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Abstract. One of the modern ways to increase the bearing capacity of the walls of metal
cylindrical structures that perceive the action of internal pressure is the external transversely directed
reinforcement by fiber reinforced plastics (FRP), the most effective type of which is made from
carbon fibers (CFRP).

Consideration of metal cylindrical shells, which perceive the action of internal pressure and are
reinforced with external transversely directed FRP reinforcement, makes it possible to obtain the
values of the stress state parameters of the corresponding structures. At the same time, analytical
methods for estimating these parameters do not have the necessary experimental justification.

In this connection, experimental studies of the stress state of elements of models of metal
cylindrical structures externally reinforced with transversely directed FRP based on high strength and
high modulus carbon fibers were carried out. The results of tests, including taking into account
variable operating temperatures, are presented in this paper in comparison with the conclusions of the
previously proposed practical methods of the corresponding analytical assessment.

The paper substantiates the applicability of applied analytical methods for determining the
parameters of the stress state in the elastic stage of deformation of the elements of the complex walls
of metal cylindrical shells externally reinforced with transversely directed FRP elements made on the
basis of normal modulus and high modulus carbon fibers.

Key words: metal cylindrical structures, external transverse reinforcement, FRP systems of
external reinforcement, experimental studies.

Introduction. One of the modern ways to increase the bearing capacity of the walls of metal
cylindrical structures that perceive the action of internal pressure is the external transversely directed
reinforcement by fiber reinforced plastics (FRP), the most effective type of which is made from
carbon fibers (CFRP) [1-3].

This method of increasing the bearing capacity of the walls of cylindrical shells can be used
both in the manufacture of new structures with reduced weight characteristics, and for the
rehabilitation and restoration of existing cylindrical structures, the bearing capacity of the shells of
which is reduced due to long service life. The presence of external transverse FRP reinforcement
makes it possible to reduce the level of internal ring stresses acting in the metal bases of the walls of
these structures, which is most important in the case of reduced values of the design resistances of
the base material and the joints of elements, often characterized by fatigue. It is theoretically possible
to carry out the installation of external FRP reinforcement of metal cylindrical structures including
the cases of presence of internal pressure in them. The degree of effectiveness of this reinforcement
can be increased by using the installation methods that provide prestressing [4, 5].

Existing theoretical base. Consideration of metal cylindrical structures that perceive the action
of excessive internal pressure and are reinforced by external transversely directed reinforcement,
based on the classical theory of the operation of thin-walled shells, makes it possible to obtain the
values of internal stresses both in the elements of the shells and in the external transverse
reinforcement [6, 7].
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The presence of significant differences in the characteristics that determine possible multiple
differences in the strength, elasticity and thermal deformation of building steels and various types of
structural FRP forces to make clarifications [3, 4, 8] in the classical engineering methods of definition,
which are mostly abstracted from these differences in favor of simplifying the final applied
dependencies. At the same time, the most significant factors affecting the results of determining the
parameters of the stress state of the walls of these complex structures are differences in the elastic
modules and coefficients of linear thermal deformation of the materials used, as well as the significant
effect of longitudinal deformation of reinforced metal shells in such combinations of materials [8].

Solutions that are consisting in the external transverse reinforcement of metal cylindrical
structures, carried out using high-strength steel wires and tapes, which have close values of elastic
and temperature-strain characteristics, are distinguished by the presence of the necessary
experimental validation of existing engineering practices for determining the stress state parameters
[6, 7]. With respect to the methods that are applicable for similar external reinforcement performed
by using FRP in general, as well as CFRP in particular, there is no such experimental validation,
which hinders the appropriate implementation.

The purpose of the work is an experimental validation of an practical method for determining
the parameters of the stress state in the elastic stage of deformation of thin-walled metal cylindrical
shells reinforced with external transverse FRP [4, 8] in relation to the case of using high strength and
high modulus CFRP.

Research methodology. To solve the problem, experimental studies were carried out for
determining the change in the parameter of the ring strain with an increase in internal pressure in
metal cylindrical elements reinforced with external transverse FRP reinforcement made using
structural unidirectional tapes based on high strength and high modulus carbon fiber materials. The
reinforcement by CFRP was carried out with the placement of structural tapes in one and several
layers without prestressing and in the absence of initial internal pressure in the experimental samples.
The studies were carried out taking into account the effect of constant and variable operating
temperatures.

The tested specimens were characterized by ratios of the radii of cylindrical curvature to the

thickness of the metal walls, not less than 20 units (i.e. 7/, >20), which allows to consider their

stress state related to thin-walled cylindrical shells. The reinforcing tapes were installed in the
operational position by winding on the cylindrical surface with the deviation of the fibers from the
direction transverse to the axes of the samples by no more than 5°, which makes it possible to
conditionally consider the reinforcement as transversely directed [9, 10].

The theoretical values of the researched ring strain in the elastic stage of deformation in the
metal components of the complex walls of the considered cylindrical metal shells, reinforced with
transversely directed FRP reinforcement, that was installed without prestressing in the absence of
initial internal pressure, were determined in accordance with the dependence that was following from
[4, 8]:

1 Ny, —t,-E -AT-Ac

TE t+1,(E,E) D

N

where N

sy = AP r[l +(E L+ |E, Xt o/t Xu/ 2)J — conditional ring force per unit section of the steel
layer of the wall, arising from internal pressure AP and determined taking into account the
combined action of ring and longitudinal strains in the steel part of the structure; #, #r —
respectively, the calculated thicknesses of the steel and FRP components of the complex wall
of the cylindrical shell; Es , Er — respectively, the modules of elasticity of steel and FRP

reinforcement; AT — the temperature change in all layers of complex wall; Ao = a, —a, —the

difference between the coefficients of linear thermal deformation of steel and the layer of
reinforcing FRP; g — Poisson's ratio of the material of the steel component of the wall; » —
radius of cylindrical curvature of the metal shell.
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The determination of the theoretical reduced thickness of the FRP reinforcement, taking into
account the uneven distribution of forces in the composition of multilayer FRP elements made by
high strength and high modulus carbon fiber structural tapes, was carried out taking into account the

coefficients of uneven functioning strains &, described in [11-13] and establishing the degree of
loading of the considered layers of this material , i.e.

[
__f
t _72:1: k., )

where n=1...5 —the number of monolayers in the equal thickness of reinforcing FRP; 7, — physical
thickness of an single monolayer of reinforcing fiber; &, — coefficients of non-uniform loading

of layers, equal for high strength (normally modular) CFRP k =10, k,=0,73,
ky =k, =k, =017, and for high modulus CFRP k, =10, k, =0,78 ,k; =k, =k, =0,56 (Fig.

1).
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Fig. 1. Distribution of strains in CFRP reinforcement systems of steel elements: a — using high
modulus carbon fibers, b — using high strength (normal modulus) carbon fibers [11]

As experimental samples imitating thin-walled cylindrical shells that have undergone external
transverse FRP reinforcement, the following were used:

— welded steel pipes with an inner diameter of 150.0 = 0.1 mm, a wall thickness of 3.0 + 0.1
mm (r/t, =25>20) and a length of 1200 mm, to the ends of which were welded steel
plates of 12 mm thickness, the mark of used steel was C245 according to
JCTY 8539:2015 (Fig. 2, a);

— welded steel cylinders with an outer diameter of 299.0 + 0.1 mm and a wall thickness of
3.0 £ 0.1 mm (r/t, =49,3>20), with a volume of 50 liters, intended for liquefying

hydrocarbon gases at a pressure of up to 1.6 MPa, corresponding to /CTYV ISO 10462:2019
and made of Cm3cn steel (Fig. 2, b).

External transverse FRP reinforcement of experimental samples was carried out by systems
consisting of:

— normally modular carbon fiber fabric SikaWrap-230C, characterized by a monolayer

thickness of 0.131 mm, an elastic modulus E;= 2.38 x 10* kN/cm? and a tensile strength
of 430 kN/cm?, a 2-component thixotropic epoxy adhesive Sikadur-330 was used as a
matrix;

— high modulus carbon fiber fabric MapeWrap C UNI-AX HM, characterized by a monolayer
thickness of 0.329 mm, an elastic modulus Er= 3.90 x 10* kN/cm? and a tensile strength
limit of 441 kN/cm?, a 2-component epoxy-based adhesive MapeWrap 31 was used as a
matrix resin of medium viscosity.
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(b)

Fig. 2. Experimental samples made of: a — welded pipes with an inner diameter of 150.0 = 0.1 mm,
wall thickness of 3.0 = 0.1 mm (r/¢, =25>20), b — welded steel cylinders with an outer

diameter of 299.0 = 0.1 mm, wall thickness 3.0 £ 0.1 mm, JCTY ISO 10462:2019 (
rft, =49,3>20)

The technology of the FRP reinforcement was corresponded to the recommendations of the
manufacturers of these systems.

The loading of the tested samples was carried out by creating an internal hydraulic pressure,
the stepwise increase of which was provided by the supply of water through hydraulic valves from
the intermediate high-pressure leveling tank, into which the liquid was pre-injected by a high-pressure
pumping unit. The control of the internal pressure values was provided by replaceable manometers
of various working pressures.

The registration of the values of ring strains and the corresponding stresses of the metal parts
of the reinforced walls was carried out by the tensoresistoring method in the middle of the height of
the tested samples. The readings of the strain gauges were calibrated in accordance with ones obtained
during preloading of the samples, which was carried out before the installation of FRP, and compared
with the "reference" values of the annular elastic relative strains of their steel cylindrical shells, equal
to

1 AP-r

5S=E - 3)

N N

Further transition to the desired values of the ring stresses of the metal elements of the
reinforced walls of the tested samples was carried out in accordance with the condition of elastic
deformation

o,=E¢,. 4)

N sTS8

Results of the research.

1.  Experimental specimens made of steel welded pipes with an internal diameter of 150.0 + 0.1
mm, wall thickness of 3.0 = 0.1 mm, reinforced by external transverse FRP reinforcement with
the normally modular Sika Wrap-230C system installed in 1 and 2 layer, were characterized by
the coefficients of external reinforcement of the walls, which were respectively

k, = (tf /ts)><100% =4.37% and k, =8.73%, providing a theoretical increase in the bearing
capacity in comparison with unreinforced samples, which were 4.08% and 6.82%, respectively.
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The results of experimental studies of the ring strains of the metal component of the
complex walls of these samples, obtained during tests carried out without taking into account
changes in operating temperatures, are presented in Figures 3 and 4 in comparison with
theoretical values corresponding to unreinforced (3) and reinforced by CFRP samples (1).

2. Experimental samples made from steel welded cylinders with an outer diameter of 299.0 + 0.1
mm and a wall thickness of 3.0 + 0.1 mm, reinforced by external transverse FRP reinforcement
with a normally modular SikaWrap-230C system installed in 1 and 2 layer, were characterized
by the coefficients of external reinforcement of the walls, which were respectively &, =4.37%

and k, =8.73%, providing a theoretical increase in the bearing capacity in comparison with

unreinforced samples, which were 4.08% and 6.82%, respectively.

The results of experimental studies of the ring strains of the metal component of the
complex walls of these samples, obtained during tests carried out without taking into account
changes in operating temperatures, are presented in Figures 5 and 6 in comparison with
theoretical values corresponding to unreinforced (3) and reinforced by CFRP samples (1).

3. Experimental specimens made of steel welded cylinders with an outer diameter of 299.0 £+ 0.1
mm and a wall thickness of 3.0 + 0.1 mm, reinforced by external transverse FRP reinforcement
with the high modulus MapeWrap C UNI-AX HM system installed in 1 and 2 layers, were
characterized by the coefficients of external reinforcement of the walls, which were respectively

k; =10.97% and k, =21.93%, providing a theoretical increase in the bearing capacity in

comparison with unreinforced samples, which were 14.61% and 22.94%, respectively.

The results of experimental studies of the ring strains of the metal component of the
complex walls of these samples, obtained during tests carried out without taking into account
changes in operating temperatures, are presented in Figures 7 and 8 in comparison with
theoretical values corresponding to unreinforced (3) and reinforced by CFRP samples (1).

Similar experimental results, comparable to the theoretical ones, obtained during testing
of the samples reinforced with 1 layer of reinforcement and experiencing additional thermal
stresses determined by heating the supplied liquid, respectively, by +25°C and +36°C, are
shown in Figures 9 and 10. At the same time, the theoretical values of additional thermal
stresses were —1.05 kN/cm? and —1.51 kN/cm?, respectively.

Experimental results, comparable to theoretical ones, obtained during testing of a sample
reinforced with 2 layers of reinforcement and experiencing additional thermal stresses
determined by heating the supplied liquid by +24°C, are shown in Figure 11. The theoretical
value of additional thermal stresses in this case was —1.58 kN/cm?.

The comparison of the analytical dependencies consequent to (1) and determining the elastic
ring strains of the metal components of the complex walls of the cylindrical shells, with the results of
experimental studies of this parameter (Fig. 3-11), indicates their practical correspondence.

Conclusion. The obtained results of experimental studies substantiate the validity of using the
applied method for determining the parameters of the stress state of the elements of the complex walls
of metal cylindrical shells externally reinforced by transversely directed FRP elements [4, 8], made
on the basis of normally modular and high modulus carbon fibers with reinforcement coefficients of
4.4 ... 22.0%, and variable temperature operating conditions.

The needed further research. Further experimental substantiation requires the application of
the considered method of applied theoretical determination of the parameters of the stress state of
elements of metal cylindrical structures reinforced by transverse FRP in relation to reinforcing
elements of various thicknesses made of materials based on glass and aramid fibers.
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Fig. 3. The dependences of the ring strains & on the internal pressure AP in a steel cylindrical shell
with an inner diameter of 150.0 £ 0.1 mm and a wall thickness of 3.0 = 0.1 mm, reinforced
by external transverse FRP of the SikaWrap-230C system installed in 1 layer
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Fig. 4. The dependences of the ring strains & on the internal pressure AP in a steel cylindrical shell
with an inner diameter of 150.0 £ 0.1 mm and a wall thickness of 3.0 = 0.1 mm, reinforced
by external transverse FRP of the Sika Wrap-230C system installed in 2 layers
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Fig. 5. The dependences of the ring strains & on the internal pressure AP in a steel

cylindrical shell with an inner diameter of 299.0 & 0.1 mm and a wall thickness of 3.0 = 0.1
mm, reinforced by external transverse FRP of the Sika Wrap-230C system installed in 1 layer

e ™

AP, kN

ke = (tf/ts)xloo% =8,73%
= Increase in bearing
M capacity 6,82% ||
= 4
/ ex10]

L ——theoretical values for unreinforced shell p

Fig. 6. The dependences of the ring strains & on the internal pressure AP in a steel
cylindrical shell with an inner diameter of 299.0 & 0.1 mm and a wall thickness of 3.0 = 0.1
mm, reinforced by external transverse FRP of the SikaWrap-230C system installed in 2
layers
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Fig. 7. The dependences of the ring strains & on the internal pressure AP in a steel
cylindrical shell with an inner diameter of 299.0 & 0.1 mm and a wall thickness of 3.0 = 0.1
mm, reinforced by external transverse FRP of the MapeWrap C UNI-AX HM system
installed in 1 layer
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Fig. 8. The dependences of the ring strains & on the internal pressure AP in a steel
cylindrical shell with an inner diameter of 299.0 + 0.1 mm and a wall thickness of 3.0 £ 0.1

mm, reinforced by external transverse FRP of the MapeWrap C UNI-AX HM system
installed in 2 layers
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Fig. 9. The dependences of the ring strains & on the internal pressure AP, obtained
with a change in operating temperature by +25°C in a steel cylindrical shell with an inner
diameter of 299.0 + 0.1 mm and a wall thickness of 3.0 £ 0.1 mm, reinforced by external
transverse FRP of the MapeWrap C UNI-AX HM system installed in 1 layer
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Fig. 10. The dependences of the ring strains & on the internal pressure AP, obtained

with a change in operating temperature by +36°C in a steel cylindrical shell with an inner
diameter of 299.0 + 0.1 mm and a wall thickness of 3.0 £ 0.1 mm, reinforced by external
transverse FRP of the MapeWrap C UNI-AX HM system installed in 1 layer
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Fig. 11. The dependences of the ring strains & on the internal pressure AP, obtained
with a change in operating temperature by +24°C in a steel cylindrical shell with an inner
diameter of 299.0 + 0.1 mm and a wall thickness of 3.0 = 0.1 mm, reinforced by external
transverse FRP of the MapeWrap C UNI-AX HM system installed in 2 layers
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AnoTtanisi. OqHUM 13 CydacHHUX CIOCOO0IB MIJBUIIEHHS HECYUYOi 3JJaTHOCTI CTIHOK METaJIeBUX
WTIHAPUYHAX KOHCTPYKIIH, 10 COpUAMAIOTh Jil0 BHYTPIIIHBOI'O THUCKY, € 30BHILIHE MOMEPEYHO
cupsmoBaHe ¢ioporactukoBe (FRP) apmyBanHs, HaiOuUIbIl e(QEeKTUBHUM BHUIOM SKOTO €
apMyBaHHs Ha OCHOBI ByrienieBux Matepiaiis (CFRP).

Po3rasn MeraneBUX NUITHAPUIHUX 00OJIOHOK, IO CIIPUMMAIOTH JIiF0 BHYTPIIIHHOTO TUCKY Ta
MOCHJICHUX 30BHIINIHIM TOMIEPedHO cripssiMoBaHUM FRP apmyBaHHSIM, 03BOJIsSIE OTPUMATH BETUIHHH
rapamMeTpiB HaPY>KEHOTO CTaHy BIAMOBITHUX KOHCTPYKITIK. [Ipu IbOMy aHaJIITHYHI METOAH OIIHKH
JaHUX TapaMeTpiB HE MAIOTh HEOOXiTHOTO eKCIIEPUMEHTAIIBHOTO OOTPYHTYBaHHS.

VY 3B's13Ky 3 BKa3aHUM, OYyJIHM 31MCHEH] eKCIIEPUMEHTAIBHI TOCHIPKEHHS HAITPY)KEHOTO CTaHy
€JIEMEHTIB MOJIeJIed METaJeBUX IIJIIHAPUYHUX KOHCTPYKLIN, 30BHIIIHHO apMOBAaHUX IMOMEPEUYHO
cpsMOBaHUMHU (h1OPOIJIACTUKOBUMH MaTepialaMu Ha OCHOBI 8UCOKOMIYHUX TA BUCOKOMOOYIbHUX
BYIJICLIEBUX BOJIOKOH. Pe3ynbraTu BUNpOOyBaHb, 3I1MCHEHUX, Y TOMY YMCHi, 1 3 ypaxyBaHHAM
3MIHHUX TeMIIepaTyp eKCIUIyaTailii, HaBOAAThCA Yy I poOOTI y TOPIBHSHHI 3 BUCHOBKAMH
3aMpOIOHOBAHMX PaHIIlIe MPUKIATHIX METOIB BiIIIOBITHOT aHAIITUYHOI OIIHKH.

PoGora o0OrpyHTOBY€ 3acTOCyBaHHS NPHKJIAJHUX AaHATTHYHUX METOJIB BH3HAYCHHS
napaMeTpiB HaMpy>KEHOT'O CTaHy B IPYKHiHM cTanii feopMyBaHHS €1eMEHTIB KOMIUIEKCHUX CTIHOK
METaJeBUX  IIWNHAPUYHUX  OOOJOHOK 30BHI  apMOBAaHHMX  TIOMEPEYHO  CIPSIMOBAHUMH
(Gi0pOMIaCTUKOBUMH ~ €I€MEHTaMH{, BHIOTOBICHUMH HA OCHOBI  HOPMANbHOMOOVIbHUX 1
BUCOKOMOOYIbHUX BYTIICIIEBUX BOJIOKOH.

KurouoBi cioBa: meraneBi HMITIHAPUYHI KOHCTPYKIIii, 30BHILIHE MONEPEYHE apMyBaHHS,
($h10pOoIIacCTUKOBI CUCTEMH 30BHIIIHHOTO ApMYBaHHSI, €KCIIEPUMEHTAIBHI TOCITIHKCHHS.
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