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Abstract: An overview of the software for designing flexible road
pavements used in the USA, European countries and the Russian
Federation is given, conceptual and mathematical models for designing
flexible road pavements with the minimum cost per a linear meter are
presented, the application of evolutionary algorithms in combination with
exhaustive search and parallel computing is substantiated, the developed
hybrid genetic algorithm for the optimization of flexible road pavement
designs in terms of value of materials of layers is described, the results of a
simulation experiment performed using the software developed within the
framework of the study are presented in the article. It is proposed to use the
developed software and algorithms for designing the optimal haul road
pavements in terms of material cost.

Introduction

The main processes of mining are rock excavation and haulage. The economic
feasibility of haulage and the performance of heavy-duty trucks are largely determined by
the state of haul roads. As a rule, haul roads are three-layer macadam pavements, the
service life of which is 3-5 years. Temporary haul roads, the service life of which is several
months, are also common. Improving road service quality and reducing the share of
temporary roads will provide an increase in the performance of haul trucks and a decrease
in fuel consumption [1-2].

The safety and reliability of road usage during the entire service life of a pavement is
ensured by establishing and observing the appropriate design parameters, including
indicators of strength, reliability and stability. The pavement design must meet the strength
requirements for the design service life, for which road scientists from different countries
have developed methods for estimating stresses, strains and deflections in representative
sections and points of the structure. A number of regulatory documents have been
developed on the basis of theoretical and experimental studies that allow designing flexible
road pavements, taking into account the achievements of modern science [1].

Approaches based on empirical research or laboratory tests of soils and materials
usually prevail among the quality assurance methods for designing flexible road pavements
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common in the USA and European countries. The thicknesses of layers are determined
based on the experience of implementing similar design solutions in similar climatic
conditions. Modern methods for designing flexible road pavements combine empirical and
theoretical approaches and involve a large amount of calculations, which are possible to
perform only with the use of computer technology and appropriate software systems.
Among the most popular software tools abroad are the following:

1. MnPAVE Flexible — software that uses a mechanical-empirical approach to predict
the state of flexible road pavements. As a result, MnPAVE designs the expected pavement
life, which is calculated using damage factor according to Miner's rule (linear damage
accumulation for cyclic unsteady loading). Reliability is assessed by Monte Carlo
simulations. The software includes a research module for analyzing the service life of
layers of different thicknesses [3].

2. PerRoad — a system developed at the University of Auburn in the United States. This
software uses layered elastic analysis (WESLEA) model as well as Monte Carlo simulation
method to estimate stresses and strains in the road pavement [4].

3. AASHTOWare Pavement ME Design is a tool for public and private design
organizations that allows calculating stresses, strains and deflections of road pavements,
take into account factors such as traffic density, climate, material characteristics in order to
predict the distresses of asphalt concrete pavements [5].

The software used abroad allows designing flexible road pavements in accordance with
modern methods, work with material databases and predict the service life of a pavement.

In accordance with the regulatory documents in force in the Russian Federation, the
procedure for designing flexible road pavements is a laborious process that requires taking
into account a large number of environmental parameters, properties of materials and soils.
In addition, it is necessary to save material and financial resources during road construction.
The complexity of the calculations and a large amount of reference information suggest the
advisability of using computer technology and software in the design process.

The task of designing flexible road pavements is reduced to the selection of the
thicknesses of their layers or to the selection of materials with the appropriate stress-strain
performance at the given layer thicknesses and taking into account the strength
requirements.

The decision-making speed and efficiency can be significantly increased by taking into
account many years of experience in observing the service life of pavements in various
climatic zones. The use of the book of typical design solutions (hereinafter Typicals) in
design organizations allows significant narrowing the range of search among the possible
design options. The use of computing facilities provides the possibility to access the
Typicals and an extensive base of building materials. However, it should be noted that
empirical methods give satisfactory results only when the specific construction conditions
correspond to the reference conditions of the previously constructed sections. Therefore,
determining materials to be used and layer thicknesses, based on the recommendations
given in the Typicals, still remains the task of a design specialist.

Today, there are various CAD software products that allow solving problems of
designing flexible road pavements, including the optimal design selection:

1. «IndorPavement. Pavement design system». The system allows testing the pavement
for strength according to various criteria and contains a number of templates of typical
solutions for designing pavements. To select the optimal solution, the thickness of layers
can be varied in automatic mode according to the specified criteria: price, strength,
thickness.

2. «CREDO RADON 3.9». The RADON system performs automated design of
flexible and rigid road pavements according to industry standards. The system allows
selecting a structure of minimum thickness, least strength and minimum estimated cost.
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3. «TopomatikRobur - Road pevements» — software for designing and evaluating the
strength of flexible and rigid road pavements. This software provides the possibility to
maintain a database of materials, perform the automated brute-force search of the pavement
layer thicknesses in predefined increments to select the optimal design.

The software tools considered above make it possible to search for the optimal design
by selecting the thicknesses of layers using optimization methods, as well as by comparing
the cost-performance ratio of designs obtained as a result of several calculations. But these
software systems do not provide for the possibility of design optimization by varying the
materials of layers.

The purpose of the presented study is the development, substantiation and software
implementation of a mathematical optimization model and an algorithm for the numerical
design of flexible road pavements, allowing to select them by varying the materials and the
thicknesses of layers.

1 Mathematical model for selecting the road pavement design
with the minimum cost per a linear meter

The majority of Russian practical methods for designing road pavements are based on
theoretical models that make it possible to determine the compliance of the project with the
criteria that ensure the required service life of the roadway. The theoretical task is to
develop a mathematical model that allows studying the mechanical properties of the
designed road pavement and predict the possible destruction of the road surface that occurs
under the influence of the environment.

In accordance with the regulatory documents in force in the Russian Federation, a
conceptual model for designing the cost-effective flexible road pavement can be proposed
(Fig. 1). The input parameters of the model are: physical and engineering characteristics of
soils, climatic characteristics of the terrain, road traffic density, expected road-service
quality and a given service life, stress-strain, strength and cost performance of possible road
building materials.

Regulatory requirements I

Physical and technical l l 2 l The optimal road
characteristics of soils, climatic | y——— - A
characteristics of the terrain, | | objective function: ) [7] pevementdesign
road traffic density, expected design compliance constraints: [~ in terms of material cost

road-service quality and a given | _ |~ elastic deflection resistance, (number, thlckqess

service life, stress-strain, | X |~ shear strength, of layersandalist
strength and cost performance -fatigue failure resistance, of selectefd foad :

of possible road building - frost resistance construction materials)
materials —» Optimization model for flexible road pavement design —
Z=F(X,Y)

Fig. 1. Conceptual model for designing cost-effective flexible road pavements in terms of value of
materials

To ensure the strength of the structure for a given service life, the following conditions
must be met:
1. Condition of shear strength of the sub-grade and weakly cohesive layers:

Kstrs Tadm/T’ (1)
where Ky — strength factor determined taking into account a given level of reliability; Tagm —
admissible shear stress due to soil cohesion; 7'— active shear stress in soil or weakly cohesive
material.

2. Condition of resistance of monolithic layers to bending tensile fatigue failure:

Kup < Ryon / 04, )

where R.sm — maximum admissible tensile stress of the layer material, taking into account
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fatigue effect; o, — highest tensile stress in the layer under consideration, found by
calculation.

3. Condition of admissible elastic deflection resistance of the structure as a whole:

Kup < Etp / Eoou, 3)
where Eiwwm — total modulus of elasticity of the structure; Erq — required modulus of
elasticity of the structure, taking into account the degree of pavement durability and the
load density.

In areas of seasonal freezing of sub-grades under unfavorable soil and hydrological
conditions, along with the required strength and resistance, sufficient frost resistance must
be provided:

Inya < Lion, 4
where /heave — calculated (expected) frost heave; l.am — admissible frost heave.

The construction cost of flexible road pavements consists of the construction costs and
the cost of the materials for layers. The cost per a linear meter of construction S can be
determined by the formula:

S = Zc,hi ’ (%)

where ; — the i-th layer thickness; ¢; — the cost of 1 m? of the material of i-th layer; n — the
number of layers [2].

As a result of formalizing the proposed conceptual model, a mathematical model for
designing flexible road pavement was obtained, the constraints of which (1)-(4) are dictated
by the requirements of regulatory documents, and the objective function S is the cost of a
linear meter of the pavement (5). Unknown quantities are the thicknesses and the materials
of layers. The minimum thicknesses of layers and the variability intervals are regulated by
regulatory documents. The materials of layers are varied on the basis of the Typicals:

S(hl,tl,hz,tz,...,hn,tn)—)n}’llin (6)
under constraints:

Si(h,t,hyt,,. kLt ) 2k,

f;(hl3t]5h29t23'~-7hn’tn) 2 kz

Lt hyt,. 0kt )2 k)

ﬂ(hl’tl’h27t2""7hl1’tn)2k4 (7)

h e H,

t, el

n>3
where ki — factor of shear strength of the sub-grade and weakly cohesive layers (1);
fi(hi, 1, ho, to, ..., ha, ty) — ratio of admissible shear stress to active shear stress Taam / 7(1);
ky — factor of resistance of monolithic layers to bending tensile fatigue failure (2);
fo(hi, t1, ho, o, ..., i, ty) — ratio of the maximum admissible tensile stress to the maximum

tensile stress in the layer under consideration R.am / 042); k3 — elastic deflection resistance
factor (3); f3(hi, t1, ho, to, ..., ha, ty) — ratio of the required modulus of elasticity of the
structure to the total modulus of elasticity Ereq/ Eiotal (3); ks — admissible frost heave (4);
fa(h, t1, ho, to, ..., B, t,) — calculated (expected) frost heave (4); S(hi, t, ha, to, ..., hn, tn) —
cost of one linear meter of construction (5); 4; — the i-th layer thickness; H;— the admissible
i-th layer thicknesses; t; — the i-th layer material; 7;— admissible materials for i-th layer; n —
number of pavement layers.

Thus, a mathematical model is proposed for selecting the road pavement design with the
minimum cost of a linear meter. Designing cost-effective flexible road pavements is a
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discrete optimization problem (6)-(7) with nonlinear constraints, which cannot be solved
analytically.

2 Application of evolutionary computation for the optimization
of flexible road pavement design selection

An exhaustive search of solutions guarantees finding the global minimum. But the running
time of an exhaustive search algorithm exponentially depends on the dimension of the
problem. It is possible to speed up this algorithm by using the parallel computing
technology. In the best case, the speed of an algorithm increases in proportion to the
number of threads.

Thus, direct search methods, despite the guarantee of finding the global optimum, may
not be time efficient. Heuristic methods are more efficient for solving various optimization
problems. Algorithms based on these methods allow working with both continuous and
discontinuous objective functions, taking into account a large number of problem
constraints. These algorithms are easy to parallelize and allow solving combinatorial
problems [6-8].

The corresponding software was developed for the computational experiment. The
developed software toolkit allows determining a design scheme for designing flexible road
pavements in accordance with the Typicals, to calculate the strength of road pavements
according to the following criteria: criterion of shear strength of the sub-grade and weakly
cohesive layers, criterion of resistance of monolithic layers to bending tensile fatigue failure,
criterion of elastic deflection of the structure, and also carry out a frost resistance test
(1)-(4); allows searching for the cost-effective design of flexible road pavements by varying
the materials and the thicknesses of layers (6)-(7) using an exhaustive search of solutions
and heuristic optimization methods.

To carry out a computational experiment, a design scheme for flexible heavy-duty road
pavements for climatic zone III, containing 5 layers, was used. Materials and thicknesses of
layers are determined in accordance with the Typicals.

Computational experiments were carried out using equipment with the following
characteristics: processor Intel(R) Core(TM) i5-4210U CPU 1.70GHz 2.4GHz; total
number of cores — 2, threads — 4; RAM 6.00 GB (5.9 GB available); system type — 64-bit
operating system, x64 processor Windows-10; Apache virtual server, MySQL 5.5,
phpMyAdmin 3.5.1.

Table 1. Results of the work of genetic algorithms with various modifications

Canonical Elitism Steady state Hybrid
genetic selection selection algorithm
algorithm
Average deviation of the
result from the optimal 24,38 3,12 0,37 0,39
value (%)
Average rurming time (S) 51 47.9 36.17 18.37
Avergge number of designs 10000 10000 3840 1815
considered
Average pumber of accesses 6738 1332 3809 226
to the objective function
Average amount 100 100 384 18.15
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To design the cost-effective flexible road pavements, it is proposed to use a genetic
algorithm. Genetic algorithm is based on an evolutionary search method that can be flexibly
configured [9-15]. To carry out a computational experiment, 100 runs of each genetic
algorithm modification were considered [1]. As part of the experiment, various
modifications of genetic algorithm were considered (Table 1) and it was found that to solve
the set problem, it is advisable to use genetic algorithm with the following modifications:

1. Variants of flexible road pavement design are presented in the form of chromosomes
that make up the population, genes are the parameters of layers (material and thickness of a
layer), coding is carried out in integers, since the parameters are discrete.

2. The first population is uniformly distributed to cover the largest possible search
space.

3. Anew generation is formed by steady state selection.

4. The algorithm stops when the population converges or when the specified maximum
number of generations is reached.

One of the problems of applying evolutionary computations to optimize multiextremal
functions is getting into a local extremum. To solve this problem, it is possible to use hybrid
genetic algorithms. The advantage of genetic algorithms is the possibility to combine them
with other optimization methods. A common approach is the inclusion of nonlinear
programming methods into genetic algorithm for local optimization of chromosomes [1,
9-15].

The proposed genetic algorithm for the local optimization uses an exhaustive search.
When forming a new population, all new variants of design are optimized using an
exhaustive search and only then are included into the new population. The next shift of the
chromosome is carried out based on the calculation of the Euclidean distance. This
approach combines the possibility to consider a variety of solution options with the
accuracy of exhaustive search methods to achieve faster convergence and increase the
reliability of the algorithm.

The use of genetic algorithm allows getting good solutions for an acceptable time of
work. It should be noted that the accuracy of the algorithm can be increased by increasing
the population size, but the running time of the algorithm will also increase. Parallel run of
genetic algorithm allows obtaining high accuracy with less calculation time (Table 2).

Table 2. Results of the work of hybrid genetic algorithm

Hybrid genetic algorithm Hybrid  genetic algorithm
. (100 chromosomes).
(400 chromosomes in a .
. Runs in  parallel (4
population)
processes)
Average deviation of the result from
the optimal value (%) 0,026 0.021
Average running time (s) 234 74.9
Avergge number of designs 9408 9500
considered

The developed software makes it possible to the design flexible road pavements in
accordance with the regulatory documents adopted in the Russian Federation, as well as to
select the optimal design by varying the thicknesses and the materials of layers, since due to
the use of the proposed hybrid genetic algorithm and parallel computing technology, it
becomes possible to analyze a large number of design options for flexible road pavements
in an acceptable time
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Software developed using parallel computing technology based on the proposed model
and a genetic algorithm for numerical design of flexible road pavements allows reducing
labor costs and time of work on a project, as well as reducing error rate when designing in
comparison with the traditional method.

Conclusions

Improvement of methods for designing haul road pavements is necessary to reduce the
cost of building and maintaining roads, as well as to increase the performance of haul
trucks. The selection of the optimal design of flexible road pavements is a laborious
iterative process that requires the use of mathematical modeling and optimization methods
using modern computer technology and software systems.

An increase in available building materials, the amount of calculations to select the
cost-effective design lead to an exponential growth in the amount of exhaustive searches of
variants. Thus, it is advisable to use mathematical optimization methods to ensure the
efficiency of the work of road specialists getting rid of time-consuming routine operations
when designing flexible road pavements.

The following results of the study are obtained:

1. A mathematical model (6)-(7) is proposed for designing flexible road pavements.

2. To solve this optimization problem, a numerical method based on a combination
of evolutionary search and exhaustive search was developed, which makes it possible to
obtain designs that are minimal in cost and meet the requirements of strength and frost
resistance by varying the thicknesses and (or) materials of layers.

3. Various modifications of a genetic algorithm are considered to solve the set
optimization problem. A hybrid genetic algorithm based on the proposed numerical method
has been developed.

4.  The efficiency of application of evolutionary algorithms in combination with an
exhaustive search and parallel computations for the optimization of the design of flexible
road pavements in terms of value of materials of layers has been substantiated.

5. Using the parallel computing technology, an original software has been
developed, which includes the proposed mathematical model and an algorithm for
searching the optimal design of flexible road pavements.
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