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Fig. 1. Autoblog 23-01-2009: “Winter Takes its Toll: Dutch Pavements Damaged”, AD 29-01-09: “News: Frost Damage Runs into Millions”, 
AD 13-01-09: “Hundreds of Claims after Frost Damage”. 
 
Table 1. Summary of Winter Damage Inventory as Per January 21, 2009 [3]. 

Number of Damaged 
Sections (-) 

Combined Length of 
Damaged Sections 

Minimum Section 
Service Life (years) 

Maximum Section Service 
Life (years) 

Average Section Service 
Life (years) 

55 < 0.2% of total network 5 18 11-12 

 

 
Fig. 2. The 2-Week Moving Average of the Daily Minimum Surface Temperature and the Daily Average Temperature.(According to the Royal 
Netherlands Metrological Institute (KNMI) [4]).  
 
in a 12-year period. In more detail, temperature data of previous 
winters are given for two locations in Fig. 3. 
 
Definition of a Representative Case 
 

Introduction 
 
The primary network in the Netherlands is for 90% surfaced with 
PA. However, differences in the pavement structure, subgrade, and  
even the type of PA (grading, type of bitumen, single layer, or double  
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Fig. 3. Daily Maximum and Minimum Temperature in the 
Municipality of de Bilt and Eindhoven. (Vertical Lines: the 
Publishing Dates of Articles in Fig. 1). 
 
Table 2. Representative Structural Design of a Dutch Motorway 
Pavement. 

Poisson’s 
Ratio 

Stiffness (MPa) Material Thickness 
(mm) 

(-) -10°C 0°C +10°C 20°C

PA 50 0.35 10475 8625 6000 3750
DAC 200 0.35 20950 17250 12000 7500
Unbound Base 225 0.4 400 
Sand Sub Base 1000 0.4 100 
Subgrade  0.4 55 

 

1000

10000

100000

-12 -8 -4 0 4 8 12 16 20 24 28 32 36 40 44
temperature [°C]

S
ti

ff
n

e
s

s
 [

M
P

a
]

Dutch design method DVS (1998)

Extrapolation to low temperatures

 
Fig. 4. Stiffness of Dense Asphalt Concrete (Vertical Axis) as a 
Function of Temperature (Horizontal Axis) as Per Dutch Design 
Method [6] and Extrapolation Hereof to Obtain the Stiffness at -10 °C. 
 
layer) differ throughout the network. Similarly traffic conditions vary. 
It was decided to obtain insight into the effects of winter by 
considering a situation that is representative for the Dutch primary 
network. Hereafter this representative case is further defined. 
 
Standard Load 
 
The LOT simulations discussed later all consider a 50kN wheel load 
applied by a Good Year 425R65 super single tire [5]. The width of 
the wheel patch of this commercial tire equals 330mm. It was 
assumed that the length of the wheel patch will equal 170mm, 
leading to an average contact stress of 0.891MPa. The tire travels at 

a speed of 21.25m/s or 76.5km/h, so that it requires exactly 8ms for 
the tire to pass over a certain point.  

In the simulations, it is assumed that the tire is non driven, i.e., 
free rolling. 

 
Representative Traffic 
 
In the Netherlands, the total traffic load on motorways varies from 
approximately 30,000 to 200,000 vehicles per day in two directions. 
Of this traffic, approximately 12.5% is commercial; on average, 
each commercial truck introduces 1.6 times the damage introduced 
by a standard 100kN axis [6]. From this it is concluded that the slow 
lanes in the Netherlands are subjected to 3,000 to 20,000 equivalent 
100kN axle loads per day. A value of 10,000 is used in the 
simulations as a practical and representative number. 

From Buiter et al. [7], it is known that commercial traffic on 
3.5-m wide motorway lanes show lateral wander with a 290mm 
standard deviation. For 330-mm wide super single tires, it is 
concluded that a 10-mm strip in the center of the wheel path exists 
that is loaded by 41.9% of passing tires. The simulations consider 
the situation in that strip.  
 
Representative Pavement and Deflections Hereof 
 
The simulations all consider a representative Dutch motorway 
asphalt pavement. In Table 2, the thickness design of the considered 
structure is presented. The stiffness’s listed in Table 2 are based on 
the Dutch design method for asphalt pavements on motorways [6].   

The stiffness assigned to dense asphalt concrete (DAC) is 
obtained from Fig. 4. PA was assigned half that stiffness. This was 
done in accordance with the design method that prescribes that only 
80% of the thickness of PA should be considered in pavement 
design. Since flexural stiffness depends on the product of thickness 
3 x stiffness, this leads to the conclusion that the stiffness of PA 
equals approximately half the stiffness of DAC according to the 
design standard. 

The unbound granular base, often a mixture of crushed concrete 
and crushed masonry, and the sand subbase are assigned generally 
accepted stiffness values.  

As the size of the LOT structural mixture model [1] is limited, 
deflections of the pavement structure as a whole are fed to the 
model by prescribed deformations at the model boundaries. For the 
pavement listed in Table 2, deflections were computed up to 2000 
mm away from the load center at 5 and 27.5mm depth. Use was 
made of WESLEA, a well known software tool for Linear Elastic 
Multi Layer Analyses. Computations were made for temperatures of 
-10, 0, +10, and +20°C. Deflections at 15,000 were considered to be 
nil and an exponential function was applied to describe deflections 
further than 2000mm away from the load center. The deflections 
shown in Fig. 5 were obtained. 
 
Representative PA Mixture 
 
The most commonly applied type of PA in the Netherlands is a PA 
0/16mm. The mixture recipe of such mixtures was obtained from the 
Dutch National Standard, RAW [8]. In the simulations to be 
discussed use is made of the LOT idealized 2D model. Table 3 lists 
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Fig. 6. Deflections of the Pavement as a Whole at -10°C and the 
Effects Hereof for PA Surfacing. 
 

0

0

n

etD 














for ,0et 0


D for 0et with 
 tan net   (3) 

where,  

D = rate of damage accumulation (-/s); 
σet= equivalent tensile stress, i.e., tensile stress in the case of zero 

shear (MPa); 
σn = adhesive zone normal stress (MPa); 
 = adhesive zone shear stress (MPa); 
 = friction angle (degr.); 
n0= model parameter (-); and 
σ0= reference stress (MPa). 

Adhesive zone laboratory tests are done on both Greywacke and 
Sandstone stone columns. Here interest is in the behavior of some 
representative Dutch motorway pavement and for that reason 
computations are made on the average fatigue behavior of adhesive 
zones on Greywacke and Sandstone. Based on available data, the 
parameters listed in Table 5 are found. 
 
LOT Simulations 
 
Introduction 
 
PA at the road surface may experience three main types of 
mechanical loading: 

 Forces introduced to the surface stones by passing tires, 
 Deformations that follow from deflection of the pavement as 

a whole, and 

Table 5. Damage Accumulation Parameters for Adhesive Zones 
(Combined Greywacke and Sandstone Data).  

Temperature (°C) 0 (MPa) 
n (-)  (degrees) 

-10 20.63 2.74 70.2 
0 12.18 5.14 25.1 

+10 10.56 3.56 31.9 
+20 8.35 3.17 35.5 

 
Table 6. Linear Thermal Expansion Coefficients for Stone and 
Mortar.  

 Stone (Sandstone/Greywacke) Mortar 

L 6.6 × 10-6/°C 2.5 × 10-5/°C 

 
 Stress that may be introduced as a result of temperature 

fluctuations. 
In the simulations discussed here, all of the above load cases are 
considered. Further discussion follows hereafter. 
 
Wheel Load Forces 
 
The load signals acting on individual surface stones under the 
passage of a wheel load are described elsewhere [1]. Details of the 
representative load are found in section “Representative Traffic”. 
 
Deflection 
 
The deformations of the pavement as a whole are determined by the 
linear elastic multi layer analysis as discussed earlier. Deflection 
bowls were determined at a depth of 5and 27.5mm. Interpretation of 
these deflection bowls gives insight into surface layer deformations 
as a function of wheel the load position. To incorporate the 
deflection of the structure as a whole, these deformations (i.e., 
translations and rotations) are applied as boundary conditions to the 
outer edges of the LOT model.  

Fig. 6 gives a visual impression of the described principle. The 
figure gives an impression of the deflection bowl at -10°C in 
combination with four plots of the model. The model plots have 
been retrieved from the relevant simulation.  

 
Temperature Fluctuations 

 
During the day, temperatures fluctuate, see Figs. 2 and 3. As a result 
of these fluctuations, the temperature of the pavement surface layer 

 
 

 
Fig. 7. Model for Determination of In-mixture Temperature Stress. 
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Fig. 8. Indication of Temperature Stress. 
 
will also vary. Fluctuations are especially high close to the road 
surface. As a result hereof, stress may be introduced in pavement 
structures. An estimate of these stresses in the surfacing layers is 
made by assuming a sinusoidal temperature evaluation over a 
24-hour period. The linear thermal expansion coefficients listed in 
Table 6 are applied. 

For the calculation of thermal stress, a model in which the stones 
are represented as physical bodies, with an E-modulus of 50,000 
MPa and a Poison’s ratio of 0.25, was developed, see Fig. 7. Note 
that stones and mortar are modelled physically, each having their 
own linear thermal expansion coefficient. Calculations are made 
using the Visco-Elastic (VE) behavior (Table 4) at -10, 0, 10, and 
20°C. Each calculation considered a 24-hour sinusoidal temperature 
signal with a 5°C amplitude. The average temperature, i.e., the 
off-set of the sinus, was made equal to the temperature for which the 
chosen VE properties are valid. Fig. 8 gives an impression of 
obtained results. As indicated, the horizontal contacts are especially 
stressed. Fig. 9 gives obtained results in the form of charts. Both 
charts refer to horizontal contacts.  
 
Interpretation of LOT Simulations 
 
Results 
 
The simulations discussed earlier in “LOT simulations” result in 
stress and strain signals at different locations throughout the mixture. 
Stress and strain signals as a result of wheel load passages(combined  
 

surface loading and deflection) and temperature fluctuations are 
available. Application of the damage models discussed earlier on the 
combined signals of wheel load passages and temperature 
fluctuations allows determining the damage that accumulates in a 
24-hour period. In combining the two available stress and strain 
signals, it was assumed that 85% of the 10,000 daily axle load 
repetitions are applied between 7:00 and 19:00 hour. During the 
night, 19:00 to 7:00 hour, traffic load is 15% of the daily load. 

Response simulations have been made for average temperatures 
of -10, 0, +10, and +20°C. Interpretation of the in-mixture response 
signals showed that the mixture is most vulnerable to failure of the 
adhesive zones, i.e., mortar fatigue leads to a longer ravelling life 
span than adhesive zone damage. This conclusion is drawn for 0°C 
and 10°C only because at these temperatures ample mortar fatigue 
data are available. 

The simulations showed that the effects of temperature 
fluctuations over the day are limited for average temperatures of 0, 
+10, and +20°C (i.e., the material parameters used are valid for 
these temperatures). The maximum ravelling performance of the 
mixture is found at 0°C. Fig. 10 gives an impression of the damage 
accumulation in a single 24-hour day as a function of average 
temperature and the magnitude of temperature fluctuation over that 
day. The figure plots the relative daily damage, i.e., the daily 
damage relative to the damage introduced in a single day at 0°C. 
The figure clearly indicates that the ravelling performance of the 
mixture degrades as temperatures increase. However, as 
temperatures fall, the mixture performance degrades much faster 
and aggressive, especially when temperature fluctuations of some 
magnitude occur. 

Fig. 10 is explained later in section “Causes of Winter Damage”. 
In explaining Fig. 10, distinction is made between the deflection 
effect (arrow 1), the temperature fluctuation effect (arrow 2), and 
the strength reduction effect (arrow 3).  

In Fig. 3 an indication of the air temperatures during the period in 
which aggressive ravelling damage developed is given for two locations 
in the Netherlands. Table 7 lists the extremes for both locations. Of 
course there is no direct relation between surfacing temperature 
and air temperature. However it is fair to say that circumstances at 
locations  in the Netherlands can be represented by an average 

 
Left: Adhesive Zone Normal Stress in Horizontal Contacts, Right: Hysteresis Loops in Horizontal Contacts. 

Fig. 9. The Effects of Sinusoidal, 5°C Amplitude/24-Hour Period, Temperature Changes at Average Temperatures of -10, 0, +10, and +20°C, 
Respectively. 
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Table 7. Extremes in Temperature Data at Two Locations in the 
Netherlands.  

Location Date Tmin 

(°C) 
Tmax 

(°C) 

Taverage 

(°C) 

δT 
(°C) 

06-01-2009 -18.2 -5.3 -11.75 12.9
Eindhoven 

07-01-09 -17.8 -1.1 -9.45 16.7
10-01-2009 -10.5 -3.6 -7.05 6.9 

De Bilt 
03-01-2009 -8.9 1.6 -3.65 10.5
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Fig. 10. Relative Daily Damage Compared to Daily Damage at 0°C, 
i.e., Maximum Mixture Performance as a Function of Average Daily 
Temperature and Daily Temperature Fluctuations. 

 
temperature of -10°C combined with a temperature fluctuation of 
13°C. It is anticipated, but unknown to the authors, that more 
extreme circumstances developed locally due to micro climate 
conditions.  

From Fig. 10 it is concluded that the accumulation of adhesive 
ravelling damage at Taverage/δT = -10°C/13°C is close to 20,000 
times faster than at maximum mixture performance, i.e., 0°C. This 
indicates that ravelling damage accumulated during the most cold 
Dutch winter days may easily exceed the damage accumulated in 
years of less extreme conditions.  

On the basis of the above, it is believed that LOT explains the 
very aggressive and extreme ravelling damage that developed at 
locations during the last Dutch winter. The authors cannot put enough 
emphasis on this because implications of this conclusion are that the  

 
 

Centre for Transport and Navigation of the Dutch Ministry of 
Transport, Public Works and Water Management has the availability 
of a tool allowing for PA mixture design. 
 
Causes of Winter Damage 
 
An explanation of the trends plotted in Fig. 10 was found in the 
observation that a porous asphalt surfacing layer is subjected to two 
types of loadings. 
1 Strain Controlled Loadings: 

First, temperature fluctuations result in strain controlled 
loadings. Due to temperature fluctuations, the material wants to 
shrink or expand. The desired strains that follow are counter 
acted by opposite strains that result in stresses. These effects 
are independent of surfacing stiffness and result in a strain 
controlled type of loading. 
Secondly, the pavement deflects under loading. These 
deflections of course depend on the structural pavement design 
and the traffic load. However, the contribution of the surfacing 
layer to structural stiffness is very limited. In other words the 
surfacing layer cannot limit pavement deflections, even when 
the surfacing material becomes very stiff. As such, for the 
surfacing layer, pavement deflections result in a type of loading 
that is best described as strain controlled. 

2 Force Controlled Loadings: 
At locations where a passing tire makes contact with the 
surfacing layer and equilibrium between applied contact forces 
and surface reaction forces exists. This type of loading is thus 
mainly force controlled. 

The relaxation behavior of bituminous mortars degrades as 
temperatures decrease. For the aged SBS modified bitumen 
considered in this work, this phenomenon resulted in a strong 
increase of temperature stresses as temperatures drop to -10°C. 
Adhesive zones pose temperature dependent behavior. At some 
temperatures, the performance of these zones is maximal. With 
increasing and decreasing temperatures, this performance degrades, 
see Fig. 11. For the bitumen considered here and considering the 
average data obtained for Sandstone and Greywacke, the maximum 
adhesive zone performance is obtained at 0°C. 

 
Fig. 11. Adhesive Zone Damage Rate as a Function of Temperature and Tensile Stress. 
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