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Abstract The methods of optimum design of road work, being based on the presented features of analyzed
longitudinal profile for wvarious purposes, allowing publications and the necessity of their further development,
eliminating subjective decisions, are developed and is aimed at the development of methods and

implemented by various research establishments. These recommendations for a feasibility study of main

methods are based on a deep theoretical background; they
are automated but characterized by certain serious
drawbacks. Firstly, the use of the minimum amount of
excavation works as a criterion of optimality cannot
provide an optimum solution regarding a definite period,
because traffic intensity and its annual increase are not
taken into account. Secondly, the proposed methods do not
stipulate the necessity of stepwise development of road
geometrical  elements and their  comprehensive
substantiation. Finally, the optimization programs of
design lines of the longitudinal profile are complicated and
cannot be always applied in small design bureaus. This

parameters of transversal and longitudinal profiles of wood
transportation roads including prediction of optimum terms
of construction and retrofitting sequence. Achievement of
the formulated purpose is mainly determined by mutual
links and the structure of elements considered in this work.
For clear determination of subordination of these elements,
their influence on techno-economic calculations, and
systematization of the overall process, it is necessary to
develop a logical model of the problem. Another step to
achieve the goal is a mathematical description of links of
the logical scheme, that is, the development of the
mathematical model of the solution. Since the solution
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assumes searching for optimum parameters, the
mathematical model should be based on the target function
with its extremum corresponding to the required optimum
combination of the optimized elements. Several variants
and the search area are defined by the required limitations.

Keywords Capital Costs, Route, Wood Transportation
Road, Construction, Feasibility Study

1. Introduction

The specifics of the design of geometric elements of
roads (plan, longitudinal and transverse profiles) allow
distinguishing their feasibility study into an independent
task. The geometric elements of a logging road should
ensure the movement of logging rolling stock of certain
intensity with an economically feasible speed for a certain
estimated period. Therefore, the optimal design of
geometric elements is associated with the assignment of
economically rational terms for their change.

When assigning geometric parameters of roads, a
comparison of options is currently used, which, for a
certain degree allows subjectivity in the design. Using
optimal design methods in the justification of design
decisions ensures the achievement of higher efficiency in
road construction investment.

Studying the ways to increase the economic efficiency
of stage-by-stage improvement of transport and
operational indicators of logging roads is based on the
study of patterns reflecting the influence of road elements
on the main transport and operational indicator — the
traffic speed. Besides, it is necessary to study the impact
of natural factors (terrain) on the amount of costs required
for the construction of a road meeting a given technical
level.

Employing the methodology of system analysis and
mathematical economic methods is possible only based on
using modern information technologies, which allow
solving multivariate problems and combining the
creativity of a specialist with the high-speed operation of
the computer. Using highly effective tools and methods
allows solving the actual problems of designing logging
roads associated with the comprehensive optimization of
geometric elements and the timing of their step-by-step
improvement.

To arrange numerous parameters, links, and to
determine means of substantiation of geometrical
properties of wood transportation roads, it would be
reasonable to apply system analysis: one of the tools of
decision-making theory.

The main and the most valuable result of the system
analysis are increased understanding of the problem and
its possible solutions. S. Optner [1] defines a problem as
follows: a problem can be defined as a situation in which
there are two states; one is characterized by the present (or

existing) state, the other — by a proposed (or desired) state.

The character and the composition of the desired
system are determined by preset research objectives and
formulated problems.

The purpose of the present study is to compensate for
the shortcomings of existing methods of technical and
economic feasibility of the geometric parameters of
logging roads by taking into account the effects of road
conditions on the construction order.

The research goal is to determine the status of the
automated design system of logging roads which would
correspond to the minimum value of the objective
function.

Taking into account the probabilistic pattern of
distribution of traffic velocities in time and space, it is
necessary to stipulate for online computations employing
information technologies so as to obtain a subsystem of a
future system of automated designing system of wood
transportation roads.

2. Methods

Analysis of the required system is subdivided into five
distinct finite elements characteristic for the study of any
system and subsystems:

1. Obijective. Determination of optimum parameters of
longitudinal and transversal profiles of wood
transportation roads including substantiated terms of
road commissioning with predefined technical levels
according to increase in traffic intensity.

2. Alternative means to achieve the objective. In the case
of determination of optimum terms of the sequence of
construction and retrofitting or, in other words, the
optimum strategy of development, and, in particular,
its geometrical elements, the alternative variants are
comprised of the variants of distribution of capital
expenses in time. In addition to variation in time, the
road technical state is also varied. In this case, the
technical state is a combination of plan, longitudinal
and transversal profiles, i.e., the elements of the
technical state determining the road technical level.

When one of the elements characterizing the technical
state is changed, it is assumed that the road is converted
into another state.

3. Consumption of resources required for each
alternative. In terms of costs, each variant of strategy is
comprised of two contradictory subsystems. The first
of them is the subsystem of capital expenses. Capital
expenses corresponding to each technical state of the
road are determined by estimated cost.

Upon transition to a higher technical state, the
consumed resources should equal the difference of
estimated costs plus the sum required for reorganization of
the works. While planning supplemental expenses for a
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long-term period, they should be reduced to the initial
year:

_ (€j=Cin

Coety == @

where C; is the estimated cost of the technical state with
low indicators; C; is the estimated cost of the technical
state with higher indicators; n is the coefficient of
increase in capital expenses upon stepwise construction
(according to Katz: n=1.1) [2]; eV is the year of
transition from the state i to the state j.

The second subsystem presents transportation and
maintenance expenses. Analysis of operation of motor
transport demonstrates that the change of expenses related
with transportations depends on traffic velocity [3].
Annual transportation expenses in a general form can be
expressed as follows:

M=f[Nof (£): S: V] )

where N, is the traffic intensity in the initial year,
car/day; V; is the average technical velocity during the
year t, km/h; S is the prime cost of transportation, basic
currency/car-h.

4. Logical and mathematical models. Development of
solution procedure should be reasonably started with
the construction of the logical model. Analysis of
mathematical model of the feasibility study should be
carried out after preset of all system objects and links.
Construction of the logical structure of the problem
solution is comprised of the establishment of
interrelations among the system elements, element
hierarchy, and determination of system objects: input,
process, output, and feedback [4-7]. The system
logical model is schematically illustrated in Figure 1.

The symbols R, P, W in the scheme denote the main
position of the route, longitudinal profile, and the roadway
width or the number of traffic lanes, that is, transversal
road profile. The terms C(R), C(P), and C(W) express
portions of capital investments per element.

The input parameters of the system are the traffic
intensity N, in the initial year of operation t,, increasing
in time, the parameter x=f(t) expressing annual increase in
traffic intensity, the parameter R characterizing traffic

composition and natural factors, in particular, terrain relief.
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The mentioned input parameters with regard to problem
solution with derivative are the independent control
parameters. Indeed, the time intervals of activities
improving the road technical state and the type of these
activities are completely determined by these four
parameters. Therefore, while determining the system input
parameters, we preset its control.

Optimum distribution of capital expenses in time and
optimum parameters of the road are determined in the set
of variants' combinations belonging to three groups of
subsets. The first group is presented by the subset of
possible route positions in the plan (m,), the second group
— by subset of variants of longitudinal profile (m;), and
the third group — by the subset of types of transversal
profiles (m;).

Thus, the number of possible technical states is
determined as follows:

Z=mg-m-my 3

Each element of the technical state corresponds to the
cost indicator C, the sum of the cost indicators determines
capital expenses required for the achievement of each
technical state. The system output parameters depend on
the technical state and are characterized by the distribution
of traffic velocities (the primary output parameter),
presented by its statistical properties ¥ and &, and the
secondary output parameters: annual transportation and
maintenance expenses (m).

It should be mentioned that the road structure in the
system does not vary and is presented in the form of
influence on the cost of achievement of technical state,
and traffic velocity. The coating type is changed
according to the increase in roadway width.

5. Criterion of selection of preferred variants. The most
suitable for solving the problems of stepwise
development of transportation lines in time is the
criterion of optimality, characterized by minimum
maintenance and capital expenses reduced to the initial
year. The criterion of minimum reduced expenses
reflects most completely the features of road
construction, allowing to account for continuous
increase in cargo turnover and the time interval of
capital investments.
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Figure 1. Logical scheme of searching for the optimum strategy of wood transportation road development
3. Results and Discussion control:
o C=f(p;R;W;RI;t) (%)
Most researchers have concluded that this criterion is
M=f[P;R;W; ©#(Ny4; RI); t] (6)

the best for the formulated objective [8-11].

During searching for an optimum solution, the criterion
acts as the control function, that is, corresponds to the
subsystem of feedback. The feedback operation is based
on its three constituents: a) model of output, which is a
certain hypothetical value of cumulative reduced expenses;
in other words, the model of output includes the
requirements to the system; b) conformance test of the
model of output is performed for each variant until the
desired alternative is found having minimum reduced
expenses; ¢) impact model. In the case of
noncorrespondence of cumulative reduced expenses in
any variant of the strategy to the minimum value, the next
alternative should be tested. A new combination of
elements was composed for this aim characterizing the
technical state and times of transition from one state to
another. The composition of a new variant is an impact on
the system.

The feedback system operates from the time of
calculation of C for two variants until the variant C,,;,
was determined.

Since the active control of searching is performed using
the feedback subsystem, which contains requirements to
the system and criteria of selection of preferred alternative,
the mathematical model is based on control function
representing the equation of cumulative reduced expenses:

t Km

_ M K ty Mq(t)
CR=Co+ J)" mdt + oy + J, S At + -+ g +
Ty My (t)
Jop—Edt (4)

The main constituents of the target function depend on
phase coordinates of the system and on independent

where Rl is the relief property.

The search objective was determining phase
coordinates of the system corresponding to independent
control at a minimum of the control function.

In addition, the mathematical model was determined by
the link structure (6) and system limitations.

To be included in the mathematical model and to
facilitate calculations, the elements of road technical state
should be presented by reliable estimations. Herewith, the
estimations should precisely reflect the actual impacts of
geometrical parameters for both parts of the target
function.

Designed slopes are characteristic and determining
elements of the longitudinal profile. The velocity of
timber trucks under free traffic conditions depends the
most on the slope in comparison with other elements of
longitudinal profile [12-15]. In addition, significant
influence is also exerted by the relative distance of
segments with various values of longitudinal slopes and
the amount of excavation works. These circumstances
sufficiently substantiate the selection of the longitudinal
slope distribution as an estimation of the longitudinal
profile. The type of this distribution, its properties and
interrelation with other parameters characterizing
technical state can be determined experimentally upon
analysis of road projects. In addition, the distribution of
traffic  velocities and  transportation/maintenance
properties should be experimentally determined as a
function of the distribution of longitudinal slopes. Thus,
the following quantitative links of the mathematical model
were determined experimentally:
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1) C=f(P;RI)
2) v=f(P;W;N) (7
3) g, = f(P;W;N)

The limitations were as follows:

1. Upon stepwise improvement of technical state, only
transition from lower to higher state was possible. In
addition, the times of transitions were arranged as
follows:

ty <ty < <t, <T, (8)

2. It was assumed that during the design period T,, the
longitudinal profile can change in some cases only
once. The property of the route plan (R) remains
steady and varies for determining its initial value.

3. The required limitations should be imposed on the
search area of optimum solution, that is, the boundary
conditions of phase coordinates of the system should
be determined.

Regarding time, the search area was determined by the
interval of T,, =30 years. This value was selected from
the conditions of advanced planning with consideration
for the time factor. Beyond the predicted time period, the
influence of the time factor is so significant that the cost
indicators decrease to the values not exceeding the
computation accuracy.

Limitations of the search area in space completely
depend on the terrain relief, and the number of possible
technical states — on the size of the search step.

Along the determined direction of the route with known
relief, the number of possible variants of the longitudinal
profile was determined by the number of steps at the
gradual increase of profile complexity from the variant
coinciding with a hypothetical line with zero slope
connecting initial and final points of the route to the
variant repeating the ground profile (Figure 2).

In the case of route expansion, the ground profile has
lower longitudinal slopes, thus, the number of possible
variants of designed longitudinal profile decreases.

Figure 2. Determination of search area R and P

Development of the route with a certain gradation of
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the coefficient of elongation would result in the case when
already at the first step the designed line of longitudinal
profile coincides with earth level. This variant restricts the
search area regarding the route construction length (Figure
2). Concerning the number of variants of the transversal
profile, the solution is selected depending on the road
purpose, initial traffic intensity, and expected rates of its
increment. In addition, it is necessary to stipulate the
opportunity of improvement of the road technical state
regarding the roadway width or traffic lanes with
minimum expenses and dumped works.

Taking into account the features of construction of
mathematical model, Egs. (5), (6), (7), as well as the
recommendations in [16-21], the equation of cumulative
reduced expenses (4) can be presented as follows:

t

a + bv(P,NoA, W, RI)
C = C(RL,P,R, W) +f M{(NoA, R)[
0

v(P,NoA, W, R)

dt K,(RLRYPL,wWY
+Sp (P, W)]} E + +

t2

+ [ MatNoA RO

eEt1

a + bvl(P1,NoA, W1, RI)
v1(P1,NyA, WL, RI)

dt K (RL, R, pm) yy(m))
+81p (P W} o+ oo = <Fim +
T,

P -
a + bv (P Ny, W RI)
+ f Mu{(NoA, R™)[
tm

v (P(m), Ny A, W), RI)

m m m dt
+S( )p(p( ) W ))]}5’ 9)

where R, R'..R™ are the properties of the planned
position of the road route upon varying from the variant R
to the variant R™;

P, PL,... P(™ are the properties of the longitudinal
profile upon varying from the variant P to the variant
p(m);

W, W!'.w@ are the characteristics of the
transverse profile when varying from variant W to
variant W™,

¥ is the average traffic velocity;

Co, K, - K,,, are the capital investments for technical
states  determined by the elements R;P;W;
RY, PL,w?; R, pm) y(m);

a is the constant not depending on the transportation
velocity;

w is the constant depending on the traffic velocity;

S, is the damage resulting from traffic accidents;

N,is the traffic intensity in the base year;

V, is the average technical speed of traffic during the
year;

S is the cost of transportation;

T is the time.

Determination of route plan, longitudinal profile, and
roadway width, corresponding to a minimum of Eq. (9),
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was performed by their variation in the preset search area.
Searching for optimum times of improvement of the road
technical state regarding geometrical parameters was also
performed by varying transitions and states in time with
accounting for limitations.

4. Conclusions

Based on theoretical preconditions, the system of links
and parameters has been derived to determine the research
targets. The structure of the solution and its main elements
have been determined. The system analysis applied to the
issue of the design of wood transportation roads has
demonstrated that this procedure is an efficient tool
providing a more detailed understanding of the problem,
determining solutions to the problem and their
algorithmization.

The presented target function is the main part of the
mathematical model of the feasibility study of plan
elements of wood transportation roads.
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