some of the empirical test and then we started discussing about simula�ve and 
fundamental tests under which we covered some of the test methods that are used for characteriza�on 
of ru�ng of bituminous mixtures.  

 

We also have discussed about the quan�fica�on of ru�ng in the pavement system as is given in the various 
procedure and we talked about the assump�ons in those procedures, the calcula�on steps and then I gave 
an example just to develop an understanding about how the process can be used. So, today, we will 
con�nue discussing about further characteriza�on test. 
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And we will start discussing about the test that are used to quan�fy the s�ffness of the bituminous 
mixtures. Now, the s�ffness of the bituminous mixtures are also used as a representa�on of either 
permanent deforma�on considering that more is the s�ffness, lower will be the permanent deforma�on. 
They are also used as a representa�on of the occurrence of fa�gue cracking considering that higher is the 
s�ffness more are the chances of fa�gue cracking.  

 

And similarly, low temperature cracking, we will start first by discussing about resilient modulus. So, what 
is a resilient modulus? Probably I would have told you in a previous lecture, if I remember it correctly, but 
let me just reiterate the defini�on of resilient modulus. So, when we do a repeated load test, and we try 
to see how the strain changes with �me.  
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So, you see that when we give the loading first there will be loading and a�er, there will be increasing 
strain and there will be some recovery if I unload the sample. But there will be some deforma�on which 
will accumulate in the material probably the sample is not able to recover completely depending on its 
proper�es.  

 

Similarly, the next cycle will go and this curve will keep repea�ng itself and then a�er some �me, you will 
get a graph like this. So, this is the part which has recovered and this is the part which is the permanent 
strain in the material. So, in the test which we typically do in the laboratory, we assume that a�er 200 
reputa�on of loading, the curve will stabilize and we will have a constant slope beyond this par�cular 
reputa�on.  

 

So, resilient modulus here under the repeated load experiment is defined as the deviatoric stress which 
we are giving because we can do the test in confinement without confinement. So, usually let us say, I 
think we discussed this when we talked about granular materials and we used the confinement pressure 
also there to develop the understanding on resilient modulus.  

 

So, this is defined as the ra�o of deviatoric stress divided by the recoverable strain. So, this can be 
considered as the elas�c modulus under repeated loading to be very simple for bituminous mixtures you 
can do a triaxial test which means giving a uniaxial loading. You can also use an indirect method which is 
giving the loading using similar to what we have seen for indirect tension test. So, you can give an indirect 
repeated load also to calculate the resilient modulus.  

 

So, in the indirect mode now, for bituminous mixture using indirect mode is more common in comparison 
to using a uniaxial experiment or a triaxial setup, we apply a compressive haversine loading when I say 
haversine, so, it means this is half sign loading. So, we use the haversine loading with some loading period 
and then unloading period. So, typically a loading period of 0.1 second and the rest period of 0.9 second 
is used in the standard test. So, this is a compressive haversine loading. The magnitude of load comes from 
the ITS test.  

 

So, how much load you are going to apply? What should be the maximum magnitude of load you are going 
to apply that will be that will be equal to approximately 0.05 to 0.2 �mes of the load I get in the ITS test. 
So, we will take typically let us say 10 percent of the ITS value is taken as the loading in the resilient 
modulus test. The load is applied along the ver�cal diametric plane this we already know and what we 
measure here you see if this is the sample which is subjected to the indirect loading. We are measuring 
using LVDTs horizontal recoverable deforma�on.  

 



So, when you give the loading this will expand and this will come back again. So, the LVDT keeps on 
monitoring how the strain is generated or how the deforma�on is generated in the sample and using that 
deforma�on we can calculate the strain generated in the sample and we can calculate the recoverable 
strain using some calcula�on procedure.  

 

So, this is a formula for calcula�ng the resilient modulus as given in some of the guidelines. So, here P is 
the load in pounds, delta is the accumulated recoverable deforma�on a�er 200 reputa�ons and t is the 
thickness of the sample in inches. So, some of the key points about resilient modulus test are that very 
good correla�on between resilient modulus and cracking or ru�ng poten�al has not been found, I think, 
no good correla�on. So, it is fine. So, good correla�on has not been found.  

 

Some of the studies have said that resilient modulus can give an indica�on of the s�ffness of the mixing 
give an indica�on about the low temperature cracking behavior and the logic is that s�ffer mixes tend to 
crack earlier. But one important use of resilient modulus is at least considering Indian specifica�on that 
resilient modulus is used in the pavement design as an input when we use a linear elas�c theory. So, 
resilient modulus is one of the input that is required in pavement design.  

 

Researchers have also tried to develop correla�ons of resilient modulus with various other test 
parameters. For example, the layer coefficient which we use in as to pavement design, the marginal 
stability values, cohesion meter values, et cetera have been used to develop correla�on equa�on in order 
to es�mate a resilient modulus.  
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The other parameter which we have under s�ffness is the dynamic complex model. So, the reason I am 
introducing these parameters is just to bring out the differences between these different s�ffness 



parameters so that students do not get confused about the defini�on of so, many different s�ffness 
parameters. So, we have dynamic complex modulus also. This should not be confused with resilient 
modulus, because dynamic modulus is measured using a different test setup, a different loading 
configura�on and this is basically a material property rather than what we are trying to see the response 
of the material.  

 

So, dynamic complex modulus it uses sinusoidal or haversine load and we do not use any rest period. And 
dynamic modulus test is usually done under uniaxial loading. So, you have the sample. You apply uniaxial 
loading here. This loading, the one which is typically used uses the haversine loading, so, we use the 
haversine loading and there is no rest periods. So, it is a con�nuous loading.  

 

Now, we call it as dynamic complex modulus, because we are looking we are applying a dynamic load and 
this being a viscoelas�c material. The response will be complex in nature when we talk about the 
proper�es of bitumen same goes with the bituminous mixture, which is also viscoelas�c material.  

 

So, the actual response E star is basically or the magnitude of E* is basically sigma naught by gamma 
naught the magnitude of stress versus strain, but E star is composed of E’ + i E’’, where the real part is the 
elas�c s�ffness and the imaginary part is the internal damping of the material. And this test also requires 
a standard frequency at which the test to be done because the response is frequency dependent as well. 
And finally, we are interested to see the absolute value of the complex modulus and this absolute value is 
termed as the dynamic modulus.  

 

So, this is just a pictorial view of the test setup that is used while measuring the dynamic modulus of the 
sample. So, as I men�oned, typically compressive haversine loading is used with a specific rate frequency. 
And as per ASTM D3497, which gives the procedure of measuring the dynamic modulus the load is applied 
for a period of 30 seconds to 45 seconds and the load varies from 0 to 35 psi and the test is usually done 
at different temperatures, three temperatures and three different frequencies, the reason being this can 
be further used to generate a master at any desired temperature and this master curve is also used as an 
input in the pavement design by some of the agencies. So, E is calculated as the ra�o of stress to strain. 
This is something we have discussed.  
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Now, as I men�oned the primary purpose of doing this test is to determine the stress strain rela�onship 
or to find out the material behavior. So, higher dynamic modulus does not necessarily mean that the 
strength is higher. It just means that for the given stress, the strain is low. This is the meaning of a higher 
dynamic modulus. And I just want to men�on again that this test is tells us about more about the material 
property rather than the response which we are quan�fying in case of resilient modulus. Because we are 
using rest period, it is very difficult to quan�fy the exact material behavior to be used in the analysis.  

 

Well, researchers have also tried different loading form. For example, as I men�oned, typically a 
compressive haversine load is done, but researchers have tried compression test, tension test as well as 
tension compression test. If you talk about only dynamic modulus for a given range of temperature, using 
all the tests, you will get the same value. If you are doing elas�c analysis, then compression test is good 
enough, but if viscoelas�c analysis has to be done in pavement design, then it is recommended that 
tension compression test should be used for measurement of dynamic modulus.  
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Then, another s�ffness parameter is dynamic s�ffness modulus. Now, this is measured using beam 
specimen and typically using a four-point beam bending setup, why we choose a four-point beam 
bending? Again this is one ques�on which is repeatedly asked. If you draw the bending moment diagram 
for this par�cular setup, you get something like this.  

 

So, in between these two loading points, the bending moment remains constant and therefore, the 
calcula�on can be done by all the assump�ons of the simple bending theory and that is why a four-point 
beam bending setup is recommended. So, this is one of the reason of using a four-point beam bending 
setup.  

 

So, we measure the elas�c modulus based on the resilient deforma�on of the beam. A�er 200 reputa�on, 
the modulus which we measure is termed as the dynamic s�ffness modulus. Here we give repeated 
haversine loading again. Here the load dura�on is typically 0.1 second with the rest period of 0.4 second. 
Now, this parameters can of course, be varied depending on the study you are trying to do, but these are 
some generic standards that have been used.  

 

If you just use the simple elas�c theory, we can very easily calculate the stress and the strain at the extreme 
fiber of the specimen. Here a, b they refer to the dimensions of the beam which is already marked in this 
par�cular picture. P is the load which is total load which is being applied. H is the depth of the specimen. 
I hope other things are clear. ∆ is the deflec�on which I am measuring at the center of the specimen. So, I 
think other parameters are clear enough and I am not explaining about the deriva�on of these equa�ons, 
this can be derived using the concept of elas�c theory. So, very basic of mechanics.  

 



So, in this par�cular if in the standard form, because, the value of a is typically taken equal to 𝐿𝐿
3
 . If you put 

a equal to because these are generic forms, so, if you take a equal to 𝐿𝐿
3
 you can modify these equa�ons 

accordingly. And this equa�on will be only this if you take equal to 𝐿𝐿
3
. And if you are including shear 

deforma�on, and then trying to calculate the value of s�ffness modulus, then we will have the poisons 
ra�o included in our calcula�on and this is the par�cular equa�on which you will get.  

 

So, s�ffness modulus is stress dependent. So, usually it depends on what at what stress you are performing 
the test. So, higher is the stress, higher is the input stress, lower will be the s�ffness modulus and 
therefore, you cannot in general use the value of s�ffness modulus in linear elas�c theory. So, this is a 
typical equa�on which you get that the s�ffness modulus, 𝐸𝐸𝑆𝑆 = 𝐸𝐸0𝐴𝐴1𝜎𝜎, E0 is the modulus when stress equal 
to 0, which tells us about the stress acceptability of the mix divided by 𝜎𝜎. So, this is a general equa�on.  

 

And then people have tried to develop correla�on between dynamic s�ffness modulus and dynamic 
modulus. And this is again one of the equa�on, which is based on 0.1 second half percent load with 0.5 
second rest period. I am not discussing this. I am just pu�ng it here for reference.  
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Now, we will quickly discuss about various nomographs or equa�ons that have been developed to predict 
the dynamic s�ffness modulus. Now, one of the reason why dynamic s�ffness modulus is given so, much 
of importance, because this is taken probably as an input in the pavement design and also the fa�gue 
equa�on, this we will discuss probably a�er a few slides is acquired from such type of tes�ng methods.  

 

So, let us talk about first Shell Nomograph, we will be discussing about three available methods for a 
predic�on of dynamic s�ffness modulus. So, this is one of the nomograph and we have earlier discussed 



about this. So, the shell nomograph uses a two-step process. In the first process using the penetra�on 
value, so�ening point value and penetra�on index value and the �me of loading in which we are interested 
in we will first predict the s�ffness modulus of the binder.  

 

So, this is s�ffness modulus of bitumen. We have already discussed this in the third module. Using the 
s�ffness modulus of the bitumen and the volumetric parameters of the bituminous mixture. So, what are 
these volumetric parameters? The volume of the bitumen, the volume of the mineral aggregates.  

 

So, you have prepared the bituminous mixture we know what is the volume of bitumen, what is the 
volume of bituminous mixture using all these three parameters input parameters that is s�ffness modulus 
of bitumen which we have got from this nomograph the volume of bitumen and the volume of mineral 
aggregate we can use this nomograph to predict the s�ffness modulus of the Asphalt mixture.  

 

For example, if you have got a modulus of bituminous 2.2 into tens to the power 8 Pascal here and the 
volume of bitumen is 13.1. So, you go to the 13.1 line. These are marked here and let us say the volume 
of mineral aggregate is 80.5 percent. So, this is 80. It will be somewhere here. So, 80.5 percent you just 
draw a perpendicular line and you get the s�ffness more or less. So, in this example it is shown is 1.1 into 
tens to power 10 Pascal’s.  
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Now, the same nomograph has also been converted into equa�on forms. I am not going in detail about 
this equa�on. So, this graph is basically converted into these equa�ons form depending on the range of 
this s�ffness modulus. So, this is just for your again reference. You can look at this par�cular slide later on.  
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Now, we will talk about the Asphalt Ins�tute method. The Asphalt Ins�tute method has given this simple 
equa�on for the calcula�on of elas�c or the dynamic s�ffness modulus = 100000 × 10𝛽𝛽1  where 𝛽𝛽1is can 
be calculated using this equa�on, 𝛽𝛽2can be calculated using this equa�on, 𝛽𝛽3can be calculated using this 
equa�on. So, you do not have to worry about the complexity of this equa�on.  

 

You just have to know that beta one is nothing but a parameter which is a func�on of the temperature, 
which is a func�on of the percentage of material passing 200 micron sieve, which is a percentage of the 
volume of air voids, which is a func�on of the viscosity of the bitumen at 21 degrees Celsius, which is a 
func�on of the frequency of loading at which we are trying to find the dynamic modulus volume of 
bitumen. So, these are the factors which affect all these constants and they can be just calculated and they 
can be input in this par�cular equa�on to calculate the dynamic s�ffness modulus. So, I hope this is clear 
to you.  

 

Now, we talk about the Witczak. Before we talk about the Witczak equa�on, here comes an important part 
that we have seen two equa�ons now, one was by Shell and the other was by as Asphalt ins�tute. The 
only difference in the parameters used in both the method is that the viscosity or penetra�on of bitumen 
u�lized in the Shell method is derived from the recovered binder from the mixture while in the Asphalt 
Ins�tute method it uses the proper�es of virgin bitumen. So, this is the only difference.  
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Now we talked about the Witczak equa�on. So, Witczak equa�on, we have two equa�ons which is also 
used as an input in pavement, MEPDG pavement design method. Again this is a long equa�on, which helps 
us to predict the value of E star. And you can see in the first equa�on E* is a func�on of the volumetric 
parameters. These volumetric parameters are indicated here. I am not going to verbally talk about these 
parameters. They are very straigh�orward and these are just predic�ve equa�ons.  

 

So, I just wanted to indicate that we have predic�ve equa�ons also available. So, that we do not have to 
do the test rather we can use the predic�ve equa�on in case appropriate machines are not available with 
us for conduc�ng these tests in the laboratory, because these machines are costly and these machines 
require technical handling as well technical manpower as well.  
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Now, talking about the tests for fa�gue cracking. So, if you talk about the tests on fa�gue cracking typically 
beam tested using this is what I will be discussing. I am not going to discuss about various other test 
methods that are available. So, I will talk about beam test and the importance of beam test.  

 

So, we have already seen the four-point beam bending test just before few slides. This test can be 
conducted both in stress controlled mode, what do you mean by stress control mode that we are fixing 
the level of stress at which I am giving the loading and I will be recording the strain or I will be calcula�ng 
the strain incurred in the extreme fibers of the sample.  

 

In the controlled strain experiment, I am fixing the strain. So, I know let us say I have to give 100 micro 
strain to the sample or 200 micro strain to the sample and then I will see that what load is required to 
achieve the strain level and I will maintain that stress level or load level during the test. So, this is the 
difference between control stress and control strain test.  

 

Control stress test they are typically used for thick bituminous mixtures you can say in flexible pavement 
where the thickness of bituminous layer is more than six inches. Because when the thickness of the 
bituminous layer is high, then the response is more influenced by the reduc�on in s�ffness or the 
performance is influenced by the reduc�on in s�ffness as HMA becomes a load carrying element.  

 

But if the it is thin, the layer is thin and how I am defining thin here? A thickness which is less than 2 inches. 
If it is very thin, you can imagine taking a paper in your hand and then trying to just move your both the 
hands. You see it will keep on deflec�ng. So, therefore, the deflec�on characteris�cs or the strain basically 
is controlling the behavior of the material rather than the s�ffness.  

 

And therefore, it will also depend on the s�ffness on the lower layers that how this thin layer will respond. 
That is why for thick pavements, it controls presses done, which is more of a representa�on of s�ffness, 
whereas, for thin pavement control strain is done, which is represen�ng the development of deflec�on 
within the sample.  

 

Here I am just taking an example to explain the test method using the control stress experiment. So, what 
is done? A repeated tension compression load in the form of haversine wave is applied. I already have 
discussed that the �me period is 0.1 second and the rest period is 0.4 seconds. So, we are pushing the 
sample, we are pulling the sample. So, the download load is usually 10 percent of the upward load to bring 
the sample to its posi�on and the dynamic deflec�on of the beam at the mid span is measured. So, if this 
is the four-point beam setup, so, we are measuring the deflec�on here at the mid span.  

 



So, in the test what we do we can use a range of stress. So, the stress level can be selected such that the 
material fails within a given �me because otherwise if the stress is kept very small, the machine can run 
for days for weeks before failure. So, we have to choose an appropriate stress value such that the number 
of reputa�on to failure is within an acceptable range of tes�ng and there are two modes, two ways of 
defining failure here.  

 

Some of the specifica�ons say that the failure is defined as the number of load reputa�on at which the 
ini�al s�ffness drops to half of its value. So, you stop there and this is typically when we talk about, this is 
one way of defining failure. The other way of defining failure is when the actual failure occurred. So, you 
note down that number of loads reputa�on.  

 

So, what we do in the test? The s�ffness modulus and the ini�al strain, they are determined at 200 
reputa�on. And then you plot the number of cycles to failure versus ini�al strain. Now, this is an important 
point to note here that I am plo�ng the rela�onship between number of cycles to failure, which will 
happen a�er some �me and I am plo�ng it versus ini�al stream. So, I am not plo�ng it at the strain at 
failure, but I am plo�ng it at the strain which I am ge�ng a�er 200 reputa�on. So, this is a typical graph 
of log𝜀𝜀𝑡𝑡 versus log 𝑁𝑁𝐹𝐹 .  

 

And this is again something which is of interest because in pavement also I want to know that a�er how 
many load reputa�ons of the standard axial load, my pavement is going to fail and the failure is there in 
the pavement is defined empirically as the occurrence of let us say 20 percent crack in the pavement. So, 
therefore, this laboratory experiment can help us to generate a performance model for that par�cular 
mixture, which we are using in the field. So, you can do the test and you can develop a model which can 
be in this form.  

 

So, if you are talking about at a par�cular temperature, this equa�on can be modeled in this form, but if 
you are interested in mul�ple temperatures, so, a different temperature the s�ffness of the material will 
be different. So, the s�ffness parameters also come under in the regression equa�on and you get an 
equa�on something like this. And if you have learned about pavement design or will be learning pavement 
design, you will see that this is a standard form for the performance model for fa�gue cracking, but this is 
a laboratory model.  

 

So, this model is shi�ed corresponding to observa�on in the field and the shi� is mostly done with the 
value of the constant because f3 and f2 they are more of material proper�es which are not going to change. 
So, c1 is usually shi�ed using a shi� factor for example, Asphalt Ins�tute uses a shi� factor of 18.4 to 
generate this par�cular model to be used in pavement design. 
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Then how do we quan�fy for pavement design? Of course, there are various equa�ons available. For 
example, if you look at the Shell method for constant stress, they have given this par�cular equa�on, which 
is the rela�onship between 𝑁𝑁𝐹𝐹  and 𝜀𝜀𝑡𝑡  and these difference modulus. For constant strain, this is the 
equa�on. Here you see they also have volumetric parameters in the equa�on bi PI, Vb, Vb. So, they have 
this equa�on. So, this is for constant strain the second equa�on. So, 𝑁𝑁𝐹𝐹 is a func�on of 𝜀𝜀𝑡𝑡 , s�ffness 
modulus and also the volumetric parameters.  

 

The Asphalt Ins�tute has given an equa�on for constant stress and this equa�on is of this form and similar 
form we also use in India in IRC 37. So, this is given in this form. Here also the number of cycles to failure 
is a func�on of tensile strain at the botom of bituminous layer epsilon t, the s�ffness modulus of the 
bituminous layer and c is a constant which is a func�on of volumetric parameters, where Vb is the volume 
of bitumen, Va is the air void, Vb is the volume of bitumen. So, I hope again these are just equa�ons given 
by various agencies and this is very straigh�orward.  

 

So, Shell has given also given a nomograph for this par�cular equa�on and this nomograph is very 
straigh�orward. If you know the volume of bitumen, if you know the penetra�on index you see PI here, 
Vb here and you should know whether it is a constant stress or constant strain experiment. You can just 
use this nomograph to calculate or to evaluate find out the value of 𝑁𝑁𝐹𝐹  So.  
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Similarly, MEPDG has also given equa�on and this equa�on is of this form. The same similar you see the 
form is similar by different agencies but the parameters can be different which they have considered, the 
regression coefficients can be different. So, this is the equa�on given by MEPDG again epsilon t, the value 
of e and then we have some constants here. So, here k1 if it is a botom cracking k1 should be put in this 
way, this value. If you are trying to quan�fy top down cracking, so, k1 will be replaced by k1’ and this 
equa�on you will use. Now this has been calibrated using field data. Then fa�gue damage is ideally 
evaluated using the miners hypothesis.  

 

So, where fa�gue damage is defined as the ∑ 𝑛𝑛𝑖𝑖
𝑁𝑁𝑖𝑖

 where ni is the applied number of load applica�ons and 

capital Ni is the allowable number of load reputa�on. I am not discussing this in detail here, because this 
is more related to pavement design.  

 

Then for botom up fa�gue cracking criteria is calculated as this. So, if you want to know for the pavement 
you are designing what will be the fa�gue cracking as a percent of total land area this equa�on can be 
used, where FD is the fa�gue damage you calculate it from the miners equa�on and for top down cracking 
also they have an equa�on to calculate the total amount of fa�gue cracking as feet per mile, feet per mile 
of top down cracking, which again uses the fa�gue damage. And fa�gue damage uses this which is a 
func�on of the equa�on which we have talked about the allowable number of load reputa�on.  

 

So, I hope again, this is clear to you. Even if it is not clear, you do not have to worry it from the perspec�ve 
of your learning of pavement materials. This par�cular presenta�on have some topics which will be 
required further actually when you have some exposure to pavement design. So, you do not have to worry 
about some of these slides, if you are not able to even understand it at this par�cular moment.  
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So, before I conclude, I would like to men�on that many of the I mean, most of the contents have been 
taken from Shell Bitumen Handbook, MS-2 guidelines and also from the book Pavement Analysis and 
Design by YH Huang. And for I would like to thank Miss Sukree� Bansal who was a JRF with me a few years 
back, and she helped me with wri�ng down so many equa�ons which have been writen in this par�cular 
presenta�on.  

 

So, with this, I thank you all and then today, we have completed module 4, which is on bituminous 
mixtures. And in the next module, we will start talking about concrete pavement beginning with our 
discussion on cement as the material to be used in for the produc�on of concrete mixtures that are 
typically used in construc�on of concrete pavement. Thank you.  

 

 


