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Abstract. The park of metal cylindrical tanks in Ukraine is characterized by significant wear
of load-bearing structures, corrosion of elements and metal fatigue of vertical connections. One of
the solutions to the replenishment of the lost load-bearing capacity of their walls is the reinforcement
by external transverse FRP. It is also make it possible to ensure tightness and anti-corrosion protection
of these constructions. At the same time, existing recommendations assessing the effective use of
various types of FRP, differing in strength, deformation and thermal deformation parameters, are
insufficient in relation to the strengthening of metal cylindrical shells.

This work systematizes systematize the method of practical determination of the parameters of
the stressed state of elements of metal cylindrical shells reinforced with external transversely directed
FRP reinforcement and detecting the main factors influencing the effectiveness of the use of FRP
based on fibers of various types in combination with steels of different strengths.

The analysis of the given theoretical dependencies allows to conclude that the mandatory
factors to be taken into account for strengthening of the metal cylindrical shells by external
transversely directed FRP reinforcement that perceives the actions of ring forces are the temperature
deformations of used FRP materials, as well as the longitudinal deformations of the metal components
of complex walls.

The main factors determining the effectiveness of the obtained solutions are the residual
strength of the material of the metal shells and the modulus of elasticity of the used FRP. The
influence of thermal deformations can repeatedly change the required degree of external
reinforcement of structures in the case of the using FRP based on various types of structural fibers in
combination with steel shells that characterized by low material strength, while similar combinations
with high-strength steels can neutralize the influence of temperatures.

The effective use of low-modulus FRP can be achieved for reinforcements of the structures
with high strength characteristics of steel. For the structures characterized by low steel strength
effective external reinforcement is achieved in combination with high-modulus FRP.

The influence of temperature deformations leads to that the FRP reinforcements made on the
basis of aramid fibers demonstrate relative ineffectiveness in combination with shells characterized
by low steel strength.

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

Introduction. Ukraine has an extensive park of metal cylindrical tanks, characterized by long
service life and significant wear, which reduce the reliability of their operation [1- 3]. The complex
of problems solved when extending the effective operation of metal tank bodies includes the
replenishment of the lost load-bearing capacity of their walls, which turns out to be a reason for the
most dangerous and economically expensive emergency of such constructions. One of the solutions
to the problem can be the reinforcement of the metal shells of these structures by external transverse
FRP [3, 4]. The use of high-modulus materials makes it possible to obtain effective solutions that do
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not require the use of pre-stressing reinforcing elements. It is also important that such systems make
it possible to solve connected problems associated with ensuring tightness and anti-corrosion
protection.

The relative novelty of the solutions that combine the joint force work of metal and FRP
elements as part of complex cylindrical shells, the theoretical unresolvedness of certain calculation
issues, as well as the lack of an adequate regulatory framework for their use [5-11], significantly
hamper the practical implementation of FRP reinforcement methods for steel tanks [3, 4, 12]. The
problem is considerably complicated by the heterogeneity of elastic modulus of possible FRP, as well
as by the significant differences in their thermal deformation characteristics from the steel, which can
in some cases significantly reduce the degree of effectiveness of the resulting solutions [4, 13, 15-
18]. At the same time, existing recommendations assessing the effective use of various types of FRP,
differing in strength, deformation and thermal deformation parameters, are insufficient in relation to
the strengthening of metal cylindrical shells.

The purpose of the work is to systematize the method of practical determination of the
parameters of the stressed state of elements of metal cylindrical tanks that perceive internal pressure
and are reinforced with continuous external transversely directed FRP reinforcement, taking into
account the differences in temperature deformation of the materials used, as well as detecting the
main factors influencing the effectiveness of the use of FRP based on fibers of various types in
combination with steels of different strengths.

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 strengthened by transverse prestressed FRP elements with prestress oy and thickness
trcontinuously located along its height, experiencing a subsequent increase in pressure by an amount
AP, 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 [4, 13, 15-18]:

m|.Nf(x,z) + tsEs (asAT;2 - afAT}Z )J — P' r tf N (x,2) + thf (afATfl - asAT;l )

O, =0+ ,O —O,0—+ : 7(1)
s t +tm ot 704 t,+t,m

N s

where N, _ =AP-r(l—u/2), N =AP-r|l+mlt,/t, \u/2)| — conditional hoop forces per unit
f(x.2) ( /2) 5(x.2) [ (f/ s)( / )J

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

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; o
and oy — coefficients of linear thermal deformation of steel and a layer of FRP; ATy; and ATy
— the most critical temperature changes of the steel and FRP components of the shell, causing
maximum additional stresses in the steel; A7> and A7y — 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 temperature regimes of operation of metal tanks imply a smooth change in
temperatures with the same values A7 in all layers of complex walls.

At present, two approaches have been formed to the practical consideration of the nature of the
operation of metal cylindrical shells reinforced by external transverse reinforcement. Classical works
[19, 20], which analyze the strengthening of metal cylindrical shells by winding high-strength metal
elements, under the influence of considerations of a significant simplification of practical
calculations, state the assumption of the applicability of the statement Ny )= Nyx ) ~(AP)r. But the
distinguishing features of the use of external FRP reinforcement from reinforcing by metal are a much
larger possible range of ratios of the elastic modules of the wall parts, which in the general case is
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m=0,3...3,8, as well as the presence of coefficients of linear thermal deformation of FRP are
a,= (— 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 o, =+10,4x107°°C™".

In the case of abstraction from longitudinal deformations of metal shells (i.e. Npxz=~
Nsi,~(AP)r ) taking into account uniform change in temperatures A7 of materials it is possible to get
the interdependence between stresses in the layers of complex walls

t
o, =y +%(af —O'fO)—O'fOt‘—f—Aa AT-E. | )

where o

o = (P'7r)/t, — stresses in the steel shell before the start of the reinforcement.

In the absence of initial internal pressure (i.e. P’=0) and prestressing forces (op=0), the last
interdependence is
o
=—L-Ac, , 3)
m

where Ao, =Aa-AT - E — the change in stresses under the influence of temperature deformations,

o

)

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

and the layer of FRP;,.

Limiting the stress value of the steel component o; by the yield strength of the material f,4 or
by stress value premised from the fatigue conditions of the joints of steel structure and taking into
account the condition of equilibrium of the acting forces it becomes possible to obtain the required
thickness of an external transverse FRP reinforcement and coefficient of the external FRP
reinforcement

~

NAP(x) _fydts f Ao

O k»,=—'=(—r‘” 4)
4 fyd+AaTm a2 t fyd+AGTm

where N, =AP-r —conditional ring force per unit section of the complex wall, Ac, = Narw _ fod
tS
— excess of stresses over its limiting value in a metal shell in the absence of external
reinforcement.

In the case of accounting for longitudinal deformations of the metal shells and 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 A7, it is possible to get
m , t, At +t.m
O, =—|0,—0yn+0,—F+Aq-AT-E ———— 1+ 0, (5)
| t, t,+1t,m :

where o, =P'-r/t, — stresses in the steel shell before the start of the reinforcement process,
A=+ m(tf /t, X,u/2)J/(1 — 41/2) — auxiliary value.

In the absence of initial pressure at the moment of reinforcement (i.e. o%0x=0) and the
installation of FRP without prestressing (op=0), expression (5) takes the form

At +t,m
[, +t,m

o, = %l:as +Ao;

(6)

In accordance with the allowable stresses in FRP from the condition of ensuring the operability
of the steel part f, and according the condition of equilibrium of ring forces it is possible to obtain

the required thickness of FRP and coefficient of the external FRP reinforcement
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.:é. NAP(")_fydlS k. :t_fzﬁ. Ao, (7)
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ly 1
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t 2 f(@®) 2 .
where 4= s & — auxiliary value.
1-p/2 1-p/2

The results of the above theoretical studies were confirmed when testing models of metal
cylindrical structures strengthened by external transverse CFRP [21].

A significant difference in the values of the coefficients of linear thermal deformation of FRP
and steels determines the substantial effect of changes in operating temperatures on the stress state of
cylindrical shells strengthened by such type of the external transverse reinforcement.

The results of numerical calculations (Fig. 1) that considered the change in the coefficient of

FRP reinforcement &, , obtained with excess of stresses Ao, =1 over the limiting value f, (yield

strength of the shell material or the limiting stress value that is permissible from the fatigue conditions
of the material of the joints of its non-reinforced structure) in different ranges of operating
temperatures AT=-40...+40 °C, indicate their multiple variability.

The presented calculation results considered the transverse reinforcement of steel shells, which

had indicators of limiting the strength of the material f, =18...42kN/ cm”, by FRP that had different
longitudinal resistances f, , made on the basis of different reinforcing fibers: E-glass fiber (Fig. 1,a:
fa =200kN /cm®, E,=0,7x10*%N/cm*, a,=50x10°°C™"), aramid fiber (Fig. 1,b:
fn= 380kN /cm?, E, =18x 10*AN / em?, a,=-2,0x 107°°C™), high strength — normal modulus
carbon fiber (Fig. 1,c: f, =410kN/cm®, E, =2,4x10°kN /cm®, a, =-0,6x10°°C™") and high
modulus carbon fiber (Fig. 1,d: f, =240kN/cm®, E, =7,6x10°kN /cm®, a, =—-1,45x107°°C™).

The calculation results corresponding to the case of abstraction from the influence of longitudinal
deformations of metal shells are presented in the indicated graphs by solid lines and the results
obtained in cases of taking them into account are represented by broken lines.

An analysis of the dependences of the coefficients of FRP reinforcement for conditional

excesses of permissible stresses &, by operating temperatures AT indicates a general tendency for

the influence these parameters by the elastic moduli of the used FRP, as well as the strength
characteristics of the material of steel parts f, (the yield strength of steel or the limiting stress value

determined by the fatigue condition). The characteristic influence of the temperature factor is
determined by the condition of limiting the strength of metal shells: in the case of the using FRP
based on various types of structural fibers, thermal deformations can repeatedly change the value of
the considered coefficient in combination with steel shells that characterized by low material strength

(Fig. 1, curves for f,, =18kN/ cm®), while similar combinations with high-strength steels (Fig. 1,
curves for f, =42kN/ cm”) practically neutralize the influence of temperatures.

It is also important that when considering the definition of coefficient & the classical

1102
assumption about the possibility of abstracting from the effects of longitudinal deformations of steel
shells (Fig. 1, curves shown with solid lines) turns out to be applicable only in certain cases when
combining high-strength steel shells with predominantly high-modulus FRP external reinforcement
in the temperature range A7=0...+40°C. Otherwise, failure to take into account the longitudinal
deformation of steel shells leads to significant differences from calculations performed taking it into
account (see Fig. 1, curves shown with broken lines).
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It should also be noted that from the point of view of the influence of mutual temperature
deformations the relative inefficiency of using aramid fibers as part of complex structures that involve
combination with low-strength steels of shells. Thus, even in the presence of an elastic modulus of

some aramid FRP E,_,.,, =1,8x10°kN /cm® two and a half times higher than the elastic modulus of
E-fiber GFRP E, .., =0,7x10*kN /cm® , taking into account a possible decrease in temperatures

AT=-40 °C these materials have comparable coefficients of external reinforcement & ,,,, (respectively
Fig. 1,a and Fig. 1,b).
The dependences of the change in the values of the coefficients of external transverse FRP

reinforcement &, by the strength parameter of the material of steel shells f|, with the considered

most unfavorable change in operating temperatures A7=-4(0 °C are presented in Figure 2. The obtained
indicators compared for FRP made on the basis of E-glass and S-glass fiber (Fig. 2,a, respectively:

E- glass fiber f, =200kN/cm®, E, =0,7x10*kN/cm*, a,=50x10"°°C"" and S-glass fiber
fa =480kN/cm*, E,=09x10"kN/cm®, a,=29x10"°°C™"), aramid fiber (Fig. 2,b,
S =380kN/cm®, E, =18x10*kN/cm®, a, =-2,0x10°°C™"), as well as on the basis of high-

strength (normal modulus) and high—modulﬁs carbon fibers (Fig. 2,c, respectively: high strength
(normal modulus) carbon fiber f, = 410kN /cm®, E, = 2,4x10*kN /cm*, a, =—0,6x10"°°C™" and

high modulus carbon fiber f, =240kN /cm*, E, =7,6x10*kN/cm®, a, =—-1,45x107°°C™).

The given graphs (Fig. 2,a-c) emphasize the tendency of the determining influence on the

reinforcement coefficient &, of the modulus of elasticity of FRP £, as well as the strength of the

steel shells under consideration f, : with an increase in these indicators, a decrease in this coefficient

is observed. At the same time, a sharp increase in the required degree of reinforcement is observed
when the strength of the material of the steel bases of the shells is limited by a value of less than

Sra =18kN/ cm” . Not taking into account the influence of the factor of longitudinal deformations of

the reinforced shells is justified only when combining high-modulus carbon FRP with a base material
that has a strength index f,, = 24..42kN / cm® (Fig. 2,c).

A joint consideration of the dependencies obtained for various external reinforcement materials,
taking into account the influence of longitudinal deformations of shells (Fig. 2,d), allows to conclude
the efficiency of use of low-modulus (much cheaper [4, 12]) FRP for reinforcement structures with

high strength characteristics of steel bases f, ~30..42kN/ cm”. At the same time, for structures

characterized by low steel strength limits f, ~ 15...20kN /ecm®, effective external reinforcement is

achieved only when using high-modulus FRP.
To assess the influence of an increase in the level of stresses on the value of the coefficient of

the required transverse FRP reinforcement &, , it can be introduced a coefficient of stress excess in

metal shells in the absence of corresponding reinforcement

Ao
k o(s+ =— > (8)
Ao (s+) f‘yd

where Ao, — conditional excess of stresses over the limiting value [, in the absence of external

reinforcement.

In this case, consideration of the operation of complex structures strengthened with external
transverse FRP reinforcement similar to adopted in Fig. 1, when the operating change of temperatures
is AT=-40C, allows us to obtain the dependencies presented in Figure 3 (E-fiber FRP — Figure 3,a,
aramid FRP — Figure 4,b, high-strength carbon FRP — Figure 4,c and high-modulus carbon FRP —
Figure 4,d; graphs obtained by abstracting from longitudinal deformations of metal shells are shown
by solid lines, and when they are taken into account — by broken lines).
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Analysis of the obtained interdependencies indicates the applicability of abstracting from
longitudinal deformations for metal shells under temperature changes AT=-409C only in cases of
using high-modulus FRP in combination with high-strength steel bases with a range of coefficients
kyosry < 0,1 that determine an insignificant degree of required external reinforcement. Otherwise,

failure to take into account the factor of longitudinal deformations of shells under conditions of a
significant decrease in operating temperatures leads to a substantial distortion of the calculation
results. The greatest discrepancy between indicators &, is achieved by combining high-modulus
FRP, which demonstrate significant differences from steel in the coefficients of longitudinal thermal
deformation, with low-strength bases of reinforced steel shells when it is necessary to endure

significant additional forces, i.e. at k,, ., 20,4 .

Conclusion

1. The mandatory factors to be taken into account for strengthening of the metal cylindrical shells
by external transversely directed FRP reinforcement that perceives the actions of ring forces are
the temperature deformations of the used FRP materials, as well as the longitudinal deformations
of the metal components of complex walls.

2. The main factors determining the effectiveness of the obtained solutions are the residual strength
of the material of the metal shells, as well as the modulus of elasticity of the used FRP.

3. In the case of the using FRP based on various types of structural fibers in combination with steel
shells that characterized by low material strength, thermal deformations can repeatedly change
the required degree of external reinforcement of structures, while similar combinations with high-
strength steels can neutralize the influence of temperatures.

4. Under the influence of temperature deformations the FRP reinforcements made on the basis of
aramid fibers demonstrate relative ineffectiveness in combination with shells characterized by
low steel strength.

5. The effective use of low-modulus FRP can be achieved for reinforcements of the structures with
high strength characteristics of steel bases of the shells  f, ~30...42kN / cm” . At the same time,

for structures characterized by low steel strength limits f,, ~15...20kN / cm’, effective external

reinforcement is achieved in combination with high-modulus FRP.
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Ooecvka depaicasrna akademis 6yoienuymea ma apximexmypu, m. Odeca

AHoOTalis. YKpaiHChbKUI MapK METaleBUX IMIIHAPHUYHUX DPE3EpPBYapiB XapaKTEPU3YETHCS
3HAYHUM 3HOCOM HECYYUX KOHCTPYKIIIH, KOPO31€I0 €JIEMEHTIB 1 BTOMOIO METalTy BEPTHKAIbHUX
3'eqHanb. OJHMM 13 pilIeHb 3 BiJHOBJIEHHS BTPAaYeHOI HECYYOi 3AaTHOCTI KOHCTPYKIM CTIHOK
pe3epByapiB € 30BHIIIHE apMYBaHHS MOMEPEYHO HAMPABJICHUMH (iOPOIIIACTUKOBUMH CHUCTEMAaMHU.
BukopuctaHHs LUX CHUCTEM TaKOX CHpUs€e 3a0€3MEeYeHHI0O HEOOXiTHOI T'epMETHYHICTh 1
AHTUKOPO31MHOMY 3aXHUCTy BIAMOBIIHMX KOHCTPYKIINA. [Ipu 1ipoMy iCHYrOY1 peKOMEHaIlil 11010
OLIIHKU €()eKTUBHOCTI MPAKTHYHOTO BUKOPUCTAHHS PI3HUX THIIB (iOpOMIaCTUKOBUX MaTEpiaiiB, sKi
BIIPI3HAIOTHCS TIApaMEeTpaMU MIIHOCTI, @ TaKOX CHJIOBOTO Ta TEPMIYHOro neopMyBaHHS, €
HEJOCTAaTHIMU CTOCOBHO TIOCHUJICHHSI METANIEBUX HUTIHAPUIHUX O0OIOHOK.

[IpencraBinena po0OoTa cHUCTEMaTH3ye METOAUKY MPAKTHUYHOTO BU3HAYEHHS MapaMeTpiB
HANpYy>KEHOTO CTaHy EJEMEHTIB METaJeBUX LWIIHAPUYHUX OOOJOHOK, MOCWJIEHUX 30BHIIIHIM
nonepeyHuM (hiOpoTIIacCTUKOBUM apMyBaHHSIM, & TAKO>K BU3HAYA€ OCHOBHI (PaKTOPH, 10 BITUBAIOTH
Ha e()eKTUBHICTh BUKOPUCTAHHS (PiOPOIUIACTHKIB HA OCHOBI BOJIOKOH Pi3HUX THIIIB Y MOETHAHHI 31
CTaJISIMU P13HOT MIITHOCTI.

AHani3 HaBeIeHHX TEOPETUYHMX 3AJEKHOCTEH J103BOJISIE 3pOOMTH BUCHOBOK, IO
000B’s3KOBUMH  (paKTOpamMH, HEOOXITHUMHU JUIsi ypaxyBaHHS TIPM TIOCWJICHHI METaJIeBUX
WTIHAPUYHAX 000JIOHOK 30BHIIIHIM MONEPEeYHUM (iOpOIIACTUKOBUM apMyBaHHM, SIKe CIIpUiiMae
Ji10 KiJIBIIEBUX 3YCHIIb, € TEMIIEPATYpHi AedopMaliii BiAnoBigHUX PiOpOIIaCTUKOBUX MaTepiajis, a
TaKOX MO3I0BXKHI ehopMallii METaIeBUX CKJIAI0BUX KOMITJIEKCHUX KOHCTPYKIIIH.

OcHoBHUMH (haKTOpaMH, IO BU3HAYAIOTh €(PEKTUBHICTH OTPUMAHHUX PIIICHb, € 3AJTUIIKOBA
MIIHICTh MaTepialy MeTaJeBUX OOOJOHOK Ta MOAYNb MPYKHOCTI BUKOPHCTAaHUX (iOpOIIACTHKIB.
Brume Tepmiuaux aedopmaiiiii Moke 6araropazoBo 3MiHIOBATH HEOOX1IHUM CTYIiHb 30BHIIITHHOTO
apMyBaHHS KOHCTPYKUIH Yy pa3l BUKOpUCTaHHA (iOpOIJIACTUKIB Ha OCHOBI pI3HHX THIIIB
KOHCTPYKITIMHUX BOJIOKOH Y MO€THAHHI 31 CTAJIEBUMHU 000JIOHKAMH, 110 XapaKTEPHU3YIOThCSI HU3bKOIO
MIIHICTIO MaTepiany, OJHOYACHO AHAJOTIYHI KOMOIHAIil 3 BHCOKOMIIHUMH CTalsIMH MOXYTh
HEUTpali3yBaTy MOAIOHHN BIUTMB TEMIIEpaTyp.

EdexTiBHE BUKOPHCTAaHHS HU3BKOMOIYJIBHHX (DiOpOIIACTUKIB MOXKE OYTH IOCATHYTO IS
apMyBaHHS KOHCTPYKI[IH 3 BUCOKMMH XapaKTEPUCTHUKAMH MIIHOCTI cTami. sl KOHCTpyKIIii, 110
XapaKTepU3yIOTbCd HU3bKOIO MIIHICTIO CTaji, €()EeKTUBHE 30BHILIHE ApPMYyBaHHS JOCSTAETHCS B
MOETHAHH] 3 BUCOKOMOYJILHUM (DiOpoTIIacTHKAMHU.

Crhin 3a3HauMTH, IO BIUIMB TEMIEpPaTypHUX nAedopMmaliii NpU3BOAUTH 1O BiTHOCHOI
Hee(DeKTHUBHICTh 30BHIIIHROTO apMYBaHHS Ha OCHOBI apaMmiJHUX BOJOKOH Y TIO€JHAaHHI 3
000JIOHKaMHU, SIKi XapaKTePU3YIOTHCS HU3HKOIO MIITHICTIO CTaJIi.

Kiro4oBi cjioBa: MeTasneBi HUIIHAPUYHI pe3epByapy, METOIM IOCUIICHHS CTIHOK pe3epByapiB,

30BHINIHE TMOMEpeYHEe apMyBaHHS, (IOPOMIACTUKOBI CHUCTEMH 30BHINIHBOTO apMYBaHHS,
eeKTUBHICTD (i1OPOIIIACTUKOBUX CHUCTEM.
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