






Stage 5 Distribution 

UCPRC-RR-2005-06 185

 

Figure 258. Section 572RF calculated layer moduli at 40 kN and actual temperature. 
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6.7 Section 569RF MB Road 

The test was carried out from March 25, 2003, to April 7, 2003. The pavement structure is shown in 
Figure 259. Cracking was only recorded at 150,000 load repetitions, where it had reached 5.9 m/m2. 

 

 

Figure 259. Section 569RF pavement structure. 

To obtain an increase in resilient deflection comparable to the measured increase, a weak CTB layer 
was introduced as the base layer with a damage function ω = MN × (με/(-35 μstrain))5.6 × (E/Ei)5.6. There is no 
independent evidence for this damage function. The parameters were chosen in order to match the measured 
resilient deflections. (see the appendix for an alternative simulation) 
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Figure 260. Section 569RF temperatures during testing. 
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Figure 261. Section 569RF Road Surface Deflectometer. 

 

Figure 262. Section 569RF MDDs at 90 mm, 300 mm, and 525 mm 
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Figure 263. Section 569RF permanent deformation of MDDs. 

 

Figure 264. Section 569RF permanent deformation at pavement surface from profilometer. 
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Figure 265. Section 569RF calculated layer moduli at 40 kN and actual temperature. 
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6.8 Visual Cracking Versus Damage of the Top Asphalt Layer, Goal 9 

In Figure 266, cracking at the surface of the pavement (in m/m2) is shown as a function of the 
calculated relative decrease in modulus of the AC layer. 
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Figure 266. Cracking versus relative decrease in modulus of AC layer for Goal 9 (MB road). 
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Figure 267. Goal 9 (MB road), Cracking versus increase in deflection (RSD) 
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7.0 SUMMARY AND RECOMMENDATIONS 

CalME software provides users with four approaches for evaluating or designing a flexible pavement 
structure: 

• Caltrans’ current methods: the R-value method for new flexible structures and the deflection 
reduction method for overlay thickness design for existing flexible pavements. 

• “Classical” Mechanistic-Empirical (ME) Design, which is based largely on the Asphalt Institute 
Method, which uses very simple methods to characterize materials, climate and traffic inputs. 

• Incremental Design, a standard Miner’s Law approach that permits damage calculation for the axle 
load spectrum and expected temperature regimes, but without updating of the material’s properties 
through the life of the project.  

• An Incremental-Recursive approach in which the materials properties of the pavement — in terms of 
damage and aging — are updated as the pavement life simulation progresses. 

The Incremental-Recursive approach was used for the simulations included in this report; it is the only 
approach that can accurately indicate pavement condition at different points during the pavement’s life. 

CalME includes a set of models developed for predicting flexible pavement performance operating in 
an Incremental-Recursive model. They include: 

• A stiffness model for asphalt concrete modulus that is derived from the model used in NCHRP 1-
37A, with adjustments based on field observations; 

• An asphalt concrete fatigue model that predicts damage as a function of load repetition, tensile strain, 
and stiffness, using parameters from flexural beam testing; 

• An ability to model partial bonding between asphalt concrete layers; 

• A model that adjusts the stiffness of unbound layers as a function of the combined bending resistance 
(a function of their stiffness and thickness) of the bound layers above them, and as a function of load 
level; 

• A permanent deformation model for asphalt concrete as a function of permanent shear strain near the 
pavement surface beneath the edge of a tire, with permanent shear strain predicted by the calculated 
elastic shear strain and elastic shear stress 

• A permanent deformation model for unbound layers as a function of the vertical strain at the top of 
each layer; 

• A reflection cracking model based on tensile strain calculated using a regression equation developed 
from a large number of Finite Element analyses, and use of the same damage parameters developed 
for asphalt concrete fatigue. 

These models were used to simulate pavement response for 27 flexible pavement tests under HVS 
trafficking performed for Caltrans since 1995. Detailed results have been shown in this report, section by 
section. A summary comparison of the results across all the sections of this report follows. 

 
7.1 Shift Factors and Damage Equations Used in Simulations 

Fatigue damage and rutting equations, and shift factors for fatigue and unbound layers rutting used in 
all the simulations presented in this report are shown in the following table. It can be seen that the same 
equations and shift factors were used for all of the simulations, except for the shift factor for the damage 
function for the underlying asphalt concrete in Goal 3. Equation number refers to the equation number in the 
report. 
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Table 28. Summary of Damage Equations and Shift Factors Used in All Simulations 

 Fatigue 
Damage 

Equation No. 

Unbound 
Layers Rutting 
Equation No. 

Fatigue Shift 
Factor 

Unbound 
Layers Shift 

Factor 
Goal 1 6 29 3 1 
Goal 3 medium 
temp overlay 

6 29 3 1 

Goal 3 medium 
temp underlying 

6 29 0.6 1 

Goal 3 high temp 6 29 3 1 
Goal 5 6 29 3 1 
Goal 9 underlying 6 29 3 1 

Parameter values for equations used in the simulations are presented in Section 9.4of this report. 

 
7.2 Response Model 

Resilient deflections were measured during 17 of the HVS tests. The deflections showed a 
considerable increase during the tests. For the Road Surface Deflectometer (RSD), the increase was between 
38 and 304 percent, with an average value of 136 percent. The initial and final RSD deflections are shown in 
Table 29 and for the top MDD in Table 30.  
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Table 29. Measured and Calculated Road Surface Deflectometer Deflections (RSD), in mm 

 RSD Measured Calculated Ratio Final/Initial 

 Section Initial Final Initial Final Measured Calculated 

501RF 0.333 0.761 0.398 0.916 2.29 2.30 

503RF 0.250 0.826 0.338 0.919 3.30 2.72 

500RF 0.396 0.756 0.331 0.961 1.91 2.90 

Goal 1 

502CT 0.234 0.693 0.297 0.649 2.96 2.19 

517RF 0.395 0.717 0.454 0.930 1.82 2.05 

518RF 0.439 0.814 0.480 0.936 1.85 1.95 

514RF 0.314 0.879 0.373 0.874 2.80 2.34 

Goal 3, 

20ºC 

515RF 0.346 0.758 0.318 0.761 2.19 2.39 

543RF 0.255 1.031 0.304 0.973 4.04 3.20 

544RF 0.355 0.986 0.332 1.200 2.78 3.61 

Goal 5 

545RF 0.367 1.125 0.409 1.144 3.07 2.80 

567RF 0.722 0.997 0.810 1.076 1.38 1.33 

568RF 0.714 1.145 0.650 1.019 1.60 1.57 

573RF 0.790 1.128 0.791 1.093 1.43 1.38 

571RF 0.618 1.088 0.844 1.036 1.76 1.23 

572RF 0.740 1.530 0.924 1.089 2.07 1.18 

Goal 9 

569RF 0.591 1.376 0.399 1.246 2.33 3.12 
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Table 30. Measured and Calculated Deflections of the Top Multi-depth Deflectometer (MDD), in mm 

 MDD0 Measured Calculated Ratio Final/Initial 

 Section Initial Final Initial Final Measured Calculated 

501RF 0.364 0.852 0.343 0.813 2.34 2.37 

503RF 0.277 0.916 0.283 0.816 3.31 2.88 

500RF 0.358 0.668 0.324 0.849 1.87 2.62 

Goal 1 

502CT 0.195 0.673 0.259 0.672 3.45 2.59 

517RF 0.463 0.768 0.385 0.823 1.66 2.14 

518RF 0.400 0.742 0.413 0.839 1.86 2.03 

514RF 0.232 0.879 0.342 0.770 3.79 2.25 

Goal 3, 

20ºC 

515RF 0.390 0.688 0.279 0.694 1.76 2.49 

543RF 0.258 1.015 0.286 0.976 3.93 3.41 

544RF 0.385 1.049 0.317 1.211 2.72 3.82 

Goal 5 

545RF 0.355 1.213 0.385 1.243 3.42 3.23 

567RF 0.805 0.752 0.732 0.972 0.93 1.33 

571RF 0.728 1.000 0.726 0.889 1.37 1.22 

Goal 9 

569RF 0..266 1.092 0.302 1.097 4.11 3.63 

 

The test sections are listed in the tables in the same order that they are presented in the report. 
Variation in temperature of the AC and the position of the RSD will influence deflection, so the deflections are 
average values  at the beginning and end of the HVS testing based on measurements at all RSD positions and 
uncorrected for the expected minor differences in temperature at time of measurement. All deflections were 
measured at the centerline of a 40 kN dual wheel load. 
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Figure 268. Ratio of final over initial deflection. 

The ratios of the final over the initial deflections are shown in Figure 268. On average the deflections 
increased by a factor of 2.4 during the HVS testing. 

If the response model (the mechanistic model) could not correctly predict this development in resilient 
deflection, then its calculation of response — in terms of stresses and strains — would also be incorrect. If that 
were the case, it would not be possible to calibrate the empirical models between response and damage. 
Therefore, it was crucial that the calculated resilient deflections be reasonable correct. 

It is not presently possible to predict the increase in resilient deflections with the NCHRP 1-37A 
Design Guide because in it the layer moduli do not change with increased damage, with the exception of 
cement-bound materials. The Guide calculates damage, but it is not used to adjust moduli. Therefore, only the 
new unloaded pavement and its final state of distress can be checked and used for calibration with APT 
(Accelerated Pavement Testing) or field data. This makes it very difficult to check the reasonableness of the 
individual effects of the different models operating in the program, such as aging, damage, permanent 
deformation, temperature, load duration, etc. A change to the ME Pavement Design Guide — to allow layer 
moduli to change with increasing damage — is very desirable. 

To obtain reasonable agreement between measured and calculated resilient deflections with CalME, a 
number of assumptions were made: 

1. Frequency sweep tests on laboratory specimens can be used to determine the moduli of the asphalt 
bound layers as a function of reduced time. A minimum asphalt modulus of 200 MPa was 
assumed when determining the model’s parameters from frequency sweep data. AC moduli 
determined from FWD testing tended to be lower than the frequency sweep moduli. 

2. The moduli of the unbound materials can be determined from the initial RSD and MDD 
deflections. The moduli of the granular materials were generally lower than the corresponding 
moduli from FWD testing and of the same order of magnitude as the triaxial moduli for saturated 
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material. For the subgrade, MDD moduli were similar to FWD moduli and larger than triaxial 
moduli. 

3. Poisson’s ratio was 0.35 for all layers. 

4. Laboratory fatigue tests (controlled strain tests on beams) can be used to assess the damage to 
asphalt bound materials (in terms of the decrease in their modulus). A constant shift factor of 3 
was used between the HVS tests and the laboratory tests for original material for 16 of the 17 test 
sections where resilient deflections were measured. This means that three load repetitions during 
HVS testing caused the same damage as one laboratory load, given the same conditions of strain, 
modulus, and temperature. 

5. A simple model can be used to calculate the strain in an overlay covering existing cracks, and this 
calculation can be used with parameters derived from laboratory fatigue testing to calculate the 
reduction in modulus of the overlay, again using a shift factor of three. 

6. To obtain reasonable initial deflections on overlaid sections that had previously been loaded to 
cracking, a certain amount of “pseudo-healing” had to be assumed, a reasonable assumption based 
on observation of APT and laboratory testing. Under pavement reloading the material deteriorated 
quickly with a shift factor of 0.6 (i.e., a rate of deterioration five times that of the original 
material), similar to what was observed in APT and laboratory testing. 

7. In certain test sections a slip developed between some asphalt layers. In these cases a full slip was 
used with the Layered Elastic Analysis Program (LEAP) response model (except for calculation 
of the permanent deformation of the asphalt layers). The actual effect of a slip between layers 
probably cannot be correctly modeled with LEAP, but would require a Finite Element model. 

8. FWD tests and MDD resilient deflections both showed that the moduli of the unbound layers 
varied with the stiffness of the layers above the one under consideration. The effect observed from 
the measured data was that the stiffness of unbound granular and clay materials decreased as the 
stiffness of the layers above them decreased. The “effective” stiffness of the layers above was 
modeled as the material stiffness times the thickness cubed. This observed effect contradicts the 
commonly accepted wisdom for granular materials, which is based primarily on triaxial testing 
and suggests that the stiffness of granular materials should increase as the stiffness of the layers 
above decreases because of the increased sum of the principal stresses or first stress invariant. The 
research team continues to investigate this phenomenon and the hypothesis that the stiffer layers 
above provide greater confinement to the unbound particulate material in the granular layer. The 
boundary conditions differ considerably between triaxial testing and the placement of a stiff plate 
such as a layer of cold asphalt concrete across a layer of loose particles. Despite the lack of 
theoretical or numerical analysis to completely explain the cause, the empirical evidence is 
irrefutable and has not been contradicted by a single example, regardless of whether the asphalt 
layer lost stiffness because of increased temperature or increased damage. Stiffness factors 
derived from FWD tests were used to model these changes. Neither the NCHRP 1-37A Design 
Guide nor any other known mechanistic-empirical design procedure considers this effect, which 
has an important influence on resilient deflections and requires detailed study. Here the 
phenomenon is modeled by adjusting the modulus of the unbound materials as a function of the 
“effective” sub-plate bending stiffness of the overlaying plate. 

9. The unbound layers are non-linear elastic. This is the well known non-linearity, which the 
NCHRP 1-37A Design Guide also considers, with the modulus of granular materials increasing 
with the bulk stress (to a power of 0.6, in all tests) and the modulus of the subgrade decreasing 
with deviator stress (to a power of -0.3). The phenomenon is modeled here by adjusting the 
modulus of the unbound layers as a function of the load level. This phenomenon is different than 
the one described above, and both are considered here. 
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Using these assumptions, it was possible to model resilient deflections reasonably well for the full 
history of all of HVS test sections using the LEAP response model. To model HVS test sections using the 
NCHRP 1-37A Design Guide several important changes are required to the Design Guide models. 

 
7.3 Damage of Asphalt Materials 

Controlled strain fatigue tests on beams were used to derive model parameters for the decrease in 
asphalt modulus for all the asphalt materials — except for the ATPB, for which laboratory tests were 
unavailable.  

Using these damage models (and the other assumptions mentioned above) with a shift factor of 3 
produced the correct changes to resilient deflections during all the HVS tests. 

For reflection cracking, a simple model was used to calculate the strains in an overlay caused by 
existing cracking in the original top layer. With this model and the laboratory fatigue model, reasonably 
correct resilient deflections were also predicted. It should be noted, however, that the resilient deflections, at 
the center of a dual wheel, are not very sensitive to the modulus of the overlay. 

Relating visual cracking to calculated asphalt damage proved to be difficult. No single relationship 
could be derived. Goal 1 and Goal 5 showed differences between the drained and the undrained sections, for 
Goal 3 (reflection cracking) the increase in visual cracking was much steeper than for Goal 1 and Goal 3, and 
for Goal 9 (MB road) visual cracking occurred at much less calculated damage than for the other experiments.  

It is possible that the relationship between visual cracking and calculated damage depends on the 
thickness of the asphalt layers, and that reflection cracking develops differently from cracks in the original 
structure. It is also possible that the development of visual cracking depends on factors that were not 
considered during the simulations. 
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Figure 269. Cracking versus calculated decrease in modulus of top layer. 
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No single relationship could be established between the relative increase in deflection and the amount 
of surface cracking, Figure 270, but it may be noted that visible cracking was not observed until the deflection 
had increased by 50 percent or more. For the pavements with thin asphalt layers (Sections 567RF–573RF) and 
for rehabilitated pavements (Sections 514RF-518RF) the relative increase in deflection is lower, 50–100 
percent, than for the thicker, original pavements (Sections 500RF-503RF) where it is 100–200 percent. The 
largest increase in deflection is for the wet tests (Sections 543RF–545RF). 
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Figure 270. Cracking versus increase in deflection. 
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7.4 Permanent Deformation of Asphalt 

Figure 271 shows the measured and predicted final permanent deformation of the asphalt layers from 
Goal 1, Goal 3 and Goal 5, where data on the permanent deformation of the asphalt were available. For the 
rutting tests of Goal 3 (45–55ºC), permanent deformation (measured and calculated) was the total deformation 
of all layers but it was completely dominated by the asphalt deformation. (The values are also shown in mm in 
Table 31.) 
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Figure 271.  Measured and predicted final permanent deformation of asphalt. 

The correlation coefficient between measured and calculated deformations was 0.82 and the standard 
error of estimate was 2.2 mm. 
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Table 31. Final Permanent Deformation of Asphalt, in mm 

 Section Measured Calculated Ratio = 

Measured/Calculated 

501RF 4.7 3.6 1.3 

503RF 3.8 3.4 1.1 

500RF 5.6 3.9 1.4 

Goal 1 

502CT 4.2 3.2 1.3 

517RF 5.3 4.9 1.1 

518RF 1.4 2.4 0.6 

514RF 1.9 2.1 0.9 

Goal 3, 
20ºC 

515RF 1.4 2.4 0.6 

543RF 7.2 2.6 2.8 Goal 5 

544RF 1.3 2.6 0.5 

504RF 7.5 6.2 1.2 

505RF 9.9 4.5 2.2 

506RF 10.2 7.7 1.3 

507RF 11.9 11.7 1.0 

508RF 11.7 15.3 0.8 

509RF 10.8 10.2 1.1 

510RF 9.2 8.4 1.1 

511RF 9.9 9.8 1.0 

512RF 8.4 8.4 1.0 

Goal 3, 
Rutting 

(45– 
55ºC) 

513RF 17.5 13.2 1.3 

 

The asphalt layers of Section 543RF, which was a wet drained test where the ATPB apparently 
collapsed, had a high measured permanent deformation. The permanent deformation was measured between 
elevation 0 mm and 250 mm, comprising 47 mm of the ATPB layer that may have caused the 4.6-mm 
difference between measured and calculated permanent deformation. 
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The high temperature tests with the bias-ply dual tire and with the aircraft tire both resulted in smaller 
calculated than measured values. 

 
7.5 Permanent Deformation of Granular Layers 

The permanent deformation of the granular layers for Goal 1, Goal 3, and Goal 5 are shown in Figure 
272. It should be noted that the permanent deformations are rather small, except for Section 543RF, the wet 
drained section, where the permanent deformation includes part of the ATPB, which completely stripped and 
collapsed after 600,000 repetitions (which the models cannot capture). 
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Figure 272.  Final permanent deformation of granular layers. 

The scatter of the data is very large, as may be seen in the plots in this report. The average coefficient 
of variation is 58 percent. The measured values shown in Figure 272 are averages. The values are also shown 
(in mm) in Table 32. 
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Table 32. Final Permanent Deformation of Granular Layer, in mm 

 Section Measured Calculated

501RF 3.4 3.7 

503RF 6.1 4.5 

500RF 3.1 5.8 

Goal 1 

502CT 2.8 2.7 

517RF 3.5 1.4 

518RF 1.5 0.9 

514RF 2.3 0.3 

Goal 3, 

20ºC 

515RF 0.5 0.5 

543RF 12.6 2.7 Goal 5 

544RF 4.7 3.4 

For Goal 3 the predicted permanent deformations tended to underestimate the measured values. It is 
possible that some recovery from permanent deformation took place from Goal 1 to Goal 3. Assuming a full 
recovery, however, would have resulted in overpredictions of the deformations. 

The permanent deformations of the granular materials were predicted using Equation (29) with the 
following parameters: 

 
Table 33. Parameters used for Granular Materials in Equation (29) 

Parameter Value 

A 0.8 mm 

α 0.333 

respref 1000 μstrain 

β 1.333 

Eref 40 MPa 

γ 0.333 

Permanent deformation was calculated both at the top of the AB (aggregate base) and at the top of the 
ASB. The two materials are rather similar and might have been treated as a single layer. In that case, the 
parameter A should have been increased to 1.1 mm, the value used for the subgrade. 
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7.6 Permanent Deformation of Subgrade 

The final permanent deformation of the subgrade was even smaller than that of the granular layers, 
with a maximum measured value of less than 2 mm. In addition the scatter of the data was as large as for the 
granular layers, with an average coefficient of variation of 70 percent. This is far from ideal for the calibration 
of a permanent deformation model for the subgrade. 

The mean measured and predicted final deformations are shown in Figure 273 and (in mm) Table 34. 
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Figure 273. Final permanent deformation of the subgrade. 
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Table 34. Final Permanent Deformation of Subgrade, in mm 

 Section Measured Calculated

501RF 1.3 1.4 

503RF 1.9 1.4 

500RF 1.2 2.7 

Goal 1 

502CT 0.4 1.0 

517RF 1.4 0.7 

518RF 0.3 0.3 

514RF 0.2 0.2 

Goal 3, 

20ºC 

515RF 0.3 0.2 

543RF 0.0 1.0 Goal 5 

544RF 0.0 1.4 

 
The permanent deformations of the subgrade were predicted using Equation (29 with the following 

parameters: 
Table 35. Parameters Used for Subgrade in Equation (29) 

Parameter Value 

A 1.1 mm 

α 0.333 

respref 1000 μstrain 

β 1.333 

Eref 40 MPa 

γ 0.333 
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7.7 Total Permanent Deformation at Pavement Surface 

Figure 274 shows the final calculated permanent deformation at the pavement surface versus the mean 
value of the measured final average deformation over the test area, determined from profile data. It should be 
noted that the permanent deformation often showed considerable variation over the test area, as also indicated 
by the minimum and maximum values shown in some of this report’s graphs. 
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Figure 274. Final permanent deformation at the pavement surface (profile data).  

For the wet experiment in Goal 5, the predicted final deformation was underestimated for the drained 
Section 543RF because of the collapse of the ATPB layer after it stripped under heavy loading and large 
amounts of water drained through it. 

The final permanent deformations are also shown (in mm) in Table 36. 
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Table 36. Final Permanent Deformation at the Pavement Surface, in mm 

 Section Measured Calculated

500RF 12.3 12.8 
501RF 9.0 7.2 
502CT 9.5 9.5 

Goal 1 

503RF 8.1 9.0 
504RF 7.5 6.2 
505RF 9.9 4.5 
506RF 10.2 7.7 
507RF 11.9 11.7 
508RF 11.7 15.3 
509RF 10.8 10.2 
510RF 9.2 8.4 
511RF 9.9 9.8 
512RF 8.4 8.4 

Goal 3, 

45-55ºC 

513RF 17.5 13.2 
514RF 4.6 2.9 
515RF 3.9 3.9 
517RF 6.3 8.8 

Goal 3, 

20ºC 

518RF 3.3 3.2 
543RF 13.7 7.5 
544RF 10.7 13.4 

Goal 5 

Wet 
545RF 5.4 1.8 
567RF 5.5 5.1 
568RF 6.7 7.5 
569RF 3.6 5.6 
571RF 5.7 7.6 
572RF 8.7 5.4 

Goal 9 

MB 

road 

573RF 7.0 9.7 

 

The correlation coeficient between measured and calculated total permanent deformation was 0.61 and 
the standard error of estimate was 2.6 mm. 
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7.8 Recommendations 

The overall results from this study indicate that Incremental-Recursive models provide reasonable 
results when predicting the response and performance of pavements under HVS loading. However, now that 
the models have been shown to match the mechanics of the pavements under these conditions, additional work 
remains before the models can be used for pavement design and performance prediction. 

There are significant differences between HVS testing and the field, and the approach used in this 
study has limitations because of those differences. 

First, the effects of aging and of seasonal variations have not been quantified in the results included in 
this report because the models were calibrated using HVS tests of relatively short duration. Seasonal variation 
of unbound layers’ stiffness can be input in CalME by the user, and can be taken from typical patterns 
measured in the field. Aging and seasonal variation affect asphalt concrete stiffnesses at the same time that 
damage is occurring. Aging increases stiffness, although deflection measurements in the field show that the net 
effect of aging and damage is an overall decrease in stiffness with accumulating traffic loads. Field calibration 
is required to evaluate the difference in response between the field pavement and the incremental-recursive 
simulation that should be attributed to aging. It is likely that the effect of aging can be dealt with through shift 
factors. 

Second, neither the effects of rest periods between loadings nor of faster traffic have been included in 
the calibration. It is expected that rest periods and different trafficking patterns will result in different shift 
factors. 

Third, moduli from frequency sweep data, triaxial tests, FWD tests, and MDD deflections used in this 
study are similar but not identical. The NCHRP 1-37A study proposes relying primarily on triaxial testing to 
characterize stiffnesses for flexible pavement layers and for permanent deformation parameters for asphaltic 
materials. Because the majority of work to be performed by Caltrans over the next several decades will involve 
rehabilitation and reconstruction, with some addition of lane capacity, the research team recommends that the 
most practical and economical methods for characterizing materials for Caltrans will be: 

1. Backcalculating stiffnesses of existing pavement layers using FWD data, 

2. Using flexural frequency sweep data to develop master stiffness curves of new asphaltic materials 
and for default values of materials for which test data are already available, 

3. Using flexural fatigue data for damage parameters, for fatigue and reflection cracking of new 
asphaltic materials, and for default values of materials for which test data are already available, 

4. Using repeated shear test data for permanent deformation parameters for new asphaltic materials, 
or default values of materials for which test data are already available, and 

5. Using default values from previous backcalculation for stiffnesses of new unbound layers based 
on soil classification and achievement of required compaction.  

Use of these methods to predict stiffnesses in field pavements in order to simulate field pavements 
needs to be evaluated with the CalME Incremental-Recursive models. 

Following are the recommended next steps to develop these models: 

1. Perform a sensitivity analysis using “typical” values for properties and climate in the database 
established to date, and tie these results to CalME with the Classical (Asphalt Institute MS-1 
equations), Incremental (Miner’s Law), and Incremental-Recursive methods to evaluate 
reasonableness of sensitivity. 

2. Validate the recommended methods for characterizing flexible pavement materials, listed above, 
in conjunction with the models described in this report by comparing simulated and actual 
performance from mainline highway case studies and full-speed, test track data, such as 
WesTrack and NCAT track. 
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3. Address the variability of the input parameters (moduli, thicknesses, traffic loading, etc.) and 
uncertainty on the damage models. It is expected that the sensitivity analyses will identify the 
most important variables controlling expected performance. Employing a Monte Carlo simulation 
using those critical variables is one possibility that should be explored. An alternative is to 
estimate typical variability of performance in the field by drawing on available literature, then 
incorporating a factor for the uncertainty of design life. The NCHRP 1-37A report takes this 
approach. Another possible alternative would be a combined approach that uses simulation for the 
truly unknown variables, including traffic and weather, and a statistically derived distribution for 
the within project variables created by variations in materials and construction. 

4. Make final decisions regarding use of cemented layers in the flexible pavement structure, then 
calibrate. It is generally recommended that “semi-rigid” pavements, in which asphalt concrete is 
placed directly on cement-treated base (CTB) or lean concrete base (LCB), not be used because of 
the relatively quick reflection of shrinkage cracks. However, because Caltrans has used semi-rigid 
pavements in the past and they remain in the current design method, it is therefore important to 
have models for the response and performance of these layers. Models for fatigue and crushing of 
these materials can be evaluated using APT data from Louisiana and from field data taken at 
mainline sections in California. The models in the NCHRP 1-37A report can be the starting point 
for such a validation-and-calibration exercise. 
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9.0 APPENDIX 

9.1 Glossary 

A 

Accelerated Pavement Testing (APT) 

aggregate base (AB) 

aggregate subbase (ASB) 

asphalt concrete (AC)  

asphalt rubber hot-mix gap-graded (ARHM-GG)  

asphalt-treated permeable base (ATPB) 

 

C 

California Department of Transportation (Caltrans) 

cement-treated base (CTB) 

 

D 

dense-graded asphalt concrete (DGAC) 

Distinct Element Method (DEM) 

 

E 

Equivalent Single Axle Load (ESAL) 

 

F 

Falling Weight Deflectometer (FWD)  

 

Finite Element Method (FEM)  

 

Field Mix Field Compacted (FMFC) 

 

H 

Heavy Vehicle Simulator (HVS) 
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L 

Layered Elastic Analysis Program (LEAP) 

lean concrete base (LCB) 

ln logarithm to base e (natural logarithm) 

log logarithm to base 10 

 

M 

Mechanistic-Empirical (ME)  

Mechanistic-Empirical (ME) design 

Mechanistic-Empirical Design Guide (MEPDG) 

moisture content (MC) 

modified binder (MB) 

Multi-depth Deflectometer (MDD) 

 

N 

NCHRP 1-37A Design Guide (NCHRP 2004) 

 

P 

Pavement Management System (PMS) 

 

R 

Road Surface Deflectometer (RSD) 

Repeated Simple Shear Tests at Constant Height (RSST-CH) 

root-mean square (RMS) 

 

S 

sdf standard deviation factor (10 raised to the standard deviation of the logarithms of the values) 

 

U 

Unified Soil Classification System (USCS) 

University of California Pavement Research Center (UCPRC) 
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9.2 List of Units 

 

ºC degree Celcius, centigrade 

cm centimeter (0.001 m) 

cPoise centi Poise (0.1 Pa×sec) 

g/cm3 gram per cubic cm 

Hz Hertz, oscillations per second 

ºK degree Kelvin (as ºC but counted from absolute zero) 

km/h kilometer per hour 

kN kilo Newton (1,000 N) 

kPa kilo Pascal (1,000 Pa) 

MPa Mega Pascal (one million Pa) 

msec millisecond 

μstrain micro strain (10-6 m/m) 

N Newton 

ºR degree Rankine (as Fahrenheit but counted from absolute zero) 

sec second 

 

9.3 List of Parameters in Equations  

α, β, γ, δ,  λ, αA, αB, αC, αD, βA, βB, and βC are used to denote constants, which may be different from one 

equation to another (in CalME forms the Greek letters are spelled alfa, beta, gamma, delta, and lambda) 

γe elastic shear strain 

γi inelastic (plastic) shear strain 

θ bulk stress 

σd deviator stress 

τ shear stress 

τoct octahedral shear stress 

με strain in μstrain 

ν Poisson’s ratio 

ω damage 

A constant in viscosity versus temperature relationship 

aTg power on viscosity in reduced time relationship 

C constant in non-linear modulus relation for cohesive soils 

d deflection 
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E modulus 

EAC modulus of AC 

Ei initial modulus (with no damage), or modulus of layer i 

Emax maximum modulus 

Emin minimum modulus 

Eo modulus of unbound layer at reference stiffness of above layers 

E40 kN modulus at a wheel load of 40 kN 

EP modulus at a wheel load of P 

hi thickness of layer i 

I1 first stress invariant 

J2 second deviator stress invariant 

K calibration factor between rut depth and inelastic shear strain 

k1, k2, and k3 constants in non-linear relation for unbound materials 

lt loading time, corresponding to creep test 

MN number of load applications in million 

N number of load applications 

n power in non-linear modulus relation for cohesive soils 

P wheel load 

p mean normal stress (I1/3 = θ/3) 

pa atmospheric pressure 

q mean deviator stress 

respref reference response 

rdAC rut depth in AC 

S stiffness 

Sref reference stiffness 

SR stiffness ratio (E/Ei) 

tr reduced time 

visc viscosity 

viscref viscosity at reference temperature 

VTS viscosity temperature susceptibility 

w internal energy density 
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9.4 Parameter Values Used in Simulations 

Master curve log(E)=delta+alfa/(1+exp(beta+gamma*log(tr))) 

Reference temperature 20°C, frequency sweep data. Viscosity parameters A = 9.6307 (in ºK) and 

VTS = -3.5047. 

Name E delta E beta E gamma aT g 
Reference 
modulus 

ATPB 2.3010 -0.2400 1.0000 1.0000 1144 
DGAC-G1-Bot 2.3010 -0.4007 0.9807 1.2824 11172 
DGAC-G1-Top 2.3010 -0.3987 0.9436 1.3529 9038 
DGAC-G3 2.3010 -0.1790 0.8840 1.1770 7653 
DGAC-G9 2.3010 -0.3032 0.8931 1.3370 7371 
RAC-G 2.3010 -0.0841 0.9890 1.0080 4755 

 

Fatigue and unbound layers rutting parameters 

dam = A*MN^alfa*(eps/200)^beta*(E/3000)^gamma*exp(delta*t) 

where dam is the damage, either fatigue damage or vertical rut depth. 

Name Ft A Ft alfa Ft beta 
Ft 

gamma Ft delta 
DGAC-G1-Top 0.001536 0.8695 4.1968 2.0984 0.1619 
DGAC-G1-Bot 0.001245 0.8399 3.9718 1.9859 0.1913 
DGAC-G3 0.008700 0.6874 3.2920 1.6460 0.1453 
DGAC-G9 0.007357 0.4945 2.0612 1.0306 0.1263 
RAC-G 0.018560 0.5911 2.9198 1.4599 0.1371 

 
 For the permanent deformation of the unbound layers the parameters were: A = 1.1 for subgrade and 

0.8 for base and subbase, α = 0.333, Respref = 1000 μstrain instead of 200, β = 1.333, Eref = 40 MPa instead 

of 3000, and γ = 0.333. 

 

Permanent deformation of asphalt concrete 

For Goal 1 and Goal 3 simulations a Gamma function was used, with parameters shown below. 

Name Pd A Pd alfa Pd beta 
Pd 

gamma 
DGAC-G1-Top -1.316 5.218 1.03 2.86
DGAC-G1-Bot -1.316 5.218 1.03 2.86
DGAC-G3 -0.568 4.208 1.03 2.47

 
For Goal 9 a power function was used:  

rd = 7*layer thickness mm*MN^0.208*exp(1.03*shear stress/0.1 MPa)*elastic shear strain. 
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9.5 Section 569RF Simulated with a CTB Model from an HVS Nordic Experiment. 

In the Goal 9 experiments the aggregate base was 100 percent recycled material with a high content of 
recycled portland cement concrete. The backcalculated moduli of the base layer were shown in Figure 226, 
which has been reproduced below for convenience. 

 

MB road, AB modulus

0.0

200.0

400.0

600.0

800.0

1000.0

1200.0

1400.0

7/1/2001 12/30/2001 7/1/2002 12/31/2002 7/1/2003

Date

M
od

ul
us

, M
Pa

 

Figure 275. Modulus of AB layer backcalculated from FWD tests in center line. 

The HVS test on Section 569RF was carried out from 03/25/2003 to 04/07/2003. During this period 
the backcalculated modulus of the AB was between 800 MPa and 1,200 MPa. Such a high modulus must be 
due to self-cementing of the layer. During the HVS test the surface deflection dropped rapidly, indicating that 
it might be necessary to simulate the layer as a lightly cemented aggregate base. 

An incremental-recursive model for cement-treated base (CTB) materials was developed by C. Busch 
(Thogersen et al. 2004). The model is based on six HVS tests carried out in Southern Sweden using the HVS 
Nordic equipment, on three different CTB materials. Replicate sections were available for each material and 
one of the sections, for each material, was instrumented with stress and strain gauges for monitoring the 
response during the test. FWD tests were carried out before and after the tests and LWD (Light Weight 
Deflectometer) tests were done during the HVS testing. Two of the materials were based on a 0/16 mm gravel 
with target strengths (28 days, unconfined compressive) of 8 MPa and 4 MPa, respectively, and the third was 
based on a 0/8 mm sand, with a target strength of 4 MPa. The cement content ranged from 60 kg/m3 to 
100 kg/m3. All materials had an addition of 331 kg/m3 of limestone powder. 

The model developed is described as (quotation from page 41): 
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With an initial CTB modulus assumed to be 1,000 MPa one gets β = 0.34 and γ = 0.14. The best 
agreement with the measured response was obtained using the α-value of 0.19 corresponding to the 25th 
percentile modulus. Equation 6 can then be written as: 
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Equation 34 

The pavement structure used in the simulation is shown in Figure 276, and the parameters for DGAC 
and CTB in Figure 277 Figure 278, respectively. 

 

 

Figure 276. Pavement structure for Section 569RF. 

 

Figure 277. Damage parameters used for DGAC of Section 569RF. 
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Figure 278. Damage parameters used for CTB of Section 569RF. 

 

Figure 279. Section 569RF Road Surface Deflectometer. 
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Figure 280. Section 569RF MDD resilient deflections. 

The simulated response is seen to be surprisingly close to the measured response in Figure 279 and 
Figure 280, except for the MDD at a depth of 300 mm where the measured value is slightly higher than the 
deflection measured at a depth of 90 mm. 

 

 

Figure 281. Section 569RF permanent MDD deformations. 
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Figure 282. Section 569RF average permanent deformation from pavement profile. 

The permanent deformation on top of the CTB is underestimated whereas it is overestimated on the 
top of the asphalt, as shown in Figure 281 Figure 282. Had the gamma function derived for the Goal 3 DGAC 
for prediction of the AC permanent deformation been used instead of the power function, then the predicted 
permanent deformation of the asphalt would have been even larger. 

 
Reference: 

Thogersen, F., Busch, C., and Henrichsen, A. “Mechanistic Design of Semi-Rigid Pavements – An 
Incremental Approach,” Report 138, Danish Road Institute, 2004. 

http://www.vejdirektoratet.dk/publikationer.asp?page=document&objno=73973 




