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Wes19 in wheel tracks
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Figure 167. Damage in wheelpath of Section 19 (LWP = left wheelpath, RWP = right wheelpath). 

 

 
Figure 168. Down rut in right wheelpath at Section 19. 
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Figure 169. Maximum rutting in left and right wheelpaths at Section 19. 

 

 
Figure 170. IRI in left and right wheelpaths at Section 19. 
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3.6.8 Section 20PMH 
Table 37. Summary of Input Values for Section 20PMH 

Modulus α β γ δ aT A VTS 
AC 1.9031 -1.0362 0.6908 2.000 1.300 10.0406 -3.680 

Unbound Eo Stiffness 
factor 

Power on 
load 

Estart    

AB 181 MPa 0.50 0.6 110 MPa    
Subgrade 75 MPa 0 -0.2 75 MPa    

Aging AgeA AgeB      
AC 0.3284 -0.9378      

Fatigue A α β γ δ   
AC 0.1909 0.4366 2.0895 1.0488 0.3728   

Rutting A α β γ dVoids   
AC 8.451 0.1052 1.03 1 3.5   

 
 
 

 
Figure 171. FWD deflections at Section 20 (in wheelpath, geophone under load plate). 
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Figure 172. Damage in wheelpath of Section 20 (LWP = left wheelpath, RWP = right wheelpath). 

 

 
Figure 173. Down rut in right wheelpath at Section 20. 
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Figure 174. Maximum rutting in left and right wheelpaths at Section 20. 

 

 
Figure 175. IRI in left and right wheelpaths at Section 20. 
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3.6.9 Section 21PHL1 
Table 38. Summary of Input Values for Section 21PHL1 

Modulus α β γ δ aT A VTS 
AC 2.1461 -1.0362 0.6908 2.000 1.300 10.0406 -3.680 

Unbound Eo Stiffness 
factor 

Power on 
load 

Estart    

AB 245 MPa 0.46 0.6 175 MPa    
Subgrade 89 MPa 0 -0.2 89 MPa    

Aging AgeA AgeB      
AC 0.3196 -0.8855      

Fatigue A α β γ δ   
AC 0.0498 0.4781 2.7813 1.3906 0.4083   

Rutting A α β γ dVoids   
AC     1.3   

 

 
Figure 176. FWD deflections at Section 21 (in wheelpath, geophone under load plate). 
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Figure 177. Damage in wheelpath of Section 21 (LWP = left wheelpath, RWP = right wheelpath). 

 
Figure 178. IRI in left and right wheelpaths at Section 21. 
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3.6.10 Section 22PLM 
Table 39. Summary of Input Values for Section 22PLM 

Modulus α β γ δ aT A VTS 
AC 2.0792 -1.0362 0.6908 2.000 1.300 10.0406 -3.680 

Unbound Eo Stiffness 
factor 

Power on 
load 

Estart    

AB 257 MPa 0.64 0.6 170 MPa    
Subgrade 94 MPa 0 -0.2 94 MPa    

Aging AgeA AgeB      
AC 0.2568 -0.5151      

Fatigue A α β γ δ   
AC 0.1378 0.4667 2.2338 1.1169 0.3985   

Rutting A α β γ dVoids   
AC 14.77 0.2262 1.03 1 2.9   

 
 

 
Figure 179. FWD deflections at Section 22 (in wheelpath, geophone under load plate). 
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Wes22 in wheel tracks
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Figure 180. Damage in wheelpath of Section 22 (LWP = left wheelpath, RWP = right wheelpath). 

 

 
Figure 181. Down rut in right wheelpath at Section 22. 
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Figure 182. Maximum rutting in left and right wheelpaths at Section 22. 

 

 
Figure 183. IRI in left and right wheelpaths at Section 22. 
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4 Summary of CalME Incremental-Recursive Procedure 
Results 

4.1 Deflection Response 
The agreement between the measured and calculated responses on the WesTrack sections, in terms of 

the deflection under the load plate of the FWD, is seen to be very good in most cases. The calculated 
deflections are a function of the following factors which are considered in CalME of: 

• The estimated asphalt temperature during the FWD test, 

• The asphalt modulus-versus-reduced time relationship, 

• The moduli of the unbound materials (aggregate base and subgrade), 

• The hardening of the asphalt material as a function of post compaction and aging , and 

• The damage to the asphalt caused by fatigue. 
The measured deflections will be a function of the actual asphalt temperature during the FWD tests, 

the contact between the FWD loading plate and the pavement surface, as well as of the position of the test.   
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Figure 184. Measured and calculated center deflections on Fine mix sections. 
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Average FWD center deflection Coarse mix
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Figure 185. Measured and calculated center deflections on Coarse mix sections. 

 
 

Average FWD center deflection Fine Plus mix
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Figure 186. Measured and calculated center deflections on Fine Plus mix sections. 
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Figure 184, Figure 185, and Figure 186 show the average deflection at the center of the FWD loading 
plate, calculated for each section and each monitoring session. Only tests done at a chainage of 30 m or higher 
were used, in order to avoid the transition sections. 

For the Fine mix sections the standard error of estimate is 50 μm, for the Coarse mix sections 103 μm, 
and for the Fine Plus mix sections 60 μm. For the Fine mix and the Fine Plus mix these values are similar to 
the standard deviations of the measured values for a single monitoring session on one test section. In other 
words, the difference between measured and calculated values is similar to the scatter in the measured values. 
For the Coarse mix the standard error of estimate is somewhat higher. 

Table 40 shows the differences between the measured values as well as the differences between the 
measured and calculated values. The measured values are mostly based on four FWD tests within the section, 
although a few sections had only three tests. The mean difference between the measured center deflections is 
the mean of the absolute values given in μm (micron, 10-6 m).  RMS is the Root Mean Square value, also in 
μm. For the differences between measured and calculated deflections a positive mean difference indicates that 
the measured deflection was (numerically) larger than the calculated deflection, and vice versa. 

In most cases the differences between the measured and the calculated deflections are not much larger 
than the differences between the measured deflections. 

The RMS values are also shown in Figure 188.  
Table 40. Measured and Calculated Deflection Differences 

  Measured Values Measured vs Calculated 
Section Mix Mean dif. RMS Mean dif. RMS 

1 FMM1 36 42 5 42 
2 FLM 29 33 -17 47 
3 FLH1 46 52 -27 72 
4 FML 51 57 20 52 
5 CMM1 61 70 75 94 
6 CMH 39 46 -53 105 
7 CHM 54 66 -1 89 
8 CLM 31 36 -55 107 
9 PHL2 57 66 -36 77 

10 PLH 56 66 -40 82 
11 PMM2 34 39 -63 79 
12 PML 43 52 -9 51 
13 PHM 37 43 -10 90 
14 FHM 37 41 -3 37 
15 FMM2 15 17 -12 32 
16 FLH2 16 17 -11 39 
17 FMH 33 37 43 57 
18 FHL 18 21 27 34 
19 PMM1 24 26 30 41 
20 PMH 44 51 -18 45 
21 PHL1 44 49 58 73 
22 PLM 62 75 27 68 
23 CML 43 49 -3 52 
24 CMM2 29 34 39 83 
25 CHL 48 56 41 58 
26 CLH 28 32 -21 74 
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Average difference between measured and calculated deflection
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Figure 187. Deflection difference versus mix type. 

Figure 187 shows the average difference between measured and calculated deflections in μm versus 
mix type. For comparison it may be noted that the average standard deviation on the measured deflections was 
30 μm and the maximum average standard deviation for each section was 50 μm. 
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Root Mean Square deflection difference, micron
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Figure 188. Comparison of RMS differences within measured and between measured and calculated 

response. 

Figure 188 compares the Root Mean Square (RMS) differences between the measured deflections to 
the RMS differences between the measured and calculated values. The average RMS for the measured 
deflections is 45 μm and it is 65 μm for the difference between measured and calculated deflections. 

 

4.2 Damage and Cracking 
Figure 189 compares the damage, ω, predicted by CalME, based on the laboratory fatigue data, to the 

damage estimated from the FWD tests in the right wheelpath. As explained above the FWD backcalculated 
asphalt moduli were corrected for the effects of (estimated) temperature and hardening, due to aging and 
decrease in air-voids content. The difference between the adjusted modulus and the modulus calculated from 
the modulus versus reduced time model was then assumed to be due to damage. Decrease in modulus was 
converted to damage using Equation 24. 
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Damage from CalME compared to FWD
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Figure 189. Damage predicted by CalME compared to damage estimated from FWD tests. 

On average the Fine, Coarse, and Fine Plus mixes all have less damage predicted by CalME than 
estimated from the FWD. The Coarse mix shows the largest difference, with the FWD estimated damage being 
2.2 times that of the CalME predicted damage, even though the shift factor used for the Coarse mix was 5, 
compared to 15 for the other two mixes. For the Fine and the Fine Plus mixes the ratio is 1.3 and 2.0, 
respectively. This indicates that the shift factor of 15 is too large, and that it probably should be a function of 
mix type. This is quite reasonable as the influence of rest periods on the fatigue life is likely to be different for 
different mixes. 

There is also some indication that mixes with a high binder content should have a lower shift factor 
than mixes with a low binder content, and that mixes with a low air-voids content should have a lower shift 
factor than mixes with a high air-void content. This would indicate that the asphalt under in situ loading is less 
affected by the binder and air-void content than in the laboratory fatigue tests, but it should be recalled that the 
uncertainties on the damage estimated from the FWD tests are very large. 
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Cracking % versus CalME damage
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Figure 190. Cracking in left and right wheelpaths as a function of damage predicted by CalME. 

The cracking versus damage shown in Figure 190 also indicates that even the shift factor of 5 was too 
large for the Coarse mix. As noted above the cracking is generally higher in the left wheelpath than in the right 
wheelpath, where the FWD tests were carried out. 
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Cracking % LWP versus FWD damage
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Figure 191. Cracking in right wheelpaths versus damage estimated from FWD tests. 

Figure 191 shows the relationship between the damage calculated from FWD tests and the observed 
cracking in the right wheelpath. In some cases an increase in cracking is associated with a decrease in the 
calculated damage. 

4.3 Permanent Deformation 
Table 41shows the mean difference between the measured down rut in the right wheelpath and the 

predicted permanent deformation using all of the historical data, as well as the RMS value, both in mm.  
A positive mean difference implies that the calculated permanent deformation was numerically larger 

than the measured down rut. 
For comparison it may be noted that the difference between the rutting in the right and the left 

wheelpaths was often 3–4 mm with an RMS value of 4–5 mm. 
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Table 41. Difference Between Measured and Calculated Permanent Deformation (mm) 

Section Mix Mean 
Dif. 

RMS 

1 FMM1 2.7 3.1 
2 FLM 4.7 5.1 
3 FLH1 2.8 3.2 
4 FML 0.7 2.5 
5 CMM1 6.9 7.4 
6 CMH 6.9 7.5 
7 CHM 20.0 22.1 
8 CLM 5.0 5.5 

10 PLH 0.8 1.3 
11 PMM2 -0.2 0.8 
12 PML 0.2 0.8 
14 FHM -1.5 1.8 
15 FMM2 1.7 2.1 
16 FLH2 3.1 3.6 
17 FMH 1.4 1.7 
18 FHL -0.1 1.0 
19 PMM1 -3.5 3.7 
20 PMH -3.1 3.3 
22 PLM 2.4 3.0 
23 CML -1.0 1.7 
25 CHL -0.7 2.1 
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CalME deformation and maximum rutting
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Figure 192. CalME deformation and maximum rutting in right and left wheelpaths. 

Figure 192 shows the final permanent deformation calculated by CalME (for the right wheelpath) and 
the maximum rutting recorded for the right and left wheelpaths, which is not necessarily at the end of the 
experiment. The average values are: CalME 15.9 mm, right wheelpath 15.8 mm, and left wheelpath 18.2 mm. 
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6 Appendix: Parameter Values Used in the Simulations 

6.1 Modulus of DGAC as a Function of Temperature and Loading 
Time 

The modulus of intact asphalt is determined from: 

( ) ( )( )triE
logexp1

log
γβ

αδ
++

+=  

aT
ref

visc
visc

lttr ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
×=  

( )KtVTSAcPoisevisc log*))log(log( +=  
The values of A = 10.0406 and VTS = -3.68 were used for all sections.  tK is temperature in ºK. viscref 

is the viscosity at the reference temperature. The reference loading time was lt = 0.015 sec. The reference 
modulus is in MPa. The reference temperature was 15.4ºC. 

6.1.1 Fine Mix 

Projectname δ β γ aT 
Reference  
Modulus 

Wes01FMM1 2 -0.6908 0.6908 1.3 6613 
Wes02FLM 2 -0.8289 0.5526 1.3 6215 
Wes03FLH1 2 -0.6908 0.6908 1.3 4637 
Wes04FML 2 -1.0362 0.6908 1.3 7745 
Wes14FHM 2 -1.0362 0.6908 1.3 7745 

Wes15FMM2 2 -1.0362 0.6908 1.3 6563 
Wes16FLH2 2 -0.8842 0.5526 1.3 5470 
Wes17FMH 2 -0.6447 0.6447 1.3 5264 
Wes18FHL 2 -0.8842 0.5526 1.3 7328 

 

6.1.2 Coarse Mix 

Projectname δ β γ aT 
Reference 
Modulus 

Wes06CMH 2 -0.8059 0.8059 1.3 5319 
Wes05CMM1 2 -0.8059 0.8059 1.3 5918 
Wes07CHM 2 -0.6447 0.6447 1.3 7032 
Wes08CLM 2 -0.4145 0.4145 1.3 4811 
Wes23CML 2 -0.9786 0.5756 1.3 8870 

Wes24CMM2 2 -1.2894 0.8059 1.3 6162 
Wes25CHL 2 -1.2894 0.8059 1.3 7601 
Wes26CLH 2 -1.2434 0.6708 1.3 5076 
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6.1.3 Fine Plus Mix 

Projectname δ β γ aT 
Reference 
Modulus 

Wes09PHL2 2 -1.2434 0.8059 1.3 9634 
Wes10PLH 2 -1.2089 0.8059 1.3 3889 

Wes11PMM2 2 -0.921 0.4605 1.3 5521 
Wes12PML 2 -0.921 0.5756 1.3 8128 
Wes13PHM 2 -1.2664 0.5756 1.3 6733 

Wes19PMM1 2 -1.0362 0.6908 1.3 7745 
Wes20PMH 2 -1.0362 0.6908 1.3 5359 
Wes21PHL1 2 -1.0362 0.6908 1.3 8910 
Wes22PLM 2 -1.0362 0.6908 1.3 7745 

 

6.2 Hardening/Aging of DGAC 
The modulus after d days, E(d), is found from: 

( ) ( ) ( )
( ) AgeBdAgeA

AgeBdAgeAdEdE
+×
+×

×=
0ln
1ln01  

6.2.1 Fine Mix 
Projectname AgeA AgeB 
Wes01FMM1 0.2770 -0.6354 
Wes02FLM 0.1912 -0.1279 
Wes03FLH1 0.3840 -1.2656 
Wes04FML 0.2792 -0.6471 
Wes14FHM 0.2885 -0.7021 

Wes15FMM2 0.2657 -0.5502 
Wes16FLH2 0.3458 -1.0401 
Wes17FMH 0.3497 -1.0632 
Wes18FHL 0.1120 0.3391 

 

6.2.2 Coarse Mix 
Projectname AgeA AgeB 

Wes05CMM1 0.1703 -0.0048
Wes06CMH 0.3135 -0.8493
Wes07CHM 0.1963 -0.1582
Wes08CLM 0.0592 0.6509
Wes23CML 0.0000 1.0000
Wes24CMM2 0.1181 0.3034
Wes25CHL 0.3033 -0.7892
Wes26CLH 0.1962 -0.1573
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6.2.3 Fine Plus Mix 
Projectname AgeA AgeB 

Wes09PHL2 0.1752 -0.0339
Wes10PLH 0.3074 -0.8138
Wes11PMM2 0.2008 -0.1848
Wes12PML 0.1792 -0.0576
Wes13PHM 0.2010 -0.1856
Wes19PMM1 0.2369 -0.3979
Wes20PMH 0.3284 -0.9378
Wes21PHL1 0.3196 -0.8855
Wes22PLM 0.2568 -0.5151
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6.3 Moduli of Unbound Layers 
For the aggregate base the modulus is a function of the stiffness of the asphalt, calculated from: 
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E2 is the modulus of the aggregate base and E3 the modulus of the subgrade. Moduli are in MPa. 
 

Projectname E2.Modulus 
Stiffness 

Factor E3.Modulus 
Wes01FMM1 210 0.65 70 
Wes02FLM 184 0.42 70 
Wes03FLH1 158 0.60 69 
Wes04FML 228 0.47 82 

Wes05CMM1 211 0.47 82 
Wes06CMH 106 0.00 55 
Wes07CHM 202 0.52 61 
Wes08CLM 104 0.00 57 
Wes09PHL2 150 0.58 68 
Wes10PLH 178 0.43 70 

Wes11PMM2 170 0.61 79 
Wes12PML 190 0.65 75 
Wes13PHM 178 0.57 70 
Wes14FHM 176 0.40 95 

Wes15FMM2 151 0.43 89 
Wes16FLH2 129 0.43 77 
Wes17FMH 142 0.64 75 
Wes18FHL 286 0.57 100 

Wes19PMM1 150 0.49 88 
Wes20PMH 110 0.50 75 
Wes21PHL1 175 0.46 89 
Wes22PLM 170 0.64 94 
Wes23CML 164 0.56 67 

Wes24CMM2 112 0.45 57 
Wes25CHL 173 0.43 76 
Wes26CLH 98 0.17 56 
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6.4 Damage Function for DGAC 
The modulus of damaged the asphalt is determined from: 
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MN is the number of load applications in millions. 

6.4.1 Fine Mix 
Projectname A α β γ δ 
Wes01FMM1 0.3253 0.4872 2.0678 1.0339 0.4161 
Wes02FLM 0.1047 0.4470 2.2666 1.1333 0.3817 
Wes03FLH1 0.6447 0.5289 2.1371 1.0685 0.4517 
Wes04FML 0.1170 0.4746 2.8603 1.4301 0.4053 
Wes14FHM 0.1677 0.4010 1.6609 0.8305 0.3424 

Wes15FMM2 0.2117 0.4436 1.9107 0.9554 0.3788 
Wes16FLH2 0.3825 0.4738 2.0600 1.0300 0.4046 
Wes17FMH 0.2350 0.4481 1.9743 0.9871 0.3826 
Wes18FHL 0.0812 0.4741 2.0304 1.0452 0.4049 

6.4.2 Coarse Mix 
Projectname A α β γ δ 
Wes06CMH 0.1407 0.4493 2.5804 1.2902 0.3837 

Wes05CMM1 0.1202 0.4293 2.0215 1.1075 0.3666 
Wes07CHM 0.0508 0.5901 3.6182 1.8091 0.5045 
Wes08CLM 0.0393 0.4726 2.4236 1.2118 0.4036 
Wes23CML 0.0289 0.4847 2.6027 1.3013 0.4139 

Wes24CMM2 0.0354 0.6175 3.8604 1.9302 0.5273 
Wes25CHL 0.0821 0.3367 1.2840 0.6420 0.2876 
Wes26CLH 0.1202 0.5818 3.1148 1.5574 0.4968 

6.4.3 Fine Plus Mix 
Projectname A α β γ δ 
Wes09PHL2 0.0530 0.4899 2.4289 1.2144 0.4184 
Wes10PLH 0.4675 0.4886 1.7461 0.8731 0.4172 

Wes11PMM2 0.0987 0.5406 2.4804 1.2404 0.4616 
Wes12PML 0.0983 0.4614 2.1221 1.0606 0.3941 
Wes13PHM 0.1763 0.4471 1.7853 0.8926 0.3818 

Wes19PMM1 0.1293 0.5252 2.8116 1.4058 0.4485 
Wes20PMH 0.1909 0.4366 2.0895 1.0448 0.3728 
Wes21PHL1 0.0498 0.4781 2.7813 1.3906 0.4083 
Wes22PLM 0.1378 0.4667 2.2338 1.1169 0.3985 
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6.5 Permanent Deformation of DGAC 
The permanent deformation (down rut) of the DGAC is calculated from: 
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hi is the thickness of layer i in mm, MN is the number of load applications in millions, τ is the shear 
stress at the edge of a tire and a depth of 50 mm, and Gi is the shear modulus of layer i. The DGAC layer is 
subdivided into three layers with thicknesses from top to bottom of 25 mm, 50 mm, and 25 mm (no permanent 
deformation is attributed to depths larger than 100 mm). 

The constant β was 1.03, γ was 1, and respref was 0.1 MPa. 

6.5.1 Fine Mix 
Projectname K × A α 
Wes01FMM1 11.02 0.1350 
Wes02FLM 12.59 0.1430 
Wes03FLH1 10.90 0.0958 
Wes04FML 11.92 0.0460 
Wes14FHM 11.38 0.1434 

Wes15FMM2 9.79 0.1508 
Wes16FLH2 13.66 0.1322 
Wes17FMH 9.31 0.1269 
Wes18FHL 12.02 0.1890 

6.5.2 Coarse Mix 
Projectname K × A α 
Wes05CMM1 41.11 0.215 
Wes06CMH 42.48 0.237 
Wes07CHM 124.54 0.315 
Wes08CLM 31.82 0.224 
Wes23CML 13.32 0.196 
Wes25CHL 51.91 0.275 

6.5.3 Fine Plus Mix 
Projectname K × A α 
Wes10PLH 9.805 0.1116 

Wes11PMM2 5.778 0.1383 
Wes12PML 12.440 0.2254 

Wes19PMM1 5.916 0.1006 
Wes20PMH 7.606 0.1052 
Wes22PLM 13.300 0.2262 

 



 

UCPRC-RR-2006-14 163

 

6.6 Permanent Deformation of Unbound Layers 
The permanent deformation of the unbound layers were calculated from: 
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A was 0.8 mm for aggregate base and 1.1 mm for subgrade. α = 0.333, β = 1.333, and γ = 0.333 were 
used for both layers. 
 




