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The results of a finite element study of the thermally stressed and deformed states of a fragment of a two-layer bridge structure of
a road bridge running deck, consisting of a load-bearing metal orthotropic slab with a layer of asphalt concrete applied to it, are
presented. It is believed that the materials of the layers are characterized by different thermomechanical parameters, which determine
the heterogeneity of the stress and strain fields. An analogue of these phenomena can be the effect of transforming into an
electrothermal relay the thermal effect on a bimetallic plate with different coefficients of thermal linear expansion into its mechanical
movements used to operate electrical switches and circuit breakers.

Using computer modeling, it has been established that these factors lead to the concentration of stresses and deformations
and a change in the stress-strain state of the bridge structure of the running deck, which is not taken into account in modern
practice in the design and operation of bridges, and is one of the reasons for premature destruction of the asphalt concrete
pavement of a road bridge. To eliminate these shortcomings, based on finite element algorithms, a theoretical analysis of the
thermally stressed state of a metal orthotropic slab with an asphalt concrete coating was carried out at different ratios of their
thicknesses. It is shown that an increase in the thickness of the top layer can lead to an increase in the contacting and normal
tensile stresses initiated in it. Therefore, when designing bridge structures, these features must be taken into account additionally.

Key words: bridge structure, asphalt concrete pavement, thermal effects, shear thermal stress, normal thermal stress.

1. Introduction. The factors that most influence the strength and durability of asphalt concrete road
surfaces include temperature disturbances associated with daily and seasonal changes in ambient
temperature [7, 9, 10, 17-21, 23]. Primarily, they are caused by the fact that asphalt concrete materials are
characterized by a relatively low coefficient of thermal conductivity, and with typical dimensions of the
structure, it does not have time to warm up or cool down to a greater depth during the day. As a result,
noticeable high-gradient temperature changes occur predominantly only in the upper layer, and the
temperature field takes on the form of an edge effect. At the same time, intense normal and tangential
stresses are also concentrated in the upper layer, which contributes to its detachment from the metal
orthotropic slab and cracks in the asphalt concrete pavement and further intensive destruction from the
effects of transport and climatic influences. In the general theory of thermal conductivity, such effects
have been known for a long time, and the equations they describe are called singularly perturbed [16].
Solving such problems (as confirmed in [2-4]) is associated with great difficulty.

An unexpected thermoelastic effect was also found to be due to the reinforcement of the top layer [4].
Here, the reinforcement has a reinforcing effect only at the same values of the coefficients of thermal
expansion, when the deformations of asphalt concrete and reinforcement are compatible. If they are
different, then to ensure compatibility of deformations, additional stresses are generated on the contact
surface, contributing to premature local destruction of asphalt concrete.

The fields of thermal deformations and stresses are particularly specific if the asphalt concrete layer
is arranged on a metal orthotropic slab, or reinforced rods with increased rigidity are included. At the
same time, as our calculations showed, the difference in the values of their coefficients of thermal
linear expansion has a great influence on the formation of stress fields. Since when the temperature
changes due to this difference, different components of the array tend to lengthen or shorten by
different amounts, to ensure the compatibility of their movements and deformations, intense shear
stresses are formed on the surfaces of their contact, contributing to the destruction of the bonds
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between them. Moreover, it turned out that, for example, in a bridge structure, these shear stresses
quickly increase with increasing thickness of the asphalt concrete layer. This leads to the paradoxical
conclusion that in order to reduce the level of thermal stresses, it is necessary to reduce the thickness of
the asphalt concrete pavement layer.

Since this effect is not obvious, we believe that it should be considered and commented on in more
detail.

2. Statement of the problem of the thermally stressed state of an inhomogeneous structure. A
typical example of an unexpected deterioration in the conditions of elastic operation of a layered structure
under the influence of thermal disturbances is the case associated with an increase in the thickness of the
asphalt concrete layer on a metal base. The study of this issue is the development of a solution to the
problem set out in [1, 3-4, 22, 23]. As shown, an asphalt concrete layer is used as a coating on the top
surface of a bridge structure of a road bridge. If the materials of the coating and the metal base have
different values of coefficients of thermal linear expansion, then when the ambient temperature fluctuates,
the elements of each of these materials elongate and contract differently, leading to their different
deformations and movements on the plane of their communication. To connect these deformations and
movements, significant tangential stresses must arise in the contact zone of these materials, excluding
their mutual sliding and ensuring their joint deformation. In works [1, 2, 4], finite element modeling of
the main features of these effects was performed. Using the theory of thermoelasticity, it is shown that the
highest shear stresses between the layers of asphalt concrete and the metal base are concentrated in the
edge zone of the system, and normal longitudinal stresses predominate in the central sections. Note that
similar features occur in the mechanics of composite materials [13—15].

This effect is one of the factors explaining the intense detachment of the asphalt concrete layer from
the metal base in the winter-spring period. It can be argued that the intensity of the indicated interlayer
tangential stresses is determined primarily by the difference in the values of the coefficients of thermal
linear expansion and the thickness of the asphalt concrete layer, which affects the value of
incompatible deformations and movements of the contacting materials to be combined. In this case, the
thickness of the metal layer of the bridge structure obviously plays a lesser role due to the low elastic
deformability of steel.

To verify the above reasoning, finite element calculations of the thermally stressed state of a fragment
of the bridge structure, the cross section of which is shown in Fig. 1. In this case, the thickness of the
asphalt concrete layer was 4 = 0,07 m, the thickness of the bridge deck slab was — 0,014 m. The value of

thermomechanical characteristics for the asphalt concrete pavement material was E =5-10" Pa,
v=02, a, =2,46-10° K; for steel E=2,1-10"Pa, v =0,3, a, =1,3-10° K. It was assumed that
the initial temperature was and it was 7, = 0 assumed that at the end of cooling the coating and the metal

plate had the same temperature -25°C.
The problem of thermoelastic deformation of a road surface is solved in a linear formulation. This allows
you to analyze only changes in strain and stress that are caused by temperature changes.

Asphalt concrete

y 0.03m
X
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0.3m Steel sheet

0.25m

0.084m

Fig. 1. Dimensions of structural elements

In the zones of each layer, the evolution of the temperature field is determined by the equation of
non-stationary thermal conductivity [8]
VT - L 0. (1)
a ot
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Here a — is the thermal diffusivity coefficient, the term V°T is equivalent to the expression
o’T 0’T 0T
~— + ~— + -
ox~ oy- oz

We believe that the process is quasi-static. Then the field of elastic displacements is described by
the vector equation [8, 11]

uVa+ (A + p)grad diva — (34 +2p)a,grad(T) =0, 2)

where A and u — are the isothermal Lame parameters.

At the conventional ends of the selected area, it is assumed that there are no heat flows in the
normal directions, therefore the derivative of 7' in the normal direction n is zero,

=0, 3)

When formulating the boundary conditions for the function u(x, y,z), it was assumed that on the
upper surface the medium is free from normal and tangential stresses, and on the side and lower
surfaces of the conditional boundaries, normal displacements and tangential stresses are equal to zero.
On the contact surfaces of the coating layers with each other and with the soil mass, the conditions of
continuity of the values of the functions 7', displacement functions and deformation components were
accepted.

The accepted formulation of the problem of thermoelastic deformation of a selected multilayer array
made it possible to use an algorithm for solving it, in which the problem of unsteady thermal
conductivity for equation (1) is initially solved over the entire time ¢ range of 12 hours. Then, at the
moments of time necessary for the analysis, the fields of displacements, deformations and stresses
were determined using the constructed temperature fields 7'(x, y,z,t,) using equations (2).

The solution of these equations is carried out by moving to a finite element model [12]
(K HT} =[ANT} = AT, (1)},
(K, Hu} =[LUHT (1)}

Here [K,] — is the matrix of coefficients of the finite element model of the thermal conductivity

“

equation, [A4] — is the matrix of model coefficients with the derivative T, {T, (1)} — is the vector of

specified temperature values on the surface of the coating, [K,] — is the stiffness matrix for the finite
element model of an elastic massif, [L] — is a matrix reflecting the influence of temperature on the
movements of the massif elements.

After calculating the values of the displacement vector components {u} in the nodes of the finite
element model, the components of the strain &, and o, stress tensors are calculated. They are
determined using equalities [9]

€4 =/2)u,; +uy ), 0 =2ue;, +[Ae; —BA+2m)a, T16,, (5)
discredited at each node of the model.

In these equalities, the indices j,k,/ run through the values 1, 2, 3; in this case the directions

ou
X,,X,,x; correspond to the directions x,y,z; u,, =—= and g, =, +&,, +&,; 5, — Kronecker
Xk
symbol, equaltoOat j#k andequaltolat j=k.

In our case, the structure under consideration has the property associated with the fact that it is in free
contact with the air environment. Therefore, for example, at night (in the absence of solar thermal
radiation), the temperature of all its elements manages to level out and, instead of the initial value
T, =0, takes the same value T, = 25" C.

As in [4], we assume that the metal base slab has a thickness of # =0,014 m. When studying the
influence of the thickness of the asphalt concrete layer on the thermally deformed state of the system,

its thickness was considered equal to 4, =0,035m, A, =0,07m, 4, =0,105 m.
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For this case, the graphs of the shear stress function 7 (x) at the left end of the cross section of the

bridge deck are shown in Fig. 2. This feature appears to spike at the edge and then drop off quickly as
you move away from the edge. At the locations of the vertical reinforcing ribs it has small splashes.
This type of these functions promotes local stratification of the system at this edge.
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Fig. 2. Graphs of the functions of thermal
shear stresses 7, (x) on the contact plane of
the asphalt concrete layer with the metal plate

of the bridge at layer thicknesses #;=0,035 m
(a), h,=0,07 m (b), #3=0,105 m (c)

Note that the resultant of these forces, test integral
X

[z, =P(X) (6)
0
equal to the tensile force P in the transverse vertical section

x=X . Analyzing the force graph 7 (x) in Fig. 2, we can
conclude that tangential stresses 7 ,(x) predominate only in

the contour zone on the segment 0 < x < X and throughout
the rest of the section they are close to zero. At the same
time, the opposite effect occurs for stress o and force
P(x) . These functions increase along a segment 0 < x < X
and then remain almost constant throughout the entire
section.

Taking into account the above considerations, a study was
carried out to determine the dependence of these functions
on the thickness of the asphalt concrete layer. Three cases
were considered, when /4 =0,035m, A, =0,07 m and

hy =0,105 m. The function graphs 7, (x) for these cases are

shown in Fig. 2(a), (b), (c), respectively. They appear to have
concentrations at the edge x =0 and then quickly decrease
to zero. Note that additional bursts of these functions occur
at the locations of the lower ribs of the metal structure of the
bridge (Fig. 1).

Calculations confirmed the assumption that with increasing
thickness % of the asphalt concrete layer, the maximum
values of tangential stresses practically do not change,
however, with increasing thickness they spread over a larger
area of the contact surface. This can be verified by analyzing
the value of integrals (6) from stresses 7 (x) in areas

0<x< X equal to the colored areas in Fig. 2. Apparently,
they are minimum at /4 and maximum at /,. The values of
integrals (6) for the selected cases at X =0,103m were
P =21263N, P, =25391N, P, =34160 N.

The question of the distribution of normal stresses o (»)
in the vertical central section of a x=const two-layer
structure is of significant interest. The graphs of this function
for three cases of asphalt concrete layer thickness are shown
in Fig. 3. It can be seen that with an increase in the thickness

of the asphalt concrete layer, not only quantitative, but also
qualitative changes in these fields occur. Thus, at

h =0,035m (Fig. 3(a)), the stresses o () remain constant

in both layers, and the asphalt concrete layer is stretched, and
the metal slab is compressed in a given direction. In this
case, naturally, the function o _ () is discontinuous on the

contact surface of the layers. As one would expect, the
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resultant stress in these layers is zero, that is

[ v+ [ o, (ndy=0. ()
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Fig. 3. Function distribution graphs o in the central vertical section of the structure:
(a) 1,=0,035 m, (b) #,=0,07 m, (c) ~3=0,105 m

With an increase in the thickness of the top layer to /, = 0,07 m (Fig. 3(b)), the function o () in it
became alternating, its tensile (the most dangerous) stress increased, and the compressive stress in the
slab decreased. Thus, a bending of the upper layer is observed here, although condition (7) is
preserved. With an increase in thickness 4, to A, =0,105m (Fig. 3(c)), these effects became even
more noticeable.

Therefore, we can conclude that with increasing thickness of the asphalt concrete layer, the
thermally stressed state of the system becomes more dangerous.

The general picture of the thermally deformed state of the system is shown in Fig. 4, it is typical for
all three cases considered. It differs only in the deflection arrow, which is equal to H the difference
between the vertical displacements of the edges of the system and its central point. These values were
H,=0,0102 m, H,=0,0075m, H,=0,0053 m, that is, with an increase in the size of the upper layer,

the system deflection arrow decreases.

TITT ool

Fig. 4. Sectional diagram of the bridge structure in a thermally deformed state

Although the functions of deflection and longitudinal displacements are smooth and have relatively
small values, the stress and strain fields caused by them are significantly inhomogeneous and in places
of concentration their values are significant.

Thus, it can be concluded that if the thermal stresses in the top layer structure under consideration are
dominant compared to the stresses caused by traffic loads, then an attempt to reinforce the system by
increasing the thickness of the asphalt concrete layer leads to a negative result. In this case, the integral
characteristics of thermal stresses in the upper layer only increase. It can be expected that in non-uniform
temperature fields they are even more noticeable.
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Tatioaiiuyk B.B., lesuyk JI.B.
TEPMOHAIIPYKEHHI CTAH AC® AJTbTOBETOHHOI'O IAPY HA METAJIEBIII OCHOBI

HaBeneHo pe3ynbTaTd CKIHYEHO-€JIEMEHTHOTO JOCIHIIKEHHS TEPMOHAINpPY>KEHOro i j1eopMOBaHOro CraHiB (parmeHTa
JIBOIIAPOBOI MOCTOBOI KOHCTPYKIIi i340BOro IOJIOTHA aBTOAOPOXKHBOIO MOCTY, IIO CKJIAIA€THCS 3 HECyyoi MeraseBol
OPTOTPOIHOI IUIMTH 3 HAHECEHMM Ha Hel mapoM acdanbroOeToHy. BBaskaeTbes, 10 MaTepiaid IIapiB XapaKTepPU3YHOTHCS
PI3HUMH TEpMOMEXaHIYHUMHU MTapaMeTpaMH, SKi 3yMOBIIOIOTh HEOJHOPIIHICTh MOJIIB HANpPYXEHb 1 AedopMaliii. AHAJIOrOM LUX
SIBUIIL MOXE CIIY)KUTH €()EeKT NEepeTBOPEHHS B €IEKTPOTEINIOBUX PeJie TEIJIOBOrO BIIMBY Ha OiMeTasliuHy IJIACTUHY 3 Pi3HUMHU
Koe(ilieHTaMM TEIIOBOTrO JIIHIHHOTO PO3MIMPEHHS B Tl MEXaHI4HI NepeMillleHHs, SKi BUKOPUCTOBYIOTHCS JUIS IPUBEIECHHS B JIi0
€JICKTPOBHMHKAUIB 1 BMMKAUiB.

MeTosoM KOMII'IOTEPHOTO MOJIEIIOBAaHHS BCTAHOBJIECHO, WO Li ()aKTOPH HPU3BOAATH O KOHIIEHTpALl HaNpyXeHb Ta
nedopmartiii i 3MiHM HanpykeHo-1e(OpPMOBAHOTO CTaHY MOCTOBOI KOHCTpPYKLIi 13710BOTO IOJOTHA, KA HE BPaXOBYETbCA B
Cy4acHidl NMPaKTHIL NMPOEKTYyBaHHA 1 €KCIUTyaTallii MOCTIB, i € OJHI€I0 3 MPUYUH NEPEAYaCHUX PyHHYBaHb ac(haibTOOETOHHOrO
MOKPUTTS aBTOAOPOXKHBOrO MOCTy. JlJIi BUKIIIOYEHHS IIMX HENOJIKIB Ha 0a3i aJrOpUTMIB CKIHYEHHHX €JIEMEHTIB BUKOHAHO
TEOPETUYHUI aHaI3TEPMOHANPY)KEHOTO CTaHy METAJIEBOI OPTOTPOIHOI IUIUTH 3 achaabTOOCTOHHUM HMOKPUTTSAM HPH PIZHUX
BiJJHOLIEHHAX iX ToBLIMH. [ToKa3aHo, 1110 301/IbIIEHHS TOBILMHU BEPXHBOrO LIAPy MOXE MNPUBOAUTH 10 3POCTAHHS IHIIHOBAaHUX
B HbOMY JOTMYHUX i HOPMaJbHUX PO3TATYIOUMX HanpykeHb. TOMy HpH MpPOEKTYBaHHI KOHCTPYKLiH MOCTIB 1li 0COOIMBOCTI
MOBUHHI OyTH BpaXxOBaHi J01aTKOBO.

KarouoBi cjioBa: MocToBa KOHCTPYKIS, acaJbTOOCTOHHE MOKPUTTS, TEPMIiuHI BIUIMBH, AOTUYHE TEPMOHANPYKEHHS,
HOpMaJIbHE TEPMOHAIPYKEHHS.
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Gaidaichuk V.V., Shevchuk L.V.
THERMALLY STRESSED STATE OF ASPHALT CONCRETE LAYER ON A METAL BASE

The results of a finite element study of the thermally stressed and deformed states of a fragment of a two-layer bridge
structure, consisting of a bearing metal orthotropic slab with a layer of asphalt concrete applied on it, are presented. It is believed
that the materials of the layers are characterized by different thermomechanical parameters, which determine the inhomogeneity
of the stress and strain fields. An analogue of these phenomena can be the effect of transformation in electric thermal relays of
thermal action on a bimetallic plate with different coefficients of thermal linear expansion into its mechanical displacements,
which are used to actuate the switch and switches.

Using the method of computer modeling, it was found that these factors lead to the concentration of stresses and strains and
changes in the stress-strain state in all elements of the bridge structure end are not taken into account in the modern practice of
designing and operating bridges, as well as are one of the reasons for the premature destruction of asphalt concrete pavements.
To eliminate these shortcomings, on the basis of finite element algorithms, a theoretical analysis of the thermally stressed state
of a metal bridge slab with an asphalt concrete pavement at various ratios of their thicknesses is carried out. It is shown that an
increase in the thickness of the upper layer can lead to an increase in shear and normal tensile stresses initiated in it. Therefore,
when designing bridge structures, these features should be additionally taken into account.

Keywords: bridge structure, asphalt concrete pavement, thermal effects, shear thermal stress, normal thermal stress.
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Tatioatiuyk B.B., lesyyx JI.B. TepMoHanpyxeHMii cTaH ac(ajlbTO0eTOHHOIr0 IWIapy Ha MeTaieBiii ocHoBi // Omip
MarepiaJiB i Teopis ciopya: Hayk.-tex. 30ipH. — K.: KHYBA, 2024. — Bun. 112. — C. 195-201.

B cmammi nagedeni pesyibmamu KoM 'IOMEPHO20 AHANIZY HANPYIHCEHO-0ePOPMOBAHO20 CMAHY achanrbmobemoHHo20
00POIACHLO2O NOKPUMMSL HA MEMANeBill OCHOBI Ni0 OIEI0 MPAHCHOPMHUX HABAHMANHCEHD.
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The article presents the results of a computer analysis of the stress-strain state of an asphalt concrete road surface on a metal
base under the influence of transport loads.
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