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Abstract: In northern forests, winter is the preferred time for logging operations, since, when wet
soils freeze, their strength increases, which ensures a high load-bearing capacity of winter forest
roads and reduces the cost of forestry work by increasing the load on forestry equipment, including
when driving through frozen lowlands. The present article analyzes frozen loamy–sandy soil, which,
at subzero temperatures, behaves like a brittle material with a sufficiently high, but limited, strength.
Well-known models commonly use empirical parameters, correlations, and numerical methods to
estimate the strength of such materials. An analytical model of the full load–displacement curve
would reduce the number of necessary calculations and increase the ability to predict the bearing
capacity of winter forest roads. However, there are few of these models. Such models were developed,
as a rule, to study stress–strain in concrete and rocks, meaning that researchers have to recalculate
the load into stress and displacement into deformation, which is not always simple. This work aimed
at theoretically justifying a new analytical model for quantifying the bearing capacity of winter forest
roads and assessing the adequacy of the model by comparing it with experimental data. To achieve
this purpose, the concepts of fracture mechanics and methods of mathematical modeling were used.
The model was verified using experimental data, and model examples for determining the peak load
were provided. Prospects for development of the research topic were also considered, taking into
account new developments in forest road monitoring for logging management.

Keywords: winter forest road; frozen soil; load–displacement curve; peak force

1. Introduction

In northern forests, winter is the preferred time for logging operations [1], which, from
a technical perspective, can be explained by the freezing of wet soils and, as a consequence,
an increase in the bearing capacity of forest roads, since water in the ice phase, in this case,
can be considered an analogue of cement in concrete structures. Even soils with a very
small bearing capacity at a positive temperature become structural materials after freezing.
For example, the compressive strength of frozen soil samples can reach 24.7 MPa, which
corresponds to the strength level of concrete [2]. The mechanical properties of ice and
snow were reviewed in [3]. The tensile strength of ice varies from 0.7 to 3.1 MPa, and the
strength under compression varies from 5 to 25 MPa over a temperature range of −10 to
−20 ◦C. The compressive strength of ice increases if the temperature decreases or the rate
of deformation increases. However, the tensile strength of ice is relatively insensitive to
these influences [3]. The high strength of winter forest roads makes it possible to safely
increase the load on forest vehicles, including the possibility of their movement through
frozen swampy low-lying areas (Figure 1).

The use of winter forest roads reduces the cost of forestry work. For example, de-
pending on a number of conditions, the cost of building a winter road is at least two times
lower than the cost of building a non-freezing road [1]. However, an increase in the average
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winter temperature and more frequent winter thaws [4] reduces the possibilities of the
winter removal of wood. To adapt to shorter periods of winter road use, forest companies
may have to not only consider weather forecasts but also monitor the bearing capacity of
forest roads [5,6].
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Figure 1. Northwest area of the Russian Federation. Winter forest road in the Republic of Kare-
lia (photo by V.K.).

The bearing capacity of the pavement correlates with the pavement’s stiffness, which
is usually estimated using deflection measurements. Such measurements can be carried
out, for example, using a falling weight deflectometer (FWD), which transmits a pulse load
to the road surface [7]. During the measurement process, such a deflectometer must be
stationary, so there are restrictions in the movement of vehicles over the period of deflection
measurements. Restrictions in the duration of movement and the cost of measurements
can be reduced if portable modifications of the deflectometer are used [8].

The use of devices for continuous measurements of deflections with laser technologies
can eliminate traffic interference and reduce the time spent on measuring deflections of the
road surface [5]. Such devices are placed in a special car, and the displacements of points
on the surface of the road surface are then measured from the action of a wheel moving on
the road surface (Figure 2).
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Devices for continuous deflection measurements overcome the limitations of FWD,
because they operate at a normal vehicle speed and do not require breaks in traffic [5].

The results of pavement deflection measurements at a known vehicle axle load are
important for road services and pavement-design engineers, since the data on deflections
serve as the basis for maintenance decisions. Given the importance of this issue, attention
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should be given to the fact that in some cases, different deflection determination methods
can lead to significantly different results. Thus, research in this area is ongoing. Madsen
and Pedersen (2022) proposed numerical models to determine the relationship between the
load from a moving wheel and the vertical displacements of pavement points under and
near the wheel [5].

According to a study by Martin et al. (1999), the condition of a forest road can be
classified into one of three groups, depending on rut depth and cracking characteristics:
acceptable condition, critical condition, and failure [6].

The upper layer of the road structure mainly resists bending and transfers the load to
the underlying soil layers, which primarily resist compression [7,8]. Bending is dangerous
because it is accompanied by the appearance of tensile stresses in the lower zone of the
upper layer of the frozen forest road; in the upper zone of the same layer, compressive
stresses appear. Since the tensile strength of frozen soil is significantly lower than compres-
sive strength, cracks appear in the lower zone and grow with an increasing load, so the
structure gradually degrades [9]. Accordingly, sufficiently reliable experimental methods
are needed to determine the physical and mechanical properties of materials as well as
mathematical models to predict the bending and compressive strength of the materials for
forest road layers.

A recently published study on the mechanical behavior of frozen sandy soil under
three-point bending [10] showed that the stress state of fractured frozen soil can be very
complex. The authors, therefore, recommended further studies to investigate the failure
characteristics of frozen sandy soil. Experimental studies on the compressive strength of
frozen sandy soil reached similar conclusions [11]. The results of experimental studies
suggest the need to develop a general, universal approach for modeling the mechanical
state of winter forest road pavement. We suggest that such an approach could be used
for modeling both the bending and compression of the frozen sandy soil of forest road
pavement.

Taking into account the brittleness of frozen ground, it should be noted that relatively
new approaches for studying the fracture mechanics of brittle materials [12] are promising
for solving the abovementioned problem of predicting the bearing capacity of winter forest
roads, as such methods allow one to model the damageability of materials under both
force and temperature changes [13–16]. Within the framework of the present work, using a
fracture mechanics methodology offers the possibility to analyze the stiffness and strength
of a road structure without prior information on the stresses in the ground, which greatly
simplifies the analysis and prediction of the bearing capacity of winter forest roads.

The purpose of the present work is to use the basic approaches of fracture mechanics,
theoretically substantiate a new analytical model for predicting the bearing capacity of
winter forest roads, and verify the adequacy of the model using experimental data for
sandy loam soil.

2. Methodology
2.1. Degrading Material as a Macro-Object Consisting of Mesoscale Elements

In publications directly or indirectly related to materials science, one can find many
technical photographs obtained via electron microscopy. These photographs show that
a deformable brittle material, in many cases, can be considered as a mechanical system
formed by interactions between mesoscale elements or conglomerates of such elements.
The structures of brittle materials are characterized by micro- and mesoscale pores and
cracks that develop with increasing load leads to gradually destroy the conglomerate
of material particles [17]. This phenomenon manifests in the nonlinearity of the load–
deformation diagram. It is known that the process of destruction of solids is ordered and
that “the hierarchy of the scale of destruction begins with the size of the crystal lattice and
continues up to the size of tectonic plates in geospheres” [18]. Taking these circumstances
into account, an array (or sample) of brittle material can be considered as a structure with a
mechanical state and properties that depend on the impacts exerted upon it [19–21].
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Such a structure (construction) can be considered as a macro-object consisting of
mesoscale elements with mechanical states and interactions with each that other determine
the strength and stiffness of the degrading brittle material. As the load on the structure
increases, the “weakest” mesoscale elements or their conglomerates collapse, causing
the load to redistribute to other elements that remain undestroyed. As a consequence,
mechanical stresses in these elements increase, which lead to destruction of the next “weak”
link. Consequently, the average stress values in such a process continuously increase
until the brittle material fracture stage is complete. For a mathematical description of this
process, a phenomenological model was developed in this study, in which two parameters
corresponding to the point of extremum in the load–displacement diagram are used as
input data, namely the value of force external to the specimen and the displacement
caused by this force. These parameters are determined during standard tests as a result of
measurements and are key data for calculations of the load-bearing capacity and stiffness.
An algorithm for predicting the values of these parameters using loads that are significantly
less than the maximum load is also proposed. Next, we provide a mathematical description
of the outlined methodology.

In a certain experiment, let load F correspond to the displacement u. A concrete
example can be, for example, a fragment of the road surface (Figure 2), a point of which
is displaced vertically under the action of the load from the car wheel. Let us consider
a general case where the load–displacement relation is nonlinear (Figure 3). In this case,
the instantaneous stiffness S of the pavement is determined by relation (1):

S =
dF
du

. (1)
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The service life of pavement is limited because, even if load F does not exceed the
allowable values, the pavement material deforms, and its “weak” links are gradually turned
off. As a consequence, stiffness S (1) gradually decreases with respect to initial stiffness S0.
To model and predict these changes, we introduce a dimensionless parameter θ:

θ =
S
S0

; dθ =
dS
S0

. (2)

Using θ (2) and relation (1), we obtain

dF = Sdu = S0θdu. (3)

The law of the change in stiffness S depending on displacement u is a priori unknown.
Therefore, based on the experience of our research and taking into account the literature
data, we formulate a working hypothesis with validity that we will assess by comparing
the results of the modeling and experiments.
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2.2. Hypothesis about the Law of Stiffness Degradation

In the hypothesis of the current study, it can be assumed that the change in stiffness
from the value dS due to gradual damage to the material is proportional to the current
value of stiffness S and an increase in displacement du, i.e., the product of Sdu. Then, taking
into account (2), we can write

dS = − Sdu
upeak

= −S0θdu
upeak

. (4)

The minus sign in ratio (4) means that the stiffness of S decreases if the value of F
increases. The upeak displacement is a constant value within the framework for solving a
specific problem; this value is determined experimentally, directly, or indirectly, as described
in Section 3.2.

2.3. Substantiation of the Analytical Relationship between Load F and Displacement u

We next transform ratio (4) taking into account (2):

dS
S0

= − θdu
upeak

or
dθ

θ
= − du

upeak
. (5)

The solution of Equation (5) has the following form:

ln θ = − u
upeak

+ C1. (6)

The integration constant C1 can be found from the following condition: if u = 0, then
S = S0, and θ = 1. Thus, we obtain C1 = 0. Then,

θ = e
− u

upeak . (7)

In its physical meaning, the value of the function θ can also be considered as an
estimation of material damage during loading, i.e., as a damage function D = θ.

Using (2) and (7), we can find stiffness S as a function of S(u) (8):

S = S0e
− u

upeak . (8)

Next, we introduce the value Ssecant, which is realized if u = upeak, and F = Fpeak:

Ssecant =
Fpeak

upeak
. (9)

If u = upeak, then S = Ssecant. Taking into account (8) and (9), we can write

Ssecant = S0e−1 or S0 = Ssecante . (10)

Using S0 from (10), we transform ratio (8) into the following form (11):

S = Ssecante
(1− u

upeak
)
. (11)

Taking into account expression (9), we rewrite relation (11) as

S =
Fpeak

upeak
e
(1− u

upeak
)
. (12)
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To find the dependence of force F on displacement u, we define stiffness S of the
degrading structure by the ratio of functions F and u:

S =
F
u

. (13)

Combining (13) and (12), we find

F = Fpeak
u

upeak
e
(1− u

upeak
)
. (14)

In summary, due to the way the model is built, the model itself (14) and all its compo-
nents have clear physical meanings (Figure 3). Ultimately, it was necessary and sufficient
to use only one hypothesis (4). Formally, model (14) is similar to the well-known Furamura
model, which is described in terms of stress–strain and was also considered in [20,22,23].
In our new approach, models (1)–(14) are justified in terms of load–displacement, so there
are no questions about internal stresses and strains or their correspondence with external
forces (loads) and displacements during loading of the upper layer of the winter forest
road (Figure 2). At the same time, model (14) is not completely universal and is designed
to predict the mechanical state of the frozen soil (sandy loam) of a winter forest road
in addition to, possibly, some fragile materials, which can be verified by comparing the
simulation results and experimental data.

3. Results and Comments
3.1. Comparison of Model and Experimental Data: Bending of a Beam from Frozen Sandy Loam

The object of research in this part of the work is a beam with a rectangular cross-
section featuring a width of 55 mm and a height of 39 mm; the span of the beam is 280 mm
(Figure 4).
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Specimen (frozen sandy loam from a forest road [9]) preparation for testing was
carried out by analogy with the method used in [24]. The speed of the boot device of the
testing machine was selected as equal to 5 mm/min. The temperature of the material on
the fracture surface of the samples (−4.6 ◦C) was measured in a non-contact way, using
a pyrometer immediately after testing. The temperature in the laboratory was +18 ◦C,
and the test lasted about two minutes. Thus, the sample was tested under conditions of
weak short-term thawing. Therefore, a decrease in the load-bearing capacity of the sample
compared to the forecast (14) was expected in the final stage of testing (since the possibility
of temperature changes was not considered in model (14)). The experiments were released
on a SHIMADZU AGS-X test machine (Figure 5), for which the permissible limits of relative
deviation range up to 1%. The tests were carried out in the laboratory of Petrozavodsk
State University.
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Figure 5. Bending test of the sample.

After testing and thawing, the moisture content in the sample material was measured
using a SHIMADZU MOC-120H humidity analyzer, with the analyzer’s drying chamber
set to a temperature of 105 ◦C. The decrease in moisture content in the sample during
drying was controlled automatically, with an accuracy of 0.01% (by weight) every 30 s.
The water content in the material of the sample considered below was equal to 12.53%,
corresponding to an absolute humidity level of 14.32%.

Tests have shown that, in the process of destruction, a primary crack appears in the
middle of the span; the length and width of such a crack increase with an increase in
the load. With an increase in the load, signs of bifurcation of the primary crack and the
formation of secondary cracks appear [9]. From a physical perspective, the appearance of
cracks means that the stiffness of the beam decreases with an increasing load.

In the model considered earlier [9], it is necessary to know the characteristics of
the crack in advance, which makes a simulation difficult. In the present work, there
is no need for such information, since the effect of growing cracks is modeled using an
automatic nonlinear decrease in stiffness (2), depending on displacement u (12). In addition,
the present model (1)–(14) does not postulate a damage function (or variable), which is
usually denoted as D. Instead, damage (D) is quantitatively predicted using relation (12).

The adequacy of the model and the reliability of the simulation results were tested
experimentally. The predicted curve (14) and experimental data are shown in Figure 6
(Fpeak = 769 N, and upeak = 1.574 mm).
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to Figures 4 and 5 (frozen sandy loam).

Figure 6 shows that, for the pre-peak condition, the simulation results almost coincide
with the experimental data. In the post-peak condition, the discrepancy between the
model and test data increases with an increase in displacement. Nevertheless, in general,
model (14) is physically adequate, since it correctly reflects the relationship between load
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and displacement. The decrease in the bearing capacity of the specimen compared to
prediction of (14) in the final stage of the test can be explained by the influence of weak
short thawing, which, as noted above, was not considered in model (14) and may be the
subject of further research. However, it is more likely that the observed decrease in bearing
capacity was contributed by the influence of clay particles in the specimen material [9],
which should also be explored in future research.

3.2. Prediction of Fpeak and upeak Values in Case of Bending

This subsection deals with the following circumstance, which is important from a prac-
tical perspective. To carry out calculations according to Formula (14), it is necessary to know
Fpeak and upeak. These values can be determined directly from the test machine (Figure 3).
Since Fpeak corresponds to the maximum load, direct experimental determination of the
Fpeak and upeak values can result in damage to the test object. Therefore, a nondestructive or
nearly nondestructive method for determining these values is desirable. Nondestructive
methods for determining the properties of materials and structures belong to the class of
indirect measurement methods. Sufficiently reliable methods for the indirect determination
of Fpeak and upeak can be realized, if Equation (14) provides high approximation accuracy of
the experimental data. A variant of such a method (an algorithm) is proposed in the follow-
ing section. Suppose that only two values, u = u1 and u = u2, are found experimentally
and correspond to F = F1 and F = F2. In order to reduce the damageability of the research
object, tests should be carried out in the pre-peak stage, i.e., when u1 < u2 < upeak, and,
accordingly, F1 < F2 < Fpeak. Let us substitute u = u1 and F = F1 into Equation (14) and
express Fpeak from the obtained equality:

Fpeak = F1
upeak

u1
e
−(1− u1

upeak
)

. (15)

Substitute (15), u = u2 and F = F2 into (14). From the resulting equality, we can find
upeak:

upeak =
u2 − u1

ln F1u2
F2u1

. (16)

Using (16), we calculate Fpeak (15). The obtained values of Fpeak and upeak are substi-
tuted into (14) to obtain the equation of the full load–displacement curve.

Note that if the dependence F(u) is linear, then F1u2 = F2u1, and, theoretically, upeak = ∞,
and Fpeak = ∞, which is not implemented in practice.

Any pair of points in the pre-peak stage of deformation can be selected as points 1 and 2
(Figures 3 and 6), i.e., there are infinitely many choices for selecting these points. The fol-
lowing example using Equations (15) and (16) shows three choices for points 1 and 2.
Experimentally obtained initial data (u1, u2, F1, and F2) and calculation results (upeak and
Fpeak) for the example in Figure 6 are shown in Table 1.

Table 1. Initial data (u1 , u2, F1 and F2 ) and the calculation results (upeak and Fpeak).

Point Selection
Options 1 and 2

u1
(mm)

u2
(mm)

F1
(N)

F2
(N)

upeak
(mm)

Fpeak
(N)

Indirect measurements:

1 0.163 0.259 200 300 1.667 (105%) 829 (108%)

2 0.163 0.375 200 400 1.514 (96%) 761 (99%)

3 0.259 0.375 300 400 1.407 (89%) 721 (94%)

Average values: 1.529 (97%) 770 (100%)

Direct measurements 1: 1.574 (100%) 769 (100%)
1 The results of direct measurements are taken as 100%.
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The simulation results presented in Table 1 show that the average values of the
highest load (Fpeak) and the corresponding displacement (upeak) can be determined indirectly
without destroying the test object. For this purpose, the results of experiments are used only
in the pre-peak stage. It is important to note that Equations (15) and (16) should be used
with caution, because the results of the calculations are sensitive not only to inaccuracies
of approximation (14) but also to variations in the initial data, which are the experimental
values u1, u2, F1, and F2. Nevertheless, it is hoped that the application of sufficiently
accurate measurements and new mathematical models in future research will lead to better
results. With regard to the problem of assessing the bearing capacity of winter forest roads,
the displacements u1 and u2 and forces F1 and F2 specified in Formulas (15) and (16) can
be determined by using or adapting the RAPTOR measurement technology mentioned
above [5].

3.3. Comparison of Model and Experimental Data: Uniaxial Compression of Frozen Sandy Soil

As noted above, the top layer of the road structure resists bending and transfers the
load to the underlying soil layers that resist compression. Accordingly, sufficiently reliable
experimental methods are needed to determine the physical and mechanical properties
of road structure materials, as well as mathematical models to predict the strength and
material stiffness of forest road layers under bending and compression. Model (14) con-
sidered above is justified using a general approach in terms of “load”, “displacement”,
and “stiffness”, which implies that the model is adequate not only for bending (Section 3.1)
but also for compression. Next, we consider an example of the application of model (14)
to the analysis of the load–displacement relationship in compression. The purpose of this
subsection is to assess the adequacy of the simulation results by comparing them with ex-
perimental data known from the literature for the uniaxial compression of frozen (−10 ◦C)
medium-coarse sand [11]. Displacement and force were calculated with values of u = εH
and F = σA, where = πD2/4, H = 100 mm, and D = 50. The values of ε and σ were
determined for the sample “D2: Medium coarse sand” from the tables and plots in [11].
As a result, the adapted initial data (upeak = 5.6 mm, Fpeak = 9061 N) for model (14) and
the results of using this model were obtained (Figure 7).
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Figure 7. The full load–displacement curve (14) for frozen sandy soil. Experimental data are shown
by markers (circles).

A comparison of Figures 6 and 7 shows that satisfactory results were obtained using
model (14) for both frozen sandy and sandy loam soils. However, better results were
obtained for sandy soil compared to sandy loam, which can be explained by the influence
of clay particles in sandy loam, which presumably reduced the resistance of sand particles
to their mutual interdisplacements.
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3.4. Prediction of Fpeak and upeak Values under Uniaxial Compression of Frozen Sandy Soil

As noted above, the experimental methods of direct and indirect measurements can be
used to determine the values of upeak and upeak. The indirect method is implemented in the
following example using Equations (15) and (16), and three options for choosing points 1
and 2 are given. The initial data (u1, u2, F1, and F2) were determined based on experiments
in [11] (Figure 7). The values of upeak and upeak predicted by Formulas (15) and (16) are
given in Table 2.

Table 2. Initial data (u1, u2, F1 and F2 ) and the calculation results (upeak and Fpeak).

Point Selection
Options 1 and 2

u1
(mm)

u2
(mm)

F1
(N)

F2
(N)

upeak
(mm)

Fpeak
(N)

Indirect measurements:

1 0.486 1.292 2018 4560 4.926 (114%) 8313 (109%)

2 0.486 2.609 2018 7140 5.082 (110%) 8549 (106%)

3 1.292 2.609 4560 7140 5.182 (108%) 8631 (105%)

Average values: 5.063 (111%) 8498 (107%)

Direct measurements 1: 5.604 (100%) 9061 (100%)
1 The results of direct measurements were determined on the basis of the experiments noted above [11]; these
data are taken as 100%.

The simulation results presented in Table 2 show that the average values of the
highest load (Fpeak) and the corresponding displacement (upeak) can be determined indirectly
without bringing the test object to failure. For this purpose, the results of experiments only
in the pre-peak stage are used. As in the example considered above (Table 1), it is important
to note that Equations (15) and (16) should be applied with caution since the calculation
results are sensitive not only to inaccuracies in the approximation (14) but also to variations
in the initial data, which are the experimental values u1, u2, F1, and F2.

4. Discussion

The strength of frozen ground depends on temperature, porosity, water content,
loading rate, and other factors, as shown in [11,25–28]. All these factors inevitably affected
the values of Fpeak and upeak in our model (14), so this model can be applied or adapted to
other mechanical systems. This result is confirmed, in particular, by the applications of the
model for analyzing both the bending (Section 3.1) and uniaxial compression (Section 3.3)
of frozen soil. In this model, the values Fpeak and upeak (14) are determined experimentally
and serve as the primary data from which stresses, relative strains, and strain energy can
be calculated.

If necessary, the values of Fpeak and upeak can be determined indirectly using the
algorithm from Section 3.2. The carrying capacity of frozen ground correlates to tempera-
ture [2,3], which allowed recently developed sensors to be efficiently used for the intelligent
monitoring of forest roads [29].

The model presented above in the form of function (14) can be considered a special
case of the more general function (17), which was proposed in [30]:

F = Fpeak

(
u

upeak
e
(1− u

upeak
)
)c

. (17)

Equation (17) defines a set of curves that satisfactorily describe the dependence of
stresses and strains of concrete at different temperatures [30]. At the same time, the equa-
tions of the curves differ in the values of only one parameter (exponent c in Formula (17)).
Analysis of other models of this class and their comparisons can be found in [23]. The key
feature of such models is that they do not require prior information about the particle
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size distribution composition of the material, since these properties are taken into account
integrally, given that the values of Fpeak and upeak inevitably depend on such properties.
The values of Fpeak and upeak can be found by direct or indirect measurements, as shown
by the example in Section 3.2. This key feature of the model was especially valuable in
our analysis of the bearing capacity of a forest road, because soils with heterogeneous
components were used for the construction of such roads, and the influence of each com-
ponent is almost impossible to estimate with sufficient accuracy. In the proposed model,
the total estimate of the influence of all components was found to be sufficient and was
determined by only two values (Fpeak and upeak). Moreover, using the same data, we were
able to determine the stiffness of a forest road structure (12).

It should be noted that model (14) is too simple to be universal, so adapting this
model may require additional research. Model (17), however, is more universal [23,30];
justification of the degree indicator c in this model deserves a separate study. What can
be obtained from such studies? To answer this question, let us consider the following
possibilities.

The proposed model allows one to directly or indirectly determine the greatest load
on the axle of a vehicle Fpeak and the corresponding displacement upeak (Section 3.2).

Another possibility arises from the following circumstance: if the load on the vehicle
axle is, for example, F = 0.5Fpeak, then two points (a and b) on the load–displacement curve
will theoretically correspond to this load (i.e., two displacement values (u = ua and u = ub);
Figure 8).
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Figure 8. A schematic example of the influence of the number of transport cycles on the rut depth.
One transport cycle corresponds to one passing of the vehicle (Figure 2). The stiffness of S0 is
determined by the ratio (10). Points a and b on the curve (red line) determine the rut depth depending
on the load and the number of transport cycles.

In general terms, the behavior of frozen soil under cyclic loading (Figure 8) is similar
to the known laws for other varieties of sandy soil [31–34]. Figure 8 shows that the dis-
placements u > ub are unacceptable because the bearing capacity of the road is insufficient
for the load F = 0.5Fpeak. This result means that displacement u = ub is the limit for this
load. Accordingly, it is possible to calculate the limit depth of the rut. This rut appears as a
result of repeated passage of the vehicle. It should be noted that Figure 8 illustrates only the
calculation methodology, but not the calculation with regard to realistic loads. A detailed
analysis of the acceptability of the developed model in real situations is the subject of fur-
ther research. Nevertheless, in accordance with the purpose of the work, we substantiated
a new tool in the form of a model (equations (15) and (16)) to analyze the carrying capacity
of winter forest roads, which is important for planning vehicle loading and guaranteed
removal of harvested wood of a given volume, taking into account studies [6,35–37].
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5. Conclusions

In this work, an analytical model for the quantitative assessment of the load-bearing
capacity of winter forest roads was theoretically substantiated. To achieve this goal, we used
the ideas of fracture mechanics and methods of mathematical modeling.

Taking into account the variability of the granulometric composition of forest road soils,
it is important to note that the developed model does not require accurate characteristics of
these soils, as these characteristics can be taken into account indirectly through deflections
and corresponding external loads measured using known methods. It is only important to
ensure that the model is verified for sandy and sandy loam soils.

Another distinctive feature is that this model was developed considering load–displacement,
while many other well-known models were formulated in terms of stress–deformation.
Thus, the conversion of a load into stress and a displacement into strain is excluded.

In addition, the novelty of the model (1)–(14), in comparison with the prototype in [9],
is that the effect of growing cracks is modeled using an automatic nonlinear decrease in the
stiffness (2), depending on the displacement (12). Thus, the need for prior knowledge of the
crack characteristics is eliminated, which simplifies modeling and expands the possibilities
for further investigations.

Lastly, the present model (1)–(14) does not postulate a damage function (or variable),
usually denoted as D, although the hypothesis of the law of stiffness degradation due to
material damage during loading (4) is used, which leads to a damage function in the form
of D = θ (7).
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