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ABSTRACT 
Structures like roads and port yards located in cold climate are affected by freezing and thawing 
every year. The global trend of a warmer climate and temperatures around 0°C for longer periods 
of time will change the freezing/thawing behaviour in many locations. The tendency will change 
to have several freezing /thawing cycles in a given location every year. The bearing capacity of 
low volume roads and simple port yards will be affected by a prolonged thawing period with 
lower bearing capacity as a consequence. Bearing capacity problems can lead to increased costs 
for traffic as well as increased maintenance costs. Due to very high costs for destroyed structures 
during thaw, a lot can be gained if bearing capacity problems at a given site can be forecasted 
well in advance in order not to destroy the structure. Such a method should preferably be based 
upon simple measurements like air temperatures to make it easy to use also in remote areas. In 
the described temperature based model air and ground temperatures are used to develop an 
accumulated thaw index and corresponding limits. When the thaw index limit is reached, the 
construction at the evaluated depth thaws, leading to increased pore water pressure and reduction 
of strength and bearing capacity. This paper presents a study of the application of the model at 
low volume roads in Sweden. Bearing capacity at the road was evaluated from field tests by 
falling weight deflectometer (FWD) test carried out 24 times during the thawing season i.e. 
March 4 through June 9. Predictions made by the model were compared with the subgrade 
module evaluated from the FWD series. The results show that the model might be possible to use 
in Sweden and elsewhere if minor adjustments are carried out.  
 
INTRODUCTION 
The general global temperature trend is moving towards a warmer climate with winter 
temperatures in cold regions more frequently fluctuating close to and above 0 °C (SMHI, 2007). 
The problems connected to thaw are thus believed to increase due to the global heating. In future 
several freezing and thawing cycles might occur every year instead of one as is the current 
situation in cold regions. Many roads and loading areas of ports are affected negatively by thaw, 
due to loss of bearing capacity. Bearing capacity problems and load restrictions mainly have an 
impact on the heavy traffic and therefore the socio-economical costs related to this problem are 
high (Doré & Zubeck, 2009; Andersson & Westlund, 2008). Load restrictions might be enforced 
during thaw to guarantee the structural integrity of the constructions. It is therefore important to 
owners of ports and low volume roads to be able to forecast and communicate the thaw season 
and the associated potential bearing capacity problems.  
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The federal highway administration of Washington State (FHWA) has developed a temperature 
based model which can be used to forecast bearing capacity problems of roads (Hicks et al, 
1986). Results from the temperature based model have been compared to tests performed in frost 
tubes (Yesiller et al., 1996). The model has been used and further developed by the Minnesota 
department of transportation (Mn/DOT) (Mn/DOT, 2009). In Sweden there is no well accepted 
method to predict when a road will suffer from thaw weakening and when the bearing capacity 
decreases. There is therefore a need for an “easy to use” decision making tool, based on easily 
measured data (Berglund, 2010).  
 
This paper describes the principles behind the temperature based model and its potential use for 
thaw weakening predictions. The model has also been applied to a test site at a low volume road 
in northern Sweden. At the test site, temperatures and extensive falling weight deflectometer 
measurements (FWD) have been conducted during thaw thus enable us to perform comparisons 
between forecast and measured bearing capacity losses at the site. The accuracy of the forecast 
and the need for further development is also discussed. 
 
THE MODEL 
The model presented by FHWA (Hicks et al, 1985) is based on correlation of air temperature 
observations and temperature in the upper part of the road construction. The air temperature 
observations are aggregated into a thawing index. In the road construction a reference 
temperature, Tref, is defined at arbitrary depth. This value is chosen to reflect the start of the 
thawing period, i.e. when the severe loss of bearing capacity occurs.  
The Tref is originally defined as the air temperature corresponding to the thaw temperature at the 
lower part of the pavement (Hicks et al, 1985). It is determined by regression analysis of data in a 
plot of temperature in the road at a certain depth versus the air temperature. The value of Tref, will 
be function of factors such as: chosen depth for correlation, the road construction, local 
conditions etc and is thus site specific.   
 
Based on the Tref the daily thaw index is defined as 
 

( ) tTTTI refm Δ−=    (1)   
 
where Tm is the daily average air temperature above the freezing temperature (°C) and Tref is the 
reference temperature (°C) and ∆t is the time step. The thaw index is summed up to give the 
accumulated thawing index TIacc 
 

∑ −= )5,0( FITITI acc      (2) 

where TI is the daily thaw index and FI is the daily freezing index. The freezing index is defined 
as the sum of days with temperatures below freezing. The incorporation of the freezing index in 
(2) is done to consider the positive effect of freezing temperatures during the thaw season. Based 
on experience half of the freezing index during thaw is used to compensate for partial refreezing. 
By definition (Hicks et al, 1985) the accumulated thawing index, TIacc always has to be greater 
than zero.  
 



In order to predict the start of thaw in a road, at least one temperature series for the reference 
temperature is needed to correlate the Tref to the accumulated thawing index Tacc. To obtain this, 
the accumulated thawing index is plotted versus the daily average temperature (Tref) at the 
reference depth. From this the limit for TIacc is found. The beginning of the thaw is defined as the 
number of TIacc required to reach 0°C at the reference depth of the construction, i.e. the 
intersection of the regression line and the TIacc x-axis. 

 
After the TIacc limit value has been established, there is a possibility to forecast the thawing of the 
road construction based upon measurement of air temperatures by using the three or five day 
weather forecast report (Mn/Dot, 2009) or other type of forecasts being available. If the weather 
forecast for the coming days shows warm weather with an anticipated average daily air 
temperature above the Tref value, the TIacc will increase. If the TIacc surpasses the limit value of 
TIacc, the road construction starts to thaw and thus bearing capacity problems might be present.  
 
FIELD STUDY 
To correlate thaw weakening forecasts, given by the model described, with measured bearing 
capacity values, field measurements from previous tests were used and analyzed. The analysis is 
based upon results obtained during the thawing season 1997 on a low volume road situated just 
outside the city of Luleå in the northern Sweden. The initial data was collected in connection with 
two separate research projects (Vikström, 1999 and Sandberg, 2001) and the data was granted to 
this project by the National Transportation Department. The test site location is shown in Figure 
1. The test site is located in a flat area, with soft soils and poor drainage conditions see Figure 2.  
 

 
Figure 1. Location of Luleå, Sweden and the test site. . 

 
 
 
 
 
 
 
 
 
 
 
 



 

 
Figure 2. The test site in the early fall of 2010 (Berglund, 2010). 

 
The temperature measurements and the FWD measurements were carried out along a 100 m long 
stretch of the road. The test location is shown in Figure 2.  The road at the test site is a very 
poorly designed road and it has developed from being a small rural gravel road to a paved road 
step-wise over the years. There is therefore a lack of proper structural elements and a flexible 
pavement. The structure of the road is from top, 10 cm oil stabilised gravel (wearing course) over 
40 cm sandy gravel to clayey sand (sub-base) and beneath this there is 300 cm silty clay (sub-
grade) (Vikström, 1999) as shown in Figure 3. 
 

 
Figure 3. A schematic cross section of the road at the test site. 

 
The road suffers from decreased bearing capacity during thawing period. The thaw related 
problems occur in the sub-base (sandy gravel/clayey sand) and in the sub-grade (silty clay) due to 
the poor materials used.  
 
The temperatures in the road construction were measured in the centre. They were measured by 
temperature sensors fastened to a rod, thus giving a vertical temperature profile at times when 
measurements were taken. The rod was located within the area shown in Figure 2. The 
temperatures in the road and in the air were taken every hour and were then transformed into a 
daily average temperature value. This was then used to evaluate Tref and the limit for TIacc. 
 



In order to determine when the loss of bearing capacity starts, falling weight deflectometer 
(FWD) measurements were used. During the thaw period in total 24 FWD-series were done from 
the beginning of March 4 until the end of June 9 in 1997.   
 
The FWD-measurements were done according to the Swedish Transportation Administration 
guidelines VVMB114. The load used was 50 kN (equal to 0.7 MPa) and the deflection basin was 
measured at 4 locations; at centre (d0), at 300 mm (d300), 600 mm (d600) and 900 mm (d900) from 
centre. In the analysis of the FWD-data deflection measurements outside this range were 
discriminated. All data was also normalised to 50 kN impact load.  
 
Plastic deformations in the lower parts of the construction should be avoided during thaw 
(ROADEX, 2010). The behaviour of these parts is reflected by the sub-grade module. Therefore 
this module was chosen to represent the structural soundness of the thawing road in connection 
with bearing capacity problems. The sub-grade modules, E900, were evaluated according to the 
Swedish national guidelines for FWD evaluation (Vägverket, 2000). The evaluation was done 
according to equation (3) 
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where 52000 is an empirical value and d900 is the deflection 900 mm from the centre of load.   
 
In order to compare the bearing capacity forecast in the model with the evaluated FWD-
parameter (the true behaviour of the construction), plots of the accumulated thawing index TIacc 
and TIacc limit value versus the sub-grade module during thaw season were constructed.  
 
RESULTS 
The analysed time period with corresponding temperature and FWD data is March 4 to June 9 
1997. The observed average temperatures in air and road are presented in Figure 4. Figure 5 
shows the average daily air temperature versus the average daily temperature in the road with the 
Tref-value evaluated to -0,65 °C. Evaluation was done by linear regression analysis, see Figure 5. 
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Figure 4. The observed average daily air temperatures and average daily road temperatures 

during the observation period. 
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Figure 5. Average daily temperatures in the road at a depth of 21,5 cm versus average daily air 

temperatures. 
 
The TIacc shown in Figure 6 was calculated according to equation (2) based on the data in Figure 
4.  
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Figure 6. Evaluated accumulated thaw index (TIacc) versus time. 

 
The TIacc-limit, i.e. the boundary value at which thawing starts, was determined by plotting the 
TIacc versus average daily temperature in the road, see Figure 7. The TIacc-limit value was 
determined to 22 °C-days by using the equation for the trend line in Figure 7. 

 

y = 0,1176x - 2,615
R2 = 0,753
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Figure 7. Average daily temperature at 21,5 cm depth versus TIacc.  

 
The accumulated thaw index (TIacc) during the test period is plotted together with the TIacc-limit 
value in Figure 8. In the same graph the evaluated sub-grade modulus is shown versus time.  
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Figure 8. Sub-grade module (left y-axis), accumulated thaw index (TIacc) (right y-axis) and TIacc 

limit value (broken horizontal line) versus the date. 
 

The evaluated sub-grade module is 356 MPa on March 4. This high value is due to frost in the 
construction. As seen in Figure 8 the module decreases slightly in connection with the warmer 
temperatures around March 10. This warmer period is reflected as an increase of the TIacc. The 
TIacc reaches the limit value (22 °C-days) around March 10. At this time there are thawing 
temperatures in the construction at the depth 21,5 cm as this is the depth where temperatures were 
evaluated. 
 
After the sub-grade module having a local low (344 MPa) close to March 14 the module 
increases due to colder weather and thus reduced accumulated thaw index. It reaches a peak value 
(467 MPa) on March 26. After March 26 there is a decrease in sub-grade module caused by a 
warm period around April 1. After this the sub-grade module decreases almost continuously until 
it levels out around May 10. The limit value for the TIacc is reached at April 22 and at this time 
the sub-grade module is approximately 225 MPa. On May 5 the sub-grade value is 111 MPa with 
a continuous drop in module until it levels out in middle of June at a value of 7 MPa. During the 
observation time the sub-grade module does not increase to a stable summer value. The lowest 
value of sub-grade module evaluated from the FWD series was observed during the period June 2 
to 9. The value of sub-grade module thus varies from around 400 MPa for the frozen structure, 
and down to as low as 7 MPa during thaw period. This is approx 2% of the “winter value”. 

 
Table 1. Typical values of E-module for sub-grade material (after Vägverket, 2000). 

Type of material E-module (MPa) 
Loose clay 5-25 

Clay 20-60 
Silt 15-45 

Sand 30-100 
Fine till 35-150 

Coarse till 125-500 
Crushed rock 150-800 

 



DISCUSSION AND CONCLUSIONS 
Upon thaw water that has been trapped as ice in the construction is released and pore pressure 
may build up with reduced effective stresses and shear strength. The loss of shear strength in a 
road or port yard construction connected to thaw is unwanted and can be avoided at the design 
stage (Doré & Zubeck, 2009). To design away the bearing capacity problem is costly and for 
many small roads and ports it is not an option. There is therefore a need for a tool to be used by 
the construction users for assessing when thawing and bearing capacity problems may occur. 
This paper presents a temperature based model which is easy to use and it is shown how the 
model reflects the variation in sub-grade module during winter and thaw season. 
 
The sub-grade module reflects the stiffness of the construction at a deep level. This module is 
important for the development of plastic deformations during thaw. To assess the capability for 
the presented temperature based model to forecast thaw weakening, the sub grade module has 
been chosen as indicator of reduced bearing capacity. At a road test site, temperatures and falling 
weight deflectometer tests have been carried out simultaneously and the model has been applied 
to the observed data. 
 
The all over behaviour of the sub-grade module versus time does not register all minor variations 
in temperature. This is logical due to the time lag in temperature distribution into the structure.  
The sub-grade module seems to reflect the overall behaviour of the construction going from stiff 
in the wintertime to less stiff during the spring. The change in module goes from approx. 400 
MPa during winter and frozen conditions to around 7 MPa during thaw, i.e. approximately 2% of 
the winter value. A sub-grade value of 400 MPa represents coarse till or crushed rock. The sub-
grade module should be a good indicator when considering thaw bearing capacity loss. It is the 
authors opinion that a subgrade in the range of 100MPa could be used as a boundary value for 
reduced bearing capacity, see Table 1 (E-module for sandy silt to silt reference Vägverket, 2000). 
 
At the time when the limit value for TIacc is reached according to the model, i.e. on March 10, the 
sub-grade module is 354 MPa and then it drops down to 348 MPa before temperatures are getting 
lower again. 354 MPa corresponds to a coarse grained till or a rock fill (corresponding values 
from reference Vägverket, 2000). The construction is thus very stiff and that is due to its frozen 
state. This means that the model forecasts thaw weakening too early according to sub-grade 
module values. At this time there is no thaw weakening going on related to structural break-
down. The consequence is that it is not possible to strictly relay on TIacc early in the spring 
season. 
 
On April 22 the limit value of TIacc is reached again. There are then 13 days between the limit 
value of TIacc being reached and the sub-grade module being 111 MPa. The number of days 
between the TIacc limit being reached and the sub-grade module getting lower values than 100 
MPa suggests that there are good possibilities to use the temperature based model for prediction 
of bearing capacity problems. If using the 3 or 5 day weather forecast as done in Minnesota 
(MnDOT, 2009) the TIacc and its evaluated limit could be very useful when considering 
prediction of bearing capacity problems connected to thaw.  
 
In this study the forecast of possible bearing capacity problems due to thaw, has been in focus 
more than the actual bearing capacity at the site. The analysis of the obtained data in this respect 
gives that the temperature based forecast model seems to give fairly good results. The model can 



be calibrated for a given site and will then give even better forecast. As the model is somewhat 
slow it has some flaws if the temperature seesaws around 0 °C. The forecast model should, 
despite this, be able to assist road holders and owners of simple ports as a planning tool, when 
dealing with bearing capacity problems during thaw. 
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