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ABSTRACT

This report, as the first part of the ROADEX Network project for 2025-2026, investigates test
methods and performance standards for gravel and forest roads across Northern Europe.
Historically, the maintenance and management of these roads have been hindered by the lack of
objective and reliable survey methods, with condition assessments largely reliant on subjective
visual inspections. In response, this report presents a comprehensive list of variables influencing
the condition of gravel and forest roads, drawn from both previous ROADEX research and various
others projects in ROADEX areas.

Report further evaluates established and emerging techniques for measuring and monitoring these
variables, focusing particularly on methods that are practical and affordable given the typically
limited funding for rural road surveys. The technologies highlighted have been selected not only for
their proven effectiveness but also for their potential to deliver significant cost savings in road
maintenance when appropriately applied. While the primary focus is on general road condition
variables during spring, summer and fall, aspects related specifically to winter maintenance are
largely excluded.

By consolidating knowledge and experience from a range of stakeholders, the report aims to
support the development of performance standards that are both precise and implementable,
fostering sustainable management of rural road networks. The findings are intended to guide
practitioners, policymakers, and researchers in adopting more objective, data-driven approaches to
gravel and forest road maintenance, ultimately enhancing road quality, safety, and longevity across
the region.
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PREFACE

The ROADEX Network is a technical partnership between forest and public road organizations in
Northern Europe, sharing road-related information and research. Launched as a EU pilot in 1998,
ROADEX now serves as a hub for sustainable rural roads, covering asset and maintenance
management, vibration issues, socio-economic effects, climate adaptation, and environmental
protection. The collaboration has developed new technologies and policies for road surveys, winter
maintenance, gravel and forest road management, and road-friendly trucks.

The problem with gravel and forest maintenance management has been that there has been hardly
any objective or sufficiently precise survey methods and performance standards for these roads,
and condition classification has been based mainly on visual evaluation.

This report is the first part of the ROADEX Network project 2025-2026 focusing on gravel and
forest road test methods and performance standards. The report introduces first of all a list of
variables that affect, one way or another, the condition of gravel and forest roads, and then lists
techniques that have been used to measure and monitor these variables. The listed techniques are
mainly those that have been tested earlier in ROADEX projects or have been tested in different
Roadscanners gravel or forest road projects. The author wishes to emphasize that other methods
have also been tried, and these are used in studies of the condition of gravel and forest roads.
Also, knowing that while the available funding for these surveys is often very low, these presented
technologies are mainly fAaffordabl edinmaindenandeer e ar
costs if and when these technologies are used. Road condition variables related to winter
maintenance have been mainly left out of these surveys.

The author wishes to express sincere thanks to everyone who has contributed to the preparation of
this report.

December 2025

Timo Saarenketo, Roadscanners Oy
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Introduction

1.l NTRODUCTI ON

Gravel and forest roads are an essential part of the transportation system of an area or country,

often referred to the "vascular network" that supports connectivity. These routes provide critical

access for rural populations and act as the main pathways for moving goods from farms, forests,

and quarries to markets. Typically, the first stretches of transport routes for industries like
agriculture, forestry, and aggregate production <c¢
economic function, gravel and forest roads are important for fire control efforts and military training.

They also play a key role in supporting recreational activities, community events, and tourism.

The maintenance of gravel and forest roads has traditionally been managed by using a condition-
based maintenance (CBM) approach, which consists of (a) mainly visual data collection, (b) data
processing, and (c) decision-making regarding maintenance actions. Unlike paved roads, the
methods for monitoring the condition of gravel and forest roads vary between countries, depending
on available resources, funding, and monitoring objectives. The most common condition variables
affecting gravel and forest roads include dust generation, potholes, corrugation (“washboarding"),
rutting, drainage deficiencies, problems with the quality of the wearing course, loose gravel, and
frost damage. In Nordic countries spring thaw weakening, evenness, dustiness, and firmness of
gravel and forest roads have been used for assessing the condition of gravel and forest roads.

Over the last decades there has been a noticeable increase in published articles addressing the
maintenance of gravel and forest roads. However the literature review by Mbiyana et al. (2022)
note that "objective assessments of road condition and especially data-driven maintenance
methods (DDM)oare almost entirely absent from current maintenance management practices. It is
important to recognize that data-driven maintenance management involves costs, but the
expenses associated with poor maintenance are even higher. The fast improvement of
digitalization, together with new and cheaper monitoring techniques make DDM on gravel and
forest roads even more cost effective and also more sustainable allowing limited resources to be
used only on road sections that need maintenance measures. In addition, the practice of proactive
maintenance should also be implemented on these roads. This means that the root causes for the
problems should be always fixed, instead of reactive maintenance where on problem sections
same maintenance measures are repeated over and over again.

When designing and implementing future asset management systems for gravel and forest roads, it
is important to identify the key components and variables affecting service level and life cycle costs
of the system. This classification helps in designing monitoring and maintenance systems by
grouping variables according to how frequently they need to be measured or maintained. In this
report, this grouping has been done by classifying these variables into dynamic, static and semi-
static classes. Dynamic variables such as evenness can change even in a short time period, and
especially over different seasons. On the other hand it might take decades to detect changes in
static variables, such vertical or horizontal geometry. The semi-static class in between includes
variables such as ditch depths or road width, where the changes take normally a few years, are
gradual and are so slow that they cannot be detected with the human eye.

This report is a summary of the different technologies that have been used or, according to the
aut hordés opinion, should be able to be i mplemente
In addition to listing the technologies the report has many examples of the outputs and results of
these techniques. Finally the report presents a brief summary of the benefits of these DDM methods.



2.CONDI ON VARIA AHLEBISRIRVEY
TECHNI QURSGRAVEL AND FOREST

There are numerous ways to classify condition variables and their subclasses. The ROADEX
project proposes that the following classifications are used (Table 1). The Table has also a
proposal for the preliminary prioritisation of the variables that should be followed in daily
maintenance guidance. This classification does not include winter maintenance variables.

Table 1. Condition variables for gravel and forest roads, their states and importance in daily
maintenance management

Condition variable class States Importance
1. Surface unevenness and shape

Long and medium wavelength longitudinal unevenness Dynamic +++
Short wavelength surface roughness Dynamic +++
Crossfall and transverse unevenness Dynamic/Semi-static ++
2. Surface materials and their quality

Grain size, aggregate shape, thickness Semi-static/static ++
Fines content and quality Static ++
Firmness and surface drainage Dynamic ++
3. Road structure and bearing capacity

Structure layer thickness Static/semi-static +
Bearing capacity Dynamic +++
Moisture, frost fatigue, stability

4. Drainage

Side ditches Semi-static ++
Outlet ditches Semi-static +
Culverts Semi-static ++
Water infiltration, pumping and soft spots Semi-static ++
Subdrains

5. Trafficability

Seasonal changes Dynamic +++
Slipperiness and dustiness Dynamic ++
Rutting and softness Dynamic ++
Reference speed and driving comfort Static/semi-static +
Safety and service level Dynamic +++
6. Safety and service level

Visibility, obstacles and curves Static/dynamic ++
Road width and shoulders Semi-static ++
Road furniture Semi-static +

Each condition variable class and their potential monitoring techniques are explained in the
following.

2.1. SURFACE UNEVENNESS AND SHAPE

The unevenness of gravel roads has traditionally been understood as longitudinal roughness, but
transverse unevenness also has a significant impact on driving comfort and road safety.

The longitudinal unevenness problems of gravel and forest roads can be roughly classified based
on their wavelength and vibration frequency spectrum and amplitude (Figures 1 and 2). Typical
problems with short wavelengths include washboarding (corrugation), while examples of problems



with medium and long wavelengths are potholes, bumps or differential frost heaves and
settlements. Transverse unevenness, on the other hand, is associated with rapid changes in cross
slope. Naturally, the severity of all these problem areas depends on vehicle speed.

Figure 1. Waveleng t anaTyjsls results show g he difference of WashbJa?dﬁ(wli,ﬁiweﬁ)rgﬁawbotholes (2 ,
right ) on a gravel road. Washboarding sections contain only short wavelength components while
pothole sections always have longer wavelength components

Figure 2. Vibration frequency impacton  passenger car floor on normal driving speed over t hree
typical gravel road roughness problem classes. The left figure present s data from frost bumps with a
frequency range of 0.1 -10Hz, the middle figure from potholes with a main frequency range of 10-35
Hz, and having also frequencies in the range of 0.5 -5Hz, and the right figure presents washboarding
with a frequency range of 35 - 80 Hz.

One more variable in this category that can be considered is the shape of the road surface,
especially crossfall. It can have a significant impact on, for example, the effectiveness of road
surface drainage, as well as on road safety. This issue is discussed nore later in this report.

The unevenness of gravel and forest roads is currently mainly measured based on the

acceleration that the road surface causes to the vehicle chassis. The challenge with this method

is that acceleration is affected by driving speed, as well as by the quality and placement of the 3D
accelerometer in the vehicle. In addition, the measurement results are influenced by the dynamic

properties of the vehicle, such as tyres, suspension, and seats, which filter out a large portion of

t he roadds unev ghebastplsace to Measuredht whradon or driving comfort

experienced by the driver or passengers is directly at the seat. However, since this arrangement is

technically very challenging and uncomfortable for the driver, accelerometers are recommended to

bepl aced on the floor of the vehicl e relativalysmallt he dr i
effect of the vehicle seat is filtered out from the vibration experienced by the driver.



In the future accelerometer-based data collections will most likely be done by crowdsourcing,
where all the vehicles driving these roads are also collecting unevenness data and sending the
results to a cloud service.

Other measurement or monitoring methods suitable for studies in this category include laser
scanner (LIDAR ) technology and digital video analysis techniques. Point laser techniques that
are mainly used in roughness monitoring of paved roads have problems with unsurfaced roads
because of the dust problems.

Different unevenness classes, and how to measure and analyse roads, are discussed in detail in
the following.

2.1.1. Long and medium wavelength longitudinal unevenness

The biggest problems in this unevenness class are caused by potholes, bumps and settlements.
Potholes can be most often related to bearing capacity problems due to poor drainage. In addition
to the typical frequency range of 10-20 Hz on pothole sections, vibration frequencies less than 5 Hz
are often measured (see Figure 2). Longer wavelength (2-12 m) uneven bumps with frequencies

lessthan5Hzcan be fApositiveo, whi ch higheraharsthetsurrauhding h e
road. Typical bumps in this category can be related mainly to differential frost heave (see Figure 5).
ANegative bumpso ar e | coaesurfatelarmdrhese huepssanbe tgpicaiyd i n g

found around poorly constructed main road culverts with missing transition wedges. Figure 3.
presents examples of both bump types, and a rough road section with poor drainage where potholes
are forming.

(m],

(m}*

Figure 3. Examples of types of longitudinal unevenness on gravel roads measured with a laser

scanner mounted on a vehicle, covering a range of 20 metres of road ahead and behind the vehicle.
Example 1 demonstrates medium -short wavelength 10-20 Hz irregularities that develop often in a low
area with inadequate drainage, where potholes are quickly forming. Example 2 shows longer wave
length differential 7 p o s i frastheawve, where the raised area is higher than the surrounding road
surface. Example 3 presents a finegative 0 frost heave, in which the frost heave in the surrounding

road is greater than that of the road point . These typically occur on gravel and forest roads at

locations such as cul verts with missing transition  wedge structures that even out differential frost
heave.

The frequency range of this category unevenness is mainly 0.1 7 10 Hz which means that their
severity is strongly speed dependent. According to driver panels the most problematic unevenness
wavelengths are 2-4 m, which correspond to 4-8 Hz frequency at a speed of 60 km/h.

The classification for these long medium wavelength roughness problems, verified by driver panels
in Finland, uses maximum vertical acceleration values measured in one second intervals. Figure 4.
presents this classification proposal. It has three classes, where class 3 (<14 m/s?) is acceptable,
class 2 (14-17 m/s?)is clearly uneven and uncomfortable, and class 1 (>17 m/s?) is an extremely

b u
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uneven road. On very smooth gravel roads measured vertical acceleration values are less than 10.5
m/s?.

Figure 4. Unevennes s classification of Finnish gravel roads based on vertical acceleration measured
from the car floor under the driver.

Another technique for classifying uneven bumps with an accelerometer is using the accelerometer
pitch deviation values and their changes over the year (Figure 5.). The pitch deviation value is
normally high during late winter but decreases in the summer after ice lenses have melted.
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Figure 5. Detecting severe frost bumps on gravel roads using accelerometer pitch deviation data.

The wavelengths of settlements are often so long that they do not have a major impact on road users
or vehicles. Slowly increasing settlement values however often indicate growing geotechnical risks
and should therefore be monitored when monitoring the condition of gravel roads and forest roads.

The problem with the accelerometer survey technique in the unevenness monitoring of gravel and
forest roads is that the data is collected only on the vehicle wheelpaths. This is not an issue with
longer wavelength bumps, but survey results will miss those potholes located at other parts of the
road cross section outside the wheelpath. These potholes can be detected with the laser scanner
technique (Figure 6). Laser scanner survey results can also provide the depths of potholes, which
in many countries is the criteria for potholes needing repair. In addition to laser scanner surveys
there have been trials where potholes have been mapped from digital videos using special Al
applications.

008

; L b ) 4 . ) 1] ‘
. PpRiLl) A [} 1) \ di o b WA AT YW O

Figure 6. Example of laser scanner data in detecting pothole s and their depth s on forest road s. Due to
difference in x,y -scale the shape of round pothole is  flat.




11

2.1.2. Short wavelength surface roughness

The short wavelength (< 1m) surface roughness known as "washboarding", also referred to as
"corrugation," is primarily caused by material deficiencies in the wearing course and insufficient
cross slope. However, corrugation is also often the result of grading or blading performed at
excessive speeds. In many countries, washboarding is additionally sub-classified as "loose
washboarding" where the material lacks sufficient fines to be a binding agent. In the case of "firm
washboarding," the road surface is firm.

Washboarding can be easiest detected using an accelerometer; however, monitoring only the
maximum amplitude does not provide a reliable indication of the severity of the washboarding. The
reason is that washboarding does not cause the vehicle to oscillate in the same way as potholes
and other irregularities with longer wavelengths do (Figures 1 and 2). Nevertheless, the
uncomfortable vibration experienced by the driver when crossing washboarding is highly
recognizable and can be tracked through frequency analysis. For example, when driving at a
speed of 70 km/h, the vibration caused by washboarding is typically found in the 307 40 hertz range
(Figure 7). In other words, instead of examining the intensity of the vertical movement recorded by
the accelerometer, it is more informative to analyse the frequency and average amplitude of the
accelerometer data. A challenge may arise however in distinguishing between sequences of
potholes and washboarding, especially as firm washboarding often evolves over time into a series
of potholes, particularly on road sections with drainage problems.

In addition to accelerometers, other potential techniques for detecting washboarding are; visual or
automated detection from digital videos , or by using laser scanners measuring in the longitudinal
direction (see Figure 3).

“OHz
10Hz B0 mssh2
20 Hz

30 Hz
40 Hz
- 50 Hz
60 Hz
70 Hz

80 Hz
90 Hz 2 m/s*2

100 Hz

Figure 7. Frequency analysis results of gravel road section with washboarding problems. The high
amplitude frequencies are in the range of 20-40Hz range and slightly smaller amplitudes at  10-30 Hz.

2.1.3. Crossfall and transverse unevenness

The correct crossfall is one of the most important parameter indicators in the condition of a gravel
road. Too flat crossfall leads often to potholes and rutting (Figure 8), and high crossfall can be a
traffic safety issue especially in winter. Recent survey results from Sweden also show that the
maintenance intervals of flat or too high cross fall are much shorter than proper crossfall around 3-
4%. Crossfall has also a tendency to flatten over summer after spring grading (Figure 9). Crossfall
can be roughly measured with 3D accelerometers , and very accurately with a laser scan ner and
an inertial measurement unit (IMU) combination.



12

Figure 8. Typical pothole problems on a flat gravel road Cross section
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Figure 9. Development of crossfall on a gravel road section from mid July to the end of August

measured with a laser scanner and IMU combination . Flattening can be almost 1% in one and half
month s. The Figure also shows the optimum crossfall range in Finnish gravel roads (-2% - -5%).

On gravel and forest roads, rapid changes in road surface cross fall or cross slope are primarily
associated with inadequate bearing capacity at the road edge. If these variations and vehicle
speeds are substantial, they can pose significant traffic safety risks, particularly on high trucks,
such as loaded timber trucks, where the centre of gravity is also elevated. The ROADEX project
recommends using the RBCSV (Rut Bottom Cross Slope Variance) analysis (see Figure 10) to
identify such locations. RBCSV index used to quantify irregular changes in cross slope between
the bottoms of the left and right wheel paths (ruts). It reflects deformations that can cause lateral
vibrations and warping in heavy vehicles, and increase the skid risk on slippery icy surfaces. The
RBCSYV value depends on driving speed as Figure 10 shows, so if there are major problems in
cross slope variations the problems can be temporarily avoided by implementing speed limits on
problem sections.

Laser/inertial profilometer or similar laser scanner systems are most often used to capture the
pavement 6s transverse profile at short intervals.
the RBCSV can be calculated from the wheelpaths where the trucks are driving. Transverse
variations on narrow gravel roads can be calculated also from the 3D accelerometer data, but
then the data collection from crown shaped roads should be made from both sides of the road and
not from the centre. On forest roads RBCSV could and should be also calculated.
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Driving speed 40 km/h

/. Rekan ajonopeus 20 kmvh
o

Rekan ajonopeus 40 kmh

.

| Cross fall

..........................................................................

Kuva 10. Example of warping analysis using RBCSV index. The RBCSV has been calculated to two
speeds, 40 and 80 km/h.

2.2. SURFACE MATERIALS AND THEIR QUAILTY

Driving a vehicle on an unsurfaced gravel or forest road without a designated wearing course,
often results in significant discomfort and necessitates reduced travel speeds. On the other hand,
in many forest roads the surface course has been built with course grained material just to lower
excessive driving speeds.

Implementing a well-designed gravel wearing course enhances both the functional and structural

integrity of the roadway. A good wearing course provides a smoother and more comfortable driving
experience whilst also minimizing the generation of dust. Structurally, the wearing course should

possess sufficient density to prevent the infiltration of precipitation or meltwater into the underlying

road layers. Directing water from the road surface toward the shoulders, and subsequently to the
drainage ditches,hel ps i n mai nt ai ni nlgadéghate weaong cbdrse matdriale n gt h
increase life cycle costs due to the need for more frequent maintenance interventions to preserve

road usability.

Over the recent years there has been increasing amount of tests of usage of new types of wearing
course treatment agents, such as polymer or enzyme based agents. In order to measure
objectively their impact to the road performance compared to their cost, new objective test and
survey methods will be most likely developed in the close future.

2.2.1. Grain size distribution, aggregate shape, thickness

Gravel road wearing course material should have a) enough friction to bear the load caused by
vehicles driving on the road, and b) enough suction/cohesion to cause tensile stress in the wearing
course to keep the surface firm and prevent dust being created. The problem here however is that
materials with high suction properties turn plastic easily when their water content gets high. In
addition wearing course materials should not have loose large aggregates/stones that could cause
unevenness to the road surface and break vehicle windows. With this background, the
recommended grainsize distribution compromises between these demands, ie. good material should
not have plasticity problems during the spring thaw or when they are wet, and on the other hand do
not create severe dust problems in dry summer months.
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The wearing course aggregate basic test, grain size distribution analysis , should be made through
standard wet sieving test and fines content through areometer analysis. The laboratory tests and
grain size distribution specifications of these materials in the ROADEX partner area are described
more detailed in ROADEX Gravel and Forest Road elLearning https://www.roadex.org/e-
learning/lessons/gravel-and-forest-road/4-wearing-course-material-and-maintenance/.

Wearing course aggregate suction properties covering both matric and osmotic suction can be
measured in laboratory using the Tube Suction test (TS test). In addition, indirect continuous
information of the suction properties of a wearing course can be collected using the GPR surface
reflection technique that measures dielectric value of the wearing course surface. High dielectric
values indicate high fines content and/or poor quality fines (matric suction) but can also indicate the
presence of an excessive amount of dust binders and poor drainage (Figure 244 2). In GPR data,
an excessive amount of chlorides in the wearing course can be seen and analysed as a high signal
attenuation.

In addition to grain size distribution, the larger aggregates of the wearing course material can also
have some specifications for their shape. They cannotbetooflaky,as fAknkkté fl akes ca
tendency to puncture car tyres. The flakiness test ensures that material does not have flaky and
knife shaped particles. These should be controlled during the productions phase of the aggregates.

Finally, a gravel road wearing course should not be too thin or too thick. Most countries
recommend a gravel road wearing course thickness to be 50-100 mm. Thinner wearing courses
wear easily, exposing large stones from the base course, requiring many maintenance operations
to correct. The problem with thicker wearing courses is that, because their fines content is high,
they can sometimes become water and frost susceptible. In these cases, and if they lose their
strength, the resulting thick and plastic wearing course can make the road difficult or impossible to
drive with normal passenger cars (Figure 11).

during the spring time.  The data show s that the 0-16 mm wearing course thickness is 25 -30 cm when
it should be at maximum  10-15 cm. The reason for the se problems is that the surface course

plasticity problems have been treated many times previously by adding new wearing course on the
top.

Wearing course thickness can change substantially both longitudinally and transversely (Figure 12).
Its thickness has been traditionally measured by drilling or by excavating pits . 2D or 3D GPR
methods have also been tested as a continuous tool, but are not widely used. The most promising
system is 3D GPR where the data also indicates the deformation properties and whether they are
related to Mode 1 or Mode 2 rutting (Figure 13).


https://www.roadex.org/e-learning/lessons/gravel-and-forest-road/4-wearing-course-material-and-maintenance/
https://www.roadex.org/e-learning/lessons/gravel-and-forest-road/4-wearing-course-material-and-maintenance/
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Figure 1 2. GPR cross section profile of a gravel road with severe Mode 2 rutting problems. The wearing
course thickness on the wheelpaths canbe 0.7 m, whil st in the road centr e and shoulder there is hardly
any wearing course material to be measured .
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Figure 1 3. 3D GPR profile from a gravel road measured during winter time when the road is frozen. 1.
wearing course, 2. base course, 3. sandy sub base, 4. subgrade of sandy silt, 5. frost line, 6. moraine
subgrade

2.2.2. Fines content and quality

The material used for the wearing course of a gravel road should possess sufficient friction to
support the loads imposed by heavy trucks and adequate suction or cohesion to generate tensile
stresses within the layer, thereby maintaining surface stability and minimizing dust generation.
However, a challenge arises because materials with high suction properties tend to become plastic
when their moisture content increases. Furthermore, the material should be free of large
aggregates or stones, as these can create surface irregularities and pose a risk of damaging
vehicle windows.

The quality of fines defines the maximum content of fines, ie good quality fines in a wearing course
allows much higher fines content compared to if material quality is poor. As stated earlier, the fines
content of the wearing course material can be measured from wet sieving analysis (-0.063 mm),
and clay content (-0.002 mm) can be measured using areometer analysis . Fines quality is mainly
affected by mineralogy and particle shape of the fines. Earlier in Nordic countries even sedimentary
clay particles were mixed into wearing course to increase suction or cohesion of the material to
prevent dusting. The mineralogy of wearing course fines can be analysed using the x-ray diffraction

technique. Adsorption properties can be measured using the water ad sorption test , or specific
surface area test , and plasticity using the Atterber ger plasticity index. All these test have pros
and cons but they give, in most cases, a rough enough indication of the quality of the fines.
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Sometimes wearing course materials also have too much organic material, which needs to be tested
for instance using the oven test method .

Indirect information about the presence of a wearing course with poor quality fines can be collected
with frequency analysis calculated from GPR data, but this has not been tested so much.

2.2.3. Firmness and surface drainage

A firm gravel road or forest road surface ensures that the road maintains its shape and structural
integrity. A firm surface with proper crossfall is critical for surface drainage leading rainwater away
from the road quickly. A firm road surface provides also smoother and comfortable ride to the road
users.

Gravel and forest road firmness have been traditionally evaluated and classified visually and in the
future this could be done through machine learning Al applications from digital camera data.

The Mean Profile Depth (MPD) parameter from laser scanner and profilometer data has also
been discussed and tested to be a potential index to assess the firmness of gravel road surfaces.
On paved roads MPD has proven to correspond well to macroscopic texture providing a reliable
indicator of surface condition.

In Sweden, acoustic measurement techniques with machine learning methods have been tested
for quantifying loose gravel on road surfaces. Their findings reveal distinct differences in the
frequency spectrum between solid road surfaces and those containing loose gravel. However for
credible results, survey vehicles should avoid driving in wheel tracks, as vehicle type and engine
noise also influence the acoustic spectrum, representing a methodological limitation. The same
limitation has also been found in Finland when testing high frequency spectrum analysis of 3D
accelerometer data in gravel road firmness monitoring (Figure 14).

0 mis*2

0 mis*2

2mis"2

Figure 1 4. The accelerometer frequency of a gravel road with a loose surface (above) , and with a
firm surface (below) . The difference can be seen clearly through the frequency range of 50  -90 Hz.
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2.3. ROAD STRUCTURE AND BEARING CAPACITY

The bearing capacity of gravel and forest roads can be defined as the maximum load or stress that
the road can withstand without failure in the road structure or subgrade, or without major risks for
deformations. In these roads, the maximum allowable load or pressure should be determined
based on the types of trucks that use the road. Bearing capacity is influenced by the thickness of
the road structures, the quality of the materials used, and the properties of the subgrade (Figure
15). Additionally, the bearing capacity of gravel and forest roads is affected by road width,
drainage, seasonal variations, and maintenance.
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Figure 1 5. A graph presenting impact of different wheel loads  on deflections in a gravel road surface
on a gravel road with different types of aggregates and subgrade soils. In ROADEX countries typical
wheel loads vary between 40 and 55 kN.

2.3.1. Structure layer thickness.

Both gravel roads and forest roads can be structurally classified into a) built and b) unbuilt roads,
where unbuilt roads are results of historical evolution of old paths, that have been strengthened
and widened in various times and ways. In addition, their structural capacity has not been changed
to meet the needs of changing axle configurations and total loads of modern heavy trucks. For this
reason, the modes of rutting introduced by the ROADEX project are often over-emphasized on
gravel and forest roads. This means that unlike most of paved roads, the structure thickness and
quality of gravel roads, and bearing capacity, can change rapidly in the longitudinal and especially
transverse direction.

Gravel and forest road structural thicknesses have in the past been mainly defined from test pits ,
or excavated cross sections , or using mechanical drilling techniques (Figures 16 and 17). The
benefit with these techniques is that material samples can be taken from the same pits and drill
cores. A single test pit or sample should be always made on the wheelpath, but the problem
remains that it provides information only from one cross section point. On the other hand cross
sections allow multiple samples but require temporary road closures for the excavations.
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Figure 16. Examples of a road structure thickness survey using an excavated cross sections (left and
middle photo ),and a single test pit to check the thickness and quality of a wearing course (right) .

Figure 17. Drill core sampling from a forest road.  The drill core allows the structure thickness to be
verified and samples taken from each  structural layer-

The GPR technique is the only method to collect continuous information on gravel and forest road
structural thicknesses (Figure 18). The benefit of this technique is that it also provides information
about culverts and other objects under the road, and shows settlements and even on many
occasions the bedrock surface. A problem with the method, especially on gravel roads, is that
where chloride dust binders are used, signal attenuation can be very high which prevents
information being collected from deeper structures. That is why gravel roads surveys are often
conducted during the winter or early spring when the road is frozen. Winter data can also provide
information on the frost line, and any ice lenses, that can be used in frost damage analyses.
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Figure 18. Typical GPR profile and its interpretation of a forest road. The data field (1) on the top
present s the data collected from a 1.0 or 2.5 GHz air coupled antenna that is used to measure
wearing course thickness. The second data field (2) presents 400 MHz data that measures total
thickness of road structure. Th e third field (3) presents interpreted thickness profile and the fourth
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field (4) present s the dielectric value of the ro ad surface, where higher values indicate  a wet and/or
water adsorbing road surface , indicating potential bearing capacity problems

The ROADEX project has also tested a promising DCP technique for the structural testing of
gravel and forest roads. Its benefit is that it provides indirect information for both structure depth
and their stiffness. Figure 19 presents an example of a DCP test in one gravel road cross section
during the spring thaw.
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Figure 19. DCP test results from spring and summer 2004 on a ROADEX gravel road test section in
Kemijarvi , Finland. DCP results have been calculated into modulus values. Layer 1 present s the
wearing course, layer 2 the base course, layer the 3 sub base and 4 the sandy silt subgrade. The

level of the frozen subgrade (upper fro stline) can also be seen in the 29.04.2004 and 21.05.2004 data.

2.3.2. Bearing capacity

The most popular method in bearing capacity surveys of gravel and forest roads is currently the
falling weight deflectometer technique  (FWD). This provides a deflection bowl! simulating the
deflection on the road surface caused by a 10 tonne axle (50 KN tyre). Figure 20. presents FWD
data from a forest road showing deflections bowls and bearing capacity indexes. Because the
bearing capacity on these roads can change in a short distance, the data collection should be
made at a maximum of 25 m intervals. Deflections on the road surface can also change quickly
during the spring and early summer based on the weather and subgrade conditions. That is why
the best time for FWD surveys is late summer or early Fall.

If structural thicknesses and FWD deflections are available, moduli values for road layers and
subgrade can be calculated (Figure 21), and surface bearing capacity using the Odemark method
can be defined. When these results are shown on a map for a forest road, it can allow different
harvesting and timber haulage options to be designed, and show those locations where the road
should be strengthened (Figure 22).

A Light Weight Deflectometer (LWD) is a portable, non-destructive testing device used to
evaluate the in-situ stiffness and bearing capacity of unbound pavement layers and subgrade soils.
From LWD response, a dynamic modulus or stiffness value is calculated, providing an indication of
structural performance. In forest road surveys, the LWD helps identify weak sections, evaluate the
load-bearing capacity for timber transport, and verify compaction quality after construction or
maintenance. Because the LWD is light, fast, and easy to operate, it is well suited for remote forest
environments where rapid decision-making and minimal traffic disruption are essential.
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Figure 20. FWD deflection data of a forest road measured at 25 m intervals. T he top fie Id (1) present s
deflection bowls where blue ones  show data from the right side of the road , and the red colo ur the
left side of the road. The lower profile (2) presents the bearing capacity indexes calculated from the
deflection data. The red bars present the surface curvature index (SCI) describing the stiffness of the

top part of the pavement structure and risk for Mode 1 rutting. The blue bars present the Base
Curvature Index (BCI) describing how well the road spreads the load over a weak subgrade. The
bowl shape and indexes in section 1100 -1200 m indicate an excellent road section where the bedrock
is close to the surface. Section 1200 -1350 presents a very weak forest road built floating on peat with

a high risk for pumping and  Mode 2 rutting.
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Figure 2 1. Combined analysis of measured road structure thickness es and FWD deflection bowl s
enables back calculation or forward calculation of layer and subgrade moduli values.

- \\ All roads

Figure 22. Example of a bearing capacity analysis from a forest road network showing location and
severity of critical road sections.  This provides mainly results of the stiffness of the surface layers
but ignores the impact of weak subgrades.
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The latest innovations in deflection surveys are the Traffic Speed Deflectometer Devices

(TSDD), that provide continuous deflection and further bearing capacity profile over the gravel or
forest road. The greatest advantage of this technique is that it enables data collection as low as 1
m intervals, even though data is normally averaged at 10 m intervals. This allows the location, for
instance, of soft spots and other local problems on these roads, and save money by strengthening
only the weak road sections. The other benefit of this technique is the deflection shape before and
after the moving 10 tonne loading axle, as well as bearing capacity index information that provides
information on the root causes of the problems. Figure 23 provides a TSDD deflection data
analysis example from a gravel road in Denmark. When analysing TSDD data, it should be kept in
mind that deflections under a moving axle load are speed dependent. And on gravel and forest
roads the data should always have a speed correction.

Measure TSDD Data
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Figure 23. Two deflection examples caused by a moving load of a TSDD truc k from a gravel road in
Denmark. The red asymmetric deflection bowl represents a case with potential drainage problems at

a depth of 0.5 -1.2 m where pore water pressure can lead to pumping problems. The low maximum
deflection value tells that the road structure has been strengthened to spread the load over this
problem subgrade section.  The blue and almost symmetric al deflection bowl presents the case of a
very good gravel road structure with almost elastic response. The only potential problem in this case
could be the base course gra in size distribution

2.3.3. Moisture, frost, and stability problems

Even though almost all of the problems related to gravel and forest road condition can be related to
high water content, there are hardly any survey techniques that have been used to monitor
moisture in the road structure. That is why moisture in the road structure is mainly monitored in
static stations using special sensors. Indirectly, moisture can be monitored using different drainage
condition monitoring systems, but standing water in the ditches does not always mean problems
with bearing capacity, frost action or stability.

Over recent years moisture content in the road structure on gravel and forest roads has also been
tested using the GPR technique . In these surveys, moisture content and aggregate quality
indicating a risk for frost action and deformation has been made possible through a Moisture
Damage Index (MDI), based on the frequency response of the GPR signal. Figure 24 presents a
case from private gravel road in Finland with severe spring thaw weakening problems at the
subgrade interface. This can be seen clearly through a high MDI value in the depth range of 50-75
cm.
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Figure 2 4. Example of moisture analysis on a private gravel road in Finland with severe spring thaw
problems. T he top field presents the raw 400 MHz GPR data, the middle field presents the moisture
profile calculated from this data and  the bottom field presents the MDI calculated at three different
depths (0 -25 cm, 25-50 cm and 50 -75cm), and weigh ted average of the whole sections.

ROADEX test experience has also shown that the GPR technique can also be used in indirectly

detecting frost problems on gravel and forest roads. This analysis is based on the fact that the frost

line that can be seen in the GPR data always enters deeper in dry and non-frost susceptible
material compared to moist and frost susceptible material (Figure 25). This can be seen during th
winter through the depth of the frost line. In late spring or early summer, sections with frost action
problems can be seen as a presence of frost in the material, when frost has already thawed on
sections with no frost problems (Figure 26).

400 MHz
il

Figure 25. Example of the effect of poor drainage in formation of ice lenses close to road surface. In

the GPR data in early summer upper frost line  (dark blue arrow) is 0,5 m higher compared to sections
where drainage is better. Light blue arrows shows the bottom level of the frost line. High moisture
content can be seen also on MDI moisture analysis at the depth of 0,5 -0,75 m. In this case frost heav
is high but even. However the risk for mode 2 rutting is very high under heavy loads.
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Figure 26. GPR and laser scanner analysis of a forest road measured in early summer. The top and
bottom level of ice lenses can be seen from  the top GPR data (dark and light blue arrows). Th e
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window below this shows the MDI analysis data . The next window shows the road structure and
ditch bottom levels , and the bottom window shows the  road roughness presented by GPR antenna
bounce data. In the even sections fros t has almost completeled thawed.

Stability problems on gravel and forest roads are mainly related to the road shoulders of widened
road sections. In these case the only survey technique able to detect these sections is surveying
the widening of the road and the structure thickness in these locations using 3D GPR or by GPR
cross sections . Other typical stability problems can be found on side sloping ground on sections
with totally blocked and hidden culverts. These sections can also be located using GPR and the
laser scanner technique. If GPR is not available, these very short sections can be surveyed and
modelled using scanners that are available in certain mobile phones (Figure 27).

Figure 2 7. A 3D model of an unstable gravel road section with a blocked hidden culvert made by a
mobile phone scanner application.

2.4. DRAINAGE

The main function of the drainage system is to remove water from both the road surface and its

surrounding areas. According to the ROADEX drainage eLearning lesson, a road drainage system

is made up of two key component sngdemwaftemrs ntgo aeldi
rainwater from the road surface, involving the collection and movement of water away from the

road and its structure to prevent pools from forming on the roadway or in the ditches. In contrast,
Adrainageod encompasesleesmeanltls sdtersucgtnuerda t o keep the r

2.4.1. Side ditches

Knowledge of the depth of the side ditches, and ensuring the free flow of the water in side ditches,
is crucial in sustainable drainage management. Side ditches are originally designed and built so
that their bottom level is at least 0.2-0.3 m deeper than the bottom of the road structure, which
ensures that the road structure and top part of subgrade stay dry. The problem however is that
very often the ditch fills and the bottom level rises so slowly over the years that it cannot be visually
detected (Figure 28). That is why visual analysis of side ditches mainly points out only worst
sections that already have problems. Having the ditch bottom higher than the road structure
bottom always increases the road structure moisture content and further reduces bearing capacity,
and increases frost problems. Normally these bearing capacity problems are fixed by hauling new
aggregates on to the top of the road. However, according to calculations the same impact can be
achieved 3-5 times cheaper by cleaning the ditches back to design depth.
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Drainage analysis on side ditches can be done using laser scanner and GPR technique . In the
design process, it is essential to use sufficiently accurate elevation data (z-coordinates) to ensure
the correct longitudinal slope at the bottom of the ditch. Once the ditch cleaning and deepening
has been carried out, the laser scanner can again be used in quality assurance to ensure the ditch
bottom stays on the original design level (Figure 29).
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Figure 2 8. Example o f a side ditch drainage analysis and improvement design of a private gravel

road in Finland . The data collection analysis has been carried out using laser scanner and GPR data ,
and the road geometry has been tied to the central line height coordinates provided by the Finnish
Land Survey Agency. The initial analysis results enable the level of the ditch bottom and road

structure bottom to be seen on the longitudinal profile and cross sections. This data is then used to
design the ditch bottom deepening operations to the optimal level , and from the cross section
calculate the masses to be excavated and hauled away.
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Figure 2 9. Laser scanner data based quality control analysis of a ditch of a private gravel road. In
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this case the av erage difference from the design was as good as 0.02 m.

2.4.2. Outlet ditches

Outlet ditches are an essential part of the drainage system of all roads, as they direct the surface
water from the side ditches and upper of the road, as well as water from the road structures, away
from the road area. Well-functioning outlet ditches prevent the sedimentation of material into
culverts and side ditches around the culvert. This, in turn, ensures the bearing capacity of the road
at its lowest points, where outlet ditches are usually located. Ensuring proper maintenance of the
outlet ditch promotes the durability and safety of the road under varying weather conditions.
However, in many cases, outlet ditches are located outside the road area, and obtaining
permission from the landowner to clean an outlet ditch can often be difficult (Figure 30).

Monitoring the condition of an outlet ditch is also challenging. In the past, this has been done
mainly visually from the vehicle, which is a slow and time consuming task. ROADEX has been
testing various video techniques, and the only working solutions have been video cameras
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pointed at 90 degrees from the road direction, or 360 video cameras. Potential techniques could
also be laser scanner based analysis, especially from drones or from aircraft .

Figure 30. Timber harvesting around an outlet ditch has made a dam across the ditch leading to
major flooding and erosion problems on the adjacent gravel road. The forest dam is outside the
road area and its cleaning will require a permit from the landowner.

2.4.3. Culverts

The condition of main road culverts has traditionally been assessed visually, or from photos of the
interior of the culvert, allowing for the evaluation of potential damage and estimation of the
proportion of the culvert that is filled with soil or other materials. This technique is likely to remain
the principal method for monitoring culvert condition for some time, and should be repeated at
least every ten years, after which problematic culverts must be repaired.

However, with current technologies such as GPR data based moisture analysis , it is possible to
indirectly assess whether a main road culvert is blocked and preventing water flow, resulting in the
road structure around the culvert becoming saturated and losing its bearing capacity, and making it
susceptible to frost damage (see Figure 31). Another method to determine the degree to which the
culvert is filled is to measure the depth of the culvert surface using GPR again and, if the diameter
of the culvert is known, calculate the culvert bottom level. Subsequently, the bottom levels of the
ditch on both sides of the culvert can be calculated from laser scanning data and compared to the
culvert bottom level i showing if the culvert is blocked or not. From the same dataset, rutting in
the road can also be evaluated, and if there is significant rut depth around the culvert this most
likely indicates a blocked culvert (see Figure 32).

Distance [m]
i

Figure 31. Culverts that are partly filled can be , to some extent, located using a GPR data based
moisture analysis , as the raise d water table saturates the material around the culvert. On the GPR
data of a forest road, the saturated material can be seen as a dark blue colo ur.
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Figure 32. An exarﬁble ofa point cloud data analysis to detect a clogged main road culvert. Inthis  case
the raised water level in the culvert has led to deformation in the upper side of the road and also to a
frost bump.

A special new problematic issue on gravel roads is poorly constructed plastic main road culverts,
where a road widening lifts ends of the culvert up. This prevents water flow through the culvert with
the consequence that water starts to pond in the upper side ditch. Later ice lenses can also start to
push the end of the culvert even higher (Figure 33). These culverts can be located from
accelerometer data as sharp bumps that are higher during the winter. Laser scanner data could
also be used to map and locate these sections.
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igure 33. Poorly constructed Iastic maiﬁ road cu The end of culvert of the upper side of the

road has lift ed up due to ice lenses.

In addition to main road culverts in gravel roads, it is even more important to monitor the condition
of private access road culverts. ROADEX research, and other research results, have shown that
clogged private access road culverts lead to water infiltration into the road structure, and further to
deformations and severe differential frost heaves (Figure 34). These clogged culverts can be
monitored visually , but it is difficult to define if they are at the correct level. That is why a laser
scanner and GPR based survey, described earlier, can help to identify these locations (Figure 35).
Another technology that has been found to be a good indicator has been accelerometer survey data
analysis on maps or aerial photos that show the location of private access roads.
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Figure 34. Clogged or poorly constructed private access road culverts lead to differential frost heave
on the main road , or deformations in the road structure (left photo). When designing a deepening of

side ditches , new culverts should be placed at the correct location and level  (right photo) .

Figure 35. An example of a| aser scanner p oint cloud based rutting and roughness analysis on how a
clogged private access road culvert  can lead to severe deformation and roughness problems in the
road. The IRl value is shown as alongit udinal line in the middle, with a red colo ur present ing IRI values
higher than 6.

2.4.4. Water infiltration/pumping and soft spots

Water infiltration, pumping and soft spots can be quite critical to the accessibility and trafficability of
gravel and forest roads, even though they are mainly very localized spots on the road. Water
infiltration is normally related to sections with filled side ditches (Figure 28), or clogged main road
or access road culverts (see Figures _33-35 ). Water pumping problems have two major reasons.
First of all, heavy trucks on peat subgrade can cause high deflections (see Figure 16) and pumping
of water through the road structure. These pumping problems appear mainly on sections where the
road is moving from a peat embankment to a stiffer subgrade or vice versa (Figure 36). Another
cause of pumping can be seen during the spring thaw period when water from ice lenses is pushed
up to the road surface under traffic loadings, or through capillary forces, causing soft spots and
deformations (Figure 37).

A special and a very dangerous problem that could be classified as a soft spot problem are cavities
that are born during the spring time, when ice lenses inside the road structure thaw, and the roof of
the cavity collapses (Figure 38). Similar problems can appear around the a culvert through
washouts (Figure 39).

Laser scanner data analysis, GPR technique and thermal cameras have been successfully
tested to detect these problems.
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Figure 36. Example of pumping problems on a gravel road. The middle photo presents a wet spot on
the road surface that can be seen even on dry sunny days. The right photo is from the same section
after heavy truck haulage which  has caused severe deformation and peat being push ed to the road
side. Laser scanner data before the haulage (left photo) shows a localised settlement and shoulder
deformation on the right side. After adding aggregates on the top  of the road the surface is still wet.
The ROADEX project recommends the use of  a steel grid structure for strengthening these types of

sections.
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Figure 37. Example of a section with poor drainage  due to filled side ditches causing water capillary
rise and pumping to the roads surface,  with further road flattening and widening. High moisture can
be seen on the road surface on the laser scanner remission data in the top window

Figure 38. Example of detecting soft spots and potential potholes from thermal camera data during
the spring thaw. These types of thawing ice lens potholes are quite common on gravel and forest
roads during the spring thaw period in Nordic countries.



29

Figure 39. Example of c avities due to washouts and thawing ice lenses around a main road culvert
causing major traffic safety risk s on a gravel road during the spring thaw.  Road users in Finland
warn other users of these dangers by placing sticks in these holes.

2.4.5. Subdrains

Subdrain drainage structures are rarely used in gravel and forest roads. Most of the reports and
design guides are from USA but subdrains are also mentioned also in the Irish Forest Road
Manual. In some special cases, however, such as a road on sloping ground, subdrains could the
most effective system by also increasing the stability of the road embankment and cut slope..

The experience from paved roads show that regular monitoring and cleaning of subdrains is
essential to ensure their performance. This can now be done using special cable cameras if there
are problems with cleaning. Problem subdrains can be seen indirectly if the road starts to fail
beside the subdrain in certain spots. This could be also seen with thermal camera data from
ditches.

2.5. TRAFFICABILITY

Trafficability on gravel and forest roads means how easily and safely cars or trucks can travel on
these roads under different conditions at given time. In the ROADEX areas trafficability is strongly
dependent on seasonal changes, and to parameters such as surface strength, moisture and soft
spots, rutting and roughness.

2.5.1. Seasonal changes

Problems related to seasonal changes on gravel roads can often be the most difficult ones to
resolve, because in the worst case they can make the road totally plastic and unpassable for
vehicles. Globally these seasonal changes problems can be classified into two classes depending
on the climate conditions. In cold climate areas seasonal changes are mainly related to spring
thaw issues, when the frozen road structure with segregation ice is thawing. Similar plasticity
problems can happen in the road surface after heavy rains, or after freeze thaw cycles in the fall or
winter. In tropical or subtropical climates similar problems are common on gravel roads or forest
roads during the rainy seasons.
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In seasonal change analyses, particularly with spring thaw, the prediction of severity is very much
based how many days or hours the temperature in road structure and subgrade soil stays at the

level of between 0°C and -2°C where frost ice lenses (segregation ice) forms. Mild winters do not
necessarily mean good news for the spring thaw, as ice lenses still form close to the road surface.

According to ROADEX tests, and experiences from Finland, the best combination to monitor
seasonal changes in gravel and forest roads is to install monitoring stations measuring dielectric
values, electrical conductivity values  and temperatures at different depths in the road structure
and subgrade soil. This type of Percostation monitoring data can be used prepare forecasts for
spring thaw weakening risks in mid-winter, and get real time data during the spring thaw about the
type and severity of any spring thaw weakening problems and if load restrictions should be used.

Figure 40 presents a history of Percostation data from Kittila Percostation in Finnish Lapland in
2015-2021. These monitoring station sensors measure dielectric values, electrical conductivity
values and temperatures at different depths in the road structure, embankment and subgrade soil.
Dielectric values present the volumetric water content of unfrozen materials, where the value of 16
gives an alarm limit and high risk for deformation under a load. In the winter time, the dielectric
value indicates if the material has unfrozen water that can form ice lenses. Electrical conductivity
data during the winter time tells if the material is totally frozen or if segregation ice lenses have
formed. During the spring thaw, high electrical conductivity values indicate plasticity in the material.
The data from spring 2016 presents a case with long severe surface thaw weakening problems in
the road surface. While in spring 2019, the problems appeared when the frost thawed at the depth
of 0.3 m. In spring 2019, the deeper road structures were also extremely wet, but thanks to load
restrictions there were no severe plastic deformation problems.

Seasonal Change Monitoring: Kittila Finland Percostation history 2015 -2021
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Figure 40. Seasonal change history 2015-2021 of a gravel road in Kittila , Finland based on
Percostation data. T he top data presents dielectric values at different depths in the road structure
and subgrade soil. The middle field presents electrical conductivity values at the same depths and

the bottom field presents the measured temperatures.

ROADEX has also been testing the thermal camera technique for monitoring spring thaw
weakening on gravel roads. Thermal data shows visually where there are still ice lenses close to
road surface, pumping water to the road surface and weakening the road structure (Figure 41).

ROADEX results have also shown the benefits of combining spring thaw history data and laser
scanner relative height data in finding the root causes for seasonal change problems on gravel
roads. Figure 42 presents a case, where almost all the spring thaw weakening problems can be
related to private access road junctions on the upper side of the road on a road located on side
sloping ground. This tells that water flowing from these access road ditches is infiltrating into the
main road structures and weakening the road during the spring. These problems can be cheaply
fixed by improving drainage in these problem sections.
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Figure 41. Example of t hermal camera data from a gravel road in Sweden during the spring thaw.

Low temperatures (blue colo ur) present those sections where water is being pumped to the road
surface from thawing ice lenses. In this case the road shoulders are still very weak in these sections.
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Figure 42. Example of | aser scanner height data and spring thaw weakening history data from a
gravel road in Finland. The red colour shows where the surrounding ground is higher than the road
surface.

2.5.2. Slipperiness and dustiness

Compared to icy gravel and forest roads during the winter time, road surfaces hardly ever are

classified to be slippery during the summer. The only days that these road surfaces could be

slightly slippery are the first days in the spring, when the sun or rain is thawing the first 10 mm

layer from the road surface (Figure 43). Figure 44 presents an example of a section with high

moisture content in the road surface and potential slippery sections that have later surface thaw

weakening problems. However this slight slipperiness can be caused by delayed removal of the

compacted snow on the road surface. If this slipperiness needs to be monitored it can be made

wi t h t haceleranmeer diat a during heavy breakingo based t
friction during the winter time.

Dust formation on gravel roads can cause serious traffic safety issues when cars meet, or overtake
each other. In addition, dust issues create significant inconvenience for residences located near
the road. Dust problems have been traditionally evaluated visually, but there are also trials where
dusting has been analysed from digital videos pointing behind the vehicle. However, in this
technique other vehicles driving the road can cause errors with the data. Finland has tested the
laser scanner technique, where the scanner is pointing behind the vehicle, and calculating the
number of dust particles that are reflected back before the beam meets the road surface (Figures
45 and 46). The system can be then calibrated for dust classification based on the video data
pointing behind the vehicle. Also static or vehicle mounted dust collection systems have been
tested and used.
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Figure 43. Example of a s lippery gravel road surface during the beginning of the thaw weakening
period when the first 10 mm of the road surface is thawing.

2100 2150 2200 2250 2300 2350 2400,

S 9O
= Mo
L

084

(m)

Road Structure
Ditch depth [m]

1,04

N
N
1

14

[}
o

T i too wet 20
§§ 15 \// \vl optir\;\:f/n‘w/\\ — e —— 15 b
> § ‘IN/v_\/\'\‘/V\ /\_,,—-..\ ) By

8 12 too dry T, 10

I T 1 1 I

Figure 44. Example of GPR and laser scanner based analysis of slipperiness and surface
deformation risk of a gravel road. The top fie Id presents the gravel road structure thickness and
ditch bottom depth levels , and the bottom fie Id presents the dielectric value based classification of
gravel road surface condition.  The data shows that where the ditch bottom is close to road surface
the dielectric value of the road surface moisture content is too high.
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Figure 45. The left figure presents the basic principle of the laser scanner based technique for
monitoring dusting on gravel and forest roads. The black dots in the right figure present  the number
of vehicle -induced dust particles.
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Figure 4 6. Example of a ¢ alibration of a laser scanner based dust monitoring system. The left photo
presents a video pointing behind the vehicle , and the right graph present s the number of dust
particle s behind the vehicle. In this case , the number of particles recorded indicate a medium
severity dust problem.

2.5.3. Rutting and surface softness

Rutting on gravel and forest roads refers to the formation of wheel tracks or depressions on the
road surface caused by traffic and environmental factors. Ruts are primarily formed due to the load
from heavy vehicles, repeated traffic, and inadequate bearing capacity of the road structures and
and wearing course. Factors such as moisture, frost action, and spring thaw periods, which soften
the road structure, further accelerate rutting (Figure 47).

Another type of rutting problem in gravel and forest roads is verges. These raised edges of
material can be a result of mode 1 or 2 rut deformation or verge material accumulate along the
sides of the road due to grading and traffic action over time. Removing verges is important
because they block surface and subsurface drainage, preventing water from flowing off the road. In
forest roads, blocked drainage can also cause water to flow along the wheel paths, resulting in
erosion and structural weakening. Regular verge removal helps restore proper crossfall and
drainage, improves road durability, reduces maintenance needs, and extends the service life of
gravel and forest roads, especially under heavy timber transport and variable weather conditions.

As a result of rutting driving comfort and traffic safety decrease, surface drainage becomes more
difficult, and maintenance requirements increase. Sometimes rutting can lead even to accessibility
problems. However, compared to paved roads, rutting on gravel roads has the advantage of being
maintainable through regular upkeep, such as grading or blading and/or by adding crushed
aggregate.

Rut depths on gravel and forest roads have been traditionally measured at the deepest rutting
points, mainly by straight edge methods . Recently laser scanner technology has also provided
an economic and continuous method for mapping rutting sufficiently accurately for these roads.
The benefit of the laser scanner technique is that the data enables the preparation of rut depth
maps (see Figure 48), and allow the rutting to be viewed in point cloud mode as presented in
Figures 32 and 35. Experiences with this new laser scanner data analysis has shown that in many
cases rutting problems on gravel and forest roads are very localized, which means that their
strengthening can be cheap if and when these locations are exactly known.

Figure 48 shows the benefit of rut depth maps as it shows those locations where there are major
deformations during the spring period. Rutting data in August can also show those sections with
bearing capacity problems during the summer time. Also, high rutting close to the road edge can
indicate shoulder deformation problems.

Surface softness problems in gravel roads can be related to early spring thaw weakening phase,
and after freeze-thaw cycles and heavy rain period during the Fall and winter time. Typical
problems start to appear when the top 40-100 mm layer in the road surface becomes saturated
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with water, leading to Mode 1 rutting type displacement (Figure 49). Surface softness problems are
typical on road sections with very thick wearing courses. Here, water-saturated material can cause
uncontrolled swerving of vehicles on the road surface, and lead to traffic safety issues. Different
ways of monitoring this problem have been tested in Finland, and the most promising results have
been obtained by measuring the yaw rate (Gyr z) parameter of a 3D accelerometer sensor
(Figure 50).

Figure 47. Different types of rutting problems on gravel and forest roads. 1. Mode 1 rutting due to
surface thaw problems, 2. Mode 2 rutting and widening accelerated by water ponding caused be
verges , 3.Combination of rutting and erosion, and 4. Mode 2 rutting during the spring thaw.

Spring Spring
deformations deformations
appearing Good section all appearing
again in August over the summer again in August

Figure 48. Example of r ut depth maps from a forest road in Sweden measured in May after the spring
thaw (top) , and in July after early summer grading (middle) , and in August when the road has been
exposed to heavy traffic the whole summer.
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Figure 50. Example of surface softness problems detection and classification using 3D
accelerometer Gyr Z parameter. This case presents  a medium class softening problem causing
small -medium steering problems for the driver.

2.5.4. Driving speed, reference speed and driving comfort

Drive comfort is strongly dependent on vehicle speed. Therefore when monitoring drive comfort the
measurement results should be always corrected to a reference speed, or the speed limit for the
road, regardless of whatever the data collection speed has been (Figure 51).

Gravel and forest roads typically have lower and more variable speed expectations than paved
highways due to their surface conditions, geometry, and environmental surroundings. Signposted
speed limits on gravel and forest roads in Finland, Sweden, Norway and Iceland are usually 70-90
km/h, but actual safe speeds are often lower. However, regardless of the signposted speed limit,
drivers are expected to adjust their speed based on surface condition, weather, vehicle load, and
traffic.

Forest roads often have narrow widths, sharp curves, steep grades, and limited visibility, especially
near vegetation and blind corners, and in many countries the legal requirement is to drive only as
fast as conditions safely allow. Forest road do not have any special limits and, for instance, in
Scotland the general speed limit in single carriageways is 60 mph, or 96 km/h. However forest
road design speeds can be as low as 25 km/h. In Ireland, the general speed limit in local roads,
including forest roads, is 60 km/h.

In general in the ROADEX countries, the reference speed for drive comfort monitoring could be 70-
80 km/h on public gravel roads, but on forest roads the reference speed could be 50-60 km/h.
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Figure 51. Example of the effect of driving speed on the maximum vertical acceleration on the vehicle
floor when driving over a differe  ntial frost heave bump. In this case the  speed limit for problematic
roughness impact is 85 kmph , and dangerous impact 95 kmph.

2.6. SAFETY AND SERVICE LEVEL

In addition to the road geometry, visibility and surface and structural condition, there are many
other factors affecting traffic safety on gravel and forest roads. The most important ones are
weather conditions and drivers driving habits, experience and driving speed, as well as vehicle
types and their condition. On narrow gravel and forest roads, vehicle encounters and overtaking
situations can increase the risk of accidents. Many forest roads are maintained only seasonally,
leading to unpredictable hazards such as fallen branches, rocks, or erosion.

Some of the most critical factors affecting safety and service level are reviewed in the following.

2.6.1. Visibility, obstacles, and curves

The cross-section, as well as the vertical and horizontal geometry of gravel roads and forest roads,
significantly influence drivability and safety. Vertical geometry considers elevation changes,
particularly in relation to sight distance for overtaking and front collision accidents (Figure 52), as
well as steep vertical gradients that may hinder heavy traffic. The vertical geometry on public
gravel roads is normally designed so that the gradient of the road, especially on climbing hills, is
not higher than 10%. If the gradient is higher than this warning signs should be provided. Steep
gradients can be especially problematic during wintertime, when the road surface is covered with
snow or ice. Longitudinal gradients can be surveyed roughly from the vehicle using 3d
accelerometers , but often it is easier to measure gradients from the public land survey
databases or from design documents . Mobile laser scanning or drone based scanner can
also be used.

Horizontal geometry focuses on the radius of the road curves that define safe speed. Obstacles
such as rocks, trees, or sudden changes in elevation can be efficiently detected using technologies
like digital video or laser scanning . These methods enable the identification of factors that
reduce visibility and facilitate the mapping of roadside obstacles and curves, thereby improving
both safety and service level.



37

Figure 52. On narrow gravel roads with relative high driving speed , poor visibility issues with front
collision risk should be warned with special road signs. If roads are connected to special hiking or
biking routes this should also be warned .

2.6.2. Road width and shoulders

Both gravel and forest road width can substantially change over time. They can get wider,
especially due to Mode 2 deformation processes, or improper grading or blading practices that
move material to the road sides. They can also become narrower, for instance due to erosion of
inner road slopes.

The fastest and easiest way to monitor road width is by using the mobile laser scanner

technique, and forest road widths have also been monitored by drone laser scanners . Road width
can be calculated from the drone data in two ways. The easiest and most reliable way is to
calculate it from laser scanner cross sections where the slope angles and ditch depths can be
calculated at the same time (see Figure 53). In addition laser scanner remission data has also
proven to be useful, and a reliable enough method, to calculate road width. The benefit of this
technique is that the remission data shows the difference between running width and top structure
width (Figure 54). Experience has shown that the data quality is at its best when the data collection
is done in early spring or late Fall when there is minor vegetation on the road slopes.

Figure 53. Example of a g ravel road cross section calculation from mobile 2d laser scanner data. The
laser scanner unit should be high enough to ensure that the ditch slopes and ditch bottom can be
seen and calculated from both sides of the road.
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Figure 54. Examples of using laser scanner data remission analysis in the monitoring of gravel road
width. From the data it is often p  ossible to verify the running width and top structure width of the
road.

2.6.3. Road furniture

Road furniture on gravel and forest roads covers infrastructure such as traffic signs and special
objects such as guard rails. The most common traffic signs on narrow gravel roads are signs for
passing and overtaking (Figure 55). These objects can be monitored using digital video and 360
video techniques, and 3D laser scanner techniques, with good gps-positioning systems.

Figure 55. Safe places for passing on narrow gravel and forest roads should be always shown with
traffic signs , and their condition should be regularly monitored.


















