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A B S T R A C T   

Uneven frost heave in roads and railways is a frequent problem in cold regions leading to degradation of 
structures. To improve drainage, culverts are frequently integrated into road and railway embankments. The 
presence of culverts changes the temperature distribution in the surrounding soil as cold air passes through the 
culvert. Consequently, frost depth and corresponding frost heave are increased in the vicinity of the culvert 
compared to the rest of the structure if frost susceptible soil is present. For an accurate frost related design, 
information of heat balance between the culvert and the surrounding soil is needed. A field study focusing on 
convective heat transfer in culverts was conducted in northern Sweden by the authors. Temperatures and air 
velocities in culverts of three sizes (0.6, 0.8 and 3.4 m) were recorded. Analysis of obtained data is presented in 
this paper with emphasis on the influence of air velocity on the temperature distribution. Influence of wind on 
development of airflow in culverts is also addressed. Accuracy of trained gaussian process regression (GPR) 
models is estimated in predicting temperature distribution inside of culverts. It is concluded, based on the field 
measurement data, that airflow can significantly affect temperature distribution inside culverts and development 
of airflow in culverts is largely influenced by the orientation of the culvert in relation to the predominant wind 
direction.   

1. Introduction 

Differential frost heave of roads is a frequently occurring problem in 
the cold climate regions. Culverts are commonly included in road em-
bankments to allow water to flow from one side of the road to another. 
The introduction of culverts into the road structure can lead to increased 
frost depth around the culvert in seasonally frozen ground, as cold air 
can flow through the embankment. Increased frost depth results in frost 
related damages if frost susceptible soil is present, as bumps and de-
pressions over the culvert which can often be seen on the road surface. 
For an accurate frost related design of culverts, thermal boundary con-
ditions inside the culvert must be determined, as it will result in a more 
precise prediction of frost depth around the culvert. It is apparent that 
temperature distribution inside and around culverts is influenced, but 
not limited to, the following factors: diameter, length and material of the 
culvert, placement of the culvert in the embankment, outside tempera-
ture, air or water velocity inside the culvert, snow cover and solar ra-
diation (Hua et al., 2014). 

While culverts are designed to transport water, majority can be 
considered dry during freezing periods due to low water levels. There-
fore, it is reasonable to assume that there will be airflow through the 

culvert if the ends are unobstructed. Previous studies, described below, 
have noted the occurrence of air flow in culverts, however influence of 
air flow and convective heat transfer on temperature distribution inside 
culverts has not been extensively analysed. 

Zhang and Michalowski (2012) assumed that culverts are exposed to 
airflow in the winter and the temperature inside of the culvert is ex-
pected to be equal to the outside air temperature. Therefore, a linearised 
temperature change of measured air temperature data was used as the 
thermal boundary condition inside the culvert, when modelling frost 
related damages around the culvert. Moussa et al. (2019) studied 
boundary conditions for modelling of the thermal profile near shallow 
double barrel culverts. The study focused on estimating the pavement 
surface temperature boundary. To complete the model, thermal 
boundaries inside the culverts were calculated using the n-factor tem-
perature prediction model. As the n-factor model was developed to 
model surface temperatures rather than temperatures deeper inside the 
embankment, the accuracy of the model should be further assessed 
(Andersland and Ladanyi, 2004). Hua et al. (2014) states that a culvert 
serves as a large ventilation duct that decreases temperature difference 
between two sides of the embankment. However, influence of air flow 
on culvert temperatures was not investigated further. The effect of 
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convection between water flow and the wall of the culvert has been 
investigated by Périer et al. (2015). Due to the malfunction of instru-
mentation, effect of air temperature variation and flow were never 
looked into. Ventilation ducts that resemble culverts have previously 
been used to increase permafrost thickness. A design method for such 
ducts was proposed by Zarling et al. (1984). An example calculation 
provided in the report suggests that a pipe 0.3 m in diameter with air 
flow 0.5 m/s is a sufficient cooling system to freeze a talik of 0.9 m in 
diameter. Thereby, indicating the significance of air flow in a ground 
freezing process around a pipe. 

2. Field study 

Three culverts were instrumented in northern Sweden near the town 
of Luleå, using thermocouples and anemometers. To acquire a better 
understanding of temperature distribution inside of culverts as well as 
air flow affecting it. Instrumented culverts were chosen based on their 
different diameter (0.6 m, 0.8 m, 3.4 m) and ease of access for moni-
toring. Temperatures were measured in only half of each culvert as it 
was assumed, at the time of the installation, that temperature distribu-
tion inside the culvert would be symmetrical and mirrored in relation to 
the centre of the road. 

Thermocouples N/N-24-TT produced by Pentronic, with accuracy 
±0.5 ◦C, were installed in three cross-sections in each culvert, with two 
thermocouples in each cross-section: one on the bottom and another on 
top of the culvert. The first cross-section (CS1) is located at the very 
entrance of the culvert, the second cross-section (CS2) approximately ¼ 
way inside the culvert and the third cross-section (CS3) approximately in 
the centre of the culvert, as shown in Fig. 1. The exact location of the 
thermocouples in relation to the length of the culvert is given in Table 1. 
The position of the bottom thermocouples in the 3.4 m culvert was 
placed on the side, as the culvert is used by pedestrians and snowmo-
biles. Orientation of the culverts is presented as cardinal directions, that 
the longitudinal axis of the culvert is closest to. 

Additional thermocouples were placed close to the entrance of each 
culvert above the expected snow level to record the outside air 
temperatures. 

To better estimate the accuracy of used thermocouples prior to 
installation, test measurements were conducted in laboratory conditions 
using a distilled water ice bath. The variation between measured tem-
peratures was ±0.2 ◦C, indicating a higher level of accuracy than stated 
by the manufacturer. Increased accuracy can be explained by the fact 
that all thermocouples were manufactured from the same batch of 
thermocouple wire, therefore reducing the differences between ther-
mocouples made for use in the field from the wire. 

Switching anemometers A100R from Campbell Scientific, with an 
accuracy of ±0.1 m/s, were installed inside each culvert, 0.3–0.5 m from 
the entrance. Temperature and air velocity data were recorded hourly 
using CR1000x loggers produced by Campbell Scientific. A general setup 
of the field measurements can be seen in Fig. 2. 

Data from the field measurements were used to establish relation-
ships between air velocity inside the culvert and wind velocities in the 
area. Furthermore, influence of air velocity on temperature distribution 
inside the culvert is investigated using nonlinear regression models. 
While Many factors such as surrounding soil, culvert material, place-
ment of the culvert in the embankment, snow cover etc. affect the 
temperature distribution in culverts, the focus of this field study and 

following analysis is to establish significance and influence of airflow on 
temperature distribution in culverts. 

3. Seasonal temperature distribution 

Temperatures inside the three culverts were monitored form 10th of 
October 2020 until 6th of June 2021. Based on the assessment of the 
temperature data, temperature distribution inside the 0.6 and 0.8 m 
culverts can be divided into three periods. Measured temperatures inside 
the 0.6 m culvert can be seen in Fig. 3. 

During the initial freezing period temperatures inside all measured 
culverts closely follow the measured outside air temperatures, with 
entrances of the culverts being most affected by air temperature 
changes. Difference in temperature distribution between culverts 
become more apparent in CS2 and CS3. Temperatures at the central 
cross-section (CS3) of the 0.8 m culvert are warmest and least affected 
by the outside air temperature. While, inside the 0.6 m culvert, cross- 
section CS2 is least affected by the changes in outside air tempera-
tures, followed by CS3 with CS1 being most affected. Disparity between 
the culverts suggests that factors other than outside temperature con-
tributes to the development of temperature distribution during this 
period. Fig. 1. Location of thermocouples in the 0.6 and 0.8 m culverts marked 

by stars. 

Table 1 
Location of thermocouples of instrumented cross-sections inside the culverts in 
relation to the entrance.  

Culvert Total length Material Orientation CS1 CS2 CS3 

3.4 m 30 m Steel NE/SW 4.0 m 6.3 m 10.2 m 
0.8 m 17 m Plastic E/W 0.05 m 4.6 m 8.6 m 
0.6 m 20 m Concrete N/S 0.05 m 4.1 m 6.6 m  

Fig. 2. Setup of the field measurements at the 0.6 m culvert location.  
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Fig. 3. Average temperature in each measured cross-section of the 0.6 m culvert.  

Fig. 4. Temperature distribution inside the 0.8 m culvert during winter, ends of culvert closed by snow.  

K. Tommik et al.                                                                                                                                                                                                                                



Cold Regions Science and Technology 212 (2023) 103888

4

As the winter progresses, the ends of the 0.6 and 0.8 m culverts 
become closed by snow. Then the temperature distribution inside the 
culverts becomes more constant and is much less affected by the outside 
temperature. During this period, temperatures are lowest at the centre of 
the culverts and increase towards the end, as the ends of the culverts are 
insulated by snow. However, the top thermocouple at the entrance (CS1) 
of the 0.8 m culvert remains more affected by changes of outside air 
temperature compared to the other thermocouple locations inside the 
0.6 and 0.8 m culverts. This is to be expected as the snow cover over the 
0.8 m culvert is thinner and less compacted compared to the 0.6 m 
culvert, therefore, providing less insulation. In Fig. 4 a section of tem-
perature measurements from the 0.8 m culvert shows the temperature 
fluctuations of the top thermocouple in CS1 compared to the rest of the 
culvert and outside temperature. After the snow at the ends of the cul-
verts melts in spring, temperatures inside the culverts start following the 
outside temperature again. 

As the 3.4 m culvert remains open throughout the whole freezing 
period, the temperature distribution inside the culvert follows the trends 
of the outside air temperature for the duration of the whole freezing 
period. Temperatures inside the 3.4 m culvert are the coldest of the three 
measured culverts at the start of the freezing period with 0.8 m culvert 
being the warmest. Average temperatures inside the three culverts 
during the initial freezing period when the culverts are open are pre-
sented in Table 2. Differences between top and bottom temperatures can 
also be observed as the top temperatures are more affected by the 
outside temperatures due to the closer proximity to the surface of the 
road. In comparison, the bottom temperatures appear more stable as the 
temperatures of the deeper situated soil under the culvert are less 
affected by outside air temperatures. 

4. Effect of air flow on temperature distribution 

4.1. Observed air velocities 

Based on the conducted measurements it is evident, that variation in 
temperature exists inside culverts under all weather conditions in the 
northern climate, leading to uneven frost depth in the longitudinal di-
rection of the culvert. Seasonal change in temperature distribution in-
side the two smaller culverts is likely triggered by the insulating 
properties of snow, at the openings of the culvert, as well as lack of 
airflow through the culvert. This implies that air flow is a significant 
factor in development of temperature distribution inside the culverts, 
when ends of the culverts remain unobstructed. Many culverts are 
constructed in regions with seasonally frozen ground but without suf-
ficient snow cover during winter to obstruct the ends of the culverts. 
Therefore, it is important to determine the effect of airflow on temper-
ature distribution inside culverts. 

Air velocities up to 2.1 m/s and 0.8 m/s were recorded inside the 0.6 
and 0.8 m culverts respectively, when the culverts were open. Maximum 
recorded air velocity inside the 3.4 m culvert was 1.1 m/s. Recorded air 
velocities inside the 0.6 and 3.4 m culverts are shown in Fig. 5. 
Consistently the highest air velocities were recorded in the 0.6 m culvert 

followed by the 3.4 m culvert and the lowest velocities were recorded in 
the 0.8 m culvert. No definitive relationship between size of the culvert 
and air velocity was found based on the three studied culverts. 

Increased air velocity inside the culvert decreased the temperature 
differences between the outside air temperature and temperatures inside 
the culvert. Temperature differences between all thermocouples inside 
the culvert also decreased. The effect can be seen in temperature plots 
starting from 1 m/s, Fig. 6, where average temperatures of each cross- 
section and air velocity of the 0.6 m culvert are displayed during one 
of the increased air velocity periods. Temperature differences between 
the top and bottom of the culvert also decrease during the same period, 
Fig. 7. 

Effect of air flow on temperature distribution inside of the culvert can 
be further seen in Fig. 8, where measured temperature differences be-
tween average temperatures of two thermocouples at CS3 and outside 
temperature have been plotted against air flow velocity for each of the 
culverts. A temperature difference of 0 ◦C would indicate that temper-
atures inside the culvert are equal to the outside temperatures. The 
temperature difference for all culverts is mostly positive, implying that 
the temperatures inside the culverts are usually warmer compared to 
outside temperatures. Temperature differences significantly decrease 
with increasing air velocity. The effect of air flow is most prominent for 
the 0.6 m culvert and least noticeable for the 3.4 m culvert. Differences 
between culverts and resulting implications are further discussed in 
sections 4.2 and 4.3. 

4.2. Development of air flow 

Air flow in culverts can be caused by either wind or natural venti-
lation, triggered by the inclination and temperature differences at the 
ends of the culvert. Upon investigation of air velocity data collected 
from the three culverts, it is evident that air flow in the three measured 
culverts is caused by wind. If air flow was at least partially caused by the 
natural ventilation effect, air velocity inside the culverts would never be 
0 m/s. However, lack of airflow is detected numerous times during the 
freezing period in all culverts, therefore effect of natural ventilation has 
not been detected. 

To further investigate the effect of wind on airflow in culverts, wind 
velocity and direction data from a nearby weather station, located near 
the 0.6 and 3.4 m culverts at Luleå airport, was analysed. Predominant 
wind direction in the area was determined to be NW-N. A wind rose 
constructed based on wind data from Luleå airport (SMHI, 2020), along 
with exact culvert orientations for reference, can be seen in Fig. 9. 
Orientations of the instrumented culverts are N/S for 0.6 m, NE/SW for 
3.4 m and E/W for the 0.8 m culvert, see Table 1, meaning that while the 
wind direction is parallel to the 0.6 m culvert it is close to perpendicular 
to the 0.8 m and 3.4 m culverts. This indicates that wind direction and 
velocity have a significant impact on air flow inside the culvert, resulting 
in increased air flow in culverts that have a similar orientation as the 
predominant wind direction in the area. 

Additionally, considering the predominant wind direction, the air 
flow inside the 0.6 m culvert will be one directional with the instru-
mented (southern) end of the culvert being the outlet and the northern 
end of the culvert the inlet. While airflow inside the 0.8 and 3.4 m 
culverts can be bi-directional depending on the exact direction and ve-
locity of the wind. If airflow is one-directional, the temperature at the 
inlet of the culvert will be colder compared to the outlet. As the tem-
perature differences are highest at the inlet of the culvert and decreased 
towards the outlet, the frost depth under the culvert will also increase 
towards the inlet. However, a bi-directional airflow will likely result in a 
frost front that is symmetrical in the longitudinal direction of the 
culvert, in relation to the centre of the road, assuming the flow direction 
is equally varied. Moreover, increased air velocities lead to increased 
rates of heat extraction in the convective heat transfer process, poten-
tially increasing the frost depth further. This hypothesis is supported by 
the recorded temperatures inside the 0.6 m culvert, as the central cross- 

Table 2 
Average temperatures inside the culverts Oct 10th, 2020- Jan 12th, 2021, ends 
of the culverts are open.   

Average temperature (◦C) 

Cross-section 0.6 m culvert 0.8 m culvert 3.4 m culvert 

CS1-top − 0.4 − 0.8 − 0.6 
CS1-bottom 0.6 0.3 0.3 
CS2-top 0.5 1.3 0.1 
CS2-bottom 0.9 0.9 0.4 
CS3-top 0.2 1.3 0.5 
CS3-bottom 0.7 1.2 0.5 
Total average 0.4 0.7 0.2 
Outside − 0.7 − 1.3 − 0.8  
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section (CS3) of the culvert displays lower temperatures compared to 
CS2. However, the opposite end of the culvert must be instrumented for 
additional verification of the hypothesis. 

4.3. Influence of wind velocity and direction on air flow 

Development of air flow velocities inside the 0.6 and 3.4 m culvert 
was further analysed by selecting several segments of velocity mea-
surements, for a more detailed analysis. Time periods for analysis were 
chosen based on occurring air velocities. Segments representing time 

Fig. 5. Air velocity inside the 0.6 m and 3.4 m culverts.  

Fig. 6. Average temperatures for three cross-sections in the 0.6 m culvert at high and low air velocity (measured at the entrance of the culvert, Fig. 1).  
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periods with highest occurring velocities as well as some low velocity 
segments were evaluated, for each culvert. Air velocities in culverts were 
plotted alongside wind velocity and direction measurements. Three 
peak and one low velocity segment were analysed for the 0.6 m culvert. 
Four peak and one low velocity segment were analysed for the 3.4 m 
culvert. Only the 0.6 and 3.4 m culverts were used for the analysis due to 
their proximity to the weather station and each other, range of 2 km. 
Additionally the culverts represent two extreme culvert orientations in 
relation to the wind direction: parallel and perpendicular. 

During the three highest air velocity segments of the 0.6 m culvert, 
the wind was of northern direction with velocities up to 17 m/s. Air 
velocities of 1 m/s were achieved inside the culvert at wind speed 7–12 
m/s. It is likely that minute changes in wind direction can result in 
significant changes in air velocity inside the culvert. Wind direction has 
been limited only to eight cardinal directions; the true angle of the wind 
has been approximated to the direction closest to it. The differences in 
direction are noticeable when 8 m/s northern wind results in an air 
velocity of 2 m/s on 2nd of November while 7 m/s northern wind on 
16th of November results in 1.2 m/s air velocity inside the culvert. 

Hourly measured wind velocity data was plotted as a column graph 
where each column represents a timespan of one hour with the arrow 
above the graph indicating wind direction. Measured air velocity inside 
the culverts was plotted as a line alongside the wind velocity data. One 
of the recorded peaks in air velocity of the 0.6 m culvert is visualised in 
Fig. 10, temperature data from the same time period was presented in 
Figs. 6 and 7. 

Fig. 11 shows a rapid decrease in air velocity of the 0.6 m culvert 
during a 48-h period in October. This indicates that low air velocities 
inside the 0.6 m culvert occurred when wind velocity in the area was 
low, around 4 m/s, and the direction of the wind direction varied 
frequently, often on hourly basis. 

Wind rarely blows from the direction parallel to the 3.4 m culvert. 
Maximum air velocities inside the 3.4 m culvert are achieved for W, N, S 
and a mixture of E/NE, W/SW wind directions with velocities ranging 

from 8 to 10 m/s. Making it difficult to determine which of the ends of 
the culvert functions predominantly as an inlet or outlet. Therefore, the 
air flow inside the 3.4 m culvert can be considered bi-directional. In 
Fig. 12 velocity variations inside and outside the 3.4 m culvert are 
shown over a 74-h period. Wind velocities of 5–6 m/s from NW and W 
directions result in an air velocity of approximately 0.3 m/s inside the 
culvert. While, wind of the same velocity from SW and S directions re-
sults in air velocities between 0.6 and 0.8 m/s. This further proves the 
significance of culvert orientation, relative to the predominant wind 
direction. This will be important for development of a model for air flow 
and temperature distribution inside the culverts. 

4.4. Evaluation of temperature distribution in the culverts 

It was established in previous sections that air flow has an impact on 
temperature distribution inside the culverts. The extent of the influence 
is unknown. Nonlinear regression models, using MATLAB Regression 
Learner (2020) were trained for further evaluation of the influence of air 
velocity on temperature distribution. 

Simple regression models were trained based on two factors i) air 
velocity inside the culvert and ii) outside air temperature while, the 
measured temperatures inside the three culverts were used as predictors. 
For comparison a second set of regression models was trained based on 
only one factor: outside air temperature. Improvement of prediction 
accuracy upon addition of the air velocity factor to the regression model 
is used to determine under which conditions air velocity can be 
considered a significant factor in determining the temperature distri-
bution inside the culverts. 

To estimate the accuracy and fit of the model, root mean square error 
(RMSE) and coefficient of determination (R2) are used. The RMSE value 
shows the average deviation between predicted and true values while R2 

shows proportion of the variation in the predicted variable (culvert 
temperature) that can be explained by the independent variables (air 
velocity, outside air temperature). 

Fig. 7. Temperatures of top and bottom thermocouple at the entrance (CS1) of the 0.6 m culvert at high and low air velocity (measured at the entrance of the 
culvert, Fig. 1). 
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The time period used for the analysis was different for each culvert. 
For the 0.6 m culvert data from 10th of October 2020 until 12th of 
January 2021 was used, as the ends of the culvert are blocked by snow 
after that. For the 0.8 m culvert data from 10th of October 2020 until 
12th of November 2020 and from 2nd of December 2020 until 20th of 
December 2020 is used. Three weeks of data are missing due to a logger 
error. As the ends of the 3.4 m culvert never become obstructed by snow, 
the whole set of recorded data is used, from 10th of October 2020 until 
6th of June 2021. 

Gaussian process regression (GPR) models, in MATLAB Regression 
Learner application (2020), provided the best predictions for all data 

sets. Four GPR models were used: rational quadratic, squared expo-
nential, matern 5/2 and exponential. Exponential and squared expo-
nential models showed slightly improved accuracy compared to the rest. 
Largest differences between RMSE values of the four Gaussian process 
regression models for all culverts were between 0.02 and 0.03 indicating 
minor variation between the models. Difference in R2 value between the 
models never exceeded 0.01. Therefore, any of the provided GPR models 
could be used for prediction with similar level of accuracy. 

The accuracy of the regression models increases towards the 
entrance of the culvert. Thermocouples at the entrance (CS1) are 
installed in a section of the culvert that is not covered by soil. Therefore, 

Fig. 8. Temperature differences between average temperatures at CS3 and outside temperature, plotted as a scatter against air flow velocity for a) 0.6 m culvert b) 
0.8 m culvert and c) 3.4 m culvert. Oct. 10th, 2020- Jan. 10th, 2021. 
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temperatures at CS1 are very heavily influenced by the outside tem-
perature, increasing the accuracy of the prediction. Using air velocity as 
a factor in GPR models at CS1 in addition to outside temperature 
resulted in a smaller increase in accuracy of temperature prediction 
compared to CS3. Temperatures at the entrance of the culvert seem not 
to be significantly influenced by wind or air flow. Therefore, further 
analysis focuses on temperatures in the centre of the culverts, as those 
temperatures are most difficult to predict and would influence frost 
penetration under the culvert the most. 

Predicted temperature values for the bottom thermocouples in CS3 
are used to compare the accuracy of the models between culverts. RMSE 
and R2 values for all three culverts are given in Table 3. GPR models 
using both air velocity and temperature provided an adequate fit for the 
0.6 m and 3.4 m culverts. Accuracy of the models was lower for the 0.8 
m culvert. For all culverts removal of air velocity from the GPR 

decreased the accuracy of the model, indicated by increased RMSE value 
and decreased R2 value. This means that air flow is contributing to the 
development of temperature distribution in culverts. 

Accuracy of temperature prediction for the 3.4 m culvert was least 
significantly affected by removal of the air velocity factor from the 
model. This culvert is more influenced by the outside air temperature 
due to its size. Temperature differences between the 3.4 m culvert and 
outside air are already smaller compared to the other two culverts, 
Table 1. Therefore, wind could potentially have less influence on tem-
perature changes inside the culvert. RMSE values for the 3.4 m culvert 
are larger compared to the two smaller culverts, as a longer period of 
measurements used in the model introduced a higher variation in values. 
GPR model accuracy improved for the 0.6 m culvert upon addition of the 
air velocity factor, indicated by 3% increase in R2 value, Table 3. True 
and predicted temperature values of the 0.6 m culvert, at the bottom 

Fig. 9. Wind rose, data from weather station at Luleå airport October 10th 2020 to February 5th 2021. Orientation of the three culverts (0.6 m, 0.8 m, 3.4 m) marked 
by dashed lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 10. Influence of wind velocity (one column represents a period of one hour) and its direction (marked with arrows according to cardinal directions) on air 
velocity inside the 0.6 m culvert (black line). Nov. 13th-Nov. 18th, 2020. 
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thermocouple location in CS3, can be seen in Fig. 13. The utilised model 
is least accurate when large outside temperature fluctuations occur, 
especially at higher temperatures. 

Models based on the 0.8 m culvert provided the least accurate fit to 
the measured temperature data. However, the increase in model accu-
racy of the 0.8 m culvert was the largest of the three culverts upon 
addition of the air velocity factor to the model, the R2 value increased by 
9%, Table 3. Significantly lower accuracy of the GPR models using data 
from the 0.8 m culvert compared to the other two culverts indicates that 

culvert might be subjected to different conditions and factors that have 
high impact on the temperature distribution of the 0.8 m culvert and are 
unaccounted for in the model. To compare accuracy of the models for 
the 0.6 and 0.8 m culverts, predicted vs. actual response plots are used, 
Fig. 14. Concentration of data points around the perfect prediction line 
indicates a better fit of the model. Data points of the 0.6 m culvert are 
mostly concentrated around the perfect prediction line while data points 
for the 0.8 m culvert are more scattered, indicating lower accuracy of the 
prediction. Accuracy of both models decreases with increasing temper-
atures; however, the effect is significantly more prominent for the 0.8 m 
culvert. 

Additional GPR models are trained for selected high and low air 
velocity periods inside the three culverts for a more detailed under-
standing of temperature distribution in culverts. Chosen time periods for 
each culvert along with air velocities occurring during those periods are 
presented in Table 4. 

For the high velocity periods, GPR model predictions remained more 
accurate if the air velocity was included in the model, based on the 
RMSE and R2 values, especially for the 0.6 and 0.8 m culverts where the 

Fig. 11. Influence of wind velocity (one column represents a period of one hour) and its direction (marked with arrows according to cardinal directions) on air 
velocity inside the 0.6 m culvert (black line). Oct. 26th- Oct 27th, 2020. 

Fig. 12. Influence of wind velocity (one column represents a period of one hour) and its direction (marked with arrows according to cardinal directions) on air 
velocity inside the 0.6 m culvert (black line). Jan. 11th- Jan. 13th, 2021. 

Table 3 
RMSE and R2 values of predicted temperature values at CS3 bottom thermo-
couples in the three culverts.  

Culvert Factors: air velocity and temperature Factors: air temperature 

RMSE R2 RMSE R2 

0.6 m 1.02 0.88 1.13 0.85 
0.8 m 1.33 0.52 1.46 0.43 
3.4 m 2.06 0.88 2.17 0.86  
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Fig. 13. Measured and predicted temperatures, based on air velocity and outside temperature, using GPR model for the 0.6 m culvert and the CS3 bottom 
thermocouple. 

Fig. 14. Predicted vs true response plots for bottom thermocouple at CS3 a) 0.6 m culvert b) 0.8 m culvert.  

Table 4 
Periods of high and low air velocity inside the culverts.  

Culvert High velocity period Low velocity period 

Time Average velocity (m/s) Max. velocity (m/s) Time Average velocity (m/s) Max. velocity (m/s) 

0.6 m 14.11.20–17.11.20 1.3 1.9 06.11.20–13.11.20 0.2 1.0 
0.8 m 18.10.20–19.10.20 0.5 0.8 15.10.20–17.10.20 0.0 0.1 
3.4 m 21.01.21–23.01.21 1.1 0.7 03.01.21–07.01.21 0.1 0.2  
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R2 value for the bottom thermocouple at CS3 increased by 12% and 16% 
respectively. For the 3.4 m culvert, the increase was only 2%, indicating 
further the decreased influence of air velocity on temperature distribu-
tion in larger culverts. When air velocity was included in the GPR model, 
R2 values for the bottom thermocouples at CS3 were 0.78, 0.57 and 0.98 
for the 0.6, 0.8 and 3.4 m culverts, respectively. Indicating that the 
model for the 0.8 m culvert is continually providing the poorest fit, even 
when with inclusion of air velocity. 

The accuracy of the GPR models decreased for the 0.8 and 3.4 m 
culverts during the low velocity periods compared to the previously 
discussed high velocity periods. When air velocity was included in the 
model, R2 values for the bottom thermocouple at CS3 were 0.93, 0.36 
and 0.43 for the 0.6, 0.8 and 3.4 m culverts, respectively. Upon inclusion 
of the air velocity factor, the accuracy of the GPR model was improved in 
all cross-sections for the 0.6 m culvert. The improvement in R2 value 1% 
in CS3 bottom thermocouple and 3% in the top thermocouple. It should 
be noted that the air velocity in the 0.6 m culvert is highest of the three 
culverts even during the low velocity periods. For the 0.8 m culvert, 
inclusion of air velocity in the GPR model increased the R2 value by 33% 
for the bottom thermocouple in CS1 and decreased the R2 value by 36% 
in CS2 top thermocouple. For the 3.4 m culvert, the variation in R2 value 
was less drastic but it increases by 6% for top thermocouple in CS3 while 
decreasing by 5% for top thermocouple in CS2. Variation in model ac-
curacy for the 0.8 and 3.4 m culverts suggest that low air velocity should 
not be used as a factor in predicting temperature distribution inside 
culverts. 

GPR models show that air velocity can be a significant factor in 
predicting temperature distribution in culverts. Prediction accuracy 
improved for the 0.6 and 0.8 m culverts upon inclusion of air velocity, 
starting at velocities of 0.5 m/s. Fit of the models was better for the 0.6 m 
culvert (highest measured velocities) compared to the 0.8 m culvert 
(lowest measured velocities). Temperatures in the 3.4 m culvert are not 
dependent on the airflow as it is more affected by the outside temper-
ature due the large size of its openings. It is likely that a ratio of air 
velocity and size of the culvert has a governing effect on the temperature 
distribution inside the culvert. It must be determined whether there is a 
certain culvert diameter from which the effect of air velocity can be 
disregarded entirely. 

5. Concluding remarks 

Air flow is a significant factor for determination of the thermal 
boundary conditions inside the culverts. Air flow influences temperature 
distribution inside the culvert at velocities of 1 m/s and higher. How-
ever, the Gaussian process regression analyses carried out for the 0.6 and 
0.8 m culvert shows that air velocity significantly affects temperature 
distribution at velocities as low as 0.5 m/s. To account for the full extent 
of the influence air flow has on temperature distribution inside and 
around culverts convective heat transfer in culverts must be accounted 
for. 

The Airflow inside the three measured culverts during the freezing 
period was caused by wind rather than natural ventilation effect. 
Orientation of the culvert in relation to the predominant wind direction 
in the area is a crucial factor contributing to the development of airflow 
inside the culverts. The 0.6 m culvert with orientation parallel to the 
predominant wind direction experienced higher recorded air velocities 
compared to the two other culverts, that were closer to perpendicularly 
orientated relative to the main wind direction. It can be assumed that air 
flow in a culvert parallel to the predominant wind direction is one- 
directional while bi-directional airflow will occur in perpendicular 
culverts. One-directional air flow will likely result in decreased tem-
peratures and consequently increased frost depth at the inlet end of the 

culvert. Alternatively, bi-directional air flow is more likely to result in a 
symmetrical frost penetration, relative to the centre of the road. How-
ever, to prove this hypothesis temperature data from the unin-
strumented parts of the culverts is needed. 

Influence of culvert diameter on air flow and temperature distribu-
tion inside the culvert is unclear, based on the three measured culverts 
no correlation was detected. However, due to the small number of cul-
verts included in the study it is likely that the effect exists but was not 
observed, as the orientation of the culvert proved to be a more influ-
ential factor, thereby disguising the influence of the culvert size. 
Computational fluid dynamics (CFD) studies would aid in gaining a 
better comprehension of how air flow develops in culverts. Allowing for 
a detailed investigation of how embankment geometry, wind velocity 
and direction as well as orientation and diameter of the culvert influence 
air flow inside the culvert. In combination with the numerical study a 
new filed study will be conducted. Goal of the study is to take temper-
ature measurements at both openings of the culvert alongside airflow 
measurements to determine if a temperature difference exists. Addi-
tionally, temperature measurements of the soil surrounding the culvert 
will be conducted to assess the influence of thermal properties of soil and 
culvert material on temperature distribution around culverts. 

To make the information collected about temperature distribution in 
culverts easily applicable in the design process a simplified methodology 
must be developed. For this purpose, a link between culvert temperature 
and a more commonly used variable for frost related design, such as frost 
index, must be established. 

Declaration of Competing Interest 

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests: 

Karina Tommik reports financial support was provided by Swedish 
Transport Administration. 

Data availability 

Data will be made available on request. 

Acknowledgments 

The authors would like to express their gratitude to Swedish Trans-
port Administration (Trafikverket) for the financial support of the 
research project within the research programme BVFF. 

References 

Andersland, O.B., Ladanyi, B., 2004. Frozen ground engineering, second edition. John 
Wiley & Sons, Hoboken, New Jersey, pp. 281–288. 

Hua, L., Fujun, N., Yonghong, N., Xifebg, Y., 2014. Study on thermal regime of roadbed- 
culvert transition section along a high-speed railway in seasonally frozen ground. 
Cold Reg. Sci. Technol. 106-107, 216–231. 

Moussa, A., Kavanagh, L., Shalaby, A., 2019. Boundary conditions for modelling the 
ground thermal profile near shallow culverts. Transport. Geotech. 21. 
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