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Evaluation of the CalME Permanent Deformation Model for Asphalt 
Concrete Layers 
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─────────────────────────────────────────────────────── 
Abstract: This paper presents an evaluation of the model for permanent deformation in asphalt concrete layers used in the CalME 
incremental-recursive mechanistic-empirical method. The permanent deformation modeling was carried out using the CalME software 
v0.82 in two pavement test sections on the E6 motorway at Fastarp-Heberg, Sweden. The measured traffic, material and climate input 
data were in some instances completed by CalME default material data. The results indicate that the relation between plastic and elastic 
shear properties, derived with the Repeated Simple Shear Test at Constant Height, may be affected by ageing. The suggested main ageing 
effect is loss of dependency on the number of loadings. The model results using default permanent deformation material data correlated 
well with field measurements in the flexible pavement section. The results from the semi-rigid pavement section indicate that shear stress 
and elastic shear strain may be difficult to relate to flow rutting in very stiff pavement sections. 
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Introduction 12 

 
Rutting due to permanent deformation is considered one of the most 
serious distress mechanisms in asphalt pavements. It causes traffic 
hazards by affecting vehicle steering. Further, an impervious road 
surface will trap water, snow and ice that cause hydroplaning and 
loss of friction. Longitudinal cracks sometimes occur in deep ruts 
where they drain free water into the underlying pavement layers, 
thereby increasing the deterioration rate. The factors affecting 
permanent deformations can be divided into traffic loading, material 
properties and climatic conditions. 

Modeling is a valuable tool used for pavement design and residue 
assessment. The first pavement deterioration models were entirely 
empirical but mechanistic principles have been introduced over the 
last years. In California, three methodologies are currently 
employed in the Caltrans mechanistic-empirical software v0.82, 
known as CalME [1]. The first, called the Hveem methodology, 
empirically designs layer thicknesses using the R-value method by 
Caltrans [2]. The second, called the Classical mechanistic-empirical 
design methodology, employs linear elastic multilayer analysis 
using a single representative temperature and the dual wheel 
equivalent standard axle load (ESAL) of 80 kN uniformly 
distributed with a 0.69 MPa contact pressure. The response 
functions that determine the permissible number of ESALs are 
based on the Asphalt Institute criteria by default. 

The third and most advanced CalME methodology, evaluated in 
this study, is called the incremental-recursive mechanistic-empirical 
model. Incremental-recursive modeling means that the analysis is 
divided into increments, and the results of each increment are used 
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as input in the next. The mechanistic-empirical modeling is based 
on linear elastic multi-layer theory combined with a number of 
distress functions. The CalME incremental-recursive 
mechanistic-empirical model will be referred to as the CalME 
model hereafter in this paper. CalME has some similarities with the 
Mechanistic-Empirical Pavement Design Guide (M-E PDG) model 
developed by NCHRP [3] including consideration of the most 
important distress mechanisms, i.e. cracking and rutting. Two major 
differences are that CalME was primarily designed for rehabilitation 
and pavement preservation design, and the incremental-recursive 
form of the damage models. It should be noted that this study was 
limited to rutting. 

The analysis is divided into finite increments, where each month 
is represented by its middle day by default. Each day is then divided 
into five periods in which each sublayer temperature is assumed 
constant [4]. The CalME temperature profile is modeled with an 
incremental-recursive one-dimensional finite element subroutine 
using hourly surface temperature and a constant deep soil 
temperature. The hourly surface temperature is normally 
pre-calculated with the Enhanced Integrated Climate Model (EICM) 
[5]. 

In each increment, stresses and elastic strains are modeled with 
linear elastic multi-layer theory using heavy vehicle load spectra 
derived with weigh-in-motion (WIM). The elastic material input 
data are based mainly on field tests such as back-calculation using 
Falling Weight Deflectometer (FWD) deflections, or frequency 
sweep testing performed with cored specimens. 

The permanent deformation in asphalt concrete is modeled using 
a shear strain function similar to some previous modeling efforts [6, 
7]. The plastic shear strain is modeled as a function of the shear 
stress at 50 mm depth below the outer tire edge, the permanent shear 
strain in each sublayer, and laboratory-determined coefficients from 
the Repeated Simple Shear Test at Constant Height (RSST-CH). The 
flow rutting is assumed to be proportional to asphalt concrete depth 
down to 100 mm. The current version of CalME is calibrated using 
Heavy Vehicle Simulator (HVS) tests and observations at WesTrack 
[8, 9]. Recent work has extended this approach to calculate rutting  
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Fig. 1. The Pavement Structure of the Test Sections. 
 
within the top 100 mm of the pavement when there are different 
asphalt layers with very different properties, such as conventional 
asphalt overlaid with rubber asphalt or heavily modified mixes [10]. 

 
Methods 
 
Permanent deformation modeling was carried out for two test 
sections on the E6 motorway at Fastarp-Heberg, Sweden. The 
observed semi-rigid and flexible pavement test sections were 
opened for traffic in November 1996. The study focused on specific 
transversal sections, rather than mean values over distances, which 
would cause variations in rut depth and material properties. 
Pavement test sections exhibiting heavy rutting were preferred over 
well preserved sections in order to minimize the relative 
measurement error. Therefore, the measured rut depth data and 
material properties of a specific section are not necessarily 
representative for all sections of the project. 
 
Structure and Materials 
 
The structure and materials data of the semi-rigid and flexible 
pavement test sections were input primarily using measured data 
and completed with default WesTrack material data. Only measured 
data should ideally be used to reach the highest accuracy and to 
benefit from the mechanistic model considerations. However, all 
tests that are normally carried out to define the CalME material 
parameters could not be performed. This was due to a lack of 
asphalt concrete specimens caused by field coring limitations. 
Therefore, the input data most important to rutting were measured. 
The measured data were completed with data from a reference 
material that was estimated for each of the asphalt concrete, 
aggregate base and subgrade materials. Each reference material was 
calculated as the mean corresponding parameter from the WesTrack 
sections 01 to 04 and 14 to 18. Those sections constituted the 
majority of the current WesTrack calibration sections with materials 
available in the CalME software materials library. The WesTrack 
asphalt concrete (AC) materials included varying asphalt binder 
content and air void content, but only fine aggregates. However, it 
should be noted that the sections with fine aggregate AC exhibited 

better rutting resistance than the sections with coarse aggregate AC 
[9]. More information on the complete material data set is provided 
in the CalME manual [4]. 

Modeling was carried out using both measured and alternative 
default asphalt concrete (AC) permanent deformation parameters. 
The data measured in this study were based on a limited number of 
specimens due to field coring limitations at the E6 motorway in 
Sweden. Therefore, comparison with simulation results using 
default CalME material data appeared necessary. The default AC 
permanent deformation data were defined as the mean data from the 
WesTrack sections 01 to 04 and 14 to 18 [9]. The default approach 
can be considered equivalent to using the M-E PDG at Level 3. 
Future versions of CalME with regional material libraries are 
expected to increase model accuracy. 

The semi-rigid pavement section 9:22 was constructed with a 42 
mm stone mastic asphalt (SMA) with penetration 70/100 bitumen, 
60 mm dense-graded asphalt concrete (DGAC) with penetration 
70/100 bitumen, 255 mm lean concrete base (LCB), 65 mm 
aggregate base (AB), 640 mm aggregate subbase (AS), 400 mm 
well-graded gravel (GW) subgrade and a semi-infinite 
well-graded/silty gravel (GW-GM) subgrade layer, as presented in 
Fig. 1. The flexible pavement section 10:7 was constructed with 35 
mm SMA with penetration 70/100 bitumen, 187 mm asphalt 
concrete base (ACB) layer with penetration 160/220 bitumen, 88 
mm AB, 704 mm AS, 400 mm GW and a semi-infinite GW-GM 
layer. Further details on the E6 Fastarp-Heberg pavement test 
sections are provided in the construction documentation [11, 12]. 
All layers were input separately, as the CalME software is capable 
of modeling an infinite number of layers [4]. 
 
Asphalt Concrete Layers 
 
The asphalt concrete properties directly affecting permanent 
deformation were measured while other data were estimated using 
mean data from WesTrack asphalt concrete materials. Full-depth 
field cores with diameter 150 mm were obtained from each of the 
semi-rigid and flexible test sections in May 2008, i.e. 11.5 years 
after pavement construction. The cores were obtained from between 
the wheel tracks, i.e. an area largely unaffected by traffic loadings. 
Therefore, the cores were considered to be affected by ageing but 
not by damage due to traffic loadings. The upper portion of each 
layer in each core was cut to specimens with a 150 mm diameter 
and a height of 40-50 mm, depending on the layer thickness. The 
SMA wearing layer of the flexible section cores was not tested due 
to an average thickness of less than 40 mm. Instead, the results from 
the theoretically identical semi-rigid section SMA specimens were 
used for both sections. 
 
Ageing 
 
The ageing properties of the asphalt concrete materials were defined 
using the Swedish specifications to provide the CalME software 
with input data and to age-adjust the dynamic modulus data derived 
from cored specimens. The constants of the CalME ageing function, 
presented in Eq. (1), were determined using a predefined ageing 
function, shown in Eq. (2), according to Swedish specifications [13] 
based on an ageing study [14]. 
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Table 1. Mastercurve Parameters. 

Test section Asphalt Concrete Designation |E*|ref [MPa] Tref [°C] 　ν 　α 　β 　γ 　δ aT A VTS 

SMA Wear Course 6053 12.5 0.35 2.1146 -0.3294 0.7397 2.0000 2.5890 10.0410 -3.6800
Semi-rigid 

DGAC Binder Course 5644 12.5 0.35 2.1038 -0.2747 0.7289 2.0000 2.4670 10.0410 -3.6800
SMA Wear Course 6093 12.4 0.35 2.1146 -0.3396 0.7397 2.0000 2.5890 10.0410 -3.6800

Flexible 
ACB Course 6176 12.4 0.35 2.1365 -0.4033 0.6805 2.0000 2.4885 10.0410 -3.6800

 

 
Fig. 4. The RSST-CH Device. 
 

 
Fig. 5. A Shear Test Specimen Glued to Loading Platens. 
 
dynamic modulus of somewhat less than 100 MPa for all asphalt 
materials. However, the CalME WesTrack calibration was based on 
a minimum modulus of 100 MPa [9] and the CalME manual 
recommends 100-200 MPa [4]. Therefore, the minimum dynamic 
modulus was assumed to be 100 MPa. The resulting mastercurve, 
derived with the least squared error sum method, and the 
age-adjusted measured data are illustrated in Fig. 3 and its 
parameters are presented in Table 1. It was noted that the measured 
and modeled dynamic moduli in Fig. 3 differ at low moduli, which 
is acceptable according to the previously discussed minimum 
dynamic modulus assumption. The reference dynamic modulus 
(|E*|ref) is defined with a 0.015 s loading time at the reference 
temperature (Tref), i.e. the yearly mean surface temperature further 
discussed in the climate section. The default CalME asphalt 
materials Poisson’s ratio of 0.35 and binder properties A = 10.0410 
and VTS = -3.6800 were assumed for all asphalt materials. It should 

be noted that the constructed mastercurve is insensitive to the 
selection of binder properties [4]. 
 
Permanent Deformation Characteristics 
 
Two sets of asphalt concrete permanent deformation parameters 
were derived for each material by using repeated simple shear test at 
constant height (RSST-CH) measurements and by assessing mean 
dense-graded asphalt concrete data from the WesTrack sections 01 
to 04 and 14 to 18. The measured plastic strain data were fitted 
using the gamma function in Eq. (7). The latest version of CalME [1] 
models the corresponding flow rutting with Eqs. (7) and (9). The 
WesTrack permanent deformations parameters in the CalME 
material database are characterized with the previously used power 
function in Eq. (8). Consequently, CalME flow rutting calculations 
with WesTrack parameters employ Eqs. (8) and (9). It should be 
noted that the parameters in the gamma and power functions are not 
interchangeable. 
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where 
rd: Rut depth in asphalt concrete layers [mm]. 
K: Constant relating permanent shear strain to rut depth. 
hi: Layer thickness (down to 100mm depth) [mm]. 
γp: Plastic shear strain [MPa]. 
γe: Elastic shear strain [MPa]. 
τ: Shear stress [MPa]. 
τref : Reference shear stress (0.1 MPa ≈ atmospheric pressure). 
N: Number of load repetitions. 
A, α, β, γ, δ: Constants determined using RSST-CH data. 

The measured data sets were produced with the RSST-CH device 
shown in Fig. 4, by using specimens glued to loading platens [16], 

 
Table 2. The RSST-CH Testing Conditions. 

Temperature [ºC] 
  

40 50 

70 SMA, DGAC, ACB SMA Stress 
[kPa] 130 SMA, DGAC DGAC, ACB 
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initial modulus after 12.5 years. Damage, i.e. loss of modulus, of 
cement bound materials was characterized using the crushing 
function in Eq. (11) [4]. The parameter values α = 1, β = 0 and γ = 0 
were assumed in order to obtain a close to constant rate damage 
function. Parameter A = 0.0184 was then assessed using trial and 
error in order to reach the 50% loss of modulus over 12.5 years. 
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where 
ω: Damage ratio ranging from 0 to 1 
N: Number of load repetitions 
σ: Vertical stress on top of layer [MPa] 
σref : Reference vertical stress on top of layer [MPa] 
E: E-modulus adjusted for climate and damage [MPa] 
 

 
Fig. 7. FWD Moduli from the Aggregate Base Layer Top. 
 
Table 5. Unbound Material Modulus Data. 
Layer Modulus [MPa] 

Aggregate Base 223 

Aggregate Subbase 180 

Coarse-grained Subgrade 137 

Fine-grained Subgrade 129 

 

 
Fig. 8. Distribution of Heavy Axles throughout the Day. 

 
Fig. 9. Distribution of Heavy Axles per Weight Class. 
 
Eref: Reference modulus [MPa] 
A, α, β and γ: Constants 

The CalME permanent deformation parameters for the LCB were 
set according to the M-E PDG assumption that this mechanism is 
non-existent in chemically stabilized materials [3]. However, it 
should be noted that permanent deformation from underlying 
unbound materials can still manifest itself as rutting on the 
pavement surface in the CalME simulation. Remaining parameters 
were assumed to be those of the default CalME lean concrete base 
material. 
 
Unbound Layers 
 
The unbound layers were characterized using FWD data at the 
project that was completed by default aggregate base material data 
from the WesTrack sections. The modulus was estimated using 
FWD deflection data from measurements on the aggregate base 
layer during construction [12] and the mean modulus method [19]. 
The resulting moduli in the sections are very similar as shown in Fig. 
7. This was expected since the unbound layers in both sections are 
theoretically identical and the unbound material layer thicknesses 
are similar. Therefore, each material was assigned a single constant 
modulus as presented in Table 5. 
 
Traffic 
 
The heavy axle load spectra and the number of heavy vehicles were 
measured with Weigh-in-motion (WIM) equipment and on-site 
pneumatic tubes or inductive loops that were stationary mounted on 
the pavement surface. The available one-week early summer WIM 
measurements were carried out in 2004 near Kungsbacka and 
2005-2007 near Löddeköpinge [20]. These locations are 95 km 
north and 130 km south from the test sections, respectively. The 
heavy vehicle load spectra in Kungsbacka and Löddeköpinge were 
considered similar enough to allow interpolation of data. 

CalME uses the assumption of constant axle load spectrum from 
year to year, over the week and throughout the day. Further, the axle 
load distribution is also assumed constant from month to month. 
The assumptions appear reasonable as very small seasonal load 
spectra variation has been reported in California despite the addition 
of agricultural transports during harvest time [21]. The distribution 
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of heavy vehicle axles at each hour throughout the day was assessed 
using the WIM data presented in Fig. 8. The WIM data also 
determined the axle weight distribution shown in Fig. 9. Quad axles 
constituted 0.02% of the total number of axles. Since they are not 
modeled by CalME, they were approximated as tridem axles. 

The number of heavy vehicles measured with pneumatic tubes 
and inductive loops [22] was adjusted using the more detailed WIM 
data in order to exclude light vehicles with long axle spacing. The 
resulting number of axles during the first year was 1 126 000 and 
the yearly mean compound growth was 5.21%. The speed calculated 
using WIM data was 88.7 km/h (55.1 mph), as presented in Table 6. 
CalME calculates either the tire-to-pavement contact stress using 
the current load and a constant contact area, or the area using the 
load and a constant contact pressure, which normally is assumed 
equal to the tire inflation pressure. The former routine is normally 
preferred as it significantly reduces computation time. However, a 
typical contact area could not easily be assessed in this study, and 
CalME was largely calibrated using a constant 690 kPa inflation 
pressure [9] corresponding to the Californian Equivalent Standard 
Axle Load (ESAL). Therefore, an inflation pressure of 800 kPa was 
used, corresponding to the Swedish specifications ESAL [13]. 
Further, the CalME default option of modeling all non-steering axle 
tires as dual tires was employed because the use of super single tires 

 
Table 6. General Traffic Input Data. 

Axles First Year 1 126 000 

Growth Rate 5.21% 

Speed 88.7 km/h 

Contact Pressure 800 kPa 

Wander Standard Deviation 290 mm 

 
Table 7. EICM Output Data Summary. 

Longitude, Latitude 12.46E, 56.47N 

Elevation 18 m 

Annual Water table Depth 2.2 m 

Mean Annual Air Temperature 7.2°C 

Mean Yearly Surface Temperature 

(Semi-rigid Section) 
12.5°C 

Mean Yearly Surface Temperature 

(Flexible Section) 
12.4°C 

Range Yearly Surface Temperature 

(Semi-rigid Section) 
11.9°C 

Range Yearly Surface Temperature 

(Flexible Section) 
11.8°C 

Range Daily Surface Temperature 

(Semi-rigid Section) 
23.8°C 

Range Daily Surface Temperature 

(Flexible Section) 
22.9°C 

Number of Freezing Degree Days 420 

Annual Rainfall 806 mm 

Average Relative Humidity  81% 

Average Wind Speed 3.5 m/s 

Solar radiation Minimum 825 W/m2 

Solar radiation Maximum 10700 W/m2 

 
Fig. 10. Total Observed Rut Depth in the Semi-rigid and Flexible 
Test Sections. 
 
in Sweden could not be assessed. However, it is known that super 
single tires are becoming more common and that they cause 
significantly more damage to asphalt concrete pavements than dual 
tires [23, 24]. Therefore, the increased damage due to the use of 
super single tires also motivates the higher-than-normal 800 kPa 
inflation pressure. The lateral wander average standard deviation of 
290 mm was estimated using previous measurements [25] and the 
3.5 m lane width. The results were inserted directly into the CalME 
traffic load database file. 
 
Climate 
 
The CalME climatic input data consisting of hourly surface 
temperature data were derived using the Enhanced Integrated 
Climate Model v3.0, called EICM [5]. The input data consisted of 
layer structure, material data, hourly climatic data (hcd) from the 
Swedish National Road Administration and the Swedish 
Meteorological and Hydrological Institute, and ground water from 
the Geological Survey of Sweden [26-28]. The two test sections 
were modeled separately since the results depend on the structure 
and thermal conductivity of the materials. The results were inserted 
directly into the CalME climate database file. 

The climatic data time interval comprised January 2003 to 
February 2006. The ground water depth, calculated as the mean 
value of Halmstad and Oskarström [28], was constant throughout 
the year. The daily solar radiation maximum and sunrise/sunset 
times were modeled as a function of latitude [5]. Air temperature, 
wind speed and relative humidity were provided by hourly on-site 
measurements [26]. Precipitation was approximated by accumulated 
6 h data from nearby Halmstad distributed hourly according to 
Helsingborg 1 h data. The percent of sunshine, i.e. absence of cloud 
cover, was approximated using Växjö data as that was the closest 
complete sunshine data set [27]. A summary of the EICM output 
data is provided in Table 7. 

 
CalME Simulation Options 
 
Regarding simulation options in the CalME software, the damage 
was calculated separately for each layer. Lateral wander was 
accounted for but moisture ingress and reflection cracking were 
excluded from the analysis. Ageing was continued throughout the 
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entire pavement life. The linear elastic response (LET) model was 
used with the 30 day default increment and the default day 
subdivision. The model was kept deterministic by using no 
variability. 
 
Field Measurement 
 
The transversal surface profile was measured twice per year, in 
April and October, from 1997 to 2006 using a PRIMAL transversal 
profilometer [29]. The total rut depth derived from measured profile 
data using the wire line method is shown in Fig. 10. However, 
during winter Swedish asphalt pavements exhibit considerable wear 
rutting due to studded tires [29], while CalME currently does not 
consider this distress mechanism. Therefore, the measured total rut 
depth data were adjusted for wear rutting using additional laser 
profilometer mea resusurements [29]. This resulted in the rut depths 
presented in Fig. 11. The occasional flattening and reversal of rut 
depth growth can be attributed to scatter. The growth of permanent 
deformation appears linear after one year when the initial 
deformation has developed, as shown with the dotted line in both 
figures. Again, it should be noted that the specific sections selected 
for this study are not necessarily representative for the pavement 
structures and materials. Comparisons between observation and 
model results were carried out using all observation points in order 
to account for measurement variation. 

 
Fig. 11. Observed Rut Depth in the Semi-rigid and Flexible Test 
Sections Adjusted for Wear Rutting. 
 

 
Fig. 12. Rut Depth in the Flexible Test Section Using Measured 
Permanent Deformation Parameters. 

 
Fig. 13. Rut Depth in the Semi-rigid Test Section Using Measured 
Permanent Deformation Parameters. 
 

 
Fig. 14. Rut Depth in the Flexible Test Section Using WesTrack 
Permanent Deformation Parameters. 
 
Results 
 
The results from the simulations with measured and calculated mean 
WesTrack permanent deformation parameters are presented 
separately and compared with measured rut depth data. The total 
modeled rut depth and the modeled contribution from asphalt 
concrete (AC) layers are presented in each figure in this section of 
the paper. The difference between them is permanent deformation in 
unbound materials. The stiffness in each layer is also presented in 
addition to the resulting permanent deformations. 
 
Permanent Deformation Using Measured Data 
 
The CalME simulations carried out using measured permanent 
deformation data under-predicted total rut depth in both sections. 
The simulations with measured permanent deformation data in the 
flexible section accounted for only 28% of the rut depth after ten 
years of traffic, as shown in Fig. 12. Both the initial first-year 
deformation and the yearly growth of the total deformation were 
underestimated. The contribution of modeled asphalt concrete (AC) 
deformation to total modeled deformation was 55%, which was 
somewhat less than expected considering the thick asphalt layers 
[11]. In the semi-rigid section, the model accounted for only 9% of 
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the total rut depth after ten years as shown in Fig. 13. Further, the 
AC contribution to total modeled deformation was 73%. Almost all 
permanent deformation in the semi-rigid section was expected to 
occur in the asphalt concrete layers [11]. Contrary to the continuous 
field rutting growth, the modeled total rutting rate was negligible 
after the first year. 
 
Permanent Deformation Using WesTrack Data 
 
The CalME permanent deformation simulations corresponded well 

 
Fig. 15. Rut Depth in the Semi-rigid Test Section Using WesTrack 
Permanent Deformation Parameters. 

 

 
Fig. 16. Stiffnesses of the Flexible Section Layers. 

 

 
Fig. 17. Stiffnesses of the Semi-rigid Section Layers. 

to the observed total permanent deformation in the flexible section 
but resulted in underestimation in the semi-rigid section. The 
CalME simulations carried out using WesTrack permanent 
deformation data in the flexible section accounted for a reasonable 
84% of the rut depth after ten years of traffic, as shown in Fig. 14. 
Note that the first five years were modeled very accurately, but after 
that the yearly growth was somewhat underestimated. The 
contribution of modeled asphalt concrete (AC) deformation to total 
modeled deformation was 82%. In the semi-rigid section, the model 
accounted for only 32% of the total rut depth after ten years as 
shown in Fig. 13. Further, the AC contribution to total modeled 
deformation was 92%, which is expected due to thick bound layers 
[11]. Contrary to the continuous field rutting growth, the modeled 
total rutting rate was very small after the first year. 
 
Layer stiffness 
 
The modeled asphalt concrete stiffness showed an expected seasonal 
variation and a slight long-term decrease due to damage despite 
ageing in both the semi-rigid and flexible sections. The modeled 
mean stiffness reduction during the first five years was 8.7% for the 
stone mastic asphalt (SMA) layers, 10.2% for the dense-graded 
asphalt concrete (DGAC) layers and 6.9% for asphalt concrete base 
(ACB) layers, as illustrated in Fig. 16 and Fig. 17. The constant rate 
reduction of the lean concrete base (LCB) stiffness in the semi-rigid 
pavement section, shown in Fig. 17, was the expected result of the 
calibration using falling weight deflectometer data, as previously 
discussed. The stiffnesses of aggregate base (AB) and subbase (AS) 
layers were constant throughout the pavement life, as well as the 
well-graded gravel (GW) and well-graded/silty gravel (GW-GM) 
subgrade layers. 
 
Discussion 

 
Permanent Deformation Model 
 
Measured and WesTrack Parameters 
 
Comparison between CalME rut depth results using measured and 
estimated mean WesTrack permanent deformation parameters for 
asphalt concrete indicated that the relation between elastic and 
plastic properties is affected by ageing. The CalME methodology 
prescribes permanent deformation characterization using the 
repeated simple shear test at constant height (RSST-CH) performed 
with newly compacted specimens. The RSST-CH test data is 
processed into a permanent deformation parameter set, which is a 
measure of the relation between elastic and plastic properties of an 
asphalt concrete material. CalME assumes that the permanent 
deformation parameter set is constant throughout the pavement life, 
which theoretically leads to the possibility of determining the 
parameter set using aged specimens. In this case, CalME seriously 
underestimated rut depth using input data produced with the 
RSST-CH and 12-years-old specimens, while CalME simulations 
with mean WesTrack data resulted in good predictions. This means 
that ageing appears to have an influence on the RSST-CH results, i.e. 
the relation between plastic and elastic strain, assuming that CalME 
would have predicted rut depth accurately if the material testing had 
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been performed on newly compacted field cores according to the 
original CalME methodology. Therefore, the results from a limited 
number of specimens indicate that the RSST-CH parameters may be 
dependent on the asphalt concrete layer age. The ageing dependency 
of the plastic-elastic relation should be further investigated. 

The reduction of permanent deformation due to the use of aged 
RSST-CH specimens mainly appeared to be caused by a reduction 
of the dependency on the number of loadings. The permanent 
deformation curve appearances of the RSST-CH were measured, 
and the mean WesTrack permanent deformation parameters are 
shown in Fig. 6, while the corresponding CalME rut depth results 
based on that data are shown in Figs. 12 to 15. Permanent 
deformation modeling with RSST-CH measured parameters showed 
some initial deformation and very small continuous growth, while 
the corresponding results using mean WesTrack data showed 
significant effects of both initial and continuous growth. That 
behavior should be compared with the field-measured rut depth, 

 
Fig. 18. AC Rutting as a Function of Depth [3]. 
 
which exhibited a small initial growth and a large continuous 
growth. The results indicate that the dependency of the number of 
loadings may be the main ageing effect, assuming that CalME 
would have predicted rut depth accurately if the RSST-CH testing 
had been performed on newly compacted field cores according to 
the original CalME methodology. 
 
Flexible pavement section 
 
The CalME modeled rut depth using mean WesTrack asphalt 
concrete permanent deformation parameters and observed rut depth 
showed good correlation, which was not entirely expected due to the 
CalME model structure. The CalME model assumes that the total 
flow rutting can be represented with the shear deformation 50 mm 
beneath the tire edge, and that it is proportional to layer thickness 
down to 100 mm depth. The CalME assumption that no flow rutting 
occurs below 100 mm depth appears reasonable based on the results 
of several studies. Trench studies carried out on flexible pavements 
in a wide range of US states showed that most of the rutting 
appeared in the top 76.1-101.6 mm (3-4 inches) of the AC layers 
[30]. Similar conclusions were reached using Heavy Vehicle 
Simulator (HVS) tests on multiple structures employing varying 
wheel configurations and temperatures [31]. In addition, the 
seven-section MnROAD trench study used for calibration of the 
Mechanistic-Empirical Pavement Design Guide (M-E PDG) showed 
that approximately 90% of the AC permanent deformations 

occurred in the top 100 mm [3], as illustrated in Fig. 18. 
However, flow rutting in Swedish flexible pavement structures 

may be located deeper than in corresponding American pavements. 
Approximately one third of the total flow rutting appeared at 
120-200 mm depth in the low-modulus asphalt concrete base (ACB) 
layers in a typical Swedish flexible pavement instrumented with 
vertical strain gauges in each layer and subjected to HVS loading 
[32]. The ACB layer in that study was made of 160/220 penetration 
bitumen in order to withstand cracks due to frost-heave and fatigue 
at the expense of permanent deformation resistance. The flexible 
pavement section in this study employed that same ACB material. 
This suggests that approximately one third of the permanent 
deformation could have occurred at depths greater than what CalME 
considers. Therefore, it was not certain that the CalME model would 
account for all permanent deformations in the 222 mm thick asphalt 
concrete layers of the flexible pavement section in this study. 
Nevertheless, CalME rut depth results using WesTrack permanent 
deformation parameters correlated well with observed rut depths. 
This could mean that the ACB layer deformation was located in the 
top 65 mm, directly below the 35 mm stone mastic asphalt (SMA) 
wear layer. In order to further investigate the matter, the authors 
suggest that the CalME materials library be expanded with various 
types of materials and structures. 

 
Semi-rigid pavement section 
 
The underestimation of permanent deformation in the semi-rigid 
pavement section was not expected, although it should be noted that 
semi-rigid pavements were not included in the CalME calibration 
efforts. Both measured and WesTrack permanent deformation 
parameters underestimated the total rut depth. The previously 
discussed AC permanent deformation limitation at depths larger 
than 100 mm could not significantly have affected the results as the 
AC layers were only 102 mm. The lack of permanent deformation 
observed in the unbound layers appears reasonable since lean 
concrete base (LCB) layers act as a stiff plate with great loading 
distribution capability. 

The modeled flow rutting in the semi-rigid section was 
approximately a third of that modeled in the flexible section, which 
is notable since their AC permanent deformation parameters were 
similar, as illustrated in Fig. 16. Further, the observed flow rutting 
was only slightly less in the semi-rigid section. However, it should 
be noted that the permanent deformation parameters only determine 
the relation between elastic and plastic shear strains. Therefore, the 
elastic strains at 50 mm depth must have been much lower in the 
semi-rigid pavement section than in the flexible. The small elastic 
strains in the semi-rigid layer are most likely due to the very stiff 
LCB layer. The underestimation of rut depth in the semi-rigid 
section suggests that the shear stress and elastic shear strain at 50 
mm depth may be difficult to relate to flow rutting in very stiff 
pavement sections. 
 
Asphalt concrete layer stiffness 
 
The asphalt concrete minimum dynamic modulus assumption of 
100-200 MPa appears reasonable in the context of the CalME model. 
Modeling the minimum dynamic modulus accurately is important 
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considering that the potential for permanent deformation in asphalt 
concrete is high when the dynamic modulus is low. Determining the 
mastercurve parameters based on laboratory test data is difficult as 
many solutions often appear to fit measured data equally well. Low 
modulus measurements are carried out at high temperatures and/or 
low frequencies, which may cause excessive permanent deformation 
and yield unreliable data. Further, laboratory tests have been found 
to result in a significantly lower minimum dynamic modulus than 
practical field measurements using the falling weight deflectometer 
(FWD) [8]. The difference is explained by the stiffening boundary 
conditions applied in the field compared to those of a detached 
specimen in a laboratory test. For the reasons above, it appears 
appropriate to use some minimum dynamic modulus assumption. 
The value recommended by CalME manual is 100-200 MPa based 
on the modulus of the aggregate alone [4]. However, considering its 
high impact on permanent deformation, the minimum dynamic 
modulus assumption should be further investigated. 

The slight long-term dynamic modulus reduction due to damage 
despite the ageing effect was not entirely expected. CalME has the 
advantage of adjusting the asphalt concrete stiffness according to 
both damage and ageing, which are governed by separate functions. 
In California, the net effect is often an overall reduction in FWD 
measured dynamic modulus [8]. However, damage is caused by the 
traffic volume, which is considerably lower in Sweden. The mean 
initial number of heavy axles per lane and year was 3.4 million on 
roads in the CalME WIM database, compared to 1.1 million on the 
Swedish E6 motorway. A follow-up study was carried out on nearby 
pavement sections theoretically identical to those in this study [33]. 
The cores were obtained from one of the wheel tracks, i.e. they were 
subjected to both ageing and damage caused by repeated traffic 
loadings. They were tested using the repeated diametral loading 
tests at +10°C according to FAS Method 454 [34]. During the first 
five years, their stiffness increased by 18%, 38% and 69% for the 
stone mastic asphalt (SMA), the dense-graded asphalt concrete 
(DGAC) and the asphalt base layers (ACB), respectively. On the 
contrary, CalME showed a corresponding stiffness reduction of 
8.7% for the SMA, 10.2% for the DGAC layers and 6.9% for the 
ACB, as reported in the results section. 

Two interpretations are possible to explain the above difference in 
stiffness results, considering that the overall stiffness is 
continuously increased by ageing and reduced by damage. The 
stiffness increase could have been underestimated by the 
predetermined ageing function according to Swedish specifications 
[13]. Alternatively, the CalME damage function with mean 
WesTrack asphalt concrete parameters could have overestimated the 
damage for the asphalt concrete layers in this study. These results 
underline the general need for using measured ageing and damage 
data, and that any estimated data should be based on materials of 
similar composition. Therefore, CalME is recommended to further 
develop the ageing and damage functions and to expand their 
materials library. 
 
Conclusions 
 
Based on the results of this paper, the following conclusions were 
drawn: 

 The relation between plastic and elastic shear properties, 
measured with Repeated Simple Shear Test at Constant Height 
on a limited number of specimens, appeared to be affected by 
ageing. The suggested main ageing effect was loss of 
dependency on the number of loadings. The ageing dependency 
of the RSST-CH parameters should be further investigated. 

 The CalME model rut depth prediction correlated well with 
observations in the flexible pavement section using default 
mean WesTrack permanent deformation data. 

 The results from the semi-rigid pavement section indicate that 
shear stress and elastic shear strain may be difficult to relate to 
flow rutting in very stiff pavement sections. Semi-rigid 
pavement sections should be included in the re-calibration 
process. 

 The CalME 100-200 MPa minimum dynamic modulus 
assumption for asphalt concrete, based on falling weight 
deflectometer data, should be further investigated. 

 The advanced CalME asphalt concrete stiffness models for 
ageing and damage should be further developed and calibrated 
and the CalME materials library should be expanded. 
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