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Integrating soil, weather, and lightweight deflectometer data for dynamic 
bearing-capacity estimates on forest roads
Joel Kostensalo a, Perttu Anttilab, Alwin Hardenbola, and Kari Väätäinenb

aDepartment of Natural Resources, Natural Resources Institute Finland, Joensuu, Finland; bProduction Systems, Natural Resources Institute Finland, 
Helsinki, Finland

ABSTRACT
Trafficable forest roads are vital for providing timber for the forest industry. Dynamic trafficability models 
for forest roads are needed, because many forest roads are trafficable for only some part of the year. We 
studied 10 road segments in eastern Finland during non-frozen periods, collecting E-modulus measure
ments using a lightweight deflectometer from 2023 to 2025. Approximately 15.1% of variation in bearing 
capacity was between road segments, 8.4% within road segments, and 76.5% was dynamic, indicating 
that the theoretical maximal performance of static models would be limited to explaining 23.5% of the 
variation. Prediction models were built utilizing weather station data and openly available soil type 
information on subsoils. We found that moving averages of ambient temperature and rainfall can capture 
dynamic variation in bearing capacity. Re-graveling and surface freezing increase the bearing capacity 
precipitously. Systematic differences between road segments can be captured by calibrating the models. 
We found robust evidence that two calibration measurements carried out at separate times significantly 
improve predictions, while additional measurements provide little to no value.
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Introduction

Trafficable forest roads and private gravel roads are vital for 
sustainable, cost-effective, and year-round delivery of timber 
for the forest industry. These roads are also used, e.g. for 
defense and emergency services. Roads must have sufficient 
bearing capacity to support the weight of vehicles and with
stand traffic without undue damage to the road. This is 
a significant concern especially in Finland where the total 
length of private roads is approximately 350,000 km, of which 
157,000 km are forest roads (Greis et al. 2019). Furthermore, 
the allowable gross vehicle mass of 76 metric tons is high by 
international standards (Kärhä et al. 2024). Yet most of the 
forest road network was built in the period 1960–1990 for 
lighter trucks, and the roads are deteriorating partly due to 
the relatively high renovation and maintenance costs and 
a shortage of public funding for this work (Kaakkurivaara  
2018). Driving on roads with a low bearing capacity can result 
in significant rutting, or even damage to the structure of the 
road, which can necessitate costly renovations. Accurate, real- 
time information on road trafficability is needed by logistics 
planners and truck drivers to mitigate these issues without 
undue halting of traffic for extended periods of time.

Currently, drivers and planners rely on local knowledge and 
static estimates (e.g. papiNet 2025) when evaluating the traffic
ability of a given forest road. Recently, static condition and 
bearing capacity models have been developed for private gravel 
road segments. Bergqvist et al. (2024) developed bearing capa
city prediction models based on soil type and a soil moisture 

index. Light Detection and Ranging (LiDAR) data have been 
used to estimate vegetation cover along road segments 
(Waga et al. 2020), as well as the structural condition, surface 
wearing, and flatness (Waga et al. 2021). Karjalainen et al. 
(2025) used field-measured road width, ditch depth, depth- 
to-water index, soil type, and variables based on gamma-ray 
spectrometry to predict bearing capacities. Even an operational 
classification of road condition based on LiDAR data has been 
published by the Finnish Forest Center (Yksityisteiden kartta
palvelut, 2026). However, the fundamental limitation of static 
prediction models is that the trafficability of forest roads is 
highly weather dependent. Roads which are generally in poor 
condition may be trafficable only in dry summer conditions or 
when the road is frozen, and even roads in good condition may 
become untrafficable for some part of the year.

The effect of weather on the bearing capacity of gravel roads 
is well understood at a general level. Water in road structures 
softens them and increases the accumulation of permanent 
deformation (Saevarsdottir and Erlingsson 2013). Thus, the 
spring thaw period, periods of heavy rainfall (Grajewski  
2016), and wet roads in late autumn have been identified as 
particularly risky conditions. Moreover, the material composi
tion of the road structure, the thickness of its constituent layers 
(O’Mahony et al. 2000), and the sub-soil type, besides influen
cing the bearing capacity directly, also affect weather sensitivity 
of the road. To address this issue, there is an ongoing shift from 
static prediction to dynamic, i.e., (near) real-time models based 
on weather data. Kestler et al. (2007, 2011) compared the 
identification of spring thaw periods using lightweight 
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deflectometers and thaw-prediction models among other mod
els to optimize load restrictions. Fjeld et al. (2024) found that 
bearing-capacity estimation can be improved with radar-satel
lite data which captures information of (past) soil-moisture 
condition. However, we did not find any published studies 
where weather variables have been used to explain bearing 
capacity. Whereas satellite-based information reflects past 
road conditions, future conditions could be predicted with 
the aid of weather forecasts. Väätäinen et al. (2025) sought to 
establish a basis for investigating the relationship between 
weather conditions, road type, road characteristics, and bear
ing capacity by establishing a longitudinal research design 
consisting of several test segments with weather stations and 
frequent bearing-capacity measurements with light falling 
weight deflectometers (LWDs), which are highly mobile and 
affordable. While the impact of an LWD on the ground is 
significantly smaller than that of a traditional falling weight 
deflectometer, which is generally commensurate with the mass 
effect of a single axle of a loaded timber truck, the measure
ments tend to be highly correlated (Kaakkurivaara et al. 2015). 
This experimental setup is the basis of this work.

The aim of this study was to develop the first ever dynamic 
bearing capacity model for gravel roads using eastern Finland 
as a pilot case. Both dynamic (weather data) and static (soil 
type) explanatory variables were utilized. A further aim was to 
test if “calibration” (i.e. adjusting predictions based on a few 
LWD measurements) could significantly improve bearing 
capacity estimates. If accurate enough, this study would 
demonstrate that it is possible to build dynamic bearing-capa
city models which could be used for optimizing traffic, main
tenance, and renovation of forest roads.

Materials and methods

Road data

The road data were measured from 10 approximately 100- 
m-long gravel road segments (80 to 120 m) forming four distinct 
clusters (A–D) in eastern Finland (approx. 62.67° N 29.08° E) 
between 2023 and 2025. The locations of the segments are 
presented in Figure 1 (see also Väätäinen et al. 2025). The 

subsoils and road conditions of the road segments were repre
sentative of typical forest road conditions in eastern Finland. For 
each segment, subsoil type was determined based on open- 
source data on superficial deposits in Finland provided by the 
Geological Survey of Finland (GTK 2018) (see Table 1). 
A detailed soil analysis for each road segment can be found in 
Väätäinen et al. (2025). However, as such precise data would not 
be available in large-scale application, using these measurements 
in evaluating the models would result in an overly optimistic 
picture about how well the models work. The segments were 
geographically clustered, and each cluster consisted of two or 
three segments less than 1 kilometer apart. Each cluster had 
a weather station (Vaisala WXT530) which recorded air tem
perature and rainfall on an hourly basis, and the information was 
sent and stored to a server. Bearing capacity of the road segments 
was measured using a Light Falling Weight Deflectometer 
(LWD) Zorn ZFG 3.1. With the LWD, the bearing capacity in 
megapascals was recorded at 10–20 m intervals. At every inter
val, a measurement point was located on both wheel paths. 
A more detailed description of the road measurements can be 
found in Väätäinen et al. (2025). Approximately 3400 observa
tions from 10 different road segments on 39 separate days were 
collected (12 to 14 locations at a time per segment, left and right 
side of the road, typically 0, 20, 40, 60, 80, and 100 m from the 
starting point). Due to logistical limitations, all road segments 
could not be measured on the same day. On 17 occasions, all 
road segments were measured during the same day, 5 times one 
segment was missed, 5 times two clusters were measured,13 
times two clusters were measured, 3 times one cluster was 
measured. However, the exact time of measurement was always 
recorded, so that the precise weather conditions could be deter
mined accurately. The median time difference between measure
ments for a given segment was 9 days (range 1–314 days, mean 
28 days).

Statistical analysis

First, we examined how much of the variation in bearing 
capacity is due to variation between road segments, how 
much between specific locations within road segments, and 
how much of it is residual variation (i.e. dynamic + small 
measurement error). This was done using two-way nested 
analysis of variance (ANOVA).

The roles of temperature, rainfall, soil type, and their inter
actions were investigated using linear mixed-effects models. 
For temperature, we used a moving average of the last Figure 1. Locations of the 10 road segments and four clusters in the study.

Table 1. Road segments, clusters with the same weather station, and subsoil types 
present in the segment.

Road segment Cluster Soil type

1 A Carex peat / sand
2 A Carex peat
3 B Sandy moraine
4 B Clay
5 C Sandy moraine
6 C Carex peat / sandy moraine
7 D Sand
8 D Fine sand
9 D Gravel
10 A Sandy moraine

2 J. KOSTENSALO ET AL.



72 hours measured in centigrade without allowing it to fall 
below zero. For rainfall, we used a 48-hour moving average 
in mm. For a justification of the moving window sizes see 
Väätäinen et al. (2025). There were a handful (<0.01%) of 
rainfall observations with extreme values, exceeding 
1000 mm/h as well as some negative values. To mitigate the 
effect of these erroneous values, all negative values were set to 
zero and any rainfall value exceeding 20 mm/h was set to 
exactly 20 mm/h (heavy rainfall caused some coarse errors 
where the device could report hourly rainfall up to 
1000 mm/h). The rainfall detector for Cluster A was known 
to be faulty, giving systematically too high values (see 
Väätäinen et al. 2025), approximately four times higher than 
the other devices despite being geographically close. Thus, the 
readings from this device were rescaled so that the mean 
corresponded to the mean of the other devices. As 
a sensitivity analysis, we also ran the results without these 
corrections, and interestingly the results were almost identical, 
changing only modestly, while the conclusions were unaf
fected. We tested five different model variations starting with 
a simple model without interactions and then adding either 
one, two, or three interactions with soil type. The models can 
be formally written as Equations 1–5: 

where Ei;j is the E-modulus of road segment i at location j, Si;j is 
the soil type with summation Σ happening over all possible soil 
types, Ri the 48-hour smoothed rainfall, Ti the 72-hour smoothed 
temperature, Fi is a freezing indicator which is one if the average 
temperature is negative for the past 8 hours and zero otherwise, 
RGi is a dummy variable accounting for re-gravelling (segments 3 
and 4 in June 2024), β0 s are the regression coefficients for the 
fixed effects, ηi is a random effect for the road segment i, θi;j is 
a random effect for the location j on the road segment i, and i;j is 
an error term. The random effects and error terms are assumed to 
be independent and normally distributed. All models were fitted 
using residual maximum likelihood. The re-gravelling event was 
visually noticed by the measurement crew and was noted to 
consist of adding an approximately 5 cm layer of 0–16 or 0– 
32 mm gravel, which is a typical maintenance method in 
Finland. Further details are unknown to the authors.

The optimal number of calibration visits (i.e. on-location 
measurement events) and the best model were estimated using 
a cross-validation approach, where the model was trained on 
nine of the road segments and tested on the one remaining 
segment. As there were exactly 10 segments, the cross- 

validation is simultaneously both leave-one-out and a 10-fold 
cross-validation. For a discussion on cross-validation see, e.g, 
Stone (1974). As road segments 4, 8, and 9 had soil types which 
were not present in other segments, we assumed that the soil 
type was “sand soil” for the model fit, which was the reference 
level of the model. The calibration was based on the first 
measurements of the road segment by subtracting the average 
prediction error of the model for the specific segment. We 
tested calibration based on 1, 2, 3, 4, or 5 visits. The optimal 
number of calibration visits was chosen based on the root- 
mean squared error of the predictions with predictions made 
at the level of a specific location on the segment. The predictive 
power of the model was then tested at the road-segment level 
using the same cross-validation approach with 1) no calibra
tion and 2) the chosen “optimal” number of calibration visits. 
The quality was assessed by graphically investigating how well 
the trends are qualitatively reproduced and quantitively using 
root mean squared error (RMSE) of predicted bearing capacity. 
As some of the measurements were close together in time 
(about 25% of the measurements were done within 1 week of 
the previous one) there may be autocorrelation between the 
measurements, which should be accounted for. Thus, we tried 
introducing autocorrelation into the model in two forms: with 
a first-order autoregressive structure (AR(1)) and with a linear- 
in-time autocorrelation structure. However, these models lead 
to slightly higher RMSE values and were thus not used in the 
final model.

To test how well low bearing capacity could be predicted, we 
classified the predictions into above or below a certain limit 
value. The limit value was varied between 1 and 100 MPa. We 
used the traditional classification metrics “precision” (true 
positive/(true positive + false positive)) and “recall” (true posi
tive/(true positive + false negative)), where a “true positive” 
means that the model predicts an E-modulus below the limit 
value and the field measurements are in agreement, “false 
negative” means that the bearing capacity is below the limit 
value but the model predicts a value over the limit, and a “false 
positive” means that the model predicts that the bearing capa
city is below the limit value but according to field measure
ments the bearing capacity is above the limit.

All results were evaluated at the road-segment level, i.e. 
looking at the values averaged over all 12 measurement loca
tions. This is because rainfall and temperature values are the 
same, not only for a road segment, but for each road segment 
cluster. Furthermore, for eight of the road segments there is 
only one soil type present and for the other two segments there 
are two soil types. Thus, there are no variables which could 
even theoretically capture variation within a given road seg
ment. Model fitting and relevant inferences were carried out 
using the R-package nlme (Pinheiro and Bates 2024). All sta
tistical analyses were carried out using the statistical software 
R (R Core Team 2024).

Results

The average bearing capacity of a road segment measurement 
was 38.0 MPa with a standard deviation of 20.3 and a range of 
2.8–258.6. When averaged at the road-segment level, the aver
age was 38.2 with a standard deviation of 16.5 and a range of 
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5.7–113.1. There is thus more dynamic variation within a road 
segment than between road segments. Based on ANOVA, 
15.1% of the variation in the data was between road seg
ments and 8.4% between specific locations on the road 
segments, which leaves 76.5% for dynamic variation driven 
by weather conditions including a small measurement error 
component. Over the 3 years, the average air temperature 
was +3.3°C (SD 11°C, ranging from −39°C to +32°C) and 
the hourly rainfall on average 0.052 mm (SD 0.39 mm, ran
ging from 0 mm to 20 mm). At the LWD measurement 
times, the 72-h smoothed non-negative temperature was on 
average 9.7°C (SD 6.1°C, range 0–23.2°C) and the 48-h 
smoothed rainfall was on average 0.10 mm (SD 0.16 mm, 
range 0–0.75 mm). The distribution of bearing capacities, 
and the original time series of temperature and rainfall are 

presented graphically in the Supplementary material (see 
Figure S1–S5).

The results regarding the number of calibration visits are 
presented in Figure 2. All five models behave in a very similar 
way with respect to the number of calibration visits: The first 
visit improves the predictions a little bit, then there is a huge 
jump in performance following the second calibration visit, 
after which the value of an additional calibration measurement 
diminishes significantly and the fourth and fifth visit do not 
provide any additional value. The model defined by Eq. (2) 
(interaction with soil and temperature) performed the best in 
the cross validation.

The fixed effects alone can explain 30% of the total variance 
based on the linear mixed-effects model. When road segment 
and specific location are also included, the full model can 

Figure 2. Number of calibration visits and the root mean squared error (RMSE) of bearing capacity (E-modulus) for different variations of a linear mixed-effects model.

Table 2. Fixed and random effects for the best model (linear model with no interactions S+R+T) fitted to the full data.

Model component Variable Estimate SE p-value

Fixed effects Intercept term 15.68 5.38 0.004
Temperature (72 h) 1.25 0.11 <0.0001
Rainfall (48 h) −0.35 1.32 0.79
Soil type

Sandy soil (reference)
Sandy moraine 12.92 5.91 0.03
Fine sand 9.48 12.03 0.46
Carex peat 5.18 3.69 0.16
Clay −10.57 12.06 0.41
Gravel 19.16 12.04 0.16

Soil type × Temperature (72 h)
Sandy soil (reference)
Sandy moraine 0.13 0.13 0.32
Fine sand 0.41 0.16 0.01
Carex peat −0.29 0.14 0.04
Clay 0.31 0.16 0.06
Gravel 0.17 0.17 0.32

Freezing (8 h) 37.84 1.28 <0.0001
Re-graveling 8.86 0.95 <0.0001

Random effects Road segment σ = 10.59
Specific location (side, distance) σ = 5.18
Residual σ = 15.33

Fit quality R2
mar/ R2

con = 0.30/0.56
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explain 56% of the variance in bearing capacity. The 26% 
captured by the random effects is consistent with the 
ANOVA results showing that 23.5% of the variation is between 
road segments and specific locations, and that the variation 
between road segments (σ = 10.59) is about twice as large as 
within-segment variation (σ = 5.18). In the model, a one degree 
increase in temperature corresponds to a 1.25 MPa increase in 
bearing capacity (Table 2). One millimeter of additional rain
fall in a 48-hour period is associated with a 0.35 MPa reduction 
in bearing capacity, while re-graveling and the road surface 
freezing significantly increase the bearing capacity. Sandy mor
aine provides on average 12.92 MPa more bearing capacity 
compared to sandy soil. Furthermore, fine sand (p = 0.04) 
and potentially clay (p = 0.06) harden and provide higher 
bearing capacities at higher temperatures, whereas the bearing 
capacity of carex peat does not improve as much as that of 
sandy soil at higher temperatures.

The cross-validation results for the road segments are 
presented in Figures 3 and 4. In general, the predicted 
dynamical behavior follows the trend of the E-modulus- 
measurements for all road segments. The uncalibrated 

results correlate weakly with the field measurements 
(r = 0.34), while the correlation between field measurements 
and calibrated results is moderate (r = 0.68). However, the 
predictions tend to have slightly less variation than the 
ground measurements, where especially the minima and 
maxima tend to be over- and underpredicted, respectively. 
The calibration (based on the first two visits) appears to 
improve the results significantly for segments 2, 7, 8, and 
9, and moderately for segments 1, 4, and 10, while having 
little effect on segments 3, 5, and 6. It should be noted that 
for segments 4, 8, and 9 the soil type was unique and not 
available in the training data. Thus, the default prediction 
using the reference level “Sandy soil” may explain some of 
the advantage of a calibration measurement for these three 
segments. The first two measurements of road segment 10 
were during the summer. The predictions seem to work well 
during this season, but there is significant underestimation 
in April. The re-graveling of segments 3 and 4 (location B) 
in June 2024 is reasonably well captured. This change is 
captured by the LWD. In locations B and D there is 
a sharp jump in April 2024, which corresponds to the road 

Figure 3. The average E-modulus of the road segments 1–4 and 10 (segment number on the right-hand side), and predictions without calibration and with calibration 
based on the first two visits. Cluster A is formed by segments 1, 2, and 10 and Cluster B by segments 3 and 4 (see Figure 1 for a map). The black dots represent LWD 
measurements, the dashed red line represents the uncalibrated predictions, and the solid red line represents predictions calibrated results.
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Figure 4. The average E-modulus of the road segments 5–9 (segment number on the right-hand side) and predictions without calibration and with calibration based on 
the first two visits. Cluster C is formed by segments 5 and 6 and Cluster D by segments 7, 8, and 9 (see Figure 1 for a map). The black dots represent LWD measurements, 
the dashed red line represents the uncalibrated predictions, and the solid red line represents predictions calibrated results.

Figure 5. Precision and recall for classifying bearing capacity into low bearing capacity (average E-modulus below given limit value) and high bearing capacity (average 
E-modulus above the limit).

6 J. KOSTENSALO ET AL.



freezing, and is captured well by the model. In general, the 
prediction errors show some but not severe autocorrelation 
(see Supplementary material Figure S6).

Results for classifying road segments at a given time into low 
bearing capacity and high bearing capacity are presented in 
Figure 5. When the model is not calibrated, precision and recall 
exceed 0.50 at 33 MPa, while with a calibrated model 0.50 can be 
achieved for 20 MPa. Without calibration, precision is system
atically lower than with calibration regardless of the chosen limit.

Discussion

This study has shown the feasibility of dynamically modeling the 
trafficability of forest roads. We found that 15.1% of the varia
tion in bearing capacity was between road segments, 8.4% within 
road segments, while 76.5% was dynamicl. This indicates that 
a static model could only capture about 23.5% of the variation. 
Ambient temperature and rainfall were successfully incorpo
rated in a prediction model of E-modulus. The coefficients of 
the model are in line with the phenology of gravel roads: rainfall 
lowers bearing capacity, while high temperatures, re-graveling, 
and freezing increase it. Grajewski (2016) showed in an experi
mental setting that heavy rainfall could lower the E-modulus by 
16–25%, which is more than the regression coefficients of our 
models might on a first glance suggest. However, rainfall was 
associated with lower temperatures, and thus the effect is cap
tured in the model mostly indirectly, mediated by temperature. 
According to Lehtonen et al. (2019) the time when forest roads 
are frozen on winter is projected to shorten by 1 month by 2050 
in Finland. Likewise, Daniel et al. (2018) showed that the frozen 
period has shortened in the North-Eastern United States since 
the 1970s, and that climate modeling suggests that there will 
occasionally be winters without freezing in the latter half of the 
21st century. Shifts and annual variation in the spring thaw and 
freezing periods necessitate the use of dynamic prediction mod
els, as one can no longer rely on the road being frozen during the 
winter months.

Our sample included roads from a limited number of soil 
types. While these soil types cover a large part of the country, 
observations from other soil types are needed before the results 
can be generalized to the country level. The simple soil-type 
variable used in our models has the advantage that it can be 
determined based on an openly available map, but it should be 
kept in mind that, e.g. not all peat soils have the same bearing 
capacity. O’Mahony et al. (2000) showed using Irish data that 
the thickness of the peat layer is connected to the bearing 
capacity. By consequence, a 50 m resolution map of peat thick
ness covering the whole of Finland was recently published by 
Pohjankukka et al. (2025), which could be used as an additional 
input variable.

Calibration with two visits significantly improves the results 
regardless of the complexity of the model. A third visit may add 
a little extra information, but additional visits do not. The 
calibration should preferably be timed for spring or fall when 
the bearing capacity is low, as systematic errors for seasons with 
higher bearing capacity are not nearly as consequential as those 
during poor conditions. Calibration may need to be redone 
following any consequential changes, such as re-graveling or 

a major damage event. While the model includes re-graveling, 
it should be stressed that this was based on a single re-graveling 
event on two road segments which were located near each other. 
In cases where the road needs to be reconstructed, reconstruc
tion should consider the fact that these are low-volume roads, 
but that the occasional traffic is mostly done with very heavy 
vehicles. For example, Miller et al. (2011) showed that in high
way conditions full-depth reclamation may be an economical 
alternative for low-volume roads leading to similar bearing 
capacities as measured by a falling weight deflectometer.

As this study showed, during the low-bearing seasons in 
early spring or late autumn, the road may freeze slightly below 
the surface after a few days of freezing temperatures. This 
results in a rapid improvement in the road’s bearing capacity. 
Our results indicate that a recently frozen road has on average 
38 MPa higher bearing capacity than the same road prior to 
freezing. In our analysis, it seems that negative average tem
perature over the past 8 hours is sufficient for this effect. 
Further experiments need to be conducted to confirm this, 
but more accurate knowledge about sufficient freezing would 
facilitate better scheduling of heavy transport on forest roads.

In this study, we predicted bearing capacity at segment level. 
It is worth noticing that at location level the error is higher. 
This means that it is more difficult to predict individual weak 
locations on a road (which may stop traffic) than the average 
bearing capacity of a segment. However, we did find that very 
little of the average bearing capacity variation (8.4%) was 
within road segments. The modeling was based on measure
ments from road stations. In practical applications, however, 
the weather variables should be obtained from an open, wall- 
to-wall source (Open data, 2026). The reliability of predictions 
based on these data which have coarser spatial and temporal 
resolution should be tested. However, professional meteorolo
gical data is unlikely to suffer from the problems observed in 
our study, where the weather station reported unrealistic peaks 
in rainfall.

In practice, road bearing capacity is determined by a number 
of static and dynamic factors. The static factors include long
itudinal road profile, thickness and material of the base course, 
and the soil type of subgrade. Transverse road profile, the depth 
and slope of ditches, verge formation, and vegetation shadow can 
be considered semi-dynamic as they may change over time, but 
not very often or rapidly. In addition to temperature and rainfall 
considered in this study, the dynamic factors include the frost line 
penetration depth and snow plowing. A potential data source for 
estimating additional static variables is the airborne laser scanning 
data by the National Land Survey of Finland (Laser scanning data 
5 p, (2026). The inclusion of these variables would necessitate 
LWD measurements from many more road segments. On the 
other hand, caution needs to be exercised when increasing model 
complexity. It should also be noted that each road segment is 
unique, and the steepness and curvature vary. Further work 
utilizing laser scanning is needed to determine if such details 
could feasibly be included in an operational model.

Apart from dynamic modeling of the elastic modulus, 
further research is needed on the relationship between the 
elastic modulus and trafficability. According to the Finnish 
forest road instructions, the indicative bearing capacity for 
peat as a subgrade is 5 MPa (Metsäteho 2017). In such cases – 
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where roads are constructed over very low-supporting sub
grades – special attention is required to ensure that the road 
structure meets the demands of heavy vehicle traffic (Munro  
2004). Moreover, Kaakkurivaara (2018) reported a high risk of 
rutting when heavy vehicles traverse road segments with an 
E-modulus below 35 MPa, as measured by a lightweight 
deflectometer (LWD). However, a stress test with a laden tim
ber truck on road segment 2 revealed no significant rutting 
even though the subgrade soil type was peat and the measured 
E-modulus was 25 MPa (Väätäinen et al. 2025). Comparison of 
these results cannot be made directly due to different types of 
LWDs in use. In addition, the road has been built following 
standards for road construction over peatland. In fact, 
a separate wooden mattress was settled in between peat and 
the road structure (Väätäinen et al. 2025).

Conclusions

Dynamic trafficability models for forest roads are needed, 
because many of them are trafficable for only some part of 
the year. Accurate, real-time information is needed to pro
tect vulnerable road segments when bearing capacity is low, 
while not posing unnecessary and costly limitations to tim
ber traffic by shutting down roads with sufficient bearing 
capacity. In addition to significant inter-annual variation, 
warming climate will gradually shift the length of the frozen 
period and timing of spring thaw, and thus planning based 
on past experience will become increasingly suboptimal. We 
have shown that rainfall, temperature (incl. freezing events), 
re-graveling, and soil type can be useful predictors for bear
ing capacity, but predictive power can be significantly 
improved with just two calibration measurements. LWDs 
are relatively low-cost and highly mobile, and could thus 
be easily used by ground crews in low-bearing capacity 
conditions to gather valuable data.

Further work is needed regarding real-world implementa
tion and to generalize the model for a larger geographic area. 
Specifically, measurements from roads constructed on differ
ent soil types, and with varying thickness of layers (e.g. peat) 
are needed for a more granular prediction model.
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