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Abstract. The current state and progress of the technology and science associated with the reuse and
recycling of the tyre rubber worldwide in the road industry compels to study more thoroughly high and low
temperature performance of the road bitumen modified with rubber crumbs, permitting to understand influence
of the temperature, rubber grain size and mixture bitumen-rubber modification on the composite strength and
sustainability. Below, these issues are studied taking into account the peculiarities of the thermomechanical
properties of rubber associated with its low rigidity when changing shape, practical incompressibility when
changing volume, and low (zero or even negative) coefficient of linear thermal expansion.

The purpose of the study is to determine the reasons leading to a violation of the strength of asphalt
concrete materials with admixtures of rubber crumb. For this purpose, the influence of the incompatibility of
thermomechanical characteristics (moduli of elasticity, Poisson's ratios and coefficients of thermal expansion)
of bitumen and rubber on the concentration of additional internal thermal stresses in the system caused by
seasonal and daily temperature changes is analyzed.

Using the relations of the theory of thermoelasticity, a mathematical model of thermal deformation of
crumb rubber in a bitumen medium has been constructed. With the possibility of complete and surface
modification of rubber with bitumen, solutions for three-phase media are constructed, which make it possible
to trace the influence of the parameters of each phase on the thermal stress fields in the system. It has been
established that additional thermal stresses in bitumen, due to the thermomechanical incompatibility of the
physical parameters of the phases, are concentrated in the zone of its contact with the surface of the rubber
crumb and can cause defects and chippings in it. The influence of the effect of modifying rubber crumb with
bitumen and of the depth of its penetration into crumb of different sizes on reducing thermal stresses in the
system and increasing its sustainability is considered.

Keywords: asphalt concrete material, rubber inclusions, incompressibility of rubber, thermal stress
concentrators, modified rubber.

Introduction
At present, the problem of rubber production waste disposal, in particular, rubber tires of cars, is
becoming more and more acute in the world, since during their burial and open storage, air, wastewater and
soil are polluted with harmful and toxic products of their decay [1,2,3,4,5,6]. One of the trends in this direction
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is associated with the possibility of using crushed rubber as an additive in asphalt concrete pavement material
[7,8,9]. The first experiments to create such materials were carried out long ago. Pilot sections of roads and
airfields with crumb rubber have been built in various countries and regions. At first, they showed rather high
characteristics, their increased crack resistance, water resistance, a decrease in the level of vibrations and noise
on them, a decrease in braking distance, etc. However later, this material began to show itself from the negative
side, inasmuch as such mix proved to be exposed to fast ageing, disintegration and destruction. As this took
place, rubber crumbs, not bound to bitumen by strong bonds, crumbled from the coating and were carried by
the wind almost unchanged, polluting the surroundings.

To eliminate this drawback, the crumb began to be modified before introducing it into bitumen to form
a developed interfacial layer at the “rubber crumb — bitumen” phase boundary and increase the adhesion of the
binder to the mineral components of asphalt concrete [10,11,12,13]. The bitumen and chips modified in this
way are a homogeneous mixture of oxidized road bitumen with fairly fine crumbs from general-purpose
rubbers subjected to special chemical treatment during the manufacturing process. In this case, the rubber
particles do not completely decompose and do not dissolve, but are associated with the bitumen components
by strong, but rather flexible chemical bonds and show their qualities even in the composition of a new
material. In so doing, the grains sizes are no more than 1 mm, and by volume, they usually occupy 5% - 7%
of the total volume of the mixture. At the same time, attempts to increase the grain size (up to 1 cm or more)
and the volume percentage of the mixture (up to 20% or more) usually led to a negative result. Apparently,
this is due to the special thermomechanical properties that rubber has (as a hyperelastic material) and the role
played by a thin interfacial layer on the surfaces of small and large grains of inclusions when the temperature
of the system changes [14, 15,16].

Note that rubbers usually have a low modulus of elasticity (£ =1+10MIlIa ), but a very large Poisson's
ratio. So, for most unvulcanized rubbers, it is equal to v =0.5, for vulcanized rubbers, it is v =0.48+0.5.
Therefore, during deformations of the rubber body associated with a change in its shape, rubber is characterized
by very low rigidity and high elasticity. This property manifests itself under uniaxial and biaxial force loading
of rubber bodies, as well as during their shear deformations.

When trying to deform rubber with a change in its volume, but with the preservation of its shape, it is

characterized by great rigidity, since v = 0.5 . Then, its volumetric module of elasticity K = E / (3(1 - 21))) =00

and this material becomes volumetrically absolutely rigid. Therefore, from an engineering point of view,
rubber is considered as an incompressible material [17]. This property is typical for its three-dimensional
thermally stressed deformation under temperature changes in a limited volume and triaxial force effects,
leading to all-round compression. As shown below, the incompressibility of rubber does not allow it to
elastically compensate for thermal deformations of bitumen, due to which additional thermal stresses arise in
it. Owing to the fact that an interfacial compressible layer of small thickness is formed on the crumb surface
upon contact with bitumen, it relieves thermal stresses to some extent due to its own compliance at small crumb
sizes. On large inclusions, a thin pliable layer cannot compensate for their rigidity and large thermal stresses
are generated on their surfaces, which lead to local plastic deformations, defects and cracks in bitumen.

To these characteristics of rubber, one more feature must be added. The fact is that even at moderate
temperatures, its coefficient of thermal expansion varies over a wide range, taking zero and even negative
values. At the same time, at high temperatures (150° C and above), its coefficient of thermal expansion due to
the formation of vapor-filled pores in it is an order of magnitude greater than the values of this coefficient of
other materials [18, 19]. Such incompatibility of thermomechanical parameters of bitumen and rubber is an
additional factor contributing to the concentration of thermal stress on the contact surfaces of bitumen with
large rubber inclusions and their delamination. To study these effects, based on the theory of thermoelasticity,
a mathematical model of the thermally stressed state of an asphalt concrete medium with spherical rubber
inclusions under the action of temperature disturbances was developed, constitutive differential equations were
formulated, and their closed-form solutions were found. An analysis of the constructed thermal stress fields
made it possible to establish the main features of the origin of additional latent microdefects in a composite
material reinforced with rubber crumbs.
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When evaluating the constructed solutions, it must be taken into account that they are obtained by using
the methods of the theory of elasticity, while bitumen and rubber are viscoelastic materials. Therefore, these
solutions, although they reflect the obtained features of deformation of their combination, should be refined
when calculating real road coatings. Such solutions improvement can be performed using the principle of
correspondence of solutions to the problems dealing with the theories of elasticity and viscoelasticity,
described in the works by L. Khazanovich [20] and G.H. Paulino, Z.-H.Jin [21].

Thermally stressed state of asphalt concrete material with spherical rubber inclusion
To establish the general peculiarities of distribution of thermal stress fields in a bitumen medium with rubber

inclusions, we will use the model of a spherical elastic body 1 of radius 7, bound on its surface =7 with
elastic medium 2 (Fig. 1), for which the radius 7, on the outer boundary spherical surface can take infinitely
large values.

2r,

Figure 1 — Diagram of a spherical elastic inclusion 1 in an elastic medium 2
Pucynox 1 — Cxema cepraHOr0 MPY>KHOTO BKIIOUEHHS | y MPY>KHOMY cepeoBHILi 2

Let us consider the thermoelastic equilibrium of the system, when its temperature at all points changes
stationary from O to 7 . Let the thermomechanical properties of body 1 and medium 2 be characterized by the

values of their moduli of elasticity £, and E,, Poisson's ratios v, and v, and coefficients of their linear

thermal expansion ¢; and «,. We will describe the thermal deformation of the system in the spherical
coordinate system Or@ , origin O of which coincides with the center of body 1 (Fig. 2).
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Figure 2 — Diagram of a spherical coordinate system
Pucynok 2 — Jliarpama cepudHOT CHCTEMHU KOOPAMHAT

The deformed state of the elastic system in these coordinates has the property of central symmetry, so
its equilibrium is described by two equations [22,23,24,25]
do?” . 20" — O';i) oy
dr r
0 __a)

,0,  are the normal stresses on the corresponding elementary areas r = const,p = const ,

=0 (i=12), (1)
where o\, 0,

6 =const inbody 1 at i=1 and in medium 2 at i =2. They are expressed in terms of the components of the
() _ 0).

relative strain tensor &, g, =&
_ E (1-v,) - 2E, : E,
(i) _ i i (i) iU; 0 _ i T
7 T o) (m20) " T (m2) T (1m2)

)

() _ () _ L, 0 ; O__Zi o7 (i=12
=0 o) (-20)” ey i—2)” (e2o) ! (=42

It must be emphasized here that on the right-hand sides of these expressions, all terms in the
denominators contain the factor (1—21)1. ) Since for rubber v = 0.5, all these terms are divisible by a small

value, which already at this level introduces a peculiar specificity of the thermomechanical behavior of rubber.
The strains used in Eqgs. (2) are determined through the radial displacement u
(i) ()
() _ du (0 _ U i
gV = , eV =—-, i=12). 3
' dr o ( ) ®
Using these equalities, we reduce Egs. (2) to the form
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O'(l)(r): E(1-v) du . 2Eu, u K o
' (1+v)(1-2v) dar (1+v)(1-2v) r (1-20) "’ @
(@) (i)
(i) — 40 Ly, du E, u' K T (i<12
% =% Tlro)(1-20) dr  (+0)(1-20) r (1-20)" (i=1.2).
After substituting Egs. (4) into Egs. (1), we obtain the equations
2,.(i) (i) .
dL.}.%du__iu(’) (121,2) (5)

ar’ r odr 1’
Let us bring them to a form convenient for integration

d 1 d 2 (l) } .
—| - =0 (i=12). 6
dr {r dr (r ! ) (l ) ©)
System of Egs. (6) has a solution

u (r) = rCl(l) + !

2
r

u® (r) = rCl(z) + %ng) (r 2 ),

G’ (r<n).
(7)

where ", ¢!, ¢, C|? are the constants that are determined from the boundary conditions at 7 =0 and

r, — o and conjugation conditions for solutions (7) on the surface »=7. These conditions look like:

u(0)=0, (8)
u(l)(r])zu(Z)(rl)’ 9)
o' (r)=0 (), (10)
o' (r)—>0atr, > (11)

It follows from Eq. (8) that the existence of function ul) (r) in Egs. (7) is possible only when
c =o. (12)
Using Egs. (4) and (7), we represent the functions Gfi) (r) , O'S) (r) , af;') (r) , presented in Egs. (10)
and (11), in the form:
0) E, 0) 2E. (0) E.

=— i cW__—Zi cW__Zi 4T,
=S ) )™

D_go B 0, B 0 & -
o’ = = C+ - al (i=12).
v (1-20) "t P(1+o) ? (1-20) (i=1.2)
Then, to fulfill conditions (11), it is necessary that the sum of the first and third terms on the right side

(13)

of expression Gfi) (r) with i=2 be equal to zero. This is possible with
C?=q,T. (14)

Constants C") and C{?) are found from conditions (9) and (10). Let's rewrite them in the form:

1
rlcl(l) ZECy) +ra,T,
E | E 2E E (1)
—1 Cl(l) ———al=——"— ng) -——a,T.
(1-20)) (1-20)) R (1+v,) (1-2v,)

From this system, it follows:
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b (1+0,) T +2E,(1-2v,)a,T
1 E (1+v,)+2E,(1-2v,)
o) _ RE (1+v,)(e,—a,)T
' E(1+v,)+2E,(1-2v)
With the help of Egs. (12), (13), (16) with i=1, find thermal stresses Gﬁl)(r), 0(1)(r), Gg)(r) in

4

b

inclusion 1

o) (r) =0 () =) () = el 2 et )T

( )_E1(1+uz)+2E2(1—2ul) (r<n). a7

Radial thermal stresses sz) (r) in medium 2 are calculated using Egs. (13), (14), (16) with i =2
25 EE,(a,-,)T

r E(1+v,)+2E,(1-2v,)

Thermal stresses 0'2,2) (r) , Jéz) (r) in medium 2 are calculated on the basis of Egs. (4), (14), (16) with

O'fz)(r)z

(rzn). (18)

i=2

3
O O i EE(a-a)T
% (r)=os (r)== E (1+0,)+2E,(1-2v,)

(rZrl). (19)

From Egs. (17), (18), it follows that, in accordance with condition (10), the radial stresses O'El) (r) in

body 1 and O',(,z) () in medium 2 on the contact surface =1 are the same. In addition, in the medium 2, stress

052) (r) is twice the stresses 0'(;) (r) , o*éz) (r) and they all decrease along the radial coordinate in proportion
to the cube of the distance from the center of body 1 to the point in question. Note also that all stresses in the
system are proportional to the difference (a2 - al) and product £\ E, .

Egs. (17)-(19) are essentially simplified if v = 0,5 . Then we have

2F - T
A (r)=al )=o) () <2,
3 _
B e G LA (20)

r I+v,

r3E a, —oa )T
o (r) =t (r) =1 Bl =)
2

(r=1n).

In this case, the rubber inclusion behaves like an absolutely solid body and, therefore, thermal stresses
(20) do not depend on its modulus of elasticity £, .

The obtained Eqgs. (17)-(19) and (20) allow us to establish the main features of the influence of
additional thermal stresses in a bitumen medium with rubber inclusions on its thermal sustainability. At the
same time, it is necessary again to pay attention to the significant thermomechanical incompatibility of rubber
and bitumen. In the general case, their properties can vary over a wide range depending on their physical and

mechanical structures. Below, in the analysis for rubber, we use the values E; =1+10MPa,
v, =0.48, 0.49 and 0.5, &, =0, although even at moderate temperatures ¢; may be negative. For bitumen we
accept E, =3000 MPa, v, =0.25, a, =2.3-107* 1/ °C.
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With such values of the initial parameters and 7 =30°C, using Eqs. (17)-(19), we obtain
3
o (r)=cl (r)=0} (r)=(03414+3.1245) MPa (r<n), afz>(r)=f—3(o.3414+3.1245) MPa,

3
0;2) (r)= ol (r)= —%(0. 1707 +1.562) MPa (r > 1,). Here, the first values in parentheses correspond to the

case E, =1 MPa, the second ones — to the case £, =10 MPa.
Graphs of these functions for £ =10 MPa are shown in Fig.3.

MPa

Figure 3 — Function distribution graphs Gfi) (r) and ag) (r) (i=1,2) in the rubber-bitumen system for the
case E, =10 MPa

Pucynox 3 — Tpadixu posnoainy dynkuiii o (r)i o) (r) (i =1,2) B cucremi ryma-6itym s

r 4

Bunaaky E, =10 Mlla

As can be seen, in a bituminous medium, the functions O',(,z) (r) , 0'5,2) (r) , o*éz) (r) are concentrated on

the contact surface 7 =#, and decrease in inverse proportion to the cube of the coordinate 7. At the same time,
in the zone of its concentration, even at a low value 7 and zero ¢, these functions are in the zone of limit
values for bitumen, which are [o,, | =3+8 MPa with a time duration of 0.1 s. and temperature 7 =5+10"C.
In reality, with prolonged duration of temperature disturbances and large intervals of temperature change, the
values [0, | may be much lower.

An important issue is the study of the effect of rubber super rigidity, determined by the coefficient v,
on the concentration of additional thermal stresses in bitumen. Table 1 shows the values of thermal stresses
o' =6, o (r) and a7 (1) at v, =0.48, 0.49 and 0.5.

It follows from these results that with increasing v, additional thermal stresses in bitumen increase

rapidly, and at v, =0.5, when the rubber becomes absolutely rigid, they greatly exceed its [o,, | -
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Table 1 — Values of maximum thermal stresses at various values of the coefficient v,

Taonuys 1 — 3HaueHHS MaKCUMAaJIbHUX TEPMIUHHUX HANpPy>KeHb IIPHU Pi3HUX 3HAYEHHAX KoedillieHTa U,

Eo |y [Wa| B | | 10a | ol=0). | o). | ().
MPa 1/ °C MPa 1/ °C MPa MPa MPa
10 | 0.48 0 3000 | 0.25 2.3 1.6396 1.6396 —0.8189
10 | 0.49 0 3000 | 0.25 2.3 3.1245 3.1245 —1.5623
10 | 0.50 0 3000 | 0.25 2.3 33.120 33.120 —16.560

As a result of the calculations performed, it can be assumed that in a small neighborhood of the rubber
inclusion, bitumen (or asphalt concrete) is constantly in the critical or overcritical state, which leads to a
decrease in its thermal sustainability, the formation of hidden local defects in it, and under the action of
transport loads, to provoking delamination and chipping rubber inclusions. In this regard, a positive role is
played by the practice of modifying bitumen with small rubber particles, on the surface of which, because of
additional chemical treatment, an intermediate layer with enhanced mechanical properties is formed. It is
obvious that this positive effect may not manifest itself on larger rubber inclusions. In this regard, the question
of studying the thermally stressed state of a rubber inclusion with an additional elastic coating is of interest.

Modeling the thermally stressed state of a rubber spherical inclusion with an elastic layer

Consider the case when a spherical rubber inclusion 1, covered with a shell 2, is in a bituminous medium
3 (Fig.4).

Figure 4 — Scheme of a spherical inclusion 1 with a spherical interlayer 2 placed in an elastic medium 3
Pucynox 4 — Cxema cepruqHoro BKIoUeHHs 1 31 chepuvHOI0 MPOIIAPKOM 2 Y IPYKHOMY CepeloBHII 3
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Body 1 is bounded by a spherical surface of radius 7, layer 2 is limited by two surfaces of radii 7 and

r,, medium 3 — by two surfaces of radii 7, and . It is assumed in the calculations that r, —>co. The
thermomechanical properties of this system are characterized by the parameters £,, v., «, (i = 1,_3) at the

same temperature 7 .

The thermally stressed equilibrium state of this three-phase system is described by three equations of
the form (1)
() _ )

do® 20 -0l -0,

+
dr r
in which, however, the index i runs through the values 1,2,3 corresponding to the body numbers 1,2,3.

For the system under consideration, Egs. (2) — (5) also retain their meaning for the values of the index

=0 (i=13), 1)

(i :1,_3) instead of (i =l,2). These equations can be reduced to a system of three equilibrium equations

expressed in terms of radial displacements ul? (i = 1,_3)

i{li(ﬁu”))}:o (i=13) (22)

dr|rdr
This system has a solution
u(l)(r)zrcl(l)erizCS) (rSrl),
u(z)(r)zrcl(z) +:—2C§2) (rl SrSrz), (23)
u(3)(r)=rC1(3) + ! Cf) (”1 SrSrz).

2
r

Six constants Cl(i) , C;i) , presented in these equalities, are found from six boundary conditions for
conjugation of functions (23) on contact surfaces

u(0)=0, (24)
u® () =u (1), (25)
ol ()= (1), (26)
e (r,)= e (1), (27)
o (r)=0(n), (28)
0'53) (r)=0 r, >, (29)
From Eq. (24), it follows:
cV=0. (30)

We rewrite condition (29) in the form

o ()= I SR BCIC N NP SV 31)

(1-20,) ' 5 (l+v,) (1-20,)
Its implementation is possible only with
E, c® - E, a,T =0. (32)
1-2v, 1-2v,
Then
CY=a,T (33)
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and

e (r) __ ENe.C) (34)

On the basis of Egs. (23), (30), (33), (34), we reduce Egs. (23) — (28) to a system of four algebraic
equations

1
- - —c® <o, (33)
7
B Loy 28 co B ogr B g (36)
1-20, 1-20, 7 (1+02) 1-2v, 1-2v,
1 1
e 4L L =ar, a7
2 2

2E
B w25 ooy 25 oo B
1-2v, r(1+v,) r (1+vy) 1-2v,
with four unknowns Cl(l) , Cl(z) , C;Z) , Cf) .
With the help of Egs. (35), (37), we express Cl(l) and Cf) through Cl(z) and C;Z)

c=cf+ L, (39)

n
P =rc? + P —ra,r, (40)
and exclude them from Egs. (36), (38). As a result, we obtain a system of two equations for two unknowns
C1(2)’ ng)

a,T (38)

E (1-2v,)-E,(1-20) oo, E1(1+uz)+2E2(1—201)C(2) _Eal EaT

(1-20)(1-2v,) P-20)(1+v,) °  1-20 1-20, @
E,(1+0,)+2E,(1-20,) . —2E2(1+u3)+2E3(1+UZ)C(2) _2Ea T  EaT
(1-20,)(1+vy) : 1 (1+0,)(1+0y) P 1+, 1-20,
Let us introduce the notations
E (1-2v,)-E,(1-2v)) E (1+v,)+2E,(1-2v))
a, = > an = 3
(1—21)1)(1—21)2) K (1—21)1)(1+1)2)
E,(1+v,)+2E,(1-2v,) 2E, (1+0,)+2E; (1+0v,)
ay = > dp = 3 (42)
(1-20,)(1+0y) s (1+0,)(1+0vy)
= E T — £, T, b2=2E3 T+ £, a,T.
1-2vp, 1-2v, I+v, 1-2v,
Then,
ba,, —a,b b,—b
c® = 29n "D c — 4D T Oy (43)
a,ay —dpdy, ayay, — dypy

Thus, knowing constants Cgl) , C1(3) and using Egs. (42), (43), we can calculate Cl(z) and Cf) , and then

the constants Cl(l) , Cf) by Egs. (39), (40). After that, with the help of Egs. (4) at i = 1,3 all thermal stress

functions Gﬁi)(r), O';f)(r), Gg)(r) at | :1,_3 are calculated.
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As an example, consider the cases where a small-radius 7, rubber inclusion modified in a bituminous
medium by chemical treatment and layer 2 of a spherical shell coating with a thickness of , —# =/ is formed
in it. Space r, <r <7, (at r - o) is filled with bituminous medium 3. We assume that the thermomechanical

properties of the rubber body 1 (El,ul ,al) and bituminous medium 3 (E3 ,1)3,053) correspond to the properties

of body 1 and medium 2 adopted in section 2 of the article. When setting the thermomechanical characteristics
of rubber crumb modified in a bitumen medium, we take into account that they can vary over a wide range
depending on the chemical additives used, the temperature and the technology of the modification process. For

this reason, when choosing the values E,,v,,a, of its characteristics, we assume that they can take some
intermediate values between the characteristics of rubber and bitumen and set them equal £, =50 MPa, while
v, and «, are equal to the arithmetic mean values of the quantities v;,&; and v;, ;. Then for unmodified
rubber E, =10 MPa, v, =0.49, ¢, =0, for modified rubber E, =50 MPa,v, =0.37, o, =1.15-10" 1/ °C,
and for bitumen E; =3000 MPa, v, =0.25, @, =2.3-10™" 1/ °C.. For these values, we consider two cases. In

the first case, the system is two-phase, in which the first phase (inclusion 1) is unmodified rubber, and the
second is bitumen 3 or modified rubber 2 (phase 1) and bitumen 3 (phase 2). The stress values for these
combinations are shown in Table 1.

It follows from this that for the combination i =1, i =3 with rubber inclusion 1, the special properties

of rubber associated with its incompressibility (v, =0.49) and zero value ¢, are fully manifested. For such

system at 7' =30’ C radial stresses o

I

() =3.1245 MPa in bitumen on the contact surface r =1, exceeded its

possible tensile strength [a] =3 MPa. This effect may be the cause of the observed in practice effect of the

crumbling of rubber inclusions from road surfaces. It should also be noted that in the summertime the
temperature of the coating could reach 60°C. Obviously, in such situations, the probability of destruction of
the coating with rubber inclusion increases even more.

The situation is greatly improved if the rubber crumb is finely dispersed and, due to this, it can be
completely modified in bitumen. This case corresponds to the second combination in Table 2. Then the
properties of incompressibility and zero thermal expansion of rubber are lost and the maximum values of radial

stresses in bitumen drop to 0'(3)(r1)=0.637904 MPa, which is perfectly acceptable. This can explain the

increase in the thermal sustainability of the resulting material to sudden temperature changes over time and to
its high-gradient inhomogeneity, as well as improved adhesion between different phases in the system
[2,8,19,22].

Table 2 — Values of thermal stresses in two-phase media

Tabnuys 2 — 3Ha4eHHs TEPMIYHUAX HAIPYKEHb y ABO(A3HUX CepeloBHIIAX

: & ‘c | ol =0 o (1) o)
l i Ui ai’l/ C O-r =0 ’MPa r 1) o (ﬁ),MPa
MPa 4 MPa 9
i=1 10 | 049 0
V237 3000 (025 23.00° 3.1245 3.1245 ~1.5623
i=2 50 0.37 | 1.15-107*
2123 [ 3000 025 2310 0.637904 0.637904 ~0.318952
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In the second case under consideration, the system is three-phase, in which phase 1 is unmodified rubber,
phase 2 is modified rubber, and phase 3 is bitumen. In this case, the ratio of the smaller radius # to a larger

radius 7, took on the values 7 /r, = 0.5 and 1 /r, = 159/160.
Ratio 7 /r, = 0.5 corresponds to the incomplete modification of rubber with bitumen, due to which a
layer with a thickness of 7, —7; =7, with intermediate properties £,, v,, «, was formed. For comparison, we

also consider an example when the dimensions of the rubber inclusion are not very small and therefore it was
possible to modify it only to a depth 7,/160. Thermal stress values in three fractions i =1,2,3 on contact

surfaces =7, and r =r, for the considered situations at 7 =30 C are shown in Table 3.

Table 3 — Values of thermal stresses in three-phase media

Tabnuys 2 — 3Ha4eHHs TEMIIEPaTypHUX HAIPYKeHb y TpH(A3HUX CepelOBHIIAX

h /”2 GEI) = GS) , 0'52) (r1 ) (75,2) (r1 ) , 0'£2) (r2 ) 0'(572) (r2 ) , 0'£3) (r2 ) , (75,3) (r2 ) ,
MPa , MPa MPa , MPa MPa MPa MPa
1] 05 1.1278 1.1278 0.58266 | 0.80108 | 0.73291 0.80108 —0.40054
159
2 T60 3.0451 3.0451 2.02604 3.0316 2.03202 3.0316 —1.5158

Function graphs o, (r) and o, (r) for the occasion 7, /r, =0,5 are given in Fig.5.
1)

o
N ol
LA

)
)
3

()

r

(2
o

r/rz

Figure 5 — Graphs of changes in thermal stress functions o, (r) and o, (r) in a three-phase medium at
n/r, =05

Pucynox 5 — 'padiku 3minu QyHKLiH TepMidHEX Hanpykens o, () i o, (r) B TpudasHoMy cepeToBHii

npu 1, /r, =0.5
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A comparison of the thermal stresses given in position 1 of Table 3 and in positions 1 and 2 of Table 2
indicates that the modification of rubber spherical crumb, even in its layer with a thickness equal to half its
radius, leads to a significant decrease in radial thermal stresses in bitumen, although to a lesser extent compared
to the case of complete modification of the crumb (compare position 1 in Table 3 and position 2 in Table 2).

However, if the size of the crumb is not small, then the modification of its material can be carried out
only in a thin near-surface layer. In this case, the decrease in thermal stresses on the surface of its contact with
the modified rubber is not significant (compare the data given in position 2 of Table 3 and in position 1 of
Table 2). Therefore, plastic deformations can be localized in these zones, leading to the appearance of local
defects in bitumen and subsequent chipping of rubber grains.

Thus, it can be concluded that the use of crumb rubber as a filler in asphalt concrete pavement material
is associated with additional features conditioned by the thermomechanical properties of rubber.

First, rubber has a very low modulus of elasticity £ . In light of this, it weakly resists loads that lead to
a change in the shape of the body made from it (for example, uniaxial and shear transport loads).

Second, its Poisson's ratio v=0.48+0.50, that is, rubber from a technical point of view, is an
incompressible material. This property manifests itself as a disadvantage under temperature effects that cause
all-round shrinkage or dilation. Since rubber crumb in this case behaves as an absolutely rigid body and
prevents free triaxial thermal deformation of bitumen, thermal stress concentrators are generated in it on the
contact surface with rubber inclusion.

Thirdly, as shown above, thermal stresses in the fractions of the pavement composite are proportional
to the difference in the values of the coefficients of linear thermal expansion of its components. Therefore, it
is desirable that these coefficients be of the same sign and have close values. However, for rubber at normal
temperatures, the coefficient of linear thermal expansion is close to zero or negative. This factor further
contributes to the growth of thermal stresses in the contact zone of the rubber inclusion and bitumen. The
results of the calculations allow us to quantitatively confirm the conclusions obtained in practice about the
effectiveness of the procedure for modifying crumb rubber with bitumen and use it to further improve this
material.

In addition, it should be noted that the studies carried out were performed using the model of spherical
rubber crumbs. In reality, these crumbs may have irregular faceted shapes with ribs and vertices, which play
the role of additional thermal stress concentrators. This factor must be taken into account when analyzing the
thermomechanics of the materials under consideration.

Conclusions

1. Based on the methods of thermoelasticity, the problem of the thermally stressed state of an asphalt
concrete pavement with rubber inclusions was posed. For a spherical model of a homogeneous inclusion and
an inclusion covered with a spherical layer of modified rubber, the resolving equations for the thermoelastic
deformation of the system are formed, and their analytical solutions are constructed.

2. As a result of the analysis of the obtained solutions, an explanation is given for the features of the
thermally stressed behavior of the combined system, which consists in the possibility of maintaining the
integrity of the system with finely dispersed rubber grains and chipping of relatively large rubber inclusions.

3. When analyzing the features of the thermomechanical behavior of an asphalt concrete material with
rubber inclusions, attention was drawn to the specifics of the thermomechanical properties of rubber associated
with a low value of its elastic modulus, a large Poisson's ratio (which makes rubber a practically incompressible
material) and a small value of the coefficient of linear thermal expansion (zero or even negative at ordinary
temperatures). It is shown that in connection with this properties of rubber in bitumen in the zone of its contact
with inclusions, additional concentrations of thermal stresses can occur, caused by thermomechanical
incompatibility of the phases of the composite and leading to the initiation of additional latent plastic strains
and destructions in bitumen on the contact surface, causing chipping of inclusions.

4. Using analytical calculations, it has been demonstrated that the mitigation of additional
thermomechanical defects and their elimination can be achieved by reducing the thermomechanical
incompatibility of the properties of the composite phases by bituminous modification of rubber. As this takes
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place, the efficiency of this method increases with an increase in the depth of penetration of the modified layer
into the rubber grain.
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TEOPETUYHE MOJIEJIOBAHHS 3APO/KEHHS BHYTPIIIHIX ITPUXOBAHUX
TEPMIYHUX JE®EKTIB Y BITYMHOMY CEPEJOBHUIII 3 'YMOBHUMHA BKJIIOYEHHSIMUA

Hlarons Hataxis BorogumupiBHaa, KaHAUIAT TEXHIYHUX HAYK, IOICHT, B.O. 3aBigyBaya Kad)eaporo
BHIOI MareMaTukw, HarioHambHUH  TpaHCHOPTHHHM  yHiBepcuter, KwuiB, VYkpaiHa, e-mail:
nataliyashlyun@gmail.com, Tesn. +380975936346, https://orcid.org/0000-0003-1040-8870

AnoTtanisi. CygacHU#H CTaH 1 Mporpec TEXHOJIOTII Ta HAyKH, TIOB’sI3aHl 3 TOBTOPHUM BUKOPHUCTAHHSIM
Ta IePEPOOKOI0 IMHHOI TYMH B JOPOXKHIH MPOMHUCIIOBOCTI B YChOMY CBITI, 3MYIIIy€ OBl PETSIbHO BUBYATH
BHUCOKO- Ta HHM3BKOTEMIIEPAaTYpPHI XapaKTEPUCTHKH JIOPOXKHBOTO OiTyMy, MOAM(]IKOBAHOIO T'yMOBOIO
KPHUXTOIO, 110 JO3BOJISE 3PO3YMITH BIUTUB TEMIIEPATypH, 3€pHHUCTICTh TYMH Ta Moaudikauii cymimi 6iTym-
KaydyK Ha MIIHICTb 1 CTIHKICTh KOMITO3UTY. HoKde i MuTaHHS BUBYAIOTHCS 3 YPaXyBaHHSIM OCOOJIMBOCTEN
TEPMOMEXaHIYHHUX BIACTHBOCTEH TYMH, NOB'A3aHUX 3 11 MaJOI0 JKOPCTKICTIO MPH 3MiHI POPMH, IPAKTHYHOIO
HECTUCIMBICTIO TIPU 3MiHI 00'eMy Ta MajnuM (HyJbOBUM a00O HaBiTh BiJ €MHHM) KOe(ili€HTOM JNiHIHHOTO
TEeMIIEPaTypHOTO PO3IIUPCHHS.

Metor0 JOCHUKEHHS € BH3HAUEHHA NPHYMH, IO MPOBOAATH 10 MOPYLIEHHS MIIJHOCTI
acganbTOOETOHHUX MaTepiatiB 3 ITOMILIKaMH C'yMOBHX KpUXT. [ bOT0 aHai3y€eThCsl BIIMB HECYMiCHOCTI
TEPMOMEXaHIYHAX XapaKTePHUCTUK (MOIYJTIB MpyXHOCTi, KoedimientiB Ilyaccona Ta xkoedimieHTiB
TEMIIEpaTyPHOTO PO3ITUPEHHS) OITYyMy Ta TYMH Ha KOHIIEHTPAIIIIO TOAATKOBUX BHYTPINTHIX TEPMOHAIIPYKEHB
B CHCTEMI, 110 BUKJIMKaHI CE30HHUMH Ta JOOOBUMH 3MiHAMH TEMIIEPATYPH.

Ha ocHOBI cmiBBigHOIIEHH TEOpii TEPMOMPYKHOCTI MOOYJOBAaHO MaTeMaTHYHY MOJEINb
TepMoeopMyBaHHS T'yMOBOI KPUXTH B OITYMHOMY CEPEOBHIII. 3 MOKIIMBICTIO TIOBHOTO Ta TMTOBEPXHEBOT'O
Moau(DiKyBaHHS T'yMH OITyMOM MOOYIOBAaHO PO3BSI3KM U TPU(PA3HUX CEPEIOBHIN, IO JT03BOJIIOTH
MPOCTEXHUTH BIUIMB TapaMeTpiB KOXHOI ()a3d Ha Mo TEpMOHANpy>KeHb B cUCTeMi. BcraHoBieHo, mio
JOJIATKOBI TEPMOHANPYKEHHS B OITyMi, 3yMOBJICHI TEPMOMEXaHIYHOK HECYMICHICTIO (DI3MUHUX IapaMeTpiB
(a3, KOHIEHTPYIOTHCS B 30HI KOHTAKTY 3 TIOBEPXHEIO T'YMOBOI KPUXTH 1 MOXKYTh OyTH IPHYMHOIO BHHUKHEHHS
B Hill epeKTiB, a MOTIM 1 BUKpHUITYBaHHS KpUXTH. Po3risHyTo BIuMB edexTy Monudikamii ryMoBoi KpUXTH
0iTyMOM Ta TMUOWHN POHUKHEHHS 11 y KPUXTY Pi3HUX PO3MIPiB HA 3HIKEHHS TEPMOHAIIPY>KEHb Y CUCTEMI 1
HiIBUAIIEHHS Ti CTIHKOCTI.

Karo4doBi ciaoBa: acdanbToOeTOHHMI MaTepial, TyMOBI BKIIOYEHHS, HECTHCIHMBICT TYMH,
KOHIIGHTPATOPH TEPMOHAIPYKEHb, MOAN(IKOBaHA T'yMa.
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