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�eosynthetical materials in designs 
of highways in cold regions of far east

Sergey Kudryavtsev, Tatiana Valtseva, Elena Goncharova, Zhanna Kotenko,  
Anastasiya Peters, Semen Bugunov
Far Eastern State Transport University, Russia

Abstract

The results of scientific researches and engineering calculations of rational structures para-
meters of highways are presented in the paper. All the calculations and researches done were 
carried out relatively to a highway section in the Russian Far East. This road is being built in 
severe climatic and complex engineering and geological conditions. This is the area of per-
mafrost occurrences and widely spread deep season freezing. The usage of a geosynthetic 
integral two-axis gird in the structure allows to lessen considerably the volume of expensive 
hard mineral volcanic filling of high quality. Numeric modeling of the structure behavior was 
done using a programming geotechnical complex, an “FEM model”. This allowed to give a 
quantitative and qualitative assessment of freezing and thawing processes in conditions of 
annual cycle construction. Effective measures to provide operational reliability for the rational 
engineering solutions for highways in Northern territories of the Russian Far East were worked 
out on the basis of the achieved results.

Keywords: geomaterial, strengthening, modeling, deformations, permafrost soil, deep 

freezing, thawing.

1 Introduction

This work represents a number of engineering, scientific and applied calculation solutions. 
The goal of the given researches is a rational design of a highway using modern geotechnolo-
gies and promising geosynthetic materials that provide the necessary supporting power and 
operational reliability at the given loads and intensive traffic in complex engineering, geolo-
gical and severe climatic conditions of Northern territories of Russia. During the researches 
the numerical geotechnical modeling tests of stress deformed conditions under traffic loads 
as well as thermodynamic processes in an annual cycle of freeze-thaw were carried out for 
different variants of highway structures. To confirm the results of the theoretical researches 
a test ground was designed on the operating section of a highway under construction. The 
test ground had permanent points equipped with monitoring devices that were to measure 
the dynamic parameters of the structure under traffic loads. The engineering and geological 
conditions corresponded to those in the calculation researches. The tests of the pavement 
structure with an integral two-axis geogrid and less thickness of crushed stone layers were 
carried out. The field die, a loading device determining the supporting power of a road structu-
re, was used in the tests.

DOI:@ https://doi.org/10.5592/CO/cetra.2018.953
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2 Methods of numerical modeling 

2.1 Method of numerical modelling of stress-strain state 

The design geotechnical modeling was performed using software package “FEM models”, 
which was developed by geotechnical engineers from Saint-Petersburg. The elastic-plastic 
model with the yield criterion was used to describe the work of variable stiffness design. This 
elastic-plastic model was chosen because its parameters can be taken from existing material 
of engineering and geological surveys [10-17]. Numerical methods are in good corresponden-
ce with the traditional engineering methods of calculating the settlement in such formulation. 
They provide accurate description of deformations in structures. Figure 1 shows a scheme 
of determining the theoretical stresses in the elastic-plastic model of the soil. The ultimate 
stresses in the tension field are restricted by the tensile strength σ

p
. Area I in the tension field 

is restricted by the stress σ
3
 = σ

p
, while in the compression area it is restricted by the Coulomb 

strength criterion according to:
 �" ���

1 3
(1)

Where R
c
 is the uniaxial compression strength. 

The element stiffness matrixes and the ones for the whole system are formed once and stay 
the same in the procedure of elastic-plastic solution. The load is applied in small portions as it 
happens in its real sequence in nature. If the point M occurs within the limits of the elastic re-
gion I, it means the element is in the elastic state and there is no need to correct the stresses. 

[����	 
 Scheme of determining theoretical stresses in elastic-plastic model of soil

If the point M occurs beyond the yield behavior contour, the theoretical stresses are calcu-
lated in the following order. If the point of total stress occurs in the area II (the basic plastic 
zone), the theoretical point lies at the intersection of the plastic yield and the right line. If 
the point of total strength occurs in area III, the element breaks in the direction of the stress, 
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while the stresses go down to the level of the soil strength to the uniaxial compression. In 
the FEM Models program the natural stress state is substituted by the hydro engineering 
tensor for pressing the soil of the “characteristic volume” that is summarized with the actual 
stresses in situ:
 � �

r

, , ,1 3 1 3 1 3
(2)

The assumption reflects a real picture of the natural stress state in weak soils. The used met-
hod and the software package “FEM models” are developed by the authors for the projects 
under construction in Russia and the Far East. Application of the methods and approaches for 
the calculation and design of geotechnical structures using software package “FEM models” 
show its accurate and objective performance in the most rational calculations of geotechnical 
constructions.

2.2 Method of numerical modelling of freezing and thawing processes 

Investigation of the processes of freezing and thawing of the soil base of the thermopiles 
foundation is expedient to carry out the methods of numerical simulation. Numerical simu-
lation of the thermopile foundation in permafrost performed in the software package “FEM-
models”, developed by Geotechnics St. Petersburg under Professor V.M. Ulitskogo. Integral 
part of “FEM-models” is a program “Termoground”, which allows you to explore with the help 
of numerical simulation in the spatial setting processes of freezing, frost heaving and thawing 
in the annual cycle of the finite element method. General equation describing the freezing 
and thawing processes for a transient thermal regime in a three dimensional soil space can 
be expressed as following:

 
�� � � th( f ) V

T T T T
C q

t x y z

2 2 2

2 2 2
(3)

Where C
th(f)

 – specific heat of soils (frozen or thawed), J/kgK; ρ – soil consistency, kg/m³; T – 
temperature, K; t – time, c; λ

th(f)
 – thermal conductivity of soil (frozen and thawed), W/mK; x, 

y, z – coordinates, m; q
v
 – internal heat source capacity, W/m³. 

The core of a mathematical modeling of thermophysical processes in “Termoground” pro-
gram is the model of high ice, thawed and frozen soils offered by N.A. Tsytovich, Y.A. Kronik 
and V.F. Kiselev. The major factors determining the defined surface temperatures on the em-
bankment elements and the adjacent territory are the atmospheric air temperature and the 
heat exchange conditions between the air and the structure surface that depend on the wind 
conditions, solar radiation, evaporation, and others. The thermophysiscal characteristics of 
the roadway and roadbed soils in thawed and frozen states are taken in accordance with the 
SR 25.13330.2012 – Permafrost Foundation Engineering Standards.

3 Results of numerical modeling of stress deformed conditions and 
freeze-thaw processes

The elastic plastic model with the ultimate surface of Coulomb-Moore was used in the geo-
technical modeling of the structures. The original data was taken from the materials of engi-
neering geology studies. The studies of the stress deformed conditions of a non-reinforced 
highway (with crushed stone in a full amount) and a highway reinforced with a geogrid (47 % 
of crushed stone layers less), Figure 2. The maximum vertical deformations (buckling) on the 
surface of the highway are 1.44 mm (Figure 3). While the values of vertical live-load stresses 
under a wheel do not exceed 174 kPa that meet the long-term durability parameters of the 
pavement structure, Figure 4.
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[����	 � Design scheme of structure reinforced with integral geogrid of determining theoretical stresses in elastic-
plastic model of soil: 1) dense asphalt concrete; 2) porous asphalt concrete; 3) crushed stone and sand 
mixture; 4) crushed stone fractions of 5-40mm with a geogrid being laid on the surface of crushed stone 
mixture; 5) crushed stone mixture; 6) equalizer layer; 7) ballast ground; 8) light stiff ballast sandy loam

[����	 � Distribution of vertical deformations in rational structure, m

Figure 4 Diagram of vertical stresses in depth, kPa
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When solving thermodynamic problems on receiving a rational structure in the given operati-
onal conditions, the “Termoground” mathematical model was used to model numerically the 
freeze-thaw and freeze heaving processes in an annual cycle. The model is an integral part 
of “FEM-models” program complex. Modeling allows to take into consideration the phase 
transformation of water in the range of negative temperatures as well as presence of moisture 
as a result of its migration, Figure 5. The calculated values of heaving in a structure reinforced 
with an integral geogrid and the crushed stone layers being lessened do not exceed 27mm 
per year, Figure 6.

[����	 � Diagram of temperatures (ºC) and values of freeze and thaw (m) in the structure under research (the 
second decade of July)

Figure 6 Heave values with increasing totals in an annual cycle according to month decades in the reinforced 
structure
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4 The studies of structures on testing sections of the operating highway

This section of the highway is on the approaches to the bridge. The construction of the li-
ghtweight embankment of this section consists of expanded polystyrene and a geogrid, Figure 
7. To measure the effects of traffic in the layers of structures some pick-ups were installed in 
loading zones.

[����	 � The construction of the lightweight embankment which consists of expanded polystyrene

Figure 8 Testing cross section, devices and equipment

The received results followed their statistical processing were used for the comparative 
analysis with the numerical modeling data. The results of the analysis showed good conver-
gence. At present the measurements of stresses and the survey of deformations are going on 
at key points Mj (Figure 8). The direct estimation of supporting power of highway structures 
reinforced with integrated geogrids (with a non-complete layer of crushed stone) and non-re-
inforced ones (with a complete layer of crushed stone) was carried out to confirm the results 
of the studies. A standard device for loading the foundations, “Testing”, was used, Figure 9.
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[����	 �  “Testing”, the device for standard die loading

The studies showed that the original and rational structures provide the required durability 
of road pavement. The geotechnical modeling proved the values of elastic deformations and 
stresses in the designed rational structure do not exceed the required values for materials 
and structures in general. The calculated deformation values of frost heaving in the designed 
structure constitute no more than 70 % of the norm values during an annual cycle. The stress 
and deformation values measured in the field section in the designed rational structure and 
the calculated ones received in the numerical modeling converge well. That proves the the-
oretical prerequisites being reasonable for the studies. The results of testing the supporting 
power of the highway rational structure showed its required durability. The complex studies 
carried out during designing the highway structure with a geogrid proved the operational 
reliability of its elements in cold regions of the Russian Far East.
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