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ALGORITHM FOR CALCULATING THE STRESS CONDITION OF THE
CONVEYOR TAPE WITH ITS LONGITUDINAL DAMAGE

AJITOPUTM PO3PAXYHKY HAIIPYKEHOI'O CTAHY
TPAHCHOPTHOI CTPIYKHU 3 TO310BXHIM NOIKO/)KEHHAM

Modern mechanical engineering uses fiber composite materials, particularly rubber-strip
ropes, and tapes. Fiber composites are used in the elements of machines loaded with tensile forces
directed along the fibers. The destruction of one of the components of the conveyor tape as a compo-
site affects its stress state, respectively, the efficiency and reliability of the machine. The definition of
such influence is a relevant scientific and technical problem. The article aims to study the influence
and development of an algorithm for analytical calculation of the stress-deformed state of a single-
layer fiber composite material in the case of longitudinal violation of the continuity of its elastic com-
ponent (matrix). In the work, the model of the interaction of cables connected by flexible material in
the longitudinal violation of the elastic matrix between two arbitrary reinforcement elements was con-
structed and solved using the mechanics of layered composite materials.

Keywords: conveyor tape, fiber composite material, stress-deformed condition, matrix integri-
ty violation, calculation.

Cyuache mawiuno6y0y8anHs BUKOPUCMOBYE GOJOKOHHI KOMNO3UMHI Mamepianu, 30Kkpema, 2y-
MOmMpOCogi Kanamu ma cmpiuku. BonokonHi KoMnosumu 8UKoOpUCmogyioms 6 eleMeHmax Mauwiun o
HABAHMADICEH] CUNAMU PO3MAZY CHPAMOBAHUMU 83006JiC 80OKOH. Pyuinysannsa oowiei 3i ckiadosux
KOHBEEPHOI CMPIUKU K KOMNO3UMY GNJAUBAE HA 1T HANPYICEHUI CaH, 8I0N0GIOHO HA eheKMUBHICTY
ma HAdIUHICMb GUKOPUCMAHHS MauwiluHu. BusHnauenns maxozo eniugy akmyanbHa HAYKOBO-TMEXHIUHA
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3a0aua. Memoio cmammi € 00CHIONHCEHHS GNIUBY A PO3POOKA ANOPUMMY AHATTMUYHOSO0 PO3PAXYHKY
HAanpysiHceHo-0e@popmo8aHoco cmamy 00OHOWAPOB020 60I0KOHHO20 KOMNO3UMHO20 Mamepiany y pasi
NO3008ICHLO20, NOPYUWEHHS CYYIILHOCMI 1020 enacmuyHoi cknaooeoi (mampuyi). B pobomi, 3 euxo-
DPUCANHHAM MEMO0i8 MEeXaHIKU Wapy8amux KOMIOUMHUX Mamepianie, nooy0osa ma po3e i3ana mo-
denb 63aEMOo0ii mpocie 3’ COHaHUX enacmuyHUM MAMePiarom y pasi no300624CHLO20 NOPYUICHHS endc-
MUYHOT MAMPUYi NOMINHC 080MA OOBLILHUMU CYMINCHUMU eIeMEHMAaMU APMY8AHHS.

Poboma cnpamosana na po3pobky ancopummy 6USHAUEHMS HANPYICEHO-0ehOPMOBAHO20
cmawy eupo6y 3 KOMNO3UMHO20 BOJOKOHHO20 MAmepiany 3 008LIbHO POZNOOINEHUMYU HABAHMAICCHHS-
Mu i1 KIHYi6 ma 3 NO3008IHCHIM PYIUHYBAHHAM eLACHMUYHOT MaAMPUYL.

Bcemanosneno wo noxkanvhe nopyuwents nenepepeHoCmi enacmuitoi mampuyi 00HOUWApo8020
60JIOKOHHO20 KOMNO3UMY MUNY 2YMOMPOCO8A CMPIUKA 6NAUBAE HA 1020 HANPYHCEHO-0epOpMOaHUll
CMaH 5K HA OUIAHYI 3 TOKATbHUM YUIKOOJICEHHAM MakK i 3a ii mexcamu ExcmpemanvHi 6Hympiwni cuiu
HABAHMAIICEHHS BOJIOKOH 3MEHUYIOMbCA Y PA3l YUKOONCEHHS, OOMUYHI HANPYICEHHS 8 eNaCmUudHill
000710HYi 3pocmaioms. 3a 8i0CYMHOCMI YUHHUKIE WO 3YMOGIIOIOMb HEPIGHOMIPHULL PO3NOOIL CUIL NO-
MIDIC BOTOKHAMU NO3006ICHI NOPI3U He BNAUBAIOMb HA HANPYHCEHO-0ePOPMOBAHO20 CMAH 80OKOHHO-
20 KOMRO3UMY.

Busnauenuii kinokicnuii ma AKiCHUI 6NAUE NOUKOOICEHH MAMPUYI 0JIOKOHHO20 KOMNO3UMY
HA 1020 HANPYIHCEHO-0eDOPMOBAHULL CTNAH 00380J5€ NEPeddAYUMU MONICIUBT HACTIOKU maKkoi cumya-
yii, po3pobumu 3ax00u 3i 3MEHUIEHHS He2aMUBHUX HACTIOKI6, Cmeopumu ymoeu 3abesneuents 0oc-
mammuvoi egpexmugHocmi ma O6e3neKu eKCIyamayii Mexamizmis, HanpuKIad KOHBEEPia, 00IA0HANUX
KOMHOZUMHUMU 2YMOMPOCOBUMU CIPIUKAMU.

B nooanvwomy odoyineno docrioumu 6niue NO3008MHCHIX JIOKANLHUX NOPI3I6 0OHOUAPOBO2O
KOMHO3UMY MURy 2YMOMpOCO8A CMPIUKA 3 PO3PUEAMU CYYIIbHOCMI ii Mpocié Ha HAnpylceHo-
Odeghopmosanuti cma.

Knwuosi cnosa:. cmpiuka xousecpa, 60JOKOHHUL KOMNOIUMHUL Mamepian, HAanpyiceHo-
deghopmosanuii cman, NOPYULeHHs. CYYITbHOCTNI MAMPUYi, PO3PAXYHOK.

Problem’s Formulation

The current level of development of mechanical engineering is characterized by the introduc-
tion of materials with unique properties, particularly materials of parallel fibers reinforced with a sys-
tem, such as rubber-strip ropes and tapes. Their traction elements — cables are protected from the in-
teraction with the environment, transported material, and structural elements of the machines on which
they are installed. Protection of reinforcement elements from external influence prevents their destruc-
tion and loss of traction capacity with a rope (tape) and increases the reliability and durability of their
operation.

However, practice shows that longitudinal cuts of the tape are possible due to the influence of
external factors. Violation of the continuity of the elastic shell of the fiber composite leads to a change
in the way the fibers (cables) interact, a stress-deformed condition (SDC) of the rope. Determined
quantitative and qualitative effects of damage to the composite fiber matrix on its SDC allows us to
solve the urgent problem — to anticipate the possible consequences of such a situation, to develop
measures to reduce the negative consequences, to create conditions for ensuring sufficient efficiency
and safety of operation of mechanisms, such as conveyors equipped with compaosite rubber-strip tapes.

Analysis of recent research and publications

Many researchers were engaged in studying the influence of external factors on the SDC. The
article [1] emphasizes that the destruction of composites is accompanied by the "pulling” of fibers
from the matrix. The stretching is caused by the appearance of tangent stresses in the matrix due to the
destruction of fibers. The maximum tensile stresses are proportional to the loss of the material of the
total area of the damaged area in the cross-section of the fibers. The dependence of the tangent stresses
on the nature of the destruction of the fiber elements of reinforcement (cables) in the rubber-strip tape
is investigated in [2], and it is shown that the disturbance of a stress state as a result of cables breaking
is local. Maximum stresses in the fiber material of the rubber-strip rope (tape) type are not proportion-
al to the number of damaged cables. They depend on the total number of cables, provided that the
number of cables in the rope (tape) exceeds eight.
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The article [3], by non-destructive control of the tape, establishes the formation of new dam-
age, the increase in the conveyor size available during the conveyor operation. It is shown that the na-
ture of damage to the tape is not always correlated with the area of damage. This fact is a consequence
of the nature of the relative damage arrangement. In [4], shock damage to the tape is considered. The
method of assessment of the probability of damage is formulated. The latter allows us to formulate
proposals for the maintenance and operation of the conveyor tape.

The development of cracks in rubber and ropes, according to the authors [5], requires further
modeling, for example, similar to the impact of cracks in the reinforcement on the SDC of concrete.
[6] shows the use of the method of discrete elements for modeling bulk material and determining the
forces of its interaction with the conveyor tape in the transportation process. The article [7] describes
laboratory tests of the influence of the parameters of the conveyor tape on its resource. The influence
of kinetic energy and the shape of the lumps of the material that interacts with the tape is studied on
the nature of the damage to the latter [8]. In [9], an failure mode analysis of rubber-fabric tapes was
made. The publication [10] constructs a mathematical connection model of the stepped construction as
a system of differential equations. Numerous methods solve the system. The analysis of the influence
of the mechanical properties of the compounds of rubber-fabric tapes on the distribution of stresses in
them is made. It concludes that the connection's strength is reduced mainly due to poor preparation of
the surfaces of the connection. The model uses a mechanical parameter — a module of elasticity for
the tensile tissue layer. It is taken differently for each layer.

Formulation of the study purpose

Analysis of general studies has shown that the stress-deformed state of rubber-strip tapes, as
composite single-layer fiber materials with fibers of considerable rigidity on the bend, with longitu-
dinal disruption of the continuity of the elastic matrix, was not investigated. This fact does not allow
us to evaluate the impact of such damage on the efficiency and safety of the tape. The work aims to
develop the algorithm for determining the stress-deformed state of the tape with a longitudinal end-to-
end violation of the continuity of the elastic matrix, which is an urgent task. It requires the formulation
and solution of the model of interaction of elements of reinforcement of the whole parts of the tape
and parts formed by a violation of the continuity of the elastic matrix.

Presenting main material

Within the chosen goal, consider
the case of longitudinal violation of the
continuity of the elastic matrix of the tape,
which is located parallel to the x. Let the
tape of indefinite length have M fibers. It is
whole in the area of length L. Between the
N-th and N+1 fibers, it is cut. We combine
the beginning of the coordinate axis x with
the end of the undamaged part of the tape.
(Fig.1).

The partial violation of the elastic
matrix of the tape divides it into two paral-
lel strips, which are attached to its conti-
. S nuous part. The fibers convey the traction

.F'g' 1. Scheme of longitudinal cut of efforts |[c))f p and interact in the)\//vhole part of
composite tape the tape and within the cuts created. We
will identify two parts of the tape. We will consider the part without violations first and denote it by
the number | and the part of the violation of the continuity of the elastic matrix — the second. Denote
it by the number I1. The formed stripes will be given numbers 1 and 2 (Fig. 2).

We use the patterns of distribution of forces and displacement of reinforcement elements (fi-
bers) in the rubber-strip rope obtained in [11]. We will not additionally mark the quantities of the first
part of the tape. The quantities related to the second part in the index will enter the strip number (1 or
2). For the first part of the tape (when 0<x<L), the movement and internal load forces of fibers
(cables), respectively [11], are determined by the dependencies;
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Fig. 2. Scheme of location and interaction of fibers in a damaged tape

M-1 X px ] Px
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where E — the elastic module of elasticity of the material of the fibers for stretch; F — cross-sectional
area of fibers, P is the longitudinal force of loading of the tape; A, Bnare unknown constants; 0 —

moving the tape as a rigid body; s, =7r'\/|—m; B =\/2%(1—cos(um)) : b — the thickness of the
tape; G — module of shift of the material of the tape shell; h is the minimum distance between adja-
cent fibers.

We will assume that the plane of violation of the solidity of the elastic matrix of the tape is lo-
cated in the middle between the closest ropes to it. The stated above allows us to apply the expressions
of displacement and internal forces (1) and (2) for the formed strips, considering the number of fibers
in them. However, the first part of the tape is limited, while the two strips formed are infinitely long.
Objectively, with the infinite increase in the coordinate x, the value of the movement and internal
forces of the fibers cannot grow infinitely. The mentioned above allows us to simplify the expressions

of displacement and forces for formed strips (X > L)

N-1

Uiq = B e PmiX cos i—0,5 +M+6

il mzzll m,1 (,Um,l( )) NEF 1; @A)

(I<i<N)

M-N

Ui o = B e Pm2X s i—0,5 +—P2(X_L) +

i,2 rnZ=:1 m,2 (1m 2 ( ) (M-N)E F 52; @

(N+1<i<M)
N-1 s P

piz=-EFY Bye’m P2 €08( i (1-0,5))+8 -
m=1 )

(I<i<N)

o= EFMZ_:NB e Pm2X g 5008 4o (i 05))+L

Di2 ) m,2 m,2 Hm,2 , (M—N), ©6)

(N +1si3M)
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where P; and P, — load of the first and second strips of the second part of the tape, respectively; By, 1,

. . . m
Bm,2— unknown constants; d, ,— movement of the formed strips of tape as rigid bodies; 1, 1 :ﬂT :

Hm 2 ='\;r—_rr;\|; Bma =\/2%(1—cos(um)) (1<m<N);

Gb
ﬂm,Z :\/Zm(l—COS(ﬂmlz)) (N <m<M—N).
Note that the expressions (3)—(6) include the amounts of quantities. In the absence of curva-
ture, the values of these components equals zero. Accordingly, the longitudinal disruption of the elas-
tic matrix of the tape will affect its SDC only if the forces are uneven between the fibers or the curva-
ture of the tape section.
Let us accept that the tape is fixed in the cross section x = 0, and in the same section there is a
rupture of the j-th rope. Accordingly, the following conditions should be fulfilled in the section x = 0:
U —U 0 i#] 2)
MU0 =g (7)
rj=0, 0)

where Uy is the unknown displacement value of the j-th cable.
The condition (7. a) is fulfilled by setting the fibers of the first part with the next dependence
(a Fourier series on the axis of limited length fibers).
M-1

Uiy = 2% > co( i (j—0.5))cos(um (i-0.5)) (x=0). (8)
We equate (8) to exp:aiion (1) when x = 0. After simplification we get.
Bm=2l:/|—ocos(um(j—0.5))—Am, 5:% (9)
The expression of displacement (1) considering (9) takes the following form.
uj = Mz_lll(Am (eﬂmx - e_ﬂmx) + Zl;/l—ocos(ym (] —0.5))e_ﬂmXJcos(ym (i-0,5))+ xF +68. (10)
m=

We fulfill the condition (7.6). Substitute the value of the vector of the coefficients B, (9) in (2)
for the j-th rope in section x = 0. We get the ratio:

Uo _ 2 M5
An €08 (j—0,5))Bn. (11)
M MZEF z EF nz nl 2
M-1
where Z = )" cos? (1n(j—0.5))B, and expression of fibers (1).
n=1
M-1 cos j—0.5))e P
M_l{%(eﬂmx_e_ﬂmx)_{_zz Ancos(,un(j_oys))ﬂn (’um(JZ )) x
=Y n=1 +
m=1 : P : - : (12)
xC0S( iy (i-0,5)) + Vi 008 ( i (j—0.5))e™Pn* cos(up (1 -0,5))
+ P +0
MEF

We use the ratio (9). We get an expression of forces distribution between fibers (2) in the fol-
lowing form.
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M-1 BoX | —PuX Ug — B X ) . P
pi =E FZ(Am(e mX g Fm )—Zve m cos(ym(J—O.5))jﬂmcos(ym(|—0,5))+V. (13)
m=1

The last expression (13), considering (11), takes the look:

M-1

_ 2 . - .

M —1[Am (eﬂmx +e P ) - > Aycos(n (i -0,5))Bme P m* cos( uy, (j —0.5))} x
n=1 +

X B €08 iy (i —O,5))—M_Pze—ﬂmx coS( i (J—0.5)) By c0s( 11 (1-0,5)) (14)

The first and second parts of the tape interact. The fibers belonging to them do not have a
breakdown. Accordingly, in the section x=L must fulfil the conditions of compatibility and insepara-
bility of deforming parts of the tape.

ui,l:ui (1<|<N) (15)
pir=pi (1<i<N), (16)
uio=u (N +1<|<M) 17)
pio=p (N+1<i<M) (18)

Substitute into conditions (15)—(18) the value of the movement and internal forces of the fi-
bers (3)—(6), and (13), (14) for 1<i<M without considering the values in the first part of the tape and
its continuation in the second strip. The above mentioned is due to the fact that the equation for the
M-th rope is linearly dependent on the sum of the equations of other fibers. Let's take into account that
P, =P — P, We get the system 2 (M-1) of algebraic linear equations. In the obtained system of equa-

tions, for the convenience of forming a system of equations in matrix form, expressions (13) and (14)

we write in the following forms:
M ~1g=FnX cos( un (j—0.5)) xJ
X

M-1
- BoX _g=BmX | £ j—0,5)) B,
=2 A*"Le T COS(”’“(J )8 hm1 <0811y (i—0.5))

m=L1
P m P x

x€0S( iy (i—0,5)) + mzle Brx coS( iy (] —0.5))cos( up (i-0,5)) + T E +5
& M-Lg=hn¥ j—0.5))x
=EF BX o a=PuX _ 2 (1-0,5)) 8, e COS(Hn(J y
neery Am{e ot Zonm( 09y

% By €081 (1 0,5)) —M— z & Pm* cos (i (j—0.5)) B €08 ( i (i —0,5))+P—

m=1

As a result of the solution of the system of linear algebraic equations, we determine the un-
known expressions (3)—(6) and (11), (12), including the power value of P;. The definition of the latter
allows us to obtain the desired values of the displacements and internal forces of the fiber load.

The rubber-strip tape is a separate case of composite fiber material. The fibers in the form of
cables are connected by other material distributed between the ropes — the elastic shell. It provides
redistribution of forces between fibers. It has tangent stresses. The article [1] emphasizes that in the
composite materials of reinforced parallel fibers, in the case of damage to the latter, there is a stret-
ching of fibers from the matrix — a violation of the conditions of the strength of their adhesive bonds
under the action of tangent loads in the material connecting the fibers.

The adhesion bond depends on the tangent stresses in the material that connects the fibers. Ac-
cording to the Hooke’s law, the tangent stresses are equal to the modulus product of the material elas-



Poznin 2. MonentoBanHs Ta ONTUMi3allisl B TEXHOJIOT1] KOHCTPYKIIHHUX MaTepiaiB 103

ticity on the shift and tangent of the angle of the material displacement. The shape of the elastic shell
section between two adjacent fibers is compound. The maximum shift angles are realized in the vo-
lumes of the material, in the plane of the location of the fibers, usually a round section. They depend
on the mutual shift of the fibers and the minimum distance between them. The values of the shift an-
gles for the first part of the rope 0<x<L

7 =@(1si<|v|).

For strips created by cutting (x> L)
Uiy —Yia . .
Vi1 =%(15 I<N),7i2=
We calculated the tense deformed condition of the GTS type — 3150 indefinite lengths of five
fibers (M = 5). Conditionally arbitrary fixing is modeled by the rigid fixing of all fibers except one
(accepted) first. It is not attached at all (broken). We considered the tape before and after its longitu-
dinal cut. In the latter case, N =2, L = 1m. Figures (3—5) show the calculated distribution of indica-
tors of the tense deformed state of the tape loaded with force, which provides a single average load of
one fiber. Thus, the distribution of internal forces corresponds to the distribution of coefficients of the
uneven load of fibers.

G2 72 (N 1<),

Fig. 3 shows the calculated distributions of
cable loads, provided that the average load per cable
equals one (distribution 1). In addition, the figure
shows the results determined by the method [11] for
the tape without longitudinal damage to the elastic
shell between the ropes (distribution 2). Distribu-
tions reproduce the equality of zero of the coeffi-
cient k (load force) of the damaged rope in the
cross-section of its damage and its increase with an
increase in distance from the cross-section of dam-
age. Following distributions obtained, the extreme
values of the coefficients of the uneven load of the
fibers of the non-damaged fibers have decreased due
to the destruction of the continuity of the elastic
shell of the tape. In this case, the decrease reached
almost 22 %. With a small number of tape fibers,
the coefficients of the uneven load of intact fibers
exceed one. In general, the nature of the distribution
of internal forces of the fibers in the tape in viola-
tion of the continuity of the elastic matrix differs
from the distribution of forces in the tape without
the latter.

Note that the butt connection of the con-
veyor tapes can be considered a tape with fibers that have continuity breaks. The established effect of
longitudinal damage to the tape on the distribution of forces in a tape with damaged fiber makes it
possible to conclude that there is a violation of the continuity of the elastic matrix of the tape, even
beyond its butt connection on the distribution of forces in the connection and, accordingly, its strength.

The distribution of the fiber load forces is inextricably linked to their deformation. The mov-
ing of the latter is shown in Fig. 4.

According to the condition, the fixing of the movement of fibers in section x=0 is absent ex-
cept for the movement of the damaged first rope. The movements of cross-sections of the fibers of the
second strip of the tape, formed by section, are almost the same and different from the movements of
the first fibers. At the same time, before cutting the tape, they were practically even. The latter is due
to a considerable distance between the cross-section of the damage and a cross-section of x = 2m. The

Fig. 3. Distribution of load unevenness
coefficients k fibers with numbers and along
the x axis: 1 — before longitudinal
destruction; 2 — after destruction
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Fig. 4. Distribution of movements of
fibers attributed to the longitudinal their stiff-
ness u/EF with numbers and along the axis x:
1 — defore longitudinal destruction; 2 — after
destruction

Fig. 5. Distribution of the displacement
angles of the elastic shell material y between
the fibers with numbers and along the tape x:
1 — to longitudinal destruction; 2 — after
destruction

field disturbance does not apply to a stressful de-
formed state at such a distance. However, even
with this feature of deformations, the longitudinal
cut of the tape in the specified section increased its
extension by almost 3 %. Under the condition of
infinite growth, the coordinates of the cross-
section of the displacement growth of the cross-
sections of the tape as a result of its cutting ap-
proach are zero.

The difference in the movement of fibers
in the cross-sections of the tape, typical of its axis,
determines the mutual shift of the fibers. The lat-
ter, the distribution of the displacement angles of
the elastic shell between the fibers (Fig. 5), are the
factors of the displacement of shear stresses in the
composite.

Four layers of elastic material are in a tape
made of five fibers. There is only one layer in the
first strip on the damaged part. On the whole part
of the tape, significant displacements of the fibers
occur in two layers before and after the cross-
section of discontinuity of the elastic matrix of the
tape. This violation affects the nature of the
change in tangent stresses both in the area with a
violation of the continuity of the elastic matrix and
beyond it. The cutting of the strip is accompanied
by the increase in the maximum displacement an-
gles of the material connecting the cables. In this
case, they increased by almost 40 %.

Accordingly, the discontinuity of the elas-
tic matrix of the tape of composite fiber construc-
tion affects its stress-deformed condition on the
area with damage to the matrix between the fibers
and outside the damage.

Conclusions

An analytical algorithm for calculating the
stress-deformation state of a fiber composite of
infinite length with a violation of the integrity of
the elastic matrix with arbitrary fixation has been
developed.

The following is established. Violation of
the continuity of the elastic matrix of the tape dur-
ing its operation on the conveyor affects its SDC

on the area with damage to the rubber layer and beyond if the area of local disturbance of the stress
does not exceed the distance to the area with longitudinal destruction. The extreme internal load forces
of fibers decrease, and tangent stresses in the elastic shell increase due to the discontinuity of the elas-
tic matrix of composite material. In the absence of factors affecting the uneven distribution of forces
between the fibers (curvature of the cross-sections of the tape), longitudinal cuts do not affect the

SDC tape.

In the future, it is advisable to investigate the effect of longitudinal cuts of rubber-strip tapes
of powerful conveyors on the SDC of its butt connections.
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