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Abstract. The object of the study is concrete bridge beams strengthened with external
reinforcement adhered with methyl methacrylate compositions. A method for strengthening
defective concrete bridge beams using methyl methacrylate based compositions is presented.
A mathematical model has been improved for evaluating the temperature field and temperature
stresses in a multilayer structure formed during the strengthening of defective beams with external
reinforcement adhered with methyl methacrylate compositions. The distribution of temperatures
and stresses in a strengthened concrete bridge beam under the influence of climatic temperature
changes in the environment was investigated. A temperature gradient was found to occur at the
interfaces between structural layers. At the same time, thermal stresses are also distributed
unevenly in the vertical direction of the strengthened bridge beam: a discontinuity in thermal
stresses occurs at the boundaries of contact between the structural layers. It has been established
that under positive ambient temperatures, the magnitude of the temperature stress discontinuity in
the vicinity of the contact plane between the upper edge of the polymer concrete layer and the
lower edge of the reinforced concrete beam was 14.64 MPa, under the influence of negative
temperatures it was 9.09 MPa, and under the influence of positive and negative temperatures on
different surfaces of the beam, the maximum value of the discontinuity in thermal stresses was
1.74 MPa.

Keywords: beam surface temperature, highway bridge, methyl methacrylate compositions,
strengthened concrete beam, temperature field, thermal stress.

1. Introduction

Bridge structures suffer various defects and damage throughout their life cycle, and not only
from natural or operational factors — military operations in Ukraine have led to significant
destruction and damage to transport infrastructure, including road and railway bridges. [1]. Due
to the significant number of damaged and defective bridges, it is urgent to develop new methods
and technologies to restore their technical condition and load-bearing capacity. A promising repair
method is the use of polymer compositions based on methyl methacrylate, which are characterized
by good adhesive and cohesive properties. [2]. Methyl methacrylate (MMA) is simple and reliable
to prepare, has low viscosity that does not depend on the ambient temperature, which allows it to
be used outdoors at any time of the year.

The method of strengthening defective or damaged concrete bridge beams using
MMA-based compositions consists of adding external reinforcement (steel sheets forming a U-
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shaped box [3]), which is adhered to the strengthened element using polymer concrete formed
from sand impregnated with an MMA-based polymer composition [3], [4]. Fig. 1 shows typical
defects in bridge span structures and the appearance of repaired outer beams using MMA-based
compositions and external reinforcement.

)
Fig. 1. Concrete beams of the bridge span structure: a), b) defects in concrete bridge beams
in the form of exposure, active corrosion, and broken wire strands; ¢) view of the outer beams
of the bridge, reinforced with MM A-adhered external reinforcement

The use of external reinforcement of structures with metal sheet elements has its advantages
over bar reinforcement. In [5], it was established that external reinforcement of concrete structures
reduces the weight of structures, which allows for steel savings of up to 12-16 % at the same
height compared to reinforced concrete structures with bar reinforcement. The effectiveness of
concrete elements reinforced with sheet reinforcement has also been proven experimentally in [6].
However, an important aspect of external reinforcement is ensuring reliable inclusion of external
reinforcement across the entire area in conjunction with the structure as a whole [7]. This is
difficult to achieve when using conventional heavy concrete without additional anchoring
devices [8].

To substantiate the effectiveness of using MMA-based compositions to strengthen defective
concrete bridge beams, it is necessary to conduct comprehensive studies of their stress-strain state,
in particular using mathematical modeling that takes into account the influence of external factors.
One such factor is climatic temperature fluctuations in the environment.

2. Literature review and problem statement

The use of acrylate compositions for repairing and strengthening building structures is a
promising area: there are a number of scientific studies on the performance of adhesive joints. The
polymer concrete considered in this study primarily consists of an acrylate compound. It is a subset
of the general category known in Ukraine as “acrylic adhesives” — various adhesive materials
based on acrylate monomers, and these materials have been widely studied.

Works [9], [10] present the results of studies on the characteristics of the joint operation of
steel and concrete bonded with acrylic adhesive at the manufacturing stage. To obtain
experimental research results, monolithic slabs reinforced with steel profiled decking were
designed, with and without a “concrete-decking” adhesive joint. The experimental samples of
monolithic slabs with profiled decking had a rectangular shape with dimensions of 900x1200 mm
(Fig. 2). They were formed by steel profiled decking, on top of which a 40 mm thick monolithic
concrete slab was formed (excluding the filling of the corrugations). On some of the samples,
acrylic adhesive was applied to the surface of the profiled decking that was in contact with the
concrete before concreting.

900

2 1 |

Fig. 2. Cross-section of test samples of concrete slabs with steel profiled decking
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During the study of the stress-strain state of steel-reinforced concrete slabs under static load,
characteristic features of their behavior were visually observed. As a result of deflection
measurements, it was established that the maximum deflection in samples without adhesive
bonding was 45.8 mm at a load of 17.5 kN, and in samples with adhesive bonding —40.2 mm at a
load of 30 kN. The detachment of concrete from the decking in the limit state of the samples in
the absence of bonding occurred earlier than in samples with adhesive joints. The decking bonded
with acrylic adhesive worked together with the concrete until the samples lost their load-bearing
capacity.

The results of the studies showed that the load-bearing capacity of the tested elements, in which
an adhesive bond between metal and concrete was used, was 42 % higher than that of elements
without such a bond. The nature of the deflections indicates a sharp increase in deformability after
the steel profiled decking detached from the concrete block in samples without bonding, but in the
initial stages of loading, the deflections increased proportionally to the load. The bonding of
concrete to steel using acrylic adhesive ensures the joint operation of both components of the
composite structure throughout the loading process, as confirmed by the smooth increase in
deflection values.

The issue of durability of steel-concrete adhesive joints was studied in [2]. Statistical
processing of experimental data showed that the dependence of the time 7 to joint failure on the
stress in it is described by the expression:

lgr = 52,77 — 34,11 x IgR, (1)

where R is the long-term strength of the adhesive joint.

The results of the studies suggest that acrylic adhesive strengthens concrete. This provides
additional strength to the adhesive bond, ensuring its high reliability [2].

Research on the thermal stress state of reinforced concrete beams of highway bridge spans that
were repaired with MM A-based compositions is presented in [3], [4]. In [11], the authors studied
the effectiveness of using MMA-based epoxy resins to restore the mechanical properties of
damaged concrete. They also did a quantitative assessment of concrete restored by injecting high
molecular weight methacrylate (HMWM). The simulation results showed that HMWM can
penetrate cracks with a width of 0.01 mm or more under the action of gravity. It was also found
that restoring concrete with HMWM increases its stiffness and strength if the width of cracks in
concrete elements exceeds 0.1 mm. Based on the results of the research, the authors found that the
load-bearing capacity of repaired reinforced concrete beams is 30—-40% higher than that of the
original (unrepaired) beams.

In works [12-14], it has been proven that the use of MM A-based resin in the repair of concrete
structures has good adhesion properties, which allows for high-quality repair of concrete
structures. In addition, in works [15], [16], MMA-based resins are used to fill joints in bridge
slabs. MMA-based compositions are also widely used for waterproofing transport structures [17],
[18].

In works [19-21], the method of strengthening defective reinforced concrete culverts by
installing a non-removable sleeve is used. The space between the defective culvert and the metal
sleeve is filled with concrete mortar. At the same time, in [22], transverse stiffening ribs are used
to increase the load-bearing capacity of transport structures made of corrugated metal structures.
One of the disadvantages of these methods of strengthening structures is the difficulty of ensuring
the joint integration of additional elements with defective structures.

The above gives grounds to assert that strengthening defective concrete bridge beams using
MMA-based compositions is optimal and reliable. This is because the permanent formwork made
of steel sheets will act as external reinforcement for the beams, being connected to the concrete
beams by a polymer concrete matrix with high adhesive properties. Therefore, this method of
strengthening concrete bridge beams is promising and requires further thorough and
comprehensive research. Mathematical modeling of the operation of such reinforcement of
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defective bridge beams under the action of variable climatic temperature changes in the
environment will allow assessing the level of thermal stresses at the boundaries of structural
materials.

3. Research objectives and tasks

The aim of the work is to mathematically model the temperature field and stresses in a
reinforced concrete bridge beam reinforced with MMA-based compositions under the influence
of various temperature effects. To achieve this goal, the following tasks were performed:

— The mathematical model for determining the temperature ficld and stresses in concrete bridge
beams strengthened with external reinforcement adhered with MMA-based compositions was
improved.

— Patterns of temperature field distribution in a strengthened concrete bridge beam were
established.

— Patterns of temperature stress changes in a strengthened concrete bridge beam at the
boundaries of structural layers were established.

4. Research methodology

Thermal conductivity model of a concrete beam reinforced with MMA-adhered external
reinforcement in this paper is based on certain assumptions. Firstly, in the absence of local
temperature influences (e.g., from electrical networks or heating systems which are sometimes
laid under span structures), it can be assumed that the temperature fields across the surfaces of
bridge beams are distributed evenly. Accordingly, it can be assumed that the temperature varies
only along the thickness of the beam. Secondly, the contact surfaces of the different layers of the
reinforced beam — concrete of defective beam and external reinforcement steel — have low
roughness. Due to the low viscosity of methyl methacrylate, the MMA-based polymer concrete
effectively fills all irregularities on the structural surfaces. Therefore, it can be assumed that the
thermal contact between the layers of the beam is close to ideal.

Consider the lower zone of a concrete bridge beam: it contains concrete and external
reinforcement steel, which are bonded together with MM A-based polymer concrete.

15}

z=h
Concrete

Es vs, a3 K3 of defective beam

z=z;

MMA-based

polymer concrete
zZ=Z]
External reinforcement

z=0 steel

t
Fig. 3. Geometric diagram of a bridge beam model
with external reinforcement adhered with MMA-based composition

Let the reinforced beam in the rectangular Cartesian coordinate system x, y, z occupy the area:
M ={(x, y,2): 0<x<x, 0<y<y,0<z<h}. 2)

According to the model shown in Fig. 3, the thermal conductivity coefficient of a strengthened
beam is determined by the formula:
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k,, 0<z<z,
k = {kz, Zl <z S Zz, (3)
k3, 4 <z< h.
Let us assume that the temperature in the beam does not depend on time and coordinates x, y.
Then the heat conduction equation for the beam under consideration will take the following form:

%(k %) 0. (4)

Let us assume that on the surface of the external steel reinforcement z = 0 and on the upper
edge of the beam’s lower belt z = h, the temperature is equal to:

tlZ =0= tli tlZ = h = tz. (5)

Let us assume that on surfaces z = z; and z = z,, the conditions for ideal thermal contact
between the structural layers of the strengthened beam are met. As was mentioned, the assumption
of ideal thermal contact is justified by the low viscosity of MMA, which ensures full contact
between layers, and the relatively uniform temperature distribution across beam surfaces under
typical environmental conditions. Therefore, it can be assumed that the thermal contact between
the layers of the beam is close to ideal:

dt dt
tlz=2z,-0=tlz=12,+0, klE|Z=21—0=kZE|z=zl+0, ©

t dt
tlz=2z,—0=tlz=2,+0, |z=zz—0:k3alz=22+0.

k., —
>dz
Solving Eq. (4), we obtain a formula for calculating the values of the temperature field:

C3z+C,, 71 <2z <27y, (7

C12+C2, 0SZSZl,
t=[
Csz+Co, z,<z<h.

Here, C;, C,, ..., Cg are constants whose values are found from conditions Egs. (5) and (6):
G 01 0 0 0 o0\ ' sty
G, / zz 1 -z =1 0 0 \| / 0\I
CGGl_lki 0 —k; O 0 0 1o ()
Cy 0 0 =z 1 -z, -1 0
Cs 0 0 k; 0 —k; O 0
Ce 0 0 0 0 h 1 t;

This method is subsequently used to determine the distribution of the temperature field across
the height of the strengthened reinforced concrete bridge beam.

Mathematical model of the thermally stressed state of a concrete beam strengthened with
external reinforcement bonded with MMA-based composition. As a result of beam strengthening,
a piecewise-homogenecous three-layer structure is formed. In the model, we assume that the
modulus of elasticity E, Poisson’s ratio v, and linear thermal expansion coefficient a are
determined by the following formulas:

E,, 0<z<z,
E ={E;, 7z, <z <2z, )
E;, z,<z<h,
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Uy, 71 <Z <27y, (10)
vs, z,<z<h,
a;, 0<z<2z,

a _{

v, 0<z<2z7,
v =

as, A <ZSZZ, (11)
as, z,<z<h

Let us assume that the temperature field of the beam is determined by Eq. (7), the surfaces
with coordinates z = 0 and z = h are free from loads, and the other surfaces are rigidly fixed.

To determine the stress-strain state of the reinforced bridge beam, we will use the equations of
thermoelasticity theory. In this case, the displacements u, v, components ey, €y, €xy, €x;, €, of
the deformation tensor, components gy, 0y, 0y, of the stress tensor are equal to zero.

The equilibrium equation of the beam is as follows:

do,

=0, 12
Ir (12)
where o, — component of the stress tensor. From Eq. (12), taking into account the boundary
conditions ¢,|z = 0 = 0, 0,|z = h = 0 we obtain g, = 0.

Since e, = 0, e, = 0, g, = 0, the first and second Duhamel relations take the form:

1
E(O'x - vay) +at=0,

2 (13)
E(Gy - vax) +at=0,
where gy, 0, — are components of the stress tensor.
Solving the system of Eq. (13), we find:
atE atE
=— =— . 14
=—T, =1, (14)

Eqgs (14) will be used below to calculate temperature stresses in a concrete bridge beam
strengthened with external reinforcement adhered with MMA-based composition.

5. Research results
5.1. Results of temperature field calculation

Using the mathematical model provided, we will study the patterns of temperature field
distribution across the height of strengthened reinforced concrete bridge beams. When evaluating
the temperature field, we assume a total structure height of A = 225 mm. This height includes the
thickness of the external reinforcement steel z; =5 mm, MMA-based polymer concrete
Z, = 25 mm, and the height of the lower belt of the concrete bridge beam zz; = 200 mm.
Accordingly, for each structural layer, the thermal conductivity coefficients are:
ky =45 W/(m-°C); k, = 12 W/(m-°C) and k, = 23 W/(m-°C).

To take into account the multiple factors affecting the distribution of the temperature field in
the lower zone of the strengthened beam, let us consider the patterns of temperature field
distribution for positive, negative, and alternating temperature differences. For this purpose, the
temperature value on the lower surface of the external reinforcement steel (at z = 0 mm) is set to
t, and the temperature value on the upper edge of the concrete beam belt (at z = h mm) is set to
t,.
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The results of the temperature field distribution by height at positive temperatures on the
surfaces of the structural layers of the strengthened beam are shown in Fig. 4(a), at negative
temperatures — in Fig. 4(b), and at alternating temperatures — in Fig. 4(c).

Z, mm T T Z, mm Z, mm

B N e S - 200 t t 200

JTLTIY S S S W S . 100 | 100

20 22 24 26 28 £°C 20 418 -6 £°C 5 4 2 o ¢
a) b)

Fig. 4. Results of temperature field distribution by height at a) positive, b) negative, and
c) alternating temperature values on the surfaces of structural layers of a strengthened beam

Fig. 4 shows that at given positive temperatures on the surfaces of the structural layers of the
strengthened beam (t; = 30 °C, t, = 20 °C,) the temperature at the contact plane between the
steel external reinforcement and the MM A-based polymer concrete (at z = 5 mm) was 29.89 °C,
and at the contact plane between the upper edge of the polymer concrete layer and the lower edge
of the reinforced beam concrete (at z, = 25 mm) was 28.46 °C. When negative temperatures
(t; = —-20°C, t, = —15 °C) were set on the lower and upper layers of the reinforced concrete
beam, it was found that at z= 5 mm the temperature was —19.95 °C, and at z = 25 mm the
temperature was —19.23 °C. When positive and negative temperatures were set on the beam
surfaces (t; = -5 °C, t, = 3 °C) at the boundaries of the structural layers, at z = 5 mm the
temperature was —4.91 °C, and at z = 25 mm the temperature was —3.77 °C.

The calculation results showed that a temperature gradient occurs at the boundaries of the
structural layers. When exposed to positive temperatures, the temperature gradient at the contact
point between the external reinforcement steel and the MMA-based polymer concrete is 0.1 °C,
and between the upper edge of the polymer concrete layer and the lower edge of the strengthened
beam concrete, the temperature gradient is 1.42 °C. Accordingly, when exposed to negative
temperatures, the temperature gradient was 0.05 °C and 0.7 °C, and when exposed to alternating
temperatures (positive and negative), the temperature gradient was 0.09 °C and 1.14 °C.

5.2. Study of temperatures in concrete bridge beams strengthened with MMA-adhered
external reinforcement

We will conduct numerical stress calculations using the temperatures t; and t,, given above
and the following geometric and physical-mechanical parameters of the strengthened beam:
h=225mm; z;, = 5mm; z, = 25mm; k; = 45 W/(m-°C); E; = 2.1x10° MPa; v, =0,3;
a; = 1.25x10° 1/°C; k, = 12 W/(m-°C); E, = 3.0x10° MPa; v, = 0.25; a, = 1.0-107 1/°C;
ks =23 W/(m-°C); E5 = 3.6:10* MPa; v = 0.3; a3 = 1.0-107 1/°C.

The thermal stress distributions under positive temperatures applied to the surfaces of the
structural layers are shown in Fig. 5(a), at negative temperatures — in Fig. 5(b), and at alternating
temperatures — in Fig. 5(c).

Fig. 5 shows that a sharp change in temperature stresses occurs at the contact plane between
the external steel reinforcement and the MMA-based polymer concrete (z = 5 mm). A smaller
change in stresses is observed at the contact plane between the upper edge of the polymer concrete
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layer and the lower edge of the strengthened beam concrete (z = 25 mm). At z = 5 mm, the stress
difference was —111.3 MPa, and at z = 25 mm, the stress difference was —14.64 MPa. When
negative temperatures are set on the beam surfaces z = 0 and z = h the discontinuity in stress at
z =5mmis 74.2 MPa, and at z = 25 mm it is 9.09 MPa. When positive and negative temperatures
are set on different surfaces of the structural layers of the strengthened beam (t; = -5 °C,
t, = 3 °C, the stress discontinuity at z =5 mm is 18.55 MPa, and at z = 25 mm, the stress
discontinuity is —1.74 MPa.

Z, m Z, T T T . mm T T

200 } 4 200 S 200 R

100F ; 1 100k-f-- : — 100

150 <100 -5 0 0 20 40 60 80 ~10 0 10 20
4, MPa 6, MPa 6, MPa

a) b) ¢)
Fig. 5. Distribution of thermal stresses on the surfaces of structural layers of a strengthened beam
under the influence of a) positive, b) negative, and c) alternating temperatures

The results of the calculation of thermal stresses show that the stress level is higher when
exposed to positive temperatures.

Significant differences in temperature stresses between different layers of the beam are caused
by large differences in the physical and mechanical characteristics of the layers. The closest
analogy is the noticeable difference between the relative deformations of concrete and external
steel reinforcement at nearby points, which is explained by the different elastic moduli of concrete
and steel.

6. Discussion of the obtained results

The results of the study showed that a temperature gradient occurs at the interfaces between
the structural materials of the strengthened reinforced concrete bridge beam. At the same time,
thermal stresses are also distributed unevenly along the vertical direction of the strengthened
bridge beam. A discontinuity in thermal stresses is observed at the contact boundaries of the
structural materials. These findings are consistent with the results obtained in study [3].

The appearance of a gradient at the contact zones between structural materials and the
discontinuity in thermal stresses can be explained by the differences in the physical and
mechanical properties of the reinforced concrete beam, the methyl methacrylate composite, and
the permanent metal formwork.

In study [3], the authors demonstrated that an increase in the elastic modulus of the methyl
methacrylate strengthening layer leads to higher thermal stresses in the beam-strengthening
interface zone. It was established that the thermoelastic state of a beam strengthened with a 20 mm
thick methyl methacrylate layer with an elastic modulus of E = 5000 MPa and E = 15000 MPa,
under both positive and negative ambient temperatures, results in a threefold increase in stresses.
This factor must be taken into account when strengthening defective reinforced concrete bridge
beams.

The practical significance of the research lies in obtaining objective scientific data on the
behavior of reinforced concrete bridge structures strengthened using MMA-based composites
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under the influence of environmental temperature variations.

This research direction is promising and requires further scientific investigation. Future studies
are planned to develop mathematical models for analyzing the stress-strain state of strengthened
reinforced concrete bridge beams under static and dynamic loads from vehicles.

The continuation of research work in this area will be the development of a spatial (3D)
non-stationary thermomechanical model of reinforced concrete beam reinforcement with MMA -
based compositions, based on the finite element method. This will allow modeling the effect of
daily and seasonal temperature fluctuations to determine the maximum ranges of stresses and
displacements that are critical for assessing the fatigue strength of reinforced concrete bridge
beams with MMA-based compositions.

Experimental studies of the physical and mechanical parameters of MMA-based compositions
will also be conducted. This will allow determining the creep of polymer concrete and
implementing a viscoelastic model in non-stationary analysis to predict long-term stress
redistribution.

For final verification and improvement of the developed mathematical model, it is planned to
conduct long-term monitoring of temperature fields on the bridge with strengthened concrete
beams.

7. Conclusions

Based on the analysis of literary sources, as well as mathematical modeling of temperature
field distributions and temperature stresses in a strengthened reinforced concrete bridge beam, the
following conclusions were made:

1) One promising design solution for repairing concrete bridge beams in service conditions is
the use of MMA-based compositions with high adhesive properties, which can be used to
strengthen bridge beams.

2) To assess the level of thermal stresses in reinforced concrete bridge beams, a mathematical
model has been improved that allows for the geometric and physical-mechanical parameters of
the structural materials of the beams to be taken into account.

3) A temperature gradient was found to occur at the interfaces between structural layers of the
strengthened beam. At positive temperatures of the reinforced beam surfaces (t; = 30 °C,
t, = 20 °C), the temperature gradient at the contact plane between the external steel reinforcement
and the MMA-based polymer concrete is 0.1 °C, and on the contact plane between the upper edge
of the polymer concrete layer and the lower edge of the reinforced beam concrete, it is 1.42 °C.
Accordingly, under the influence of negative temperatures (t; = —20 °C, t, = —15°C) the
temperature gradient was 0.05 °C and 0.7 °C, and when exposed to positive and negative
temperatures on different surfaces (t; = —5 °C, t, = 3 °C), the temperature gradient was 0.09 °C
and 1.14 °C.

4) The mathematical modeling results indicated that a sharp change in thermal stresses occurs
at the contact between the steel external reinforcement and MMA-based polymer concrete. A
smaller change in stresses is observed at the contact between polymer concrete and concrete of
the strengthened beam. At the same time, higher stress levels are observed at positive temperatures
applied to the beam surfaces.

5) At positive temperatures of the strengthened beam surfaces (t; = 30 °C, t, = 20 °C), the
discontinuity in temperature stresses on the contact plane between the external steel reinforcement
and the MMA-based polymer concrete was —111.3 MPa, and on the contact plane between the
upper edge of the polymer concrete layer and the lower edge of the strengthened beam concrete,
the stress discontinuity was —14.64 MPa. Accordingly, at negative beam surface temperatures
(t; = 20 °C, t, = —15 °C), the stress discontinuity at the contact surfaces was 74.2 MPa and
9.09 MPa, and at positive and negative temperatures of the beam surfaces (t; =5 °C, t, =3 °C),
the stress discontinuity was 18.55 MPa and 1.74 MPa.

6) The proposed model provides a basis for preliminary thermal stress assessment in
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bridge beams, reinforced with steel external reinforcement and MMA-based polymer concrete. It
allows temperature stresses to be taken into account during verification calculations of reinforced
beams, thereby increasing the reliability of the reinforced structure. However, since the
mathematical model is based on certain initial assumptions about the uniformity of temperature
field distribution, it cannot be applied in the presence of local temperature effects on reinforced
structures.

7) Further experimental validation and 3D transient analysis are recommended for fatigue and
long-term performance evaluation. Among the primary areas of practical research on real objects,
the following can be highlighted: comprehensive verification of the initial assumption about the
uniformity of temperature field distribution, as well as studying the effect of the degree of contact
between structural layers on the distribution of temperature fields.
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