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Abstract

Introduction: Predicting possible and arising defects in pavement layers made of new construction materials is
an important task in the operation of any transport infrastructure facility. Purpose of the study: The study is aimed at
performing a literature review, regulatory and practical analysis of the road pavement structure operation, and analysis
of the operation of cement-containing pavement layers. The obtained results will be applied to pavements made with the
use of nepheline sludge in order to derive a general equation that will reveal insights into a model for the prediction of the
structure service life depending on various factors. Methods: The methodological framework of this study is information
on the theory and practice of predicting the service life of cement-containing pavement layers. The study is based
on the existing and applicable equations of mathematical models. Results: We analyze the operation of pavement
structures with respect to defects (macro and micro defects) formation as well as factors affecting the structure service
life. Dependence of the strain capacity on the modulus of elasticity of sludge ground and the bending strength as well
as dependence of the self-hardening coefficient on the structure service life are shown; factors affecting the structural
durability are noted. An overview of the equation for the specific strain energy of structural bonds in a composite material
is presented. We also derive a generalized equation of the service life of a structure taking into account a number of

factors and set a task solved at the development of models that are the closest to real conditions.
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Introduction

In the development of design and engineering
solutions, specialists in design, construction and operating
organizations that ensure the life cycle of roads shall
objectively predict, foresee and control possible and
arising deformations in the structure of road pavements
by means of existing tools of mathematical modeling and
other analysis methods. The majority of current methods,
equations and models are insufficient since they do not
completely take into account real parameters of the traffic
flow and ever-changing weather conditions, as well as
relevant parameters of moisture transfer and temperature
behavior in the road bed — pavement structure system.
As Nosov noted (1997), these parameters predetermine
the destructive nature of cement-containing surfaces
due to the gradual accumulation of microdamage. This
is applicable both to the road surface, reinforced road
foundation, and subgrade.

In another work (Nosov, 2013), the author emphasizes
the objective nature of a solution to the task of determining
the service life (7, ) of the road pavement. The actual
service life T is less than the estimated one (r,)

When new construction materials are used for
pavements, including nepheline sludge (NS, alumina
production waste) used in road foundations, it is important
to predict (calculate) the T value in pavement structure
development. While in case of traditional pavements, it is
possible to use T, for similar structures, then in order to
calculate 7, of pavement structures made using a new
material, it is necessary to study test road sections, which
is time-consuming and expensive. Therefore, it is required
to calculate T, using empirical equations confirmed by
laboratory tests that are similar to real processes.

Subject, tasks, and methods

The subject of the study is the self-healing ability
(recombination) of nepheline sludge and its positive impact
on the service life of road structures (Mukharryamov,
2017). The article solves the following tasks: analyzing
the state of application of nepheline sludges in the road
industry, taking into account their self-healing ability;
deriving a generalized equation to predict the service life
of road pavements made using nepheline sludges. In the
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course of the study, methods of planning univariate and
multivariate theoretical experiments were used.

Results and discussion

When determining the strength characteristics of
a road foundation made using sludge and subject to
intense impact from vehicles, it is necessary to take
into account the specifics of the behavior of a new type
of foundation, its physical, mechanical, chemical and
thermal properties. A typical road foundation has a
heterogeneous structure. This is due to the fact that
it consists of various construction materials (native
soils, native rock materials, crushed stone of various
sizes, gravel-sand mixtures, limestone, and others) that
interact with each other through friction and cementation.

As opposed to lean concrete, sand-and-cement mix,
and other cement-containing structural layers that are
highly brittle and hard, a layer made using nepheline
sludge is more elastic-plastic, characterized by high
crack resistance at dynamic loads from vehicles, and
hinders intense crack formation. Nepheline sludge has
special physical and chemical characteristics: the crack
resistance of rolled nepheline sludge whose brittleness
varies from 0.2 to 0.8 is conditioned by its specific
strain capacity (Mukharryamov, 2019a). This is due to
the shock-absorbing effect of sludge grains that have
significant microporosity (up to 30%) making it possible
to diffuse concentrated stresses at the tip of a subcritical
micro crack. The brittleness of nepheline sludge rarely
reaches 1.0. The crack resistance of nepheline sludge
is conditioned not by Griffith’s energy criterion but by the
strain capacity that controls the subcritical growth of main
cracks (Kalashnikov et al. 1995).

D compression

- sludge 1
Elaye;g ( )

where D is the strain capacity, [relative values],
R oression is the estimated value of tensile strength in

bending of a reinforced material in a layer of the road
structure or road bed, [MPa],

sludge
Elayer

[MPa).

Since the crack resistance of a layer depends on the
strain capacity, it is required to introduce a coefficient that
will record the loss of strength in a sludge ground layer
after temperature shrinkage.

Sludge slowly gains strength, hardens gradually, and
layers made with the use of sludge have a tendency
towards recombination (self-healing). S. N. Zhurkov
(Zhurkov, 1968) states that lean concrete, sand-and-
cement mix, and other cement-containing structural
layers do not possess an ability for self-healing after bond
breaking, as opposed to structural layers made using
nepheline sludge.

Self-hardening in time occurs due to the hydration of
the main component of nepheline sludge — B-dicalcium
silicate  2*(2Ca0O-SiO,). Self-hardening is a self-
induced increase in the strength of structural bonds in
a solid material during its use (Federal Road Agency
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(Rosavtodor), 2015). Conventional local and other stone
materials are cohesionless (discrete) materials that do
not have structural bonds between the particles, do
not resist tension and are destroyed under loading with
irreversible displacement. Nepheline sludge is subject to
the aggregation of smaller (less than 0.314 mm) grains
with large grains. There are natural and structural bonds.
Industrial Road Guidance Document ODM 218.3.043-
2015 (Federal Road Agency (Rosavtodor), 2015) suggests
introducing a special indicator — the predicted modulus of
elasticity of the foundation material (E).

E,=E, o @

where a is the self-hardening coefficient.

Using the value of the predicted modulus of elasticity
of the foundation material (£,), the value of the design
modulus of elasticity of the subgrade (E ,) and design
thickness (h,), the predicted total modulus of elasticity of
the road structure Ey,," after self-hardening is determined
according to Industrial Road Regulations ODN 218.046-01.

The relationship used for determining the self-
hardening coefficient, given in the corresponding
regulatory document (Federal Road Agency (Rosavtodor)
2015), is very important in the subsequent development
of the ideas, equations and mathematical model of V.
P. Nosov for the case of using nepheline sludge in the
structural layer of road pavements.

a =0.3642-In(T, ) +1.37 3)

where T is the service life of a road structure at the
moment of self-hardening coefficient calculation.

Thus, it is obligatory to take into account the self-
hardening coefficient (equations (2) and (3)) when
presenting or supplementing the equation used to predict
the service life of pavements using sludges.

Sludge represents a structure-forming material in the
foundation layer made of a mix of crushed stone and
local stone materials, where the upper part of the layer
can resist shear and bear vertical loads. This leads to an
increased service life of the whole pavement.

The above specifics of nepheline sludge used in
layers of road structures should be taken into account
when determining/clarifying/updating the service life of
composite road structures (Mukharryamov, 2019b).

Before describing the model for the prediction of the
service life of pavements with nepheline sludge, which will
be used to make a hypothesis about the service life, it is
necessary to find the sources that negatively affect the
pavement structure in general and determine due to what
factor the destruction occurs.

Factors that affect durability (D) and have a random
impact on the structure as a whole are as follows:

1. heterogeneity of materials;

2. increased stresses in composite materials due to
various origin of components, which leads to microdamage;

3. alternating moisturization/drying, freezing/defrosting;
precipitations; air humidity;

4. solar radiation;

5. rapid changes in temperatures; air temperature;
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6. impact of osmotic pressure; cloud amount; wind
speed;

7. highly scattered loads from vehicles.

When determining the service life of a pavement, it is
necessary to take into account all the above factors to the
maximum degree. The research conducted by V. P. Nosov
and S. N. Zhurkov to derive the equation to calculate the
pavement service life can be used as the basis for the
model.

According to the theses and equation suggested by
S.N. Zhurkov (1968), the relationship of durability 7 (time)
and o (stress) from T (temperature) is as follows:

V,-n-c 4)
t:T -exp- -0 "
o €xXp-( R_T )

where 7, is a constant, [~10-13],

R is the Boltzmann constant, [~1.38:10-16 erg/degree],

T is temperature (degrees),

n is the coefficient that characterizes the structure
and homogeneity of the material (sludge ground layer,
sludge-and-crushed stone layer) and is important for the
consideration of special nepheline sludge properties,

¥, is the potential barrier (energy that brings breakup
of atomic bonds).

In a loaded body under the effect of tensile forces,
the potential barrier V, will decrease, and the fluctuation
energy will start gradually breaking up the structural
bonds, creating micro-cracks. The specific strain energy,
i.e. the energy to be spent in order to destroy the structure
of a layer in the process of its deformation to a certain
degree, can act as an indicator of the destruction of
structural bonds (Zadneprovskiy, 2016). In terms of math,
this indicator is expressed as the ratio between the energy
and the volume where structural bonds are destroyed:

A===0-¢ (®)

where 4_is the specific strain energy,

A is the deformation energy,

V is the volume of the deformed layer,

o is the ultimate stress,

¢ is the relative strain.

Presumably, if the load decreases further, the time
spent for the accumulation of structural failures and
occurrence of this type of deformation will increase. In this
case, the total specific energy spent for the destruction of
the layer structure will consist of the sum of the energies
spent at each change of temperature (the temperature
factor that affects the pavement service life is taken into
account):

AszzAsizzci.gi (6)

The above is in line with the concept of the “damage
degree” introduced by V. P. Nosov (Nosov, 2013). In lean
concrete, sand-and-cement mix, and other cement-
containing layers, damage is accumulated gradually. This
process results in micro-cracks. The length of micro-cracks
grows until a certain moment when they become a single
micro-crack. At the place of its origin, stresses increase.
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It is a so-called stress concentration, which accelerates
the further growth. Crack development leads to pavement
destruction. Such a process of the gradual accumulation
of defects under the effect of alternating stresses is called
cyclic fatigue of cement-containing layers of the pavement
structure. In cement-containing layers, large cracks and
cracks growing in width (when the process has ended)
develop along a weakened section (with the maximum
stress-strain state). It should be noted that in sludge, due
to slow gain in strength, small cracks (when the process
continues) reform concrete till its maximum strength, and
destruction of concrete starts only after that.

The process of sludge strength gain due to the
dynamic effect of the load and compaction together with
the development of micro-cracks each time a vehicle
passes the pavement leads to sludge activation and layer
reformation (slow and gradual) until the formation of a
finely grained sludge-and-concrete mix. Two processes
occur in sludge after the paving and one-year operation:

1. gradual crack formation;

2. crack healing in parallel to the first process.

The above processes are directly reflected in the
equation and model to calculate the pavement service
life since the components of nepheline sludge activation
and the factor of dampened crack growth will be taken
into account.

In accordance with the theory suggested by
V. P. Nosov (Nosov, 1980a, 1980b) and cyclic fatigue of
cement-containing layers of the pavement structure, the
level of the stressed state in a cycle (p) depends on the
relationship between the maximum stress at single loading
and the ultimate strength at single loading.

— Fmax 7

Io} » (7)

There is a stable correlation between the level of

the stressed state and the number of cycles before the
destruction of a sample (N):

O
N=F.(im)=F.p 8
(R) (8)

where Fis the coefficient characterizing the relationship.

The number of cycles depends on the load cycle
characteristic, and the load cycle characteristic is the o, /
o, ratioin a cycle.

Stresses caused by loads from the movement of
vehicles, which occur in structures, vary since the traffic
flow consists of different vehicles with different carrying
capacity, different axle loads, different position of the
wheels relative to the road edge, different condition of the
subgrade, road surface temperature, etc. This is why the
value of tensile stresses in an arbitrarily fixed moment t
is random, i.e. the function of stress changes in time is
random.

In order to find N (the ultimate number of cycles of loads
for a pavement that is in a stressed state characterized by
an arbitrary random function), defects should be summed.

"N, ©)
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where N, is the cycle of load application (determined by
means of the stress-cycle diagram), «. is a single defect.

The process of layer (primarily, surface) destruction
can be represented as a process of the accumulation of
single defects caused by each cycle of application of axle
loads from vehicles moving on the road (cumulative model
by V. V. Bolotin) (Bolotin 1981).

The damage degree according to V. P. Nosov is as
follows:

C
D:Za[
i=1

where C is the number of repeated loads for a certain
period of time.

Therefore, at D<1, we observe pavement material
behavior without destruction; at D=1, the material is
damaged since the threshold value of N is reached.

Equations (9), (10) make it possible to predict the
performance of road surfaces and foundations. The more
D) approaches 1, the faster the destruction of the road
surface will be and the less residual performance the
pavement structure will have at this point in time.

One of the conclusions made by a number of experts
(Nosov, 2013) is as follows: the width of a cement-
containing layer (slab) is the most important factor that
predetermines cracking and 7, . This should be taken into
account when designing composite pavements.

Foreign authors suggest an equation that accurately
determines the value of cracking (C), which directly
depends on vehicles (the number of wheel loads with the
load per wheel of 4.082 t) and the slab width:

(10)

where N is the number of interactions between the
pavement and the wheels,

His the slab (layer) width, in inches (1 inch = 0.0254 m).

The foreign scientists derived this equation through a
number of experiments and analysis of previous experience,
but with different climate conditions. That is why, when
this equation is used to calculate the pavement service
life in Russia, it is necessary to introduce some adjusting
factors or clarify the equation due to: | — heterogeneity
of the materials and soils comprising the subgrade and
pavement, Il — variability of climate conditions during road
operation, and Il — traffic flow parameters, which lead to
the fact that we have to predict 7, on the basis of many
formalities and assumptions (Nosov 2013).

It would be insufficient to use traditional equations to
determine the service life of road pavement in terms of its
reliability since they do not completely take into account
parameters of the structure, physical and mechanical
properties of the materials and soils comprising the
subgrade, and natural features of the road location.

In his paper on the analysis and consideration of the
dynamic interaction between concrete road surfaces with
the road foundation, V. A. Chernigov (Chernigov, 1963)
presents an equation to determine the limit number of
impacts:
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6-P-(0.0592-0.09284-1g 1)
IgN =(R K, - L.

H
IgN,
R'(Kl _Kz)

(12)

where R is the ultimate tensile strength in bending, MPa;

K, is the endurance limit corresponding to one load
cycle, K, = 0.45,;

P is the mass of the vehicle affecting a wheel, t;

ris the radius of a circle equivalent to the vehicle wheel
imprint;

L is the elastic response, which is calculated using the
following equation:

L=H-3 £
6-E,

N, is the base number of cycles when determining the
endurance limit.

The widely-known equation, suggested by foreign
scientists after a number of new experiments AASHO
conducted in 1962, should be taken into account (Fenves
et al., 1962). This equation empirically calculates the limit
number of axle impacts on the layer N depending on the
value of cracking C:

(13)

lgN=4.7+0.5-1gC —
2-P

~2.62-1
&4

)+4.84 14

254
where P is the mass of the vehicle affecting a wheel, t;

C is the length of cracks relative to 100m? of the road
surface, m;

H is the thickness of the road surface, cm.

The equation referenced by V. A. Kudryavtsev
(Kudryavtsev et al., 1973) is also important. It takes into
account the difference in temperatures at the top and
the bottom of the road surface (different temperature
stresses):

6-P-(0.0592-0.0928-1g )

N= _ -
1.08-R-H

_ E-aAT _(C4pC)
2.16-R-(1- i) ’

(15)

where a is the coefficient for the longitudinal expansion
of concrete (in our case, sludge ground / sludge-and-
crushed stone mix foundation/surface);

AT is the difference between the temperatures at the
top and the bottom of the slab (the same goes for sludge
ground / sludge-and-crushed stone layer);

E, 1 is the modulus of elasticity and Poisson’s ratio
for concrete / sludge ground / sludge-and-crushed stone
layer;

C.and C are the coefficients that depend on the ratio of
the Iength and width of the slab and the elastic response.

This is why it is necessary to take into account
processes affecting the pavement service life to develop
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a model to predict the service life of road pavement made
using nepheline sludge.

Itis reasonable to divide all the factors into the following
three groups: traffic flow parameters, weather conditions’
parameters, and structure parameters representing
vector projections. Traffic flows have different speeds
and different distances from each other. We introduce the
following parameters: vehicle type, wheel arrangement,
weight distribution on axles and wheels, pressure in tires,
speed, lateral position, distance between vehicles.

Weather conditions include solar radiation, air
temperature, cloud amount, precipitations, air humidity,
wind. Structure parameters characterize the shape
and size of the structure elements (road surface, road
foundation, subgrade, road bed), as well as the properties
of the materials and soils used in the structure. It should
be emphasized that under the influence of weather
conditions, the structure parameters change, and these
changes are so important that stresses caused by vehicle
loads can change manifold.

Heterogeneity of a pavement layer occurs due to
technological mistakes (insufficient mix compaction,
failure to comply with the time limits for curing the mix until
compaction, maintaining a new layer after the paving, etc.).

Conclusions

A pavement layer made using nepheline sludge
is characterized by specific strain capacity and crack
resistance. Strength is gained slowly. Sludge ground
layers of pavement structures have a self-healing
advantage in comparison to cement-containing layers.
These advantages of sludge ground layers increase the
pavementservice life in comparison to lean concrete, sand-
and-cement mixes, and other cement-containing layers.

DOI: 10.23968/2500-0055-2020-5-3-63-69

As a result, the service life remains an important
indicator of road structure operation. It can be represented
in the form of dependence from various factors (a general
equation).

T, = f(nn;T°CW; P) (16)
where n is the homogeneity of the material,

n, is a change in stresses occurring in the structure
during its operation taking into account the process of
nepheline sludge self-healing,

T°C is changes in the air temperature,

W is the water and temperature conditions of the
structure;

P is the dynamic load from the traffic flow.

As for the impact of other factors on the pavement
service life, further research of their application to sludge
ground layers of pavement is needed.

The main purpose of this study is to address the matter
of determining the pavement service life with account for
the specifics of nepheline sludge as it is in the structure as
a binder (matrix) for local stone materials.
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AHHOTauuA

[MporHo3mMpoBaHMe BO3MOXHbIX W 3apoxparwuxcs AedeKToB, B KOHCTPYKTUBHbLIX CMOSIX AOPOXHbIX
OAex[, YCTPOEHHbIX W3 HOBbIX CTPOUTErNbHbLIX MaTepuanoB, BadHas 3agada npu akcnnyatauuu nwboro
obbekTa TpaHCNOpTHOM WHMpaAcTpykTypbl. Llenb uccnepoBaHua: [poBecTn nuTepaTypHbIA, HOPMATUBHbBIA U
npakTUYeCcKnin aHanua npouecca paboTbl KOHCTPYKLUUN OOPOXKHOW ofaexabl. AHann3 paboTbl LLeMeHTocoaepXaLlmx
KOHCTPYKTUBHbIX CroeB. [onyvyeHHble pesynbTaTbl NEPEeHEeCcTU Ha KOHCTPYKUMU OOPOXKHbIX OAeX, YCTPOEHHbIX C
npuMeHeHnem HedenuHOBOro LwWwnama Ans gopmMmupoBaHusa GopmMynbl obliero Bmaa, koTopas AaeT NOHMMaHue
MOAEenM MNPOrHO3MPOBaHMSA Cpoka CNYyXObl KOHCTPYKUUMM B 3aBUCUMOCTM OT pasnuyHbix daktopoB. MeTtoabi:
MeToponornyeckas OCHoBa [AaHHOro MccrnegoBaHus npeAacTtaBnset u3 cebsa 6asy nHhopmaumy nNo NONOXEHUAM
TEOpUM N NPAKTUKU Pa3BUTUSA MPOrHO3MPOBAHMS CPOKOB CryXbbl LieMeHTocoAepXKallnxX CroeB AOPOXHbIX OAexn,.
B nccneposaHuy 3a 0CHOBY NPUHMMAINUCK YXKe CYLLeCTBYOLWME U NPUMEHAeMble (PopMynbl MaTeMaTUYECKUX MOAENEN.
PesynbTathbl: [MpoaHanu3vpoBaHa paboTa KOHCTPYKUMA OOPOXHbIX OAexA Ha npeaMeT obpasoBaHusa AedeKkToB
(Makpo- 1 mukpogedeKkTbl ), @ TakKe Ha NpeaMeT BNusSLWMX akTopoB, Ha CPOK CIy>KObl KOHCTPYKLUMK. NokasdaHa
3aBUCMMOCTb 0edOpMaTUBHOCTU OT MOAYNSA YNPYroCTU LINaMOrpyHTa U BEMWYUHbI COMPOTUBNEHNSA PACTSXKEHUIO
npu mnsrnbe; npueBefeHa 3aBUCUMOCTb KOIUUMEHTa CamOynpoOYHEHUS OT CpoKa Cry>Obl KOHCTPYKLUUK; Takxe
OTMeYeHbl hakTopbl, BMSAIOLIME Ha ONTOBEYHOCTb KOHCTPYKLMK. OB630p dhopMynbl yaensHOM aHeprum gedopmauinm
CTPYKTYPHbIX CBA3eN B KOMMNO3MTHOM MaTtepuane. BoiBeaeHa 06obweHHasa popmyna cpoka cnyx6bl KOHCTPYKLMK C
y4yeToM psiga BNuSLWmMX pakTopoBs, a Takke NnocTaBrieHa OCHOBHas 3ajava, pewaemas npu paspabotke mogenewn
B6onee BM3KMX K peanbHbIM CUTyaLUAM.

Knro4yeBble cnoBa

HedenvHoBbIV WnaMm, NpOrHo3MpOBaHWE CpOKa CryXObl KOHCTPYKUUW, AOPOXHas oaexga, AOMroBeYHOCTb
KOHCTPYKUUKN, camo3arneymBaHne, CamoymniioTHEHNE, MUKPOTPELLMHbI, MeAMeHHbIN Habop NPOYHOCTHN.
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