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EVALUATION OF DEFORMATIONS OF THE
FOREST ROAD PAVEMENTS BY USING
THE FINITE ELEMENT METHOD

Elena C. MUSAT"
Emilia A. SALCA?

Rudolf A. DERCZENI*
Constantin A. BRATU?

Valentina D. CIOBANU*

Abstract: The deformations produced by trucks and other vehicles on
forest road pavements play a significant role in sustainable forestry. The
Finite Element Method was used for the determination of deformations, for
two types of forest trucks, namely Volvo FH 12.A60 and Mercedes — Actros
2646. Surface force was determined and calculated along curb displacement
values on the road. The aim of the present study was to analyze the
deformations of forest road pavement made of three layers as a function of
traffic intensity and type of trucks that are running the forest roads. Based
on the findings, it appears that the maximum displacement took place in the
middle area of the contact surface between the road and wheel. The results
indicate that the maximum residual deformations occurred after the passing
of the rear wheel - axel 2. The residual deformations appeared to be higher
after the passing of the last wheel and could increase significantly. Data
found in this work can be used for a better maintenance of forest road
networks and in sustainable forestry.

Key words: FEM, pavement, residual deformations, traffic intensity.

1. Introduction

Forest roads are permanent transport
routes of private property [27] which can
be used only with the accord of the
administrator of a road. Also, bridges
anddefense and consolidation works for
crossing rivers or streams, or for traffic
safety, signaling signs, as well as other

facilities are included in any forest road
project design. Traffic is steadily increasing
both in terms of the number of vehicles
involved and tonnage loaded [5, 6, 9, 33].
Thus, the design calculation of a road
pavement requires an accurate adaptation
to the current situation. In this respect,
the most used method to achieve
accurate results is the Finite Element
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Method (FEM) [12, 18, 28, 35, 36, 38]. The
Finite Element Method is used successfully
both for the determination of asphalt
mixture cracking and for the evaluation of
rutting pavement paths [4, 8, 16, 21, 22,
30-32]. Researchers in the field succeeded
in predicting the life cycle of a road by
using such an FEM methodological
approach [2, 18]. Moreover, the FEM 3D
method may be applied to simulate the
vertical strain developed as a result of
traffic loads for a road pavement which
presents linear viscoelastic behavior [29,
32, 37]. It is worth mentioning that by
using the 2D FEM method with the help of
the Plaxis 2D software, the elastic
modulus of the Californian Bearing Ratio
(CBR) for the foundation soil can be
determined [25]. Some of the most used
software for FEM calculation is ANSYS and
ABAQUS [17, 18, 37]. The use of the
ANSYS software has led to results
considered compatible with the ones
obtained through other well-established
methods of pavement design [7]. The FEM
calculation mainly refers to three-
dimensional (3D FEM) and axis-symmetric
(2D FEM) calculations [11, 12]. Both
methods yield similar results, and the 2D
variant offers low resource consumption
[10, 12]. In general, the first step in
validating the FEM 3D calculation of a
road pavementis the validation of the 2D
method applied on the same structure
[14]. It isalso possible to model the
dynamic tire-road interaction in a rigorous
and realistic way by using FEM [15, 34,
36]. It appears that the FEM analysis with
ABAQUS is preferred for rigid pavements
made of concrete [20]. But research
studies have been performed on block
pavements as well [13, 19]. In the case of
asphalt layers it is possible to predict their
cracking by using the FEM analysis. In

Romania, the forest roads are designed in
accordance with the national standardized
regulations of the forest roads, based on
the region geography where they are
located, and according to their importance
and functionality [27]. This standard
stipulates that the load resulting in the tire
contact area is uniform. But by using FEM,
its non-uniformity has been modeled and
predicted [23, 26]. Road pavement
consists of three layers in case of a
carried-on quantity more than 50,000
tons/year [27]. Such pavement consists of
a ballast base layer (protective layer),
polygranular stone foundation 0/90
(bearing layer), and a clothing layer made
of broken pore stone 0/70 (wear layer).
When the ground conditions impose, a
foundation substrate can be introduced as
an insulating, anti-foaming, antifreeze,
drainage, and homogenization layer [1].
The opportunity of the research derives
from the technical evolution that led to
the increase of the loading capacity in
vehicles of transport, currently reaching
up to 38 tons, as the maximum authorized
mass on the forest road network in
Romania [27]. In addition, the fact that the
forest transport network in Romania was
designed for a maximum total weight
allowed of 25 tons, according to AND 582
[3], and currently the loads exceed this
value, it is an important attribute for the
necessity and opportunity of the research,
it being known that degradations are
greatly influenced by traffic, tonnage, and
mass distribution on the vehicle's axles [5,
9, 23, 37, 38]. According to what was

mentioned above, the aim of the
presentstudy wasto apply the Finite
Element Method to analyze the

deformations (elastic and residual) of the
forest road pavement made of three-
layers as a function of trafficintensity and
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type of trucks which are running the forest
road.

2. Material and methods

2.1. Geometric Modeling of the
Representative Road Pavement and
Materials Used

A flat portion of the road with

dimensions of 5 x 2 x 2 m was taken in
consideration for the geometric modeling
of the road. Thereforethe overall
deformation occurred due to the pressure
forces without any influence on the
geometric size used for the numerical
simulation as illustrated in Figure 1.

The 3D modeling sample was employed
for the finite element calculation. With

this approach, satisfactory large road
surface was considered resulting in no
influence of the geometric dimension of
the road. The geometric model of the two
roads for Finite Element Calculations is
shown in Figure 2. The dimensions of the
layers of the forest road took into
consideration the dimensions of each
layerpresented in Figure 1.

The materials used in this studyfor the
three-layer pavement design and their
properties are presented in Table 1. For
the comparative calculation when using
the Finite Element Method, the materials
are considered homogeneous and only the
elastic deformation area is taken into
account.

Polygranular ballast clothing 0/70
(Wear layer)

100

Foundation from polygranular
ballast 0/90 (Base layer)

200

Foundation subbase from ballast
(Protective layer)

100

Embankment (P1 ... P5)

Fig. 1. The geometric dimensions of the forest road
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Fig. 2. The three-layer pavement type

Material properties used for the pavement Table 1
Thickness The modulus Transverse
. layer of elasticity contraction
Type of material (mm] (MPa] module
type 1.x type 1.x v
Polygranular ballast clothing
0/70 (Wear layer) 100 90 0.27
Foundation of polygranular
ballast 0/90 (Base layer) 200 80 0.27
Foundation su!obase of 100 70 0.27
ballast (Protective layer)
Embankment (P1 ... P5) oo 12 0.27

2.2. Description of the Finite Element
Model and application of the Boundary
CONDITIONS

The discredited models compiled with
the ABAQUS CAE design software (2019
version) of the road are presented in
Figure 3. The finite 3D elements by
hexadecimal type, which simulate the
pavement layers, were attributed to the
material properties of each layer. The
connection between the layers is achieved
by the common nodes between the finite
elements.

For a comparative analysis in this study,
the maximum load on two forest trucks
that support different maximum loads was
considered. The characteristics of the two
forest trucks commonly used in
Romaniaare displayed in Table 2. The total
load supported by each axle is distributed
on each wheel to obtain the deformation
of the road pavement that comes into
contact with each wheel at a given time
[27, 38]. Thus, the residual deformation
that occurs in the road pavement after the
passing of a forest truck with a given load
can be estimated.
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1 Wear layer

2 Base layer

3 Protective layer

I
4 Embankement

Fig. 3. Finite element model of the pavement

Characteristics of the main forest trucks used in Romania Table 2
Loaded
Axle load [kN Load wheel [kN
Brand Model weight [k} [k}
[tons] Front Rear Front Rear
Mercedes Actros 2646 22.84 60 2x85 30 42.5
Volvo FH 12.460 47.18 75 2x197.5 37.5 98.75

The contact surface between the wheel
and the road is calculated based on the
tire size and the wheel pressure, and thus
the contact surface is determined (Table
3).

The equivalent contact surfaces
between the wheel and the road for each
forest truck corresponding to one front
andrear wheel are shown in Figure 4.

Figure 5 graphically illustrates the
variation of the forces on each wheel
pertruck type and the difference between
the appliedloads.

The road pavementdesign was
established in all directions, based on the
embankment layer and the loading force,
as presented in Figure 6.
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Loading force

Embedding in the base

o
Fig. 6. Boundary conditions

Contact surface between wheel and road Table 3
Equivalent
diameter of 2
contact surface Contact surface [mm~]
Brand Model Tire size
[mm]
Front Rear Front Rear
wheel wheel wheel wheel
Mercedes | Actros 2646 | 315/70R22.6 226 173 40115.00 | 23506.18
Volvo FH 12.460 315/70R22.5 252 272 49875.92 | 58106.90
Mercedes - Actros 2646 Volvo - FH 12.460

Surface of force
application rear wheel

Surface of force
application on front
wheel

Fig. 4. Surface of force application for two types of trucks
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120
—e—Volvo - FH 12.460
100

—o—Mercedes - Actros 2646
80
60

40

Force on the Wheel [kN]

20

0 \I/ @

Front wheel

Back rear.
Axle 2

Back rear.
Axle 1

Fig. 5. Distribution of forces on each wheel for each truck type

3. Results

The main stresses inducedbythe front
wheel — front axle, rear wheel - axle 1 and
rear wheel - axle 2 were calculated. The
obtained results per wheel and axle were
analyzed.The structure displacements in
all three cases are presented in Figure 7. It
appeared that when running the forest
road pavement with a Volvo truck, the
structure displacements were higher as
compared to the case of using a Mercedes
truck on the same forest road; this aspect
is a consequence of the technical
characteristics of the two trucks (Table 2).
Almost similar values for the structure
displacement were noticed for the
interaction of the rear wheels and their
corresponding axles.

The displacement distribution and
residual deformations per wheel and axle
for each truck type were determined.
They are represented in three different
graphic ways, such as top view, plan and
isometric  views, respectively. Two
examples of such an approach are
presented in Figures 8 and 9.

In all cases, the maximum displacement
andresidual deformation were observed in
the middle zone of the contact surface
between structure and wheel [24]. The
maximum residual deformations are
displayed in Table 4.

Table 4. Maximum residual deformations
as a function of interaction and truck type

Maximum residual
Type of deformations [mm)]
interaction Mercedes - | Volvo - FH
Actros 2646 12.460
Front wheel- | o 4 3.35¢-4
front axle
Rear wheel- 1.25¢-3 2.79-3
axle 1
Rear wheel- 6.09¢-3 1.51e-3
axle 2

By applying the Finite Element Method,
the main stresses and displacements for
the front wheel — front axle, rear wheel -
axle 1 and rear wheel - axle 2 were
determined. In the case of front wheel —
front axle, the maximum displacements
were of approx. 2.87 mm for Mercedes -
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Actros 2646 and 3.41 mm for Volvo - FH
12.460. The residual deformations
represented approx. 9.23 and 9.82%. of
the elastic deformations for the first and
second truck type, respectively.

In the case of rear wheel - axle 1, the
maximum displacements were of approx.

4.54 mm for Mercedes - Actros 2646 and
8.64 mm for Volvo - FH 12.460. The
residual deformations represented
approx. 27.53 and 32.29%. of the elastic
deformations for the first and second
truck type, respectively.

4
15 Protective layer Volvo - FH 12.460
T 3 Base layer Mercedes - Actros 2646
E Wear layer
e
g >
Front wheel E -
5
front axle gL
2
=
S 05
] —_—
0 100 200 300 400 500 600 700 800 900 100011001200 1300 1400 1500 1600 17001800 1900 2000
Thickness of the structure [mm]|
10
9 Protective layer Volvo - FH 12.460
0 e Base layer Mercedes - Actros 2646
27 -Wear layer
o b
=
Qs
Rear wheel axle E
g4
1 k-
Z,
a2
I
0 = -
0 100 200 300 400 500 600 700 SO0 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Thickness of the structure [mm]
10
9 Protective layer Volvo - FH 12.460
= 3 Base layer Mercedes - Actros 2646
E ! Wear layer
- O
=
@ s
Rear wheel axle E
2 g ¢
=3
=
=2
1

0

200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Thickness of the structure [mm]

Fig. 7. Structure displacements into the pavement depth per wheel and axle foreach truck

type
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u, U2 -
0.21 |
Front -0.61 |
-1.44
wheel 228 A A A
front 35
ron -5.57
axle 540 |
Top vi 3% .
op view 330 -
! u, uz2
0.21
0.61
-1.44
2,26
3%
Rear "S‘:E
wheel 640
e 1 4z
axie -8.87
-9.70
Y

Plan Section B-B Section B-B
view — J\ i .

z X
two
sections

Section A-A Section A-A

a. b.

Rear
wheel
axle 2

Isometric
view

Fig. 8. Displacement distribution under different graphic representations (top view, plan
and isometric views) per wheel and axle for each truck type
(a. Mercedes - Actros 2646; b. Volvo - FH 12.460)
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Front wheel
front axle

Top view
Rear wheel
axle 1

Plan view —
two sections

Rear wheel
axle 2

Isometric
view

2.7e-04
-3.5¢-04

-]
U, w2

Someil It ARALY
Sosezzitanael
$32338%2338s8e8

<
7

-
Y]

>_.

- A
a. =
z

Section B-B Section B-B
Section A-A Section A-A

b

o @
L de

Fig. 9. Residual deformations under different graphic representations (top view, plan
and isometric views) per wheel and axle for each truck type (a. Mercedes - Actros 2646;

b. Volvo - FH 12.460)

In the case of rear wheel - axle 2, the The residual deformations represented
maximum displacements were found to approx. 13.38 and 17.48% of the elastic
be aprox. 4.55 mm for Mercedes - Actros deformations for the first and second
2646 and 8.64 mm for Volvo - FH 12.460. truck type, respectively.
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The average residual deformations were
found to be approx. 3.84% of the elastic
deformations.

4, Discussion

For simplifying the calculations, the
contact surface between structure and
wheel, even if it is an ellipse, was
considered a circle [24, 27]. The diameter
of the equivalent circle varies between 20
and 30 cm in the case of the trucks with
single axles and between 30 and 40 cm for
those with double axles. The maximum
admitted pressure on the contact surface
is about 0.6 ... 0.7 MPa [27].

Trzcinski and Kaczmarzyk [33] state that
on the forest roads with a single layer
structure of gravel, the deformation
modules are influenced in a small part by
the thickness of the structure, because the
deformations increase both with pressure
and carrying capacity as well as with the
road embankment or proper pavement
construction. The influence of the
pressure on the structure can also be
easily observed in the present research,
where Volvo — FH 12.460 trucks produce
higherdisplacements and residual
deformations than Actros 2646 trucks,
regardless of the axle (front or rear).

Mulungye et al. [23] predicted strains
from the Finite Element Model, and
mentioned that the single wheel was 2.2
times more than those from the dual
tandem pair per unit load in the
longitudinal direction and 1.5 times in the
transverse direction. Also, they showed
that the single steering wheel generates
120% higher strains on average than the
dual tandem axles for the same load.

Regarding the most affected point or
zone of the structure under the pressure
of loading, Leonardi et al. [18] and Musat

and Bitir [24] reached the same result as
the current study, where all the maximum
displacement and residual deformation
were observed in the middle zone of the
contact surface between structure and
wheel. Also, Leonardi et al. [18] mention
that the maximum vertical deformations
are greater with the increase of the
number of carried loadings and the use of
geogrid (glass fiber grid) can improve the
behavior of the pavement, leading to a
longer service period for the forest road.

5. Conclusions

The structure displacement produced
into the pavement depth indicated that
the maximum displacement was observed
based on the values in the middle zone of
the contact surface between ground and
wheel.

Maximum residual deformations
occurred after the passing of the rear
wheel - axel 2. The residual deformations
are higher after the passing of the last
wheel. Therefore, after multiple passes,
the residual deformation could increase
significantly.

Data found in this work can be used for
better maintenance of forest road
networks and in sustainable forestry.
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