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ABSTRACT: Frost-related damages around culverts are a common problem for roads and railways built on seasonally
frozen ground. Culverts create altered thermal conditions in the embankment section where they are installed, leading to
deeper frost penetration around the culverts compared to the rest of the road. However, estimating the depth of frost
penetration and consequential heave is difficult due to the complex thermal conditions inside culverts, which depend on
various factors. To monitor the influence of culverts on the surrounding soil and assess the effect of temperature distribution
inside the culvert on frost penetration in the embankment, temperatures were measured inside a 0.6 m diameter culvert and
in the soil 0.30 m from the culvert in northern Sweden during the winter of 2023. Control measurements were also performed
in a road section without a culvert. Temperatures were recorded in seven locations in the embankment at depths ranging
from 0.1 m to 2.55 m. Effect of the temperature distribution inside the culvert on frost penetration in the embankment is
assessed. The results of this study could help in the design and management of culverts in cold climates and improve our
understanding of the thermal conditions around culverts. This field study is part of a larger project where collected data will
be used to verify numerical models, enabling assessment of the effect of culverts of any size on temperature distribution.

RESUME: Les dommages causés par le gel autour des ponceaux constituent un probléme courant pour les routes et les voies
ferrées construites sur un sol gelé de fagon saisonnicre. Les ponceaux créent des conditions thermiques modifiées dans la
section de remblai ou ils sont installés, entrainant une pénétration du gel plus profonde autour des ponceaux par rapport au
reste de la route. Cependant, il est difficile d’estimer la profondeur de pénétration du gel et le soulévement qui en résulte en
raison des conditions thermiques complexes a 1’intérieur des ponceaux, qui dépendent de divers facteurs. Pour surveiller
l'influence des ponceaux sur le sol environnant et évaluer l'effet de la répartition de la température a l'intérieur du ponceau
sur la pénétration du gel dans le remblai, les températures ont ét€¢ mesurées a l'intérieur d'un ponceau de 0,6 m de diamétre
et dans le sol a 0,30 m du ponceau dans le nord de la Suéde au cours de la période d'essai, ’hiver 2023. Des mesures de
contrdle ont également été effectuées dans un trongon de route sans ponceau. Les températures ont été enregistrées a sept
endroits du remblai a des profondeurs allant de 0,1 m a 2,55 m. L'effet de la répartition de la température a l'intérieur du
ponceau sur la pénétration du gel dans le remblai est évalué. Les résultats de cette étude pourraient aider a la conception et
a la gestion des ponceaux dans les climats froids et améliorer notre compréhension des conditions thermiques autour des
ponceaux. Cette étude sur le terrain fait partie d'un projet plus vaste ou les données collectées seront utilisées pour vérifier
les modéles numériques, permettant d'évaluer l'effet des ponceaux de toute taille sur la distribution de la température.
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1 INTRODUCTION present. Manifesting as bumps and depressions over
the culvert on the surface of the road. This poses
significant challenges, reducing the lifetime of road
structures, increasing maintenance costs, and
compromising traffic safety.

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
temperature, air or water velocity inside the culvert,
snow cover and solar radiation (Hua et al. 2014).
Increased frost depth underneath the culvert will be

Culverts are essential components of the road and
railway embankments, facilitating drainage and the
flow of water from one side of the road to the other.
However, in seasonally frozen ground, the presence of
culverts allows cold air to pass through the road
structure. This results in frost penetration not only
perpendicular to the surface of the road but also
perpendicular to the surface of the culvert. Leading to
increased frost depth around the culvert, which results
in frost related damages if frost susceptible soil is
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directly caused by the thermal boundary conditions
established inside of the culvert due to the interaction
of the previously mentioned factors.

2 METHOD

To estimate the thermal effect a culvert has on the
surrounding road structure a field experiment was
designed in Northern Sweden, near town of Luleé. The
study area was located near the airport, allowing
access to weather data from the airport weather station.

The test section comprised of an 8 m wide, two-
lane road with an embankment height from the
shoulder of the road to the bottom of the ditch
measuring 1.5 m. The slope of the embankment is 1:4.
The project specification documents of the road were
unavailable. However, based on the boreholes drilled
for the installation purposes it could be estimated that
the road structure had around 10 cm thick asphalt
layer, 20 cm of crushed rock base and the embankment
as well as natural soil below terrace level were sand.
The measured embankment section included a culvert
with a diameter of 0.6 m and a length of 22 m, covered
with an overburden of 0.84 m of soil.

One lane of the road was instrumented with seven
temperature measurement probes in the vicinity of the
culvert, as seen in Figure 1, each with a length of 2.5
meters and nine thermocouples at varying heights. The

top of the probe is placed 5 cm under the ground
surface, as the first thermocouple is at 5 cm depth, the
shallowest recording takes place at 10 cm depth.

The probes form two cross-sections parallel to the
culvert. One is placed close to the culvert. The second
is 3 m away from the first cross-section where the
thermal regime of the culvert will not influence the
developing frost depth (both cross-sections marked in
Figure 1). Each of the two cross-sections has a probe
close to the middle of the road, in the shoulder of the
road at the edge of the asphalt cover and in the ditch.
The cross-section further away from the culvert has an
additional 4th probe in between the wheel path of the
measured lane (exact locations marked in Figure 1).

Type T thermocouples produced by Pentronic are
used for the temperature measurements alongside the
CR1000X datalogger and 4 Granite temp 120
thermocouple modules, produced by Campbell
scientific. Resulting in relative measurement accuracy
of £ 0.2 C° (based on calibration performed) and
absolute accuracy of = 0.8 C°. Recording of the
temperatures started on January 14th of 2023 and will
continue until probes remain operational. The data is
recorded every 12 hours.

Additional thermocouples were installed inside the
culvert to measure the thermal boundary conditions.
However, data from the instrumentation inside the
culvert was considered unreliable due to grounding
eITors.
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Figure 1. Top view of the installation probe locations in red, cross-section of the probe (to the right), thermocouples in red.
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3 RESULTS

The results presented cover the period from Jan. 14th,
when data recording commenced, to March 19th, when
the maximum frost depth was reached. Frost depth was
calculated by interpolating existing data using
MATLAB (The MathWorks Inc., 2020). Frost depth
progression at each of the probe locations through the
freezing period is presented in Figure 2.

Throughout the recording period, the ground did
not freeze in the ditch in either of the cross-sections
due to the thick snow cover and the insulation it
provided (Motamedi et al., 2024).

Frost depth in cross-section 1 (near the culvert)
under the shoulder of the road was 170 cm in January,
increasing to 184 cm by March, indicating a 14 cm
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Figure 2. Frost depth progression during winter for each
probe location.
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increase over three months. In the same cross-section
close to the centre of the road, frost depth increased
from 184 cm in January to 193 cm in March, marking
a9 cm increase. The differences in frost depth between
the shoulder and the centre of the road near the culvert
were 14 cm in January and 9 cm in March. Frost depth
at the shoulder is shallower due to the insulating
properties of snow cover.

Frost depth in cross-section 2 was 133 cm at the
shoulder in January and increased to 167 cm in March,
resulting in a 34 c¢cm difference. For the same cross-
section close to centre of the road, frost depth
increased from 149 cm in January to 184 cm in March,
resulting in 35 cm difference. The difference between
the frost depth at the shoulder and centre of the road
was 16 cm in January and 17 cm in March, with frost
depth increasing towards the centre.

In cross-section 1 (near the culvert), frost
penetration at the shoulder was 37 cm deeper in
January and 17 cm deeper in March compared to the
rest of the embankment (cross-section 2). Similarly,
the difference in frost depth at the centre was 35 cm in
January and 9 cm in March. Indicating that frost
penetration at near the culvert is increased compared
to the rest of the road. The maximum frost depth of
193 cm was recorded near the centre of the road near
the culvert on March 19th. The temperature
distribution in both cross-sections is seen in Figure 3,
where frost depth is marked by the turquoise line. The
temperature distribution and previously discussed
frost depth values are obtained by interpolation
between the existing measurement points.

No temperature measurements were performed in
the slope of the road. Therefore, the shape of the frost
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Figure 3. Temperature distribution in the embankment in a) cross-section 1 and b) cross-section 2 (temperature

measurement locations in red, forst depth in turquise).
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front in the slope was manually altered, to display the
insulating effects of snow. As the ground never freezes
in the ditch of the road and the frost depth in the
shoulder is significant it is reasonable to assume that
the frost front will end somewhere in the shoulder of
the road, considering the volume of snow in the ditch.
The increased amount of snow would increase the
inclination of the line moving its end closer to the
shoulder. While decrease in snow depth would lead to
a flatter shape moving the end closer to the bottom of
the ditch. The shape of the frost front will influence
consequent frost heave as the frost heave propagation
is perpendicular to the frost front line.

4  CONCLUSION AND DISCUSSION

At the start of the recording in January, frost depth near
the culvert was significantly deeper (by 35 cm at the
centre) compared to the rest of the road. However, this
difference decreased as the winter progressed. The soil
near the culvert froze faster, but the frost depth did not
significantly increase during the subsequent months,
while the soil in the rest of the road froze more
gradually. This suggests that the increased frost depth
and the speed of freezing are due to the proximity to
the culvert, allowing cold air to enter the road structure
before the culvert ends become covered by snow and
are insulated, slowing down the frost penetration
(Tommik et al., 2023).

The shoulder of the road displayed a shallower frost
depth compared to the centre of the road due to the
insulating properties of the snowpack in the ditch.
Additionally, the ground at the bottom of the ditch did
not freeze in either of the cross-sections. Frost depth
differences between the shoulder and centre of the
road near the culvert were smaller during the winter
compared to the rest of the road, indicating that the
culvert has an equalizing effect on the soil
temperatures surrounding it. As a result, shape of the
frost front near the culvert is flatter compared to the
more bowl-shaped frost front in the rest of the road, as
indicated by temperature difference between shoulder
and centre of the road. This would lead to uniform
heaving along the culvert rather than more severe
heaving at the centre.
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Presence of a culvert significantly changes the
thermal balance of the road structure during the
freezing period, resulting in increased frost depth
around the culvert compared to the rest of the road.
However, the measurements were conducted on the
side of the culvert, and the deepest frost penetration in
the area would be beneath the culvert itself, as frost
penetration will expand radially outward from the
surface of the culvert.

There is a great variation in both culvert and road
dimensions as well as soil materials and weather
conditions. Resulting in difficulty in knowledge
regarding thermal boundaries to several locations
based on one test site. Therefore, numerical models
must be employed for the task. Data from such studies
as presented is essential for calibrating and validating
such models. Expanding the knowledge of thermal
surrounding the culverts will result an improved road
design in regions with seasonal frost.
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