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Statement of the problem. It’s considered the problem of developing a methodology for structur-
al evaluation of hybrid design - a reinforced concrete column combined with external composite
GFRP (glass-fiber-reinforced-plastic) shell. This hybrid design is intended for bridge piers.
Results. As a result of a study, theoretical relationships were formulated to determine the longitu-
dinal and transverse stresses and relative deformations of hybrid column structural elements. The
developed formulas take into account the cooperation of triaxial compressed concrete core and an
anisotropic composite GFRP shell.

Conclusions. The obtained theoretical dependences of the hybrid column’s elements behavior
make it possible to develop a structural evaluation methodology of bridge piers hybrid columns.
The findings of the investigation are proposed to be applied in the structural evaluations of the

bridges piers hybrid columns with composite GFRP elements.

Keywords: bridges, support pillars of bridges, composite materials, glass-fiber-reinforced-plastic-tubes,

hybrid structures.

Introduction. Over the past few decades recent, there has been a considerable rise in the load
on the structures of bridge structures, thus there is a need for their load-bearing capacity to be
icnreased. Besides, the structures of bridge piers, made mainly of reinforced concrete, are being
negatively impacted by the environment. Therefore, intensive corrosion occurs leading to a
significant reduction in their durability and reliability [13]. Currently, there is an inadequate
service life of bridge structures due to rising loads and traffic intensity [5, 15]. These make it
necessary to increase the load-bearing capacity and durability of bridge structures. Composite
materials are presently known to have greater durability compared to the commonly used con-

crete and steel [9, 14], which can considerably increase the service life of building structures.
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In particular, those composites which consist of glass fibers impregnated with polymeric bin-
ders are not inferior to reinforced concrete in strength and rigidity, and in terms of resistance to
aggressive environmental factors, such fiberglass can outperform reinforced concrete and me-
tals. The use of hybrid structures in bridge construction combining the advantages of the com-
monly used in reinforced concrete supports and innovative fiberglass would potentially increase
both the load-bearing capacity (due to the high strength of KM) and durability of bridge struc-
tures due to resistance to negative environmental impact. The introduction of hybrid structures
in the supports of bridge structures caters for the current needs of the bridge industry. As this
involves the use of new materials, the ongoing study discusses the operation of hybrid struts
only in bridge piers on small and medium-sized overpasses, overpasses and overground pedes-
trian crossings, except the supports of structures across water barriers or highlands.

The nuances of this research area are characterized by publications of domestic and overseas
scientists. Data on the properties of composites has been presented by V. V. Vasiliev and
Yu. M. Tarnopolsky [9], A. A. Berlin and M. L. Kerber [14]. Criteria for the strength of con-
crete have been developed in the studies by O. Ya. Berg [2, 3], Yu. N. Malashkin [12],
N. I. Karpenko [7, 8], A. V. Yashin [16]. The strength of reinforced concrete struts has been
investigated by A.A. Gvozdev [4], L. K. Luksha [11]. A. N. Yashnov, B. V. Pyrinov, A. N. Iva-
nov [6] developed the span structures of bridges with fiberglass beams. Overseas scientists
D. Kendall [20], C. Hamrick [18] are actively engaged in the introduction of composite mate-
rials in the span structures of bridges. T. A. Hoffard and L. J. Malvar [19], H. M. Dawood and
M. ElGawady [17], P. B. Potyrala [21], R. J. Watson [22] have examined the operation of re-
inforced concrete columns reinforced with rigid shells.

Presently composite materials in bridge construction are largely used in the construction of span
structures. A considerable roadblock for using fiberglass in the construction of supports of
bridge structures is the lack of methods for their calculation. Hence composites are still com-
monly used in the supports of bridge structures only for strengthening load-bearing structures.
Currently there is a need to investigate the specifics of the work of hybrid fiberglass-reinforced
concrete structural elements of the supports of bridge structures and to design a method for cal-
culating their load-bearing capacity. The objective of the study is to formulate theoretical de-
pendences for estimating the load-bearing capacity of a hybrid stand with a composite shell.

1. Design of a hybrid rack for supports of bridge constructions. In order to address the
objective of the study, the design of a reinforced concrete support for bridge structures was

developed and improved as shown in Fig. 1 a.
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Fig. 1. Suggested design of a rack support of bridge constructions: a) the general look;

b) hybrid reinforced concrete rack whose construction includes an outer fiberglass shell

What makes this structure different from the applied analogs of reinforced concrete rack sup-
ports are hybrid racks whose external concrete surface is enclosed in a fiberglass cover (simi-
larly to a fixed timbering). Reinforced concrete structures are known where the load-bearing
capacity of the concrete core increases considerably [4, 10, 11]. But the methods of their cal-
culation are made for racks with steel shells and cannot be employed for calculating racks
with fiberglass shell having anisotropic properties. Additionally, steel shells tend to have a
low resistance to corrosion. Therefore from the perspective of durability it is most viable to
use the fiberglass covers capable to resist long-term aggressive influences of external envi-
ronment in racks of supports of bridge constructions. A hybrid reinforced concrete rack with
an outer diameter of D = 1000 mm and a height of L = 8 meters was considered. The hybrid
rack as an additional load-bearing structural element has an outer fiberglass shell (Fig. 1 b)
with an inner diameter d = 920 mm and a wall thickness 6 = 40 mm.

2. Theoretical dependences for identifying the lateral pressure of the concrete core on

the shell of the hybrid rack. When the hybrid rack is compressed, extra transverse stresses
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of interaction of the concrete core with the anisotropic composite shell occur. Hence in order
to calculate the load-bearing capacity of the hybrid rack, it is necessary to consider the addi-
tional strengthening of the strength of the enclosed concrete core, which is in a three-axis
stress-strain . As the shell is close to the concrete of the hybrid rack, when the rack is com-
pressed, its outer shell prevents the free transverse expansion of the concrete core. This being
the case, the concrete rod of the hybrid rack transmits the internal stresses arising in it not on-
ly to the base, but also to the outer fiberglass shell (Fig. 2). Therefore the concrete core works
in conditions of non-uniaxial, but triaxial (volumetric) compression, which causes a signifi-

cant increase in the load-bearing capacity of the hybrid rack.
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Fig. 2. Three-dimensional stress-strain of the elements of the hybrid rack:

a) concrete core, b) fiberglass shell

Fig. 2 denotes N as the external longitudinal force from the central compression, 6;¥, g} as
internal longitudinal stresses of the fiberglass shell and concrete core, oy ,0} as internal trans-
verse (radial) stresses of the fiberglass shell and concrete core, 6fas internal tangential (tan-
gential) stresses of the fiberglass shell.

In order to evaluate the load-bearing capacity of the hybrid rack structure, it is necessary to
identify the stress of its structural elements. The annular (tangential) stresses in the middle of

the annular cross section of the shell are equal to [1]:
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0 _ rp+62
of = px 222, (1)
where p is the pressure of a concrete kernel on a wall of a cover (in our case p = g, = —oy),

o is the thickness of the wall of the shell, 7, is the radius of the concrete core (corresponding
to the internal radius of the shell).

In order to identify the radial pressure on the shell wall p, it is necessary to design the de-
pendences of the interaction of the core stresses with the shell. As the core and the shell are
included in the joint work and are close to each other, their relative deformations are identical.
The equation of equilibrium of elastic relative deformations in the transverse direction takes
the form:

e =¢p, (2)
where € &}, are transverse relative deformations of the concrete core and fiberglass shell from
the action of radial pressure p.

According to the theory of elasticity, the equations for calculating the relative deformations,

considering the properties of concrete and fiberglass, are the following:

1
ef =5 x [of + o], 3)

& = x [P~y x (of +p)] = =[x p ~ 2op], )

where Ejis the elasticity modulus of concrete, U, is the Poisson coefficient of concrete,
EY is the elasticity modulus of fiberglass in the transverse direction, uy is the Poisson coeffi-
cient of fiberglass in the longitudinal direction.
As the transverse relative deformations at the interface between the materials of the core and
the shell are equal and transmitted evenly, the transverse displacements of concrete and fiber-
glass are also equal to:

er X (rp + 62) = g X 13,. (5)
The condition of equality of relative deformations of the shell and the core in the transverse

direction is obtained by substituting expressions (3) and (4) in equation (2):
1 1-u u
E—;x[alf’+uffaf] =—[E—bb><p—E—Zag]. (6)

If the following denotations are used

_ rp+82
t= T ” (7)
R="22 ®)

after substituting expression (1) and some transformations into it, equality (6) takes the form:
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tR | 1-up tui
(E—£+ - L) xp = Lo7 - 2o (9)
Hence it is possible to express the required transverse (radial) pressure p from the concrete

core on the fiberglass shell:

p= 1 x [22 o — v (10)
tR+ ><(1 Up) Ep

The resulting formula allows us to calculate the pressure p, which makes it possible to identify the
limiting factor of the hybrid rack, i.e., the stress-strain of the shell in the transverse direction.

3. Formation of dependences identifying longitudinal stresses of structural elements of a
hybrid rack. While exposed to a compressive load evenly distributed over the cross section of
the hybrid rack (i.e., both the concrete core and the shell), the vertical relative deformations in
the longitudinal direction (along the x-axis) of the core and the fiberglass shell are identical:

& = &, (11)
whereef &5 are longitudinal relative deformations of the core and shell under the influence of
longitudinal compression load M.

The relative deformations of the elements of the hybrid rack in the longitudinal direction are

given by the following dependences:

X —

& = — X [op — 2up X p, (12)

L
Ep

el = gz % [0 +1ia?), (13)
where E}is the elasticity modulus of of fiberglass in the longitudinal direction, pu}is the Pois-
son's ratio of fiberglass in the transverse direction.

The equilibrium condition of the structural elements of the hybrid rack in the longitudinal di-

rection is given by substituting equations (12) and (13) into expression (11):
—><[ — 2u, X p] = —><[0.2‘+u§0£’]- (14)
Given (1) and (8), the expression (14) is transformed:

E—bX[ — 2up X p] = = X [0 + pi X p X R]. (15)

By performing the following mathematical transformatlons, it is possible to express the longi-

tudinal stresses of the concrete core of the hybrid rack ag‘ :

1

7, < Lop [of — 2pp X p] = — X [0 + ukRp], (16)

1 1

57 X 05 = 21, X pl = - X [0 + piRpl, (17)
E -

oF — 2Upp = E—Z X [0 + uLRpl, (18)
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E
oy = E—i [0 + uiRp] + 2upp, (19)
E
Oh =gz 0% +2 77 HRRD + 21p. (20)
Let
P Q1)

tR-l—g—;X(l—Hb)’
the expression(10) takes the following form:
p = a 2—%?‘ —atpg oy (22)
b
Inserting (22) into equation (20), we get:
X Ep

E
Op = E_}ico-l( EX .uKRaﬂbo-b __xﬂKRatH'KO-K + za.ub_o-b — 2upatpugog.  (23)

In order to express the stresses of the structural elements of the hybrid rack in the longitudinal

direction, let us introduce:

K, X 0 = K, X aff, (24)

where K, and K, are obtained based on (23) and are equal to:
m=§—ﬁ%%wﬁa%mm (25)
K,=1- —uxRaub - 2aub i (26)

Then the original stresses of the shell and core of the hybrid rack in the longitudinal direction

are equal to:

o =2 X of, 27)
Ky
o = A X gxk. (28)

Then it is possible to calculate the compressive load N acting at the stress 0,03 using one of

the below formulas:

N =21 X (1, + 62) X § X 6 + T X 1 X o, (29)
N=znx(rb+5z)x5xa,gf+nxrgx%mg, (30)

b
N=27T><(rb+62)x6><%xa,§‘+n><rb2><ag. (31)

Apart from dependences (27) and (28), the longitudinal stresses of the structural elements of

the hybrid rack can be calculated from the expressions obtained from equations (30) and (31):

of = Y , (32)

27't><(rb+62)><6+n'><r§ xﬁ—z
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N
of =

(33)

27t><(rb+62)><6xi—i+nxr§.
Therefore the dependences of the operation in the elastic stage of the hybrid rack made of fi-
berglass shell filled with monolithic concrete are obtained.

4. Estimation of the load-bearing capacity of a hybrid rack under the influence of com-
pression. The above expressions are compiled according to the parameters of materials charac-
teristic of the elastic stage of their operation, thus they are only valid at the initial stage of load-
ing the rack. In the case of exposure to the rack of a considerable amount of compression load,
the concrete goes beyond the elastic stage of operation, as a result of which the stresses calcu-
lated by the derived formulas (22, 32, 33) are unacceptably overestimated. By the time the
stresses in the concrete exceed 0.5 = 0.7 R, (prismatic compressive strength), the elasticity
modulus of concrete starts changing based on a nonlinear law as the compressive force rises.
A well-studied and commonly used method is known for calculating the stresses of concrete
during nonlinear operation. A simplified three-line diagram based on the type of Prandtl diagrams
(in accordance with SP 63.13330.2018 — "Concrete and Reinforced Concrete Structures") is
adopted as a working diagram of the state of concrete, which identifies the relationship between
stresses and relative deformations. The stresses of the concrete rod ob depending on the corre-

sponding relative deformations of the shortening of concrete ¢ are given by the formula:

abz[(1—%)xﬂ+%]x12b, (34)

Rp €po—€p1  Rp
where
Op1 = 0,6 X Rb, (35)
e = 7 (36)

epo are the largest longitudinal values of relative deformations of concrete depending on the
relative humidity of the surrounding air.
The longitudinal stresses of concrete under volumetric compression increase fairly considera-
bly and can greatly exceed the prismatic strength R;. The criteria for the strength of concrete
are used to identify he values of stresses where the strength of concrete is maintained under
the conditions of triaxial compression. For the case of triaxial compression of concrete,
A. A. Gvozdev's strength criterion for bulk compressed concrete is commonly used [4]:

[645] = Ry + B X o, (37)

where £ is the parameter of the material.
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The results of N. I. Karpenko's experimental-theoretical studies [7] and the results of the later
work by other researchers showed that the parameter  is not a constant value, but rather is

described by the dependence [8]:

%

1+a—ax?
p=—"= (38)

b+(f—-b)x=2

)

where b = 0.096, a = 0.5b, f= 1 are empirical coefficients of concrete.

Note that in the above design, the longitudinal stresses of the shell are always a lot lower than
the corresponding ones in concrete due to a considerable difference in their cross-sectional
areas. Thus despite the fact that the concrete core operates outside the elastic stage based on
the nonlinear law, the shell at the same time operates predominantly elastic (except for the
stage of destruction in the transverse direction if it takes place).

Following the calculation of the parameters characterizing the stress-strain of the hybrid rack,
the load-bearing capacity of the hybrid rack under the action of compression is evaluated. It is
considered that the integrity of the structure of the rack under the action of compression is

preserved if the strength conditions for each of its elements are satisfied:

P < Ogps (39)
o < o, (40)
oif <[of], (41)
where oy, are ultimate tensile transverse stresses from the evenly distributed pressure on the

wall of the fiberglass shell o7 are ultimate stresses while compressing fiberglass in the longi-
tudinal direction.

Checking the durability of a hybrid rack on the bending moment is performed as for a regular
reinforced concrete rack of a round section. It is possible to consider the strength characteris-
tics of the fiberglass shell as an additional reinforcement of the structure.

Conclusions. A model of the stress-strain of the hybrid rack intended for supports of bridge
constructions is designed and scientifically substantiated. It considers the deformation interac-
tion of a comprehensively compressed concrete core with an anisotropic fiberglass shell. Ex-
pressions identifying stresses and relative deformations in the longitudinal and transverse di-
rections during compression of a hybrid stand are formulated. It is found that the concrete
core operates outside the elastic stage based on the nonlinear law whereas the shell operates

mainly elastically, except the stage of destruction in the transverse direction if it takes place.
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The above results contribute to the development of a calculation method for hybrid reinforced
concrete racks with external fiberglass shells. This technique will enable one to estimate the
compressive load-bearing capacity considering the nonlinear operation of the concrete core,
its interaction with the shell, various parameters of fiberglass in the longitudinal and trans-
verse directions. The proposed design parameters characterize the limit states of each element
of the hybrid rack, which in compliance with the requirements of modern regulations ensures

the safety, reliability and durability of the designed structure.
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