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─────────────────────────────────────────────────────── 
Abstract: The Adoption of Mechanistic Empirical pavement design is growing steadfastly in many countries around the world. Australia 
and New Zealand adopted Mechanistic Empirical more than a decade ago. However, the success of the empirical design method depends 
on the use of well designed, calibrated and validated transfer functions. The transfer functions are the empirical component of the design 
procedure that relates pavement response with certain pavement performance indicators. In the Austroads Mechanistic Empirical 
pavement design, fatigue and rutting are the two performance indicators used in the design. Austroads guidelines adopted the Shell 
fatigue transfer function to predict the fatigue life of asphalt pavements. However, it was observed by many practitioners and confirmed 
by this study that Shell Transfer function significantly overestimates the design thickness or in other words underestimates the fatigue 
life of asphalt mixes. In this paper, calibration and validation of the Shell fatigue transfer function which is currently adopted in the 
Austroads design guidelines are demonstrated. The calibrated Shell fatigue performance model is integrated with the Austroads design 
method. A case study from the Christchurch Southern Motorway project has been analyzed using both the current design method and the 
suggested calibrated Shell performance model. The calibration factor based on the tested beams was found to be in the order of 5.6824. 
Using the calibrated Shell model produced a 26% to 27% thinner asphalt thickness compared to the current Austroads design guidelines. 
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Introduction 12 

 
For many years pavement engineers utilized successfully empirical 
techniques to design highways and airfield cross sections. However, 
due to the limitations of the empirical techniques several highway 
authorities and Transportation departments have shifted to 
mechanistic empirical pavement design methods. However, the 
success of the empirical design method depends on the use of well 
designed, calibrated and validated transfer functions. The transfer 
functions are the empirical component of the design procedure. 
Transfer functions relate pavement responses with certain pavement 
performance indicators. In the Austroads Mechanistic Empirical 
pavement design, fatigue and rutting are the two performance 
indicators used in the design [1]. The Austroads design guidelines 
and New Zealand supplement adopted Shell fatigue transfer 
function to calculate the fatigue damage of the structural asphalt. 
The Shell fatigue model was developed in 1978. The fatigue 
relationship was developed in the laboratory on a range of typical 
asphalt mixes used in different European countries and was done 
using controlled strain (displacement) with a sinusoidal loading [2]. 
It was observed by many practitioners that the Shell transfer 
function underestimated fatigue life. It was also noted in 2007 
version of the New Zealand supplement that asphalt pavements 
designed based on the earlier State Highway Pavement and 
Rehabilitation design manual are 30% thinner than that required by 
the current Austroads guidelines [3]. According to the New Zealand 
supplement, it was also observed that two third of the Wellington 
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and Auckland State highway network were designed and 
constructed based on the earlier design method and they are all 
performing well past their design life [3]. It is clearly obvious that 
the Shell transfer function was developed for different types of 
binders and using different mix designs than those are currently 
used on the New Zealand highway system. Consequently, there are 
differences between the predicted and observed fatigue life. Thus, 
the Shell model needs to be adjusted to account for these differences. 
In this research, the Shell fatigue model is only calibrated using 
laboratory measured fatigue values and field calibration will still be 
needed to provide the required accuracy of the model prediction. 
The reason for using laboratory fatigue values to adjust the Shell 
fatigue model is that first, there is no fatigue field data available for 
any specific type of mix in New Zealand. Secondly, as mentioned 
previously, the Shell model is developed for different European 
mixes which are different from New Zealand mixes; therefore, 
laboratory calibration will readjust the model prediction to better 
match the actual NZ mixes. 

Calibration of a pavement fatigue model is the process of 
adjusting the predicted values of pavement fatigue so that the 
predicted and measured values match as closely as possible for 
different strain levels and different asphalt mixes. Fatigue models 
developed in the laboratory always underestimate the fatigue life of 
asphalt mixes in the field [4, 5]. The main reasons for this are due to 
many shortcomings in the laboratory testing which do not exactly 
simulate the field fatigue. For example, traffic wandering and the 
healing effects that usually happen in the field are not simulated in 
the laboratory and instead all fatigue testing effects are carried out 
on one section continuously without a rest period between the 
loading pulses in the lab. These differences make the fatigue 
simulation in the lab more severe and quicker compared to the 
actual fatigue in the field. In addition, there are many other 
differences between the laboratory and field conditions including 
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Fig. 1. Downer EDi Works Contractor Roller Compactor. 
 
Table 1. Volumetric Properties of the Loose and Compacted AC14 
Asphalt Mix. 

Beam 
Number 

Gmb VA (%) VMA (%) VFB (%) 

1 2.513 5.2 15.6 66.4 
2 2.534 4.5 14.9 70.1 
3 2.531 4.6 15.0 69.5 
4 2.547 4.0 14.4 72.6 
5 2.494 6.0 16.2 63.2 
6 2.489 6.2 16.4 62.5 
7 2.495 5.9 16.2 63.4 
8 2.49 6.1 16.3 62.6 
9 2.478 6.6 16.8 60.8 

10 2.477 6.6 16.8 60.7 
11 2.481 6.5 16.7 61.3 
12 2.484 6.3 16.5 61.8 
13 2.493 6.0 16.2 63.1 

 

 
Fig. 2. University of Canterbury Bending Beam Fatigue Apparatus. 
 
temperature variation in the field, traffic loading, and the condition 

of failure in the field compared to that assumed in the laboratory. 
Therefore, laboratory models need to be calibrated using shift 
factors to adjust the laboratory developed model to match the actual 
fatigue life. 

The calibration is performed so that the difference between 
observed results (e.g., the measured fatigue of a pavement section) 
and the Shell predicted results is reduced to a minimum value. This 
fitting of the predicted to the observed results is most often 
accomplished by minimizing and error function of the residuals [6]. 

The calibration and validation of the Shell fatigue transfer has 
been carried out and explained in full details in another publication 
by the author [7]. In this research, only the summary of the 
calibration and validation process is explained with a detailed 
design of two road sections taken from the current Christchurch 
Motorway project to show the implications of using the calibrated 
and validated transfer function on the pavement design. 
 
Sample Preparations and Laboratory Testing 
 
The asphaltic concrete samples prepared for the purpose of the 
fatigue testing were made by a local contractor. The aggregate 
gradation complies with Austroads AC14 dense graded hot mix 
asphalt with a maximum nominal aggregate size of 14 mm. The 
60/70 penetration grade asphalt binder was selected for this study. 
Asphalt slabs were compacted using roller compactor similar to that 
shown in Fig. 1. The asphalt concrete slabs were cut into beams 
with width, depth and length of 65×50×390 mm, respectively. 

The binder content for all slabs (Pb) is 5.02% by the total mass of 
the mix and the maximum theoretical specific gravity (Gmm) of the 
uncompacted mix is 2.652. Table 1 shows bulk specific gravity 
(Gmb), percentage of air voids (VA), percentage of voids in the 
mineral aggregates (VMA), and percentage of voids filled with 
Bitumen (VFB). 
 
Laboratory Fatigue Testing 
 
The fatigue test was carried out on the thirteen beams using a 
constant strain mode in the third point bending test as shown in Fig. 
2. Each specimen was subjected to a haversine loading pulse at a 
frequency 10 Hz at 20℃ until failure. Failure was defined as the 

number of cycles at which the flexural stiffness of the asphalt beam 
is reduced to 50% of its initial stiffness. Table 2 shows the measured 
fatigue for the 13 beams for different strain levels range from 300 
 to 600 . In order to achieve reliable results, each test was 
replicated at least twice to provide confidence of the test 
repeatability. In Table 2, comparing the measured fatigue values and 
the predicted fatigue values, one can clearly see that the Shell 
fatigue function underestimates the fatigue life by a factor 5.5 times. 

Fig. 3 shows the relationship between the applied tensile strain 
level and the Shell predicted and the actual measured fatigue values. 
From Fig. 3, the Shell predictions at all strain levels are significantly 
less than the actual measured fatigue life. The ratio between the 
actual measured fatigue life and the Shell predicted fatigue life for 
the same strain level, volumetric properties and flexural stiffness 
modulus ranges from 3.1 to 8.9 with an average value of 5.5. It is 
also clear that the measured fatigue values run almost parallel to the 
Shell model predictions. This suggests that when calibrating the 
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Fig. 4. Fatigue Lives as Predicted by Calibrated Shell Model versus 
Measured Fatigue Values. 
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Fig. 5. Calibrated Shell Predicted Fatigue Lives versus Measured 
Fatigue Values. 
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Fig. 6. Validation of the Calibrated Shell Fatigue Model. 
 
Using another laboratory and different operator to test fatigue values 
at different strain levels that were not originally used in the 
calibration model will provide a good validation of the calibrated 
model. Two beams were tested at 350  and the third beam at was 
tested 550  while the fourth beam was tested at 650 . All beams 
were tested using constant strain mode at 20℃. The fatigue results 

of the four beams are shown on Fig. 6 relative to the calibrated and 
the original Shell fatigue model. From Fig. 6, it can be seen that the 
calibrated Shell model provides a better match to the measured 
fatigue values compared to the non-calibrated model. Despite the 
fact that, only four fatigue measurements are quite small size of data 

to provide a robust validation for the model, however, the 
methodology is quite valid. With the collaboration with the 
Transportation industry, more data can be generated to provide a 
more rigorous calibration and validation. In addition, it should be 
noted that only one type of mix, namely AC14 was used in this 
study. Therefore, the calibration and validation is only applicable for 
this type of mix. For other types of mixes such as stone mastic 
asphalts (SMA) or polymer modified asphalts, more testing will be 
required and separate calibration factors can be determined to better 
simulate the fatigue behavior of these mixes. 

 
Implications of Using Calibrated Model 
 
Case Study from Christchurch Southern Motorway 
 
The following data are taken from some sections of the 
Christchurch Southern Motorway, CSM. The Christchurch Southern 
Motorway is a short motorway that forms part of State Highway 73 
in the southwest of Christchurch, New Zealand, see Fig. 7. The 
CSM is a strategic arterial route and it is expected to provide a key 
link to the port of Lyttelton in Christchurch. The Austroads 
mechanistic empirical pavement design was used in the initial 
design for the structural pavement cross section [1]. In the following 
paragraphs, only two sections of the CSM will be designed using 
the current Austroads guidelines and then they will be redesigned 
with the Austroads after calibrating the Shell fatigue transfer 
function. The significance of the calibration on the final design will 
be discussed. 
 
Case Study I: The Motorway Section from Springs Rd to 
Carrs Rd 
 
Design Inputs 
 
Average Annual Daily Traffic, AADT = 21600 vehicle per day for 
the two directions; Percentage of Heavy Vehicles in the traffic 
stream, % HV = 10.0%; The Annual Traffic Growth Rate (r) = 3.0%; 
Design Period (n) = 25 Years; The average number of heavy 
vehicles axle groups per heavy vehicle (NHVAG) = 2.4; and 
Subgrade soil is sandy gravel with a California Bearing Ratio (CBR) 
of 7.0%. 
 
Asphalt Mix Properties and Project Reliability Level 
 
Reliability level = 95%; Asphalt content by weight of the total mix, 
Pb = 5.5%; Bulk specific gravity of the compacted mix, Gmb= 2.3; 
Specific Gravity of Asphalt, Gb = 1.05; Percentage of bitumen by 
volume, Vb = 12.0%; Poisson ratio for asphalt mix,  = 0.35; and 
Asphalt resilient modulus is 3000 MPa. 

The resilient modulus, E and Poisson ratio of base course and 
subgrade materials are shown in Fig. 8. 
 
Design Traffic Calculations According to Austroads Design

  



210 mm

400 mm

155 mm

400 mm
E=210 MPa, =0.35

E=70 MPa, =0.45

E=3000 MPa, =0.35

E=70 MPa, =0.45

E=210 MPa, =0.35

E=3000 MPa, =0.35

Design Traffic = 2.1 *107 ESA
Design Traffic = 2.1 *107 ESA



225 mm

500 mm

165 mm

500 mm
E=210 MPa, =0.35

E=40 MPa, =0.45

E=3000 MPa, =0.35

E=40 MPa, =0.45

E=210 MPa, =0.35

E=3000 MPa, =0.35

Design Traffic = 2.1 *107 ESA
Design Traffic = 2.1 *107 ESA
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asphalt that can be saved in just one lane of 3.5 m width and one 
kilometer length of the road, one can appreciate the impact of using 
a well calibrated performance model. 

Quantity saving per one lane width and one kilometer length: 
- Saved Quantity of Asphalt in case I = 55/1000*3.5*1000*2.3 = 

442.75 tonnes; 
- Saved Quantity of Asphalt in case II = 60/1000*3.5*1000*2.3 = 

483 tonnes; 
- For an average of $150 per tonne; and total cost 

saving/lane-kilometer ranges from $66,413 to $72,450. 
This is basically a substantial amount of savings that can affect 

the choice of pavement alternatives. With the current 
underestimation of the fatigue life of asphalt mixes by the Shell 
fatigue model, the use of structural asphalt could be easily rendered 
as an uneconomical option and some other cheaper options could be 
selected based on the current Austroads design method. 

 
Conclusions 
 
Fatigue tests were carried out on seventeen asphalt concrete beams 
made with AC14 dense graded asphalt mix and using 60/70 
penetration grade bitumen. The seventeen beams were tested using 
constant strain mode for different strain levels range from 300 to 
650 . Thirteen beams were tested in the University of Canterbury, 
Transportation Laboratory and the other four beams were tested in 
the Downer NZ contractor laboratory. Comparing the Shell 
predicted fatigue lives with the actual measured fatigue lives clearly 
demonstrates that the Shell model consistently underestimates the 
fatigue lives of the AC14 asphalt mixes. A calibration factor was 
derived from the measured and predicted fatigue lives for the 
thirteen beams at different strain levels. The calibration factor was 
derived in order to minimize the total prediction error. A calibration 
factor of 5.6824 was computed from the measured and predicted 
fatigue values. The calibrated model provides unbiased prediction 
with no consistent overestimation or underestimation. The calibrated 
model was validated with a limited set of four fatigue tests that were 
carried out at the Downer NZ laboratory. The calibrated model 
provides a better match compared to the non-calibrated model. In 
addition to this laboratory calibration to the Shell model, field 
calibration will still be needed to provide a more accurate match 
with the fatigue values in the field. The calibrated model was used 
to design two sections of the Christchurch Southern Motorway to 
examine the impact of using a calibrated model on the materials and 
cost savings. The calibrated Shell fatigue model produced about 

26% to 27% thinner asphalt layers compared to the original 
non-calibrated Shell Model. This means that using a calibrated and 
validated transfer functions can significantly impact the design 
values and therefore could impact the decision making in selecting 
certain design alternatives. 
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