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Abstract. The main reasons for the wear of the walls of metal cylindrical tanks are corrosion
and fatigue of the metal of their vertical joints. It is possible to replenish for the corrosion losses of
the material, as well as to reduce the level of acting stresses to values allowed by the conditions of
metal fatigue, with external transverse reinforcement with fiber reinforced plastic (FRP).

Sequential consideration of the operation of steel shells of cylindrical tanks reinforced with
external transverse FRP reinforcement allows to obtain the values of the corresponding hoop stresses.
The necessary limitation of the values of the maximum stresses of the metal components makes it
possible to determine the coefficients of the external FRP reinforcement of these structures. Herewith
the analysis of the obtained theoretical results indicates the mandatory need to take into account the
temperature deformations of structural elements that exhibit different temperature-deformation
properties, as well as a significant impact on the results obtained by the longitudinal deformations of
the metal shells of these structures.

The calculation methods proposed in the article make it possible to determine the necessary
parameters for strengthening the bodies of metal cylindrical tanks with an external transversely
directed FRP reinforcement that perceives the actions of ring forces. The main factors determining
the effectiveness of the obtained solutions are the residual strength of the material of the metal shells
of the tanks, as well as the modulus of elasticity of the used FRP.

The theoretical expediency of the effective use of low-modulus FRP is confirmed for structures
with high strength indicators of metal bases, and high-modulus — in cases of significant limitation of
the stress level of metal elements.

Key words: metal cylindrical tanks, methods of strengthening the walls of tanks, external
transverse reinforcement, FRP systems of external reinforcement.

Introduction. Long-term operation of tank structures is one of the main reasons that determine
their physical wear and associated accident rate. The main cause of physical wear of the walls of
tanks of small and medium capacity (1000...5000 m?) is corrosion. The performance of the walls of
metal tanks of large sizes (with a capacity of more than 5000 m?), having a large thickness of elements
(12 mm or more), is largely determined by the fatigue of the metal used, which is most critically
manifested in vertical welded joints [1].

The problem of combating wall corrosion of tanks is usually solved using widely used paint
and varnish protection methods, including the introduction of thick-filmed (2...3 mm) epoxy-
containing coating systems, which may include glass fiber layers. To strengthen the tank shells,
providing for the reinstatement of the bearing capacity of their walls, various methods can be used as
replacing damaged elements, the general banding, the installation of various horizontal stiffeners that
cover defective vertical joints, welding along the entire length of vertical connections of the special
inserts, etc [2]. As alternative solutions, it was also proposed to use continuous winding of high-
strength wires or tapes installed with prestressing on the shells of metal cylindrical tanks [3, 4].

The traditional strengthening methods described above, giving quite acceptable results, are
associated with a number of design and technological shortcomings, often leading to the fact that the
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complete replacement of these structures is considered as a more effective solution. It becomes
possible to avoid many disadvantages of widely used reinforcing structures, significantly simplify the
technology and reduce the time of the mounting within the using of the methods of external transverse
reinforcement of the walls of cylindrical tanks by high-strength FRP materials, the most effective
type of which is carbon fiber reinforced plastic (CFRP) [5].

Thus the complex of problems to be solved when extending the effective operation of metal
tank bodies includes the reinstatement of the lost bearing capacity of their walls, which is a potential
cause of the most dangerous and costly accidents of these structures [1]. It becomes possible to
replenish the working material of the walls of the tanks, as well as to reduce the level of acting stresses
with external reinforcement by transverse FRP [2].

Existing theoretical base. The operability of reinforcements of structures of a closed geometric
shape, carried out by external transverse reinforcement with high-strength FRP materials, has been
evaluated in engineering practice for a relatively long time. In construction, such design solutions are
widely used to increase the bearing capacity of reinforced concrete columns and cylindrical
structures, in particular tanks [6-9]. At the same time, the existing regulatory framework for
strengthening reinforced concrete structures with FRP is quite extensive, there are national and
interstate documents that cover this issue quite fully. With regard to metal structures, the
reinforcement of which by FRP began almost 20 years later, there are no national defining regulatory
documents [5]. The recommendations that exist in the world on the calculation and design of building
structures combining metal and FRP materials are very limited and do not cover all cases of their
possible operation [10-15]. The problem is complicated by the fundamental differences in the nature
of the operation and destruction of reinforcements of metal structures from, for example, reinforced
concrete structures, as well as there is the impossibility of using pure solutions tested in the aircraft
industry and astronautics, which is explained by significant differences in the dimensions of the cross
sections of the elements, the nature of the existing internal forces, the values and the duration of the
applied loads, the impossibility of an empirical approach with multiple series of experimental studies
of full-scale elements of building structures and the peculiarities of using cheaper reinforcing and,
most importantly, matrix-adhesive materials.

Consideration of the existing theoretical basis for strengthening metal structures with FRP
poses a number of problems when considering the walls of cylindrical tanks. Currently, there is an
insistent need for a corresponding systematization and adaptation of the existing world practice of
reinforcing metal structures by FRP (within extremely limited national practice), in relation to the
operation of cylindrical tank shells. It is necessary to develop methods for strengthening the walls of
metal tanks in the absence of working loads, as well as with prestressing of reinforcing elements
installed in the time of continuous operation of structures. It is required to determine the degree of
influence of thermal stresses on the operation of cylindrical shells of tanks made up of layers, the
materials of which have significant differences in the values of the coefficients of linear thermal
deformations.

Thus the lack of an adequate regulatory framework [2, 16] largely hinders the practical
implementation of the method of transverse FRP reinforcement of steel tanks.

The purpose of the work is to determine an applied method acceptable for the calculation of
metal cylindrical tanks that perceive internal pressure and are reinforced by external transversely
directed FRP reinforcement, taking into account differences in the temperature deformation of the
used materials, as well as the definition of general factors affecting the efficiency of the applied
solution.

Results of the research. Sequential consideration of the operation of the steel shell of a
cylindrical tank, having a radius » and thickness #; , being under the action of the initial internal
pressure P’ and than strengthened by transverse prestressed FRP elements with prestress op and
thickness #rcontinuously located along its height, experiencing a subsequent increase in pressure by
an amount AP (Fig. 1), made it possible to obtain the values of the maximum hoop stresses,
respectively, in the elements of FRP reinforcement and the steel wall of the tank [16]:
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Fig. 1. Calculation drawing of a steel cylindrical shell of a tank reinforced with external transverse
FRP: s — the steel shell of the tank, /— the layer of external transverse FRP reinforcement

N m[Nf(X,Z) +1E, (asATsz _O‘fAsz)] o - Pr &0 l% N Ny T1E, (afATfl _asATsl) (1)

O,=0
s t+tm t t+tm

oo =AP-H(1=pf2), N, =AP- r[l + m(t /1t X,u/ 2)] — conditional hoop forces per unit
section of the FRP and steel layers of the tank wall, arising from a change in internal pressure

by the value AP and determined taking into account the combined action of hoop and
longitudinal stresses in the steel part of the structure; E; , Er — respectively, the moduli of

elasticity of steel and elements of FRP reinforcement; m = E, / E_— the ratio of the elastic

where N

modules of the constituent layers of the wall;  — Poisson's ratio of the material of the steel
component of the tank wall; op — prestressing in the elements of fiber-reinforced plastic;
and oy — coefficients of linear thermal deformation of steel and a layer of FRP; AT; and ATy
— the most critical temperature changes of the steel and FRP components of the shell, causing
maximum additional stresses in the steel; AT> and ATy — the most critical changes in the
temperatures of the steel and FRP components of the shell, causing the maximum additional
stresses in the FRP.

The most typical case that determines the temperature regimes of operation of the absolute mass
of metal tanks is a smooth change in temperatures with the same values A7 in all layers of complex
walls.

At present, two fundamental approaches have been formed to the practical consideration of the
nature of the operation of metal cylindrical shells reinforced by external transverse reinforcement,
which perceives the action of only ring forces.

On the one hand, classical works [3, 4], which analyze the strengthening of metal cylindrical
shells by winding high-strength metal wires and tapes, state that taking into account the longitudinal
stresses of these structures leads to a slight increase in the thickness of the steel parts of the walls and
a decrease in the thickness of the reinforcing layers, refining the calculation by no more than by
4...5%. Thus, in this case, under the influence of considerations of a significant simplification of
practical calculations, the assumption of the applicability of the statement Nyy,z)= Nyp,z) (AP)r.

On the other hand, the distinguishing features of the use of external FRP reinforcement of tanks
from reinforcing winding by metal elements are a much larger possible range of ratios of the elastic
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modules of the working parts of the wall structure, which in the general case is m =0,3...3,8 , as well
as the presence of coefficients of linear thermal deformation of FRP are &, = (— 2,0...+ 5,4)>< 107%°C™!

, which cause a significant increase in stresses during joint work with steel, that demonstrates a similar
value equal to a, =+10,4x107°°C™". The foregoing limits the applicability of simplifications of the
classical approach, abstracted from steel deformations directed along the axes of the tank shells.

The solution of the problem of determining the required working thicknesses of the FRP
components of the complex walls of the cylindrical tanks under consideration, without taking into
account the longitudinal deformations of the metal shells and with their presence, is given below.

The case of abstraction from longitudinal deformations of metal shells of tanks. Combined
consideration of expressions defining stresses in the steel wall of the tank and reinforcing FRP
elements (1), abstracted from the longitudinal stresses of the shell (i.e. Njx 2= Nyx ) (AP)r) and taking
into account uniform change in temperatures A7 of materials of all layers of the structure, allows to
get the interdependence between the considered stresses

1 t;
o
O, = GSO(X) +;(O-/ _G_/'O)_G/'O t__Aa AT .Es > (2)
!
. l/' . .
where o, = - stresses in the steel shell before the start of the reinforcement process,

s

Aa = a,—a, —the difference between the coefficients of linear thermal deformation of steel

and the layer of reinforcing FRP.

In the absence of initial pressure at the moment of reinforcement of the reservoirs (i.e. P'=0)
and installation FRP reinforcement without applying prestressing forces (op=0), the last
interdependence is

o,
=—-Ac, , (3)
m

where Ao, =Aa-AT - E — the value that determines the change in stresses under the influence of

o

s

temperature deformations.

Limiting in the last expression the stress value of the steel component oy of the complex wall
of the tank by the yield strength of the material £, or the limiting stress value that is permissible from
the fatigue conditions of the material of the joints of its non-reinforced structure, it becomes possible
to obtain the maximum stresses of the FRP component corresponding to the case of maintaining the
overall performance

o =(f,y+ Aoy m. 4)
Taking into account the condition of equilibrium of the acting forces
Nypw=AP-r=ot +o,,, (5

where N,,, =AP-r —conditional ring force per unit section of the complex wall of the tank, arising

when the internal pressure changes by AP,

and limiting condition (4), it becomes possible to obtain the required thickness of an external
transverse FRP reinforcement

_ NAP(x) - fydts
i, = . (6)
fyd +Aoc, Jm
Entering the coefficient of the required degree of external FRP reinforcement &, =17, / t, 1s

possible to get
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ko= (NAPm/ts)_f)d _ Ao, (7)
7 (fyd +A0'T)m (fyd +A0'T)m ’

where Ao, =—2* _ ¢~ — conditional excess of stresses over its limiting value (yield strength of
A ; )

steel or maximum stresses determined by the fatigue of the material of the joints) in a metal
shell in the absence of external reinforcement.

The case of accounting for longitudinal deformations of the metal shells of tanks. Similar to the
previous case, the combined consideration of the expressions that determine the stresses in the steel
wall of the tank and the reinforcing FRP elements (1), taking into account the effect of longitudinal

stresses in the shell on conditional ring forces N, .,, N, , as well as a uniform change in the

temperatures AT of materials of all layers of the structure, allows to get the interdependence between
these stresses

m , t At +1t,m
O, =—|0, =0y TOp—+AQ-AT-E,———— |+ 0, (8
A t t,+1,m

s

where 07y, =P'-r/t, — stresses in the steel shell before the start of the reinforcement process;
Aa =a, —a, —the difference between the coefficients of linear thermal deformation of steel
and the layer of FRP; A = [1 + m(tf/ts X,u/2)J/(l — 11/2) — auxiliary value.

In the absence of initial pressure at the moment of reinforcement of the tanks (i.e. o’%0=0) and
the installation of FRP reinforcement without prestressing (op=0), expression (8) takes the form

m Atv+tfm
o,=—|0,+Ao,————|, )
| t,+tm

N

In accordance with (9), the allowable stresses in FRP from the condition of ensuring the
operability of the steel part of the structure is

max m
Uf =Z|:f;)d +AGT

At +t,m
— (10)

t,+1t,m
where  f|, — design yield strength of steel or the limiting stress value permissible from the
conditions of fatigue of the material of the shell joints.

Joint consideration of the condition of equilibrium of ring forces N,,,, =AP-r=ot +0,

and the constraint (10) allows obtaining the required thickness of a continuous external transverse
FRP

A Ny =S, 11

b= At +t (an
m f. +Ac Al *iym
YTt m

The value of the coefficient that determines the degree of required external FRP reinforcement
k., in this case is

k, =t‘/=ﬁ- Wario/t)=fs 4. AT (12)
10 t, mf R At +1,m mf A At +t,m
+Ac, +Ac, L
MO tm v Tt +tm
t
1+m*f§ 1+mkm)ﬁ
where 4= s £ " 2 _ auxiliary value.
1-p/2 1-p/2
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Transformation of (12) allows obtaining the following equation

A )+ Ak — A, =0, (13)

where 4, = m[(l —,u/2)fyd —(‘LI/Z)AO'H + AO‘TJ; A4, = (1—y/2)fyd —(l + /,l/2)AO'S+ +Ao,;
A, =Ao,, [m.

The meaningful solution of equation (13) determines the required value of the coefficient of
external FRP reinforcement

Ky = % :g{(/lzz +44.4,) _Az} =A="7 (14)

1

where 4; =1/m.

Numerical studies and related analysis. A significant difference in the values of the coefficients
of linear thermal deformation of FRP and steels determines the significant effect of changes in
operating temperatures on the stress state of cylindrical tanks reinforced with appropriate external
transverse reinforcement.

Thus, the results of numerical calculations that considered the change in the coefficient of FRP
reinforcement k ,,,, for plastics based on various reinforcing fibers (E-glass fiber, aramid fiber, high

strength (normal modulus) carbon fiber, high modulus carbon fiber), obtained with a single excess
of stresses Ao, =1 over the limiting value f,, in different ranges of operating temperatures A7,

indicate their multiple variability.
An analysis of the dependences of the coefficients k ,,,, on operating temperatures AT indicates

a general trend of the supreme influence on this parameter of the values of the elastic modules £y of
the used FRP, as well as the strength characteristics of the material of steel shells /|, (with an increase

in these indicators, a decrease in these coefficients is observed).

The characteristic of influence of the temperature factor is determined by the condition of
limiting the strength of the material of metal shells: when using FRP based on various types of
structural fibers, thermal deformations can repeatedly change the value of the considered coefficient
k;, 1n combination with steel shells that are characterized by low material strength (

Sra =18kN/ cm®), while similar combinations with high-strength steels ( Sra =42kN/ cm®)

practically neutralize the effect of temperatures.

It is also important that in the considered determination of the coefficient k& the classical

RIOE
assumption about the possibility of abstracting from the effect of longitudinal deformations of steel
shells is applicable only in some cases when high-strength steel shells are combined with
predominantly high-modulus FRP of external reinforcement in the ranges of increasing temperatures.
Otherwise, not taking into account the longitudinal deformation of steel shells leads to significant
differences from the calculations performed with it taken into account.

Consideration of the dependences obtained for various types of external FRP, taking into
account the effect of longitudinal deformations of tanks, allows to conclude that it is quite expedient
to use low-modulus and much cheaper FRP to reinforce structures that have high strength

characteristics of steel basics f, ~ 30...42kN/ cm’ . At the same time, as for structures characterized
by low strength limits of steel f , ~15..20kN/ cm’, effective external reinforcement is achieved

only when using high-modulus FRP.

Conclusion. The proposed calculation methods make it possible to determine the necessary
parameters for strengthening the bodies of metal cylindrical tanks with an external transversely
directed FRP reinforcement that perceives the actions of ring forces. In this case, the mandatory
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factors to be taken into account are the temperature deformations of the materials used, as well as the
longitudinal deformations of the metal components of complex structures. The main factors
determining the effectiveness of the solutions obtained are the residual strength of the material of the
metal shells of the tanks, as well as the modulus of elasticity of the used FRP. The theoretical
expediency of the effective use of low-modulus FRP is confirmed for structures with high strength
indicators of metal bases, and high-modulus — for the walls of tanks, which are characterized by
significant restrictions on the level of allowable stresses of their metallic shells.

The needed further research. The indicators of effective external FRP reinforcement of the
walls of the bodies of metal cylindrical tanks require further determination, taking into account the
geometric features of the structures, the thickness of the metal elements, the characterization of the
initial loads, the methods of montage and the calculated characteristics of the fiber used.
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Ooecvka depoacasna akademisn 6yoienuymea ma apximexmypu, m. Qdeca

AHoTaniss. OCHOBHUMH NMPUYNHAMH 3HOIIYBAHHS CTIHOK KOPITYCIiB METAJICBUX IIMITIHAPUIHUX
pe3epByapiB € KOpo3isi Ta BTOMa METally iX BEpTUKAIbHUX 3'€lHaHb. BiTHOBUTH KOpPO3iiiHiI BTpaTH
Martepiaily, a TakoXK 3HU3HTH PiBeHb HANPY)KEHb J0 BEIWYHH, IO JOMYCKAIOTHCS YMOBAMHU BTOMHU
METajy, MOXKJIMBO IIPH 30BHIIIHBOMY ITOIIEPEYHOMY apMyBaHHI (iOpOMIacCTUKOBUMH MaTepialaMu.

[TocnigoBHUI pO3TIsAL POOOTH CTAIEBHX OOOJOHOK IUJIIHAPUYHUX Pe3epBYapiB, MOCHICHUX
Oe3rnepepBHUM 30BHIIIHIM TONEepedyHuM (HiOpOIUIACTUKOBUM apMYyBaHHSM, JI03BOJIIE OTPUMATH
BEJIMYMHHU BIJIMOBIIHUX KUIBLIEBUX HampykeHb. HeoOximHe 0OMEKEHHsI BEJIMYUH MAaKCUMAaJTbHUX
Hanpy>KeHb METaJIeBUX CKJIAJOBHX A€ MOJIMBICTh BH3HAUYEHHS KOEQIIIEHTIB 30BHIIIHBOTO
($i0poIIacTUKOBOTO apMyBaHHS JaHUX KOHCTpyKmii. Ilpm mbpoMmy aHami3 oJepKyBaHHX
TEOPETUYHHUX PEe3yJbTaTiB CBITUUTH MPO OOOB'SI3KOBY HEOOXITHICTH ypaxyBaHHS TeMIIEpaTypHHUX
nedopmariii - €IeMeHTIB KOHCTPYKIIM, IO BHUSBISIIOTH Pi3HI  TeMmIeparypHo-aedopmarltiiini
BJIACTUBOCTI, @ TaKOX IPO CYTTEBHH BIUIMB Ha pe3yibTaTh JediHimii Mmo3qoBXKHIX nedopmarii
MeTaJeBUX 000JIOHOK aHaJII30BaHUX CIIOPY/I.

3anpornoHoBaHi y CTaTTi METOOM pO3PaxyHKY JO3BOJISIIOTH IPOBOJUTH BH3HAYCHHS
HEOOX1THUX IMMapaMeTpiB MOCHJICHHS KOPIYCIB METaJeBUX MHIJIIHIPUIHUX PE3epBYyapiB 30BHIIIHIM
MIOTIEPEYHO CHPSIMOBAaHUM (DiOPOIUIACTUKOBUM apMyBaHHSM, IO CIpUIMAE il KUTbLIEBUX 3yCHIIb.
OcHoBHUMH (DakTOpaMH, IO BU3HAYAIOTh €(GEKTHUBHICTH OJICPKYBAaHUX pIllleHb, € 3aJIUIIKOBA
MIIHICTh ~MaTepialy MeTaJeBUX OOOJOHOK pe3epByapiB, a TaKOX MOIYJIb HPYKHOCTI
(hi0porIacTuKiB.

TeopernuHa IOUITBHICTh €(PEKTUBHOIO BUKOPUCTAHHS HU3BKO MOIYIbHHUX (iOpoapMOBaHHX
MJIACTUKIB MATBEPKYETHCS JJIsI KOHCTPYKIIIH, 110 MAIOTh BHCOKI MOKa3HUKH MIITHOCTI METaJIeBUX
OCHOB, a BHCOKO MOAYJBHUX — Yy BHIIaJKaX ICTOTHOTO OOMEXEHHsS piBHS HAIpyr METaJeBHX
€JIEMEHTIB.

Kiro4oBi cjioBa: MetasneBi HUIIHAPUYHI pe3epBYyapy, METOIM IOCUIICHHS CTIHOK pe3epByapiB,
30BHIIIHE MTONIEPEYHE apMyBaHHS, (PiOPOTIIACTHKOBI CHCTEMHU 30BHIIITHHOTO apMYBaHHS.
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