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ABSTRACT

Forest roads are crucial for forest management, wood supply, recreation, and wildfire mitigation.
However, adverse weather conditions in spring and autumn can weaken these roads, leading to damage
and traffic disruptions. This study developed components for a digital twin of forest roads in Eastern
Finland, with a focus on weather and moisture monitoring, road structure, traffic monitoring, and their
impact on road bearing capacity. Sensors and weather stations reliably monitored road conditions,
achieving 99.98% and 100% uptime over a year. Traffic on forest roads was monitored using pressure
sensors and game camera images, with a neural network classifying traffic types with 97% accuracy.
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A light falling weight deflectometer indicated that road bearing capacity during critical periods could
decrease to 10-20% of its maximum, underscoring the necessity for reliable real-time solutions to alert

road users about road trafficability.

Introduction

Forest roads are a critical component of the forest industry’s
logistics system. They are essential for sustainable and efficient
forest management and wood supply, particularly for timber
harvesting, transport activities, and silvicultural operations.
Additionally, forest roads play a significant role in recreation
and wildfire mitigation. The combined length of gravel-paved
roads in Finland is approximately 350,000 km, with forest
roads accounting for about 157,000 km (Greis et al. 2019).
According to Kulju et al. (2023), the total forest area in
Finland is 20.4 million hectares, resulting in an average of
7.7 m of forest road per hectare of forest.

The use and maintenance of forest roads are increasingly
challenged by climate change. Historically, winter conditions
were more predictable, but recent trends show rising tempera-
tures in late autumn and spring, and shorter winters with
ground frost (Lehtonen et al. 2019). Simulations by
Ruosteenoja and Jylhé (2021) projected an average increase of
3-4°C in winter temperatures and a 2°C rise in summer tem-
peratures for the period 2040-2069 compared to 1981-2010.

Efficiency targets for reducing costs and emissions have
necessitated the use of larger trucks for timber transport. In
Finland, the maximum allowed weight of timber trucks was
increased from 60 to 76 tonnes in 2013 (FinLex 2013).
However, the timing of heavy timber transports is crucial, as
heavier trucks are more likely to cause significant damage to
roads under adverse weather conditions. If the technical struc-
ture of the road is compromised due to overloading relative to

its current bearing capacity, transport will be halted, and the
necessary reconstruction of the road will be both expensive and
time-consuming (Vuorimies et al. 2015; Kaakkurivaara and
Korpunen 2017). Shorter winters, characterized by shorter
periods of ground frost and more extreme variations in pre-
cipitation, necessitate greater anticipation of road conditions.
The narrowing operational window for timber transport
requires more real-time data for decision-making.
Additionally, the deterioration of forest roads continues due
to insufficient rehabilitation and maintenance activities
(Solonen et al. 2023).

Forest roads are primarily designed and constructed for
forestry needs, with a low volume of traffic. The majority of
forest roads in Finland were established between the 1960s and
1990s (Kaakkurivaara et al. 2015), when the gross vehicle
weight of timber trucks was lower, and transports were more
frequently timed during periods of frozen ground or hard soils
in non-frozen seasons. Most forest roads have been built using
materials available at the construction site, sometimes with
inadequate and improper materials for the road structure (i.e.
base and subbase course) (Kaakkurivaara et al. 2015). The
insufficient bearing capacity of a road is often caused by inade-
quate (i.e. too thin) superstructure layers, the mixing of layers
with frost-susceptible subgrade soil, and inadequate drainage
of the road structure (Hamaldinen 2012; Greis et al. 2019).

In Finland, there are classification instructions for con-
structing and rehabilitating forest roads based on different
subgrades and estimated traffic volumes to achieve the targeted
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minimum bearing capacity, measured by the modulus of elas-
ticity (E-modulus) (Metsatieohjeisto 2001; Strandstrom 2017).
Common issues with gravel roads include rutting due to low
bearing capacity, dust, potholes, corrugation, inadequate drai-
nage capacity, disintegration of gravel, loose gravel, and frost
damage (Alzubaidi and Magnusson 2002; Saarenketo and Aho
2005). The challenges in timber harvesting and logistics arise
during seasons with poor road conditions and on roads that
lack adequate year-round trafficability for heavy vehicles.

The term “digital twin” (DT) was first introduced by Grieves
in 2003 as a “digital equivalent to a physical product” (Jones
et al. 2020). NASA’s Apollo space program was the first to use
the “twin” concept by having a physical twin of a space vehicle
to mirror, simulate, and predict the conditions of the vehicle in
space (Liu et al. 2021). Over the past 20 years, digital twins have
been widely used for industrial, servicing, and academic pur-
poses across various applications and technologies (Jones et al.
2020; Liu et al. 2021). The term “digital twin” and its use cases
have evolved significantly. The most common description of
a DT is a digital model (virtual representation) of an intended
or actual real-world physical product, system, or process (a
physical twin) that serves as an effectively indistinguishable
digital counterpart for practical purposes such as simulation,
integration, testing, monitoring, and maintenance (Boschert
and Rosen 2016; Jones et al. 2020).

Continuous, often big-data-driven monitoring using multi-
ple measurement and monitoring methods of the target object,
system, or process is essential for detailed, high-fidelity model-
ing of the physical twin. The quality and validity of monitoring
data play a decisive role in the development of a DT. In
industrial and practical use cases, DT's typically support deci-
sion-making by presenting the system’s status and generating
real-time predictions (Digital Twin Consortium 2025).

Most DT frameworks related to roads have been designed for
high-volume roads to optimize construction and maintenance
and predict road conditions (Chen et al. 2022; Steyn and
Broekman 2022; Consilvio et al. 2023). A few frameworks have
been developed for planning road networks in urban (Jiang et al.
2022) and agricultural areas (Machl et al. 2019). Meza et al. (2021)
presented a pilot study to establish a DT for a road construction
project, targeting the use of secondary road materials in road
construction. This study utilized multisource road sensor data,
including temperature, vertical deformation, soil moisture, asphalt
strain, and pressure sensors. Chen et al. (2022) concluded in their
literature review that to predict road performance and condition
with a DT, monitoring data should include: i) existing perfor-
mance index, ii) existing distress condition, iii) road materials, iv)
road structure, v) climate, and vi) traffic.

Monitoring weather conditions (e.g. temperature, moisture
content, frost, thawing), mechanical properties (e.g. bearing
capacity, road deformation), and structure (e.g. road layers,
profile, dimensions) of forest roads using sensors and nondes-
tructive measuring devices has been carried out in several
studies. These studies include those conducted in Finland
(Saarenketo and Aho 2005; Kaakkurivaara 2018), Norway
(Fjeld et al. 2022, 2023), and Austria (Holzleitner et al. 2020).
The aims of precise monitoring of forest roads are to identify
factors contributing to road surface and structure wear and
deformation, understand spring thaw and wet season

weakening, and find solutions to mitigate road deterioration
to maintain roads in a trafficable condition for heavy vehicles
(Saarenketo and Aho 2005; Holzleitner et al. 2020; Fjeld et al.
2022; Niskanen et al. 2024).

In a report by Saarenketo and Aho (2005), detailed road
structure and condition monitoring with extensive field tests
was presented, focusing on studying spring thaw weakening,
the factors affecting it, and how roads react to heavy traffic.
Percostations were used to measure road water content, the
physical state of water, and the mechanical properties from the
pavement to the subgrade of the road. Kaakkurivaara (2018)
examined portable tools to measure the bearing capacity of
different types of forest roads through the seasons to detect
attributes affecting trafficability. In Austria, Holzleitner et al.
(2020) established a measurement setup for monitoring
weather, road conditions, and road trafficability. Data from
an automated road station (measuring moisture and tempera-
ture of a road at varying depths and ambient weather para-
meters) and manual measurements of bearing capacity were
used to identify and study the impact of weather conditions on
the bearing capacity of forest roads.

Fjeld et al. (2022) measured forest roads by assessing bear-
ing capacity, materials in the road structure, volume of heavy
traffic, and road deformation to lay a foundation for forecast-
ing the seasonal trafficability of forest roads. Niskanen et al.
(2024) used automatic monitoring of road properties to assess
the impact of a 84-tonne GVW high-capactity timber truck and
other heavy traffic on both paved and gravel roads in Northern
Finland across different seasons. The monitoring included
road weather parameters from percostations, road pressure
and bearing capacity measurements, and counting of heavy
traffic. Roadscanners Ltd. introduced the first road monitoring
station system (percostation) nearly 25 years ago, which has
been used to monitor variations in water content, the physical
state of water, and the mechanical properties of the road
structure and subsoil during different seasons on both paved
and gravel roads in several countries, including Finland,
Sweden, and Scotland (Roadscanners 2025).

According to the conclusions of Saarenketo and Aho (2005)
and Solonen et al. (2024), more accurate information on the
suitability of forest roads for heavy traffic in different weather
conditions and seasons would improve the efficiency of for-
estry operations and timber supply, save road repair costs by
limiting heavy traffic on roads with low bearing capacity, and
support sustainable road management by conserving depleting
gravel materials. Today, the level of technology and digitaliza-
tion enables the efficient use of large data sets and the creation
of digital twins for improved decision-making. However, there
are still no implementations for long-term monitoring of the
condition, road-weather behavior, and trafficability of low-
volume forest roads.

Aim of the study

In order to investigate the year-round road-weather dynamics
and bearing capacity of forest roads, key components for mon-
itoring the trafficability of forest roads and road-weather para-
meters were designed and implemented. The aim was to
demonstrate and validate the feasibility of specific technical



solutions for monitoring forest roads in the context of creating
digital twins of forest roads in the future. This paper focuses on
the methodology, presenting key results of the monitoring
systems setup through several examples.

Materials and methods
Establishment of road weather stations

A total of 10 road segments, each approximately 100 m in
length, were selected in Eastern Finland (Figure 1). The
aim was to acquire segments representative of typical forest
road sites on different subsoils and with varying road
structures. The following criteria were applied in the
selection:

(1) The segments represent different types of forest roads
with respect to subsoil, topography, and condition.

(2) The segments are located in the vicinity of the Joensuu

research station to enable bearing capacity measure-

ments on short notice when the weather changes

The segments are geographically clustered to ensure

cost-efficient measurement of bearing capacity and

weather parameters, i.e. groups of two or three nearby

segments are formed.

The road owner must be willing to support the project

and be interested in using the results.

3)

(4)

The primary selection criterion was subsoil type to ensure that
roads on different types of soils were included. For the selec-
tion, open-source data on superficial deposits in Finland pro-
vided by the Geological Survey of Finland (GTK) were used
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(GTK 2018). The selected segments covered soil types ranging
from fine-grained soils (e.g. peat and clay) to coarser soils such
as sand and gravel. To ensure the accuracy of the subsoil
classification and to determine the road structure, soil samples
were collected and analyzed from each segment.

Road layers and soil types

Core drilling was conducted to define the road structure, road
material, and subsoil for each road segment. Soil samples were
collected from all road structure layers for detailed laboratory
analysis. Core drilling was performed using a van-trailer-based
light hammer drilling machine with a drill core head of 10 cm
width and 150 cm length. Samples were drilled at a distance of
1 m from each sensor location positioned in the wheel path.
A total of 30 drillings were completed.

The drilling depth was 1.2 m or until the core drill could not
reach the threshold depth after two attempts (mainly due to
encountering a large stone or bedrock). The structure and
thickness of road layers were measured to an accuracy of
1 cm. Soil type, grain size distribution, and moisture content
were analyzed following the standards 2003, 2013, and 2010.

The layers for all road sections were classified into three
main categories: i) wearing and base course, ii) subbase, and iii)
subgrade (i.e. subsoil). The wearing and base courses were
combined into one layer class based on the sampling results,
as it was not possible to separate these layers in most sections.

The depth from the road (wheel path) surface to the transi-
tion line of road layers was presented in centimeters, measured
with a measuring stick from the undisturbed core soil sample
drilled from the road. From the standardized grain-size
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Figure 1. Locations of the 10 road segments used in this study.
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analysis, the study-specific soil-type classification was derived
according to the proportions of the main soil types: stone,
gravel, sand, silt, and clay. Soil types with content greater
than 10% were expressed in the classification of this study
before other soil types with higher concentrations (e.g. “Silty
gravelly sand,” meaning that 10% <silt < gravel < sand).
Additionally, if the soil type included fine-grained soils (clay,
silt) or peat exceeding the thresholds of the standard, the
susceptibility to freezing was expressed for each sample and
layer.

Automated road weather stations

Nine combined temperature and humidity sensors (2024) were
installed in each road segment (Figure 2). The locations were
chosen to ensure that the sensor positions varied as much as
possible in terms of road topography, visually observed subsoil
on the sides of the road, and road condition. The sensors were
placed at three different locations along the road at three
depths: 20-25cm, 50-55cm, and 80-85cm. The distance
between the sensor sets was approximately 20-40 m. The sen-
sors were installed in 35-mm holes drilled into the road at a 45-
degree angle, filled with fine sand, and each sensor plate was
oriented slightly inclined (10 degrees) with respect to the wheel
path (Figure 2).

To validate sensor accuracy for measuring soil moisture
content (volumetric water content, VWC), a laboratory test
was conducted using three sandboxes mixed with water and
one sandbox without water. Three SMT100 sensors were tested

1-9 Temperature/soilmoisture sensors
JB: Junction box for each of sensors. The
distance between sensor sets is 20-40 m,
and the interface for all sensorsis SDI-12
to reduce cabling (3-wire bus).

_—  Road surface

/ :

Figure 2. A schematic representation of a road weather station.

in each box for two 15-h test runs. The same fine-grained
sieved sand (grain size 0.1-0.6 mm) used in sensor installation
on roads was used in the lab tests.

The road sensors were cabled to junction boxes near the
measurement points and from the boxes to the datalogger. The
power supply for the sensors was connected to the battery and
the solar-panel-powered system of the measuring station. All
aboveground and underground cabling was installed in flexible
20-mm conduit. All variables were measured every hour, and
the measurement data were stored on the datalogger, from
where it was transferred to the measurement computer located
in Joensuu via a 4 G modem. Additionally, the data were
transferred once a day to the network data storage of the
Natural Resources Institute Finland. All sensors in the mea-
surement system (SMT100 and WXT530) were SDI-12 bus, so
the measured readings were received as serial data.

One weather station unit was installed for each cluster of
road segments, positioned approximately 1.5 m above the road
surface. Thus, data from one weather station corresponded to
2-3 road stations. Ambient weather parameters measured by
the Vaisala WxT530 weather station included wind direction,
wind speed, air temperature, relative humidity, barometric
pressure, precipitation, and the amount of ice granules.

Monitoring of bearing capacity

Falling weight deflectometers have been used to estimate the
stiffness and bearing capacity of roads by measuring road sur-
face deflection and the E-modulus of forest roads

B/Weather Transmitter (7 sensors)

Solar
Panel

Logger
Modem
Charge-
control

)M

Battery

«—Mast for device boxes




(Kaakkurivaara 2018; Fjeld et al. 2023; Karjalainen et al. 2024).
The E-modulus, in turn, predicts road trafficability
(Kaakkurivaara 2018). In this work, the dynamic deformation
modulus (Evd) in MPa was measured using a light falling
weight deflectometer (LFWD) Zorn ZFG 3.1 (ZFG 2024).
The modulus of elasticity is calculated using the road surface
deflection derived from the accelerometer of the bearing plate,
according to the Equation (1) (Pidwerbesky 1997a, 1997b;
2021):

E,y=15(p*a/A) (1)

Where,
E,q = dynamic deformation modulus (MPa)
A = deflection under the load plate
p = vertical pressure of the load plate
a=radius of the load plate

Each measurement consisted of three pre-load falls and
three measurement falls, with the result being the average of
the latter three. Due to the low bearing capacity of the roads,
a 98.1 N drop hammer weight (mass of 10 kg) with an impact
load of 7.07 kN and a 30 cm load plate were used. The Evd can
be influenced by partial discontinuities within a depth of twice
the diameter of the loading plate, giving an influence zone of
60 cm (Kim et al. 2023). Measurements were taken at 20 m
intervals, totaling six and seven measurement locations on
Road 1 and Road 2, respectively. At each measurement loca-
tion, a measurement point was located on both wheel paths.
Additionally, on Road 2, Evd was measured at the center line of
the road.

Stress test

Rutting of the road segments was measured in stress tests to
establish the link between E-modulus values and road traffic-
ability for heavy vehicles, such as a loaded timber truck. Stress
tests were conducted on road segment 2 (Road 2) in spring
2022 (17 May 2022) using a loaded timber truck without
a trailer. The test truck was a Volvo FH16 (model year 2020)
with four axles and an attached self-loader. The total weight of
the loaded truck was 39,360 kg, including 17,440 kg of timber.
The masses were weighed on a bridge scale at Stora Enso’s mill
timber reception in Varkaus. The truck’s mass was distributed
among the axles as follows: 23%, 23%, 31%, and 24% from front
to rear (estimated proportions from the truck’s own air-
suspended axle weighing system). The first two axles had single
tires, with the steering axle having 385/65R22.5 tires and the
rest 385/55R22.5 tires. The last two axles had twin tires. The
distances in centimeters between the steering axle and the
following three axles were 225, 510, and 650. Tire pressures
were 8.2-8.3 kPa on all tires except the steering axle, which had
9.0 kPa.

Table 1. Traffic data from game camera photos.
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Before the stress test, measurement points were marked on
the intended left and right wheel paths at 20 m intervals. The
initial road surface levels were measured with a laser leveler
and a measuring scale bar just before the first truck pass at the
predefined measuring points. Additionally, the rut depth
caused by vehicle passes was measured after 2, 4, 6, 8, 10, 20,
and 30 truck passes over each road section. During the passes,
the driving speed was 15 km per hour.

Soil pressure was measured to determine the extent of
vehicle-induced pressure reaching deeper layers in the road
structure, as increasing moisture content results in softer soil
(Sohne 1958). The method could be useful for dimensioning
the layers of the road structure. The soil pressure induced by
the timber truck was measured using a Bolling probe (Keller
et al. 2016) provided by the Bern University of Applied
Sciences. The Bolling probe consists of a thin-walled soft sili-
cone hose connected to a pressure transducer via a rigid plastic
tube. The hose and tube were inserted into the road structure
through drilled holes and filled with water to transmit pressure
from the silicone hose to the transducer. The target depths of
the pressure-sensing elements in the road structure were 0.2 m,
0.4 m, and 0.6 m. Pressure was measured with digital pressure
transducers via an RS 485 serial communication bus to a laptop
computer at a frequency of approximately 15 Hz.

Traffic monitoring with Al-based machine vision

In addition to structure and weather, gravel roads are affected
by traffic and maintenance. On one hand, heavy vehicles - and
on thawing season even cars — may cause rutting on the roads.
On the other hand, maintenance operations such as gravel
bedding, surface leveling, and removal of snow cover influence
the bearing capacity. Therefore, it would be useful if the type
and volume of traffic and maintenance activities on the road
segments could be automatically detected.

Machine-vision-based interpretation of photos taken with
game cameras could offer a way to provide the necessary
information. A total of 1,016 photos were captured from two
road segments and used in the analysis (Table 1). The photos
were manually labeled into four classes: 1) Cars and vans (466
photos), 2) Heavy vehicle (113), 3) Tractor (56), and 4) Other
(362). Furthermore, 19 blurred or ambiguous photos were left
out from the analysis. Class 2 included photos of timber truck
combinations (both empty and laden), refuse collection vehi-
cles, and snowplow trucks.

A convolutional neural network (CNN) model based on
the pre-trained ResNet50 (He et al. 2016) architecture was
applied for multi-class image classification. The convolu-
tional layers use fixed ImageNet (Deng et al. 2009) weights
as the feature extractor. Custom trainable layers were added
on top of the fixed convolution base layer, including 2D

Camera
Reolink Go 4 G Burrell S12HD+SMS3
Road number 3 2
Number of photos 740 276

Time period

16 Sep 2022-19 Jan 2023

14 Sep 2022-9 Nov 2022
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global average pooling and four fully connected (dense)
layers with 512, 256, 128, and 64 nodes, each utilizing
ReLU activations. Dropout layers with a 50% drop rate
were utilized after each dense layer to prevent model over-
fitting. The final output layer was a dense layer with four
units and softmax activation, producing a probability distri-
bution over the target classes. The CNN was trained using
the Adam optimizer (Kingma and Ba 2015) with sparse
categorical cross-entropy as the loss function. A batch size
of 32 was used, and the model was trained for a maximum of
3,000 epochs. The photo dataset was split in a stratified
manner into random train (70%), validation (20%), and
test (10%) sets. In stratified splitting, the class proportions
in the train, validation, and test sets mirror the proportions
of the classes in the full dataset, minimizing the risk of

biased performance evaluation. Computations were per-
formed using the Keras (Chollet 2015) and TensorFlow
(Abadi et al. 2016) libraries.

Results
Road structures

According to the soil sample analysis conducted for each road
segment and road sensor location, the roads contained a good
variation of different soil types (Table 2). For all segments, the
average depth of the wearing and base course was 21 cm,
ranging from 5 to 45 cm. The average thickness of the subbase
was 41 cm, ranging from 15 to 70 cm. The subgrade started at
an average depth of 63 cm from the road surface. The depth of

Table 2. Soil types in each road segment and road sensor location derived by the soil sample analysis and subsoil types based on superficial deposits reported by the
Geological Survey of Finland (GTK) 1:20 000/1:50 000 data. Numbers in brackets indicate the road layers from top to bottom. The frost susceptibility (yes, no) is shown

for the road layers. Segment number refers to the map in fig. 1.

Frost Frost Frost
Road segment & Wearing and base course Subbase (2), Subgrade (3), start ~ susceptibility susceptibility susceptibility ~Subsoil type by the
sensor location (1), depth in cm depth in cm depth in cm (1) (2) (3) GTK data
1.1 Sandy gravel, —45 Stony gravel,  Peat with wooden Yes No Yes Carex peat/sand
45-70 layer, 70
1.2 Sandy gravel, =35 Silty sandy Peat with wooden Yes Yes Yes Carex peat/sand
gravel, 35-60 layer, 60
1.3 Gravelly sand, —37 Silty sand with ~ Sand, 50 Yes Yes No Carex peat/sand
humus, 37-50
2.1 Gravelly sand, —35 Silty gravelly ~ Peat with wooden Yes Yes Yes Carex peat
sand, 30-75 layer, 75
2.2 Gravelly sand, —40 Silty gravelly ~ Peat with wooden Yes Yes Yes Carex peat
sand, 40-60 layer 60
23 Gravelly sand, —55 Silty gravelly ~ Peat with wooden Yes Yes Yes Carex peat
sand, 55-84 layer, 84
3.1 Gravelly sand, —13 Gravelly sand,  Claey silt, 73 Yes Yes Yes Sandy
13-73 moraine
3.2 Gravelly sand, =12 Gravelly sand,  Claey silt, 85 Yes Yes Yes Sandy moraine
12-85
33 Gravelly sand, =17 Silty sand, 17-35 Silty gravelly sand, 35 Yes Yes Yes Sandy moraine
41 Gravelly sand, —20 Silty clay, 20-90 Silty clay, 90 Yes Yes Yes Clay
42 Gravelly sand, =15 Sandy gravel,  Silty clay, 38 Yes No Yes Clay
15-38
43 Gravelly sand, —20 Sandy gravel,  Gravelly silty sand, 60 Yes No Yes Clay
20-60
5.1 Sandy gravel, —30 Silty sand, 30-53 Peat, 53-130 Yes Yes Yes Sandy moraine
5.2 Sandy gravel, —10 Silty sandy Silty sandy gravel, 45 Yes Yes Yes Sandy moraine
gravel, 10-45
53 Sandy gravel, —15 Silty sand, 15-30 rock/big stone, 30 Yes Yes No Sandy moraine
6.1 Sandy gravel, —20 Gravelly silty  Silty peaty sand, 75 Yes Yes Yes Carex peat/sandy
sand, 20-75 moraine
6.2 Sandy gravel, —25 Gravelly silty  Silty peaty sand, 70 Yes Yes Yes Carex peat/sandy
sand, 25-70 moraine
6.3 Sandy gravel, -8 Silty sand, 8-35  Gravelly silty sand, 35 Yes Yes Yes Carex peat/sandy
moraine
7.1 Gravelly sand, —15 Sand, 15-80 Sand, 80 Yes No No Sand
7.2 Gravelly sand, —10 Sand, 10-80 Sand, 80 Yes No No Sand
73 Gravelly sand, —15 Sand, 15-55 Sandy silty clay, 55 Yes No Yes Sand
8.1 Gravelly sand, -5 Silty sand, 5-50  Silty sand, 50 Yes Yes Yes Fine sand
8.2 Gravelly sand, —23 Sand, 23-90 Silty sand, 90 Yes No Yes Fine sand
8.3 Gravelly sand, —8 Silty sand, 8-70  Silty sand, 70 Yes Yes Yes Fine sand
9.1 Sandy gravel, =12 Gravelly sand,  Gravelly sand, 60 No Yes Yes Gravel
12-60
9.2 Sandy gravel, —23 Gravelly sand,  Gravelly sand, 60 No Yes Yes Gravel
23-60
9.3 Sandy gravel, =12 Gravelly sand,  Gravelly sand, 55 No Yes Yes Gravel
12-55
10.1 Sandy gravel, —35 Stony sand, Silty sandy gravel, 55 Yes Yes Yes Sandy moraine
35-55
10.2 Sandy gravel, —15 Fine sand, 15-75 Silty sandy gravel, 75 Yes Yes Yes Sandy moraine
10.3 Sandy gravel, —13 Stony sand, Silty sandy gravel, 75 Yes Yes Yes Sandy moraine

13-69




the subgrade transition line ranged from 35 to 90 cm across all
sampled road sections. The subsoil type derived from the open
GTK data matched the soil sampling results well for the sub-
grade, with approximately two-thirds of the matches being
correct.

Road weather station data

In method validation, hybrid moisture-temperature sensors pro-
vided relatively accurate results for the volumetric water content
(VWC) compared to the volume-scaled calculation (Table 3). The
estimated accuracy of the VWC in terms of root mean square error
(RMSE) was 2.18 percentage points under laboratory conditions.

During the one-year period from 15 October 2021, at 12:00 to
15 October 2022, at 11:00, the logging system for Road 2 func-
tioned without fault, logging sensor information hourly. For the
sensor system on Road 2, there were two missed logging events
on consecutive days (25 November 2021, at 9:00 and
26 November 2021, at 11:00), meaning the system functioned
without problems 99.98% of the year. The weather station data
functioned without downtime throughout the year.

The air temperature and rainfall measurements from the
weather station, along with the sensor data from the middle of
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the road segment, are presented in Figure 3. The air temperature
measurements appeared reasonable, and the road temperature
measurements seemed to be a smoothed-out version of the air
temperature, with temperatures staying at or above 0°C during
the winter months. The road temperatures remained relatively
consistent throughout the year, though the measurements from
deeper layers showed less variation, with slightly lower tempera-
tures in the summer and higher temperatures in the winter
compared to those closer to the surface.

The pattern of rainfall matched the peaks in moisture well at
depths of 0.2 m and 0.5 m. At 0.8 m, there was a little variation
over the year. However, the absolute values of the rainfall
measurements were inaccurate as the recorded rainfall for
the year totaled 1,584 mm, although no rainfall was recorded
during the winter months due to the sensor’s inability to detect
snowfall.

The bearing capacity measurements carried out on Roads 1
and 2 are shown in Figure 4 for the period from
15 October 2021, to 15 October 2022. On both roads, the
time evolution of the bearing capacity was quite uniform across
all measurement locations. For Road 1, both sides of the road
had similar bearing capacities, except at the location 60 m from
the starting end, where the left side consistently had a lower

Table 3. Results from a validation test of the accuracy of estimating VWC by the truebner SMT100 sensor in laboratory conditions using fine-grained sand with four trials.

Water
Trial no volume (dm°) Sand + Water volume (dm?) VWC (%) SMT100, VWC (%) (avg) SMT100, VWC (%) (SD)
1 0.00 3.02 0.00 0.35 0.11
2 0.25 3.04 8.21 4.79 0.23
3 0.90 3.03 29.72 27.40 0.31
4 1.20 3.02 39.80 38.48 0.41
Road 1 Road 1
30 60 60
20
10 40 40
0
-10 20 20
s ?
g = | Lk g
E; Depth & L e ) AN 0 & Depth
2 —02m @ > —o02m
& Road 2 5 Road 2 8,
= — 0.5m @ 5 —05m
g3 —08m g 50 8 0.8m
5 =
d __Air 3 — Rain
2 temp. =
10 40 40
0
-10 20 20
-20
0

Oct 2021 Jan 2022 Apr 2022 Jul 2022 Oct 2022

Oct 2021 Jan 2022 Apr 2022 Jul 2022 Oct 2022

Figure 3. Air temperature and rainfall measurements from the weather station and the sensor data from the middle of the road segment over the period

15 October 2021-15 October 2022.



8 K. VAATAINEN ET AL.

Road 1

Road 2

0z

M n =
[y} [} [y}
L L L

oy

centre

— |eft

Load-bearing capacity

i
!
l }

—* right

09

Figure 4. Bearing capacity monitoring over the period 15 October 2021-15 October 2022, for road segments 1 (left) and 2 (right). Each subfigure shows the
measurements from one location starting from one end of the segment (0) and proceeding in 20 m intervals to the end of the 100 m segment (100). The side of the road

measured is denoted by color.

capacity than the right side. For Road 2, the left and right sides
had similar capacities on average, though there appeared to be
some variation in which side had a higher capacity at a given
time. The center consistently had a lower capacity, except for
a measurement event at the end of the segment in late
April 2022, when the capacities were high throughout the
road. This was due to the ground still being frozen at that time.

For Road 1, the bearing capacity was on average 28 MPa (SD
11 MPa, range 9-60 MPa) on the left side and 29 MPa (SD 11
MPa, range 10-57 MPa) on the right side. For Road 2 the
averages were 22 MPa (SD 13 MPa, range 4-66 MPa) for the
center, 36 MPa (SD 15 MPa, range 10-90 MPa) for the left side,
and 33 MPa (SD 17 MPa, range 9-85 MPa) for the right side.
Overall, the bearing capacity was highest on measurement days
when the road surface was slightly frozen in spring and autumn
but reduced to only 10-20% of this value during the worst
periods in spring and autumn. The time series of the bearing

capacity appears to roughly follow the temperature curves
presented in Figure 3.

Between road segments, the variation in road moisture
content and bearing capacity was relatively large when mea-
surements were taken on the day of the wet spring thaw and
the day of the dry summer period (Figure 5). On the days of the
dry summer and the spring thaw, the averages of the bearing
capacity were 41 MPa (SD 15, range 21-90 MPa) and 24 MPa
(SD 12 MPa, range 8-54 MPa), and the moisture content of the
road was 11% (SD 7%, range 4-36%) and 19% (SD 10%, range
5-39%), respectively. On average, the bearing capacity was 51%
lower during the day of spring thaw than during the dry
summer, while the moisture of the road structure was 171%
higher. There seems to be a tendency for soil coarseness to
affect measured bearing capacity and VWC. The finer the road
structure and/or subsoil, the lower the bearing capacity and the
higher the VWC.
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Figure 5. Measured bearing capacity and soil moisture of the road on spring thaw (15 May 2024) and dry summer (19 June 2024) days at each of the road segment
sensor locations (30 in total). For each road segment (segment numbers are shown in the x-axis labels), the soil types and the thickness of the road structure (presented
in cm), are shown. The moisture values in the VWC were the average of two moisture sensors located at 20 and 50 cm depth on the road structure. The road segments
were ranked from highest to lowest according to the average bearing capacity of each segment.

Stress test for road 2

The stress test on Road 2 revealed no major rutting, even after
30 passes. The maximum observed rut depth on road 2 was 2.5
cm after 30 passes (Figure 6). Negative rut depths can be
explained by the extrusion of the road surface next to the
wheel path, resulting from the truck wheel path not coinciding
with the predetermined measurement points. The main
increase in depth in rutting occurred in the first 10 passes,
with continued rutting slowing down up to 30 passes. The first
10 passes resulted in average 1.3 cm depth ruts, whereas the last
10 passes only added 0.6 cm.

Before the truck tests on 17 May 2022, bearing capacities were
measured with a LFWD, and the mean value of measurements
from wheel paths on Road 2 was 25.2 MPa resulting in
the second lowest mean bearing value of the one-year measure-
ment period. The ambient temperature during the tests was
7.4°C and road temperatures from three road locations ranged
from 0.3-8.3°C, 6.1-8.3°C, and 5.3-6.0°C at road depths of 20,
50 and 80 cm, respectively. The VWC values at the respective
locations and depths ranged from 16-38%, 31-43%, and
36-43%. On Road 2, peat depths at the roadside were 230 cm
at 20 m, over 250 cm at 40-80 m, and 204 cm at 100 m.

The pressure measurement unit detected all truck axle
wheel passes at valid distances when analyzing the pressure
variation of the sensor values at depths of 0.25m and 0.4 m
(Figure 7). However, the pressure peak values did not corre-
spond to the weight distribution on the axles of the tested
timber truck. This clearly indicated that the measuring fre-
quency of the Bolling probe setup (15 Hz) was far too low for
the vehicle speed of 15km/h in the road tests. Due to the
sparseness of the data, it was not possible to reliably determine
the maximum pressure values induced by the vehicle wheels
from a single pass.

Traffic monitoring with Al-based machine vision

The classification results based on the limited sample of game
camera photos proved to be surprisingly good. The ResNet50
CNN’s training performance converged quickly within
200-300 epochs to around 93% overall accuracy on the valida-
tion photo set. The overall accuracy was over 97% for the test
photo set, and the class-wise accuracies were all high, with the
exception of Class 3 (Tractor) where the accuracy was 67%,
reflecting the very limited number of tractors in the training
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Figure 6. Rut depths on road 2 by wheel path, measurement location and number of passes. The measurement locations are shown in the caption on the right as meters
along the road segment. Negative rut depth indicates uplift of road surface. A loaded 4-axle timber truck with a total weight of 39,360 kg was used in the stress tests for
a total of 30 passes.
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Figure 7. Example of soil pressure measurements under the left wheel path at 60 m location on road 2 at depths of 0.25 m and 0.4 m using the Bolling probe measuring
equipment. The third sensor hose at a depth of 0.6 m was damaged during installation. A loaded four-axle timber truck weighing 39,360 kg was used in the stress test.
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Table 4. The confusion matrix of the machine-learning-based classification accuracy of game-camera images for

the test photos.

Predicted classes

Actual classes Cars and vans Other Heavy vehicle Tractor
Cars and vans 46 1 0 0
Other 0 37 0 0
Heavy vehicle 0 0 12 0
Tractor 0 0 2 4
Producer’s accuracy 97.9% 100.0% 100.0% 66.7%
User's accuracy 100.0% 97.4% 85.7% 100.0%

Overall accuracy

97.1%

data (Table 4). The two misclassified tractor images were
erroneously classified as heavy traffic, and one car/van was
erroneously classified as “Other,” while all the “Other” images
were correctly classified. The high user’s accuracies of the
model suggests that when the CNN predicts a specific class, it
is most frequently the correct one.

Discussion

In this paper, a comprehensive system for monitoring variables
contributing to the trafficability of forest roads in Finland was
presented. Such long-term, hourly road weather monitoring at
this scale has not previously been undertaken for forest roads.
By the beginning of 2025, the first established road stations will
have been in operation for almost three and a half years.
Closely comparable settings with a smaller number of road
sections and/or shorter follow-up periods have been reported,
for example, by Holzleitner et al. (2020) on forest roads, and
Saarenketo and Aho (2005) on low-volume gravel roads and
Niskanen et al. (2024) on public gravel roads.

The variation of VWC and bearing capacity between and
within road segments was found to be high on the same day of
data collection under comparable weather conditions. The
results add to the knowledge of the large temporal and spatial
variation in the bearing capacity/trafficability of forest roads
(e.g. Saarenketo and Aho 2005; Kaakkurivaara et al. 2015;
Karjalainen et al. 2024). Of the 10 road sections, it was found
that the coarser the road structure and subgrade, or the lower
the soil moisture, the higher the modulus of elasticity of the
road. This agrees well with the findings of Fjeld et al. (2023).

When the bearing capacity of forest roads was monitored
with the same type of LFWD instrument, the mean and range
of E-modulus values measured by Holzleitner et al. (2020),
Fjeld et al. (2023) and Karjalainen et al. (2024) were highly
comparable to the corresponding values in our study. Using
a different type of LFWD device (Loadman), the E-modulus
values obtained from low-volume forest roads were higher
than in our study (Kaakkurivaara et al. 2015).

Closer analysis of the two road segments (1 and 2) showed that
the sensors are reliable, with no missing data from the weather
station, and only two missed hourly recordings from one of the
sensor systems during the one-year test run. Throughout the
study, the temperature measurements were credible when visually
compared with weather data from the Finnish Meteorological
Institute (FMI), but the total rainfall was unrealistic. This was

significantly higher than the approximately 600 mm of rainfall
measured by established weather stations nearby, even though this
includes the snowfall from winter months measured as the
equivalent amount of liquid water. However, the peaks in rainfall
did correspond to increases in soil moisture, so the data could still
be a valuable though imperfect source of local weather conditions.
One possible reason for recorded higher rainfall during rainy
periods was the presence of tall forest close to the weather station.
This can allow additional water droplets to fall from the canopy
onto the sensor even after the rain has stopped.

In addition, the soil moisture sensor has been validated in
a laboratory environment for VWC monitoring, demonstrat-
ing high accuracy. It should be noted, however, that the soil
moisture sensor used is unable to provide valid moisture con-
tent values in conditions where the ground is frozen. In other
words, the sensor monitors liquid water content by volume,
meaning that VWC sensor data can only be used for modeling
purposes during non-frozen periods.

The bearing capacity of the roads correlated well with
temperatures and soil moisture, so weather data could poten-
tially be used to predict changes in bearing capacity. To build
and validate such models, data from all 10 road sections with
longer follow-up are needed. In addition, satellite data from
the Soil Moisture Active and Passive Mission (SMAP) with
soil moisture estimates at different depths have recently
confirmed good predictive power for the bearing capacity
of forest roads (Fjeld et al. 2023) and rutting on forest soils
(Schonauer et al. 2024).

On the two test roads with 1 year of follow-up, the highest
bearing capacities were measured when the road surface was
slightly frozen. This occurred during a sequence of cold days
below zero in late autumn (measured on 10 November 2021)
and during the frost-thaw spring season after a cold night
(22 April 2022). However, during the most volatile periods in
spring and autumn, the bearing capacities were only 10-20% of
the highest values measured. Additionally, dry summer condi-
tions positively affected the bearing capacity.

The change in bearing capacity can be rapid and noticeable
even within a single day, as demonstrated by two sets of
measurements on Road 2 on 22 April 2022. After a cold
night, the frost on the road began to melt as the day progressed,
causing the bearing capacity of the daytime recordings to drop
to an average of 45% of the early morning values. Under such
thaw and wet road conditions, there is a high risk of heavy
traffic causing severe damage to the road structure, potentially
halting the use of the road until the road has recovered.
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During the stress tests, no major rutting was observed on
Road 2, even though the segments were traversed up to 30
times by a heavy timber truck. This was unexpected because
Road 2 was built on a peatland, and the tests were conducted in
late spring when the VWC in the road structure was high
(ranging from 16-43%). Possible explanations for the limited
rutting include the thick and stiff wearing and base course and
subbase layers, the high-quality road structure material used,
and the brushwood mattress between peat (subgrade) and the
subbase layers. Peaty subsoil with such road construction acts
like a trampoline, bending under the load stress but returning
after the truck passes. In addition, the roadside embankments/
shoulders were flattened to a shallower gradient, resulting in
a wider embankment than usually, in order to spread the load
over the wider foundation (see e.g. Munro 2004). Furthermore,
the E-modulus values recorded by the LFWD tend to be lower
on peaty subsoils than on mineral subsoils due to the greater
deflection of the road under the loading plate. For modeling
road trafficability, more data from stress tests with heavy
vehicles on different subsoil types and road structures under
various weather conditions are needed.

The pressure sensor measurement results during the stress
tests indicate that a sampling frequency of at least 1 kHz or
higher is necessary to capture the pressure maxima created by
traffic (see e.g. Lamandé and Schjenning 2011). Therefore, the
measurement system used in this study has been rebuilt based
on analogue pressure transducers and a datalogger. With the
revised setup, the measurement frequency is limited by the
datalogger, eliminating the time lost in two-way communica-
tion between the laptop and pressure sensors. The maximum
sampling rate is now 200 kHz. Equipment with much lower
recording frequencies is likely to miss the maximum pressure
applied by passing traffic, which is crucial for estimating the
impact of traffic on road conditions.

The classification of traffic from game camera photographs
based on convolutional neural networks performed very well,
with only about 2% cars/vans misclassified as “Other,” while
a third of the six tractor pictures were misclassified as “Heavy
traffic,” with all “Other”-pictures correctly classified.
A comparable classification accuracy of 95% was achieved by
Bautista et al. (2016) when using CNN to detect and classify
vehicles in low-resolution videos. Although the classification
results are good, it is important to note that the test dataset is
limited in size. This issue could be addressed in the future by
acquiring more data or employing techniques like nested cross-
validation to enhance the reliability of performance estimation.
Opverall, given the good performance on the test dataset, it is
reasonable to expect that a CNN-based computer vision
approach will perform well in automatic vehicle classification
in a production environment, especially with more data avail-
able. Thus, our results indicate that the use of game cameras
could provide reliable traffic detection in a cost-effective man-
ner and link the effects of heavy traffic and road maintenance
on road quality and trafficability (i.e. surface deformation).

The results show that air temperature and precipitation are
highly correlated with road temperature and moisture, and that
the relationship between these road weather parameters and
road bearing capacity is clear. Therefore, it would be useful to
build accurate models that relate soil temperature and moisture

to air temperature and precipitation for dynamic trafficability
monitoring. Building and validating such models requires
more data, but this could be done with a limited number of
roads as long as the observation period is long enough to
include year to year variations with a sufficient number of
observations of the bearing capacity from both low and high
ends. Furthermore, by improving the measurements, such as
including frost monitoring, more detailed predictions of spring
thaw weakening and frost melting on the road could be mod-
eled (e.g. Saarenketo and Aho 2005; Niskanen et al. 2024). In
addition, based on our soil samples, the soil type map provided
by the Geological Survey of Finland was promising in provid-
ing semi-precise spatial data for our road sections. First pilot
area tests have shown that 1:20 000 soil maps with improved
accuracy could be produced for the whole of Finland
(Middleton and Kanaoja 2023).

Assessing the static condition of a road could help predict-
ing its trafficability. Airborne Laser Scanning (ALS) data, with
a density of 5 pts/m2 have been successfully used for assessing
road condition characteristics, such as road width and ditch
depth (e.g. Karjalainen et al. 2024, 2024). In addition, satellite
SMAP data, wetness maps and DEM information should be
considered in model development (e.g. Schonauer et al. 2022;
Fjeld et al. 2023). Combining these data with automatically
monitored sensor data from forest roads would enable
a more detailed analysis of road quality and trafficability
changes, as well as the prediction of the road’s dynamic bearing
capacity.

This paper suggests that long-term continuous monitoring
of road weather, supplemented by static information on road
structure and materials and measurements of forest road bear-
ing capacity, provides the basis for a digital twin of forest roads.
Road stress testing and automated monitoring of traffic and
road maintenance will further improve understanding of the
behavior of weather-road-vehicle interactions and the impact
of heavy traffic on forest roads. These elements and steps align
well with the main components presented by Chen et al. (2022)
for predicting road performance and condition using a digital
twin.

In a recently completed project, the first version of the
Forest Road Hub, which graphically displays road weather
data and the bearing capacities from the road weather stations
presented in this paper, has been made available online. The
Forest Road Hub is a framework concept for presenting the
digital twin of a forest road (Luke 2024). It illustrates the
temporal variation of the road weather characteristics and the
modulus of elasticity of the road, providing a visual interpreta-
tion of the interactions between the displayed variables and the
weather parameters that affect the road’s bearing capacity. The
digital twin framework will be further developed by including
other elements and parameters that affect the bearing capacity
of forest road.

Conclusions

In this work, the feasibility of monitoring several key compo-
nents to pave the way for the digital twin of forest roads was
demonstrated. It was shown that weather conditions of forest
roads can be reliably monitored using sensors embedded in the



road, as well as on-site weather stations. By linking road bear-
ing capacity to road weather data, the dynamic trafficability of
forest roads can be modeled. Methods for monitoring heavy
traffic using both pressure sensors and game camera images
combined with Al-based vehicle type classification were also
demonstrated.

Most importantly, it was shown that the bearing capacity of
forest roads during the most critical periods can be only
10-20% of their maximum value, highlighting the need for
reliable real-time solutions to inform road users about the
condition and trafficability of forest roads. Using the approach
presented, a digital twin can be developed in the future to not
only monitor but also predict the dynamic trafficability of
forest roads.
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