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Introduction

High strength materials such as fiber reinforced composite cables (FRCC) and fiber
reinforced plastics (FRP) possess potential for their application as constructional materials in
combination with the steel. Carbon fiber reinforced plastic (CFRP), glass fiber reinforced
plastic (GFRP) and Vectran are examples of such materials. Saddle-shaped cable roof is a
type of constructions where such high strength constructional materials could be used on the
full scale, because nearly all the load bearing elements are tensioned. However, the most
significant disadvantage of the saddle-shaped cable roofs supported by the tensioned cables is
the increased compliance. One of the eventual methods to decrease the compliance of the
cable roofs is using of the cables with the increased moduli of elasticity. Hybrid composite
cable on the base of steel, CFRP, GFRP and Vectran can be considered as an example of such

a cable (Figure 1).
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Fig. 1. Hybrid composite elements on the base of steel and FRP; 1 — FRP core; 2 — glue or FRP distributional
layer; 3 — steel component.

The purpose of this study is to consider behaviour of hybrid composite cable on the base
of steel, CFRP, GFRP, Vectran. Opportunity to decrease the displacements of the composite
saddle-shaped cable roof by using of hybrid composite cables for several groups of cables
should be investigated.

Material Combinations for Hybrid Composite Cables

The main directions of the considered hybrid composite cables application are

prestressed nets of saddle-shaped roofs. Two types of hybrid composite cables should be
investigated.
Thus, the first cable type should obligatorily contain two types of materials: one material
with a large limit of strength and the other with an increased ultimate elongation. Third type
of materials should be added to transfer perpendicular to the direction of axial force action
pressure of the external layer at the surface of the internal one.

Steel wire strands, GFRP (E-glass and epoxy matrix at 60% fiber content), CFRP
(AS4/3501-6 graphite fibers and epoxy matrix at 60% fiber content), and Vectran HS 1500
considered as materials for both types of hybrid composite cables. The moduli of elasticity of
the materials are equal to 2:10°, 0.75:10°, 1.37-10° and 0.65-10° MPa, respectively. Breaking
elongations are equal to 10, 2.64, 1.6 and 3.3%, respectively [1-6]. The values of materials
characteristics are given in the longitudinal direction X.

Basing on the above mentioned materials properties, two following materials
combinations can be considered for the first type of hybrid composite cable: steel, GFRP,
CFRP and steel, Vectran, CFRP.

Second type of the cables should be based on the material with the increased ultimate
elongation and limit of strength, which is enough to take up tension forces, acting in the
stressing cables of the net. Combination of steel, Vectran and GFRP, probably, enables to
obtain hybrid composite cables with such properties.

Peculiarities of behaviours of hybrid composite cables
Generally known dependence of proportional components summing was used for the
engineering evaluation of modulus of elasticity of the hybrid composite cable. The

dependences are given for the variant of the hybrid composite cable on the base of steel,
GFRP and CFRP.
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where: £ — modulus of elasticity of hybrid composite cable; 4 — cross-sectional area of
hybrid composite cable; A¢c , 4s — cross-sectional areas of CFRP and steel components,
respectively; Ec, Eg, Es — moduli of elasticity of CFRP, GFRP and steel components,
respectively; m; — amount of steel wires in the i-th strand; 4; — cross-sectional area of the
separate steel wire in the i-th strand; ) — radius of separate steel wire; E; — modulus of
elasticity of steel wire; a;— angle of i-th steel wire strands twisting; v — Poison's ratio of steel
wire; R; — radius of i-th steel wire strand; »; — distance between the centres of i-th steel wire
strand and cable.

Modulus of elasticity of the steel component of the hybrid composite cable was evaluated
by the method of Cumar and Cochran [7].

The mentioned model for prediction of behaviours of hybrid composite cables was
checked by the experiment. Three groups of specimens were tested. The specimens of the first
group consist from two steel and one CFRP tapes, which were joined together by the epoxy
glue. The specimens of the second and third groups were single CFRP and steel tapes,
respectively.

The dimensions of the tapes cross-sections were 50x1.2 mm. The length of the specimens
was determined taking into account width of the tape and base of gage in accordance with the
ASTM D3039/D3039M-95a. The length of base of the strain-measuring device was equal to
50 mm. The specimens were loaded until the failure by the testing machine with capacity in
300 kN.

The explosive type of failure was stated for all CFRP specimens, which occurs in the
middle of the specimen. The results of the test show, that the failure of carbon fibers in hybrid
composite specimen occurs in the several sections. The type of failure of hybrid composite
specimens was characterizes by the types of failure of separate components. The failure of
middle CFRP layer occurs when the strains exceed 1.8 %, what corresponds to the axial force
in 204 kN. Than the axial force fall down until 36.6 kN and occurs yielding of steel
component until the strains exceed 43%, and steel component also disrupt.

The mean curves for all three groups of specimens together with the analytically obtained
curve are shown in Figure 2.

)
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Fig.2. Behaviours of hybrid composite cable: 1 — graph, which was obtained analytically for the composite
material on the base of one CFRP tape and two steel tapes with taking into account of two layers of epoxy glue
with thickness in 1 mm.; 2 — graph, which was obtained by the experiment for the composite material on the base
of one CFRP tape and two steel tapes; 3 — graph, which was obtained analytically for the composite material on
the base of one CFRP tape and two steel tapes. Two layers of epoxy glue with thickness in 1 mm were not tacked
into account; 4 — graph, which was obtained by the experiment for the CFRP tape; 5 — graph, which was
obtained by the experiment for the steel tape. The results were obtained by the strain-measuring device with the
length of the base 50 mm.

The comparison of results, which were obtained by the experiment and analytically,
indicates that the maximum difference does not exceeds precision of the experiment. So, the
model for prediction of behaviours of hybrid composite cables basing on the behaviours of the
separate component can be used for coarse evaluations.

The dependence of strain ¢ on the force N, acting in the cable, was obtained for three
variants of composite cables with the area of cross-sections equal to 0.001 m?. Empty space
was not taken into account. The dependence was obtained on the base of stress-strain curves
of separate components [2—-3,6]. The following consumption were considered. The steel wire
and GFRP are working in the elastic stage up to the strains, which are equal to 0.95 and 1 %,
respectively. Then occurs yielding up to the ultimate strains of 10 and 2.64 %, respectively.
The CFRP and Vectran components are working in the elastic stage till the ultimate strains of
1.6 and 3.3 %, respectively. Volume fraction of steel for each variant changes within the
limits of 0.1 to 0.7. Volume fractions of GFRP in the two first variants and Vectran in the
third variant of hybrid composite cables were constant and equal to 0.2. Angle of steel wire
strands twisting was adopted equal to 12 degrees.

The dependence of strain ¢ on the force N, acting in the cable, for hybrid composite
cable on the base of steel, GFRP and CFRP (Figure 3 «)) illustrates, that increase of volume
fraction of steel from 0.1 to 0.7 enables the increase by 20.4 % of the value of the force,
which can be taken up by the cable. The value of the force corresponds to 0.95 % value of
the strain. Modulus of elasticity of the cable grows from 1.25:-10° to 1.57-10° MPa at the
same time.

The dependence of strain ¢ on the force N, acting in the cable, for hybrid composite
cable on the base of steel, GFRP and Vectran (Figure 3b)) illustrates, that increase of the
volume fraction of steel from 0.1 to 0.7, increases by 1.63 times the value of the force, which
can be taken up by the cable. Modulus of elasticity of the cable grows from 0.94-10° to
1.53-10° MPa at the same time.
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Fig. 3. Strain of hybrid composite cable a) on the base of steel, GFRP and CFRP and b) on the base of steel,
GFRP and Vectran ¢ vs. the force N, acting in the cable: 1,2,3 — the dependences, which were obtained at
volume fractions of steel, equal to 0.1; 0.4; 0.7, respectively, ( ) — stage, when all the components of the
cables work commonly, (------ ) — stage, when some components are disrupted.

The dependence of strain ¢ on the force N, acting in the cable, for the hybrid composite
cable on the base of steel, Vectran and CFRP has a property, which is analogous to the
dependences shown in Figure 3 a) and b).

The value of force, which can be taken up by the cable, changes from 1212.5 kN to
1517.8 kN, when the volume fraction of steel changes from 0.1 to 0.7. Modulus of elasticity
of the cable grows from 1.27-10° to 1.6:10° MPa at the same time.

Comparison of the dependences of strain ¢ on the force N for three variants of hybrid
composite cables indicates, that maximum strain (2.64%) without any components disruption
possesses a variant on the base of steel, GFRP and Vectran. But the value of the force, which
can be taken up by the cable, is a minimum for all the variants and equals to 1453.6 kN.

Example of Application of Composite Materials in Cable Roof

Hybrid composite cable on the base of steel, CFRP, GFRP and Vectran was considered as
a material for the tension and main diagonal suspension cables of the saddle shaped cable roof
since characteristics of the cables have significant influence on the compliance of the structure
[8]. The cable roof was square in plan with dimensions 50x50 m. The initial deflections of the
suspension, stressing and tension cables were equal to 20 and 8.6 m, respectively. The
distance between the suspension and stressing cables was equal to 1.414 m [8].

The structure was calculated for the basic combination of loads (1.39 kPa) — the dead
weight of the structure and the weight of snow — evenly distributed on the horizontal
projection of the roof. The design load in the form of point wise forces was applied to the
nodes of the cable net.

The maximum vertical displacements of the cable roof were determined by the computer
program “ANSYS/ED 5.3”. The existence of two symmetry planes allows us to regard, as a
design scheme, a quarter of the cable net of the saddle-shaped cable roof with a compliant
supporting contour. Three quarters of the cable roof were replaced by the bonds imposed on
its one-quarter part. The cable net was modeled by the finite element of LINK 10 type, with
three degree of freedom for each node. Steel cables with an elastic modulus of 1.3-10° MPa
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were assumed as a material for the suspension and stressing cables, excluding the main
diagonal ones.

The dependences of the maximum vertical displacements of the cable net on the volume
fraction of the steel component in the hybrid composite cables were obtained (Figure 4).
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Fig. 4. Dependence of the maximum vertical displacements of the cable roof é on the volume fraction of steel in
hybrid composite cables V: 1 — variant on the base of steel, GFRP and CFRP; 2 — variant on the base of steel,
GFRP and Vectran;, 3 — variant on the base of steel, Vectran and CFRP; ( ) — stage, when all the
components of the cables work commonly; (------) — stage, when all the components, excluding the steel, are
disrupted.

In the case, when all the components of the hybrid composite cable work commonly, the
increase of volume fraction of the steel from 0.1 to 0.7 causes the decrease of the maximum
vertical displacements of the cable roof by 9.31 and 8 % for the variants, when the hybrid
composite cable is on the base of steel, GFRP and CFRP, steel, GFRP and Vectran and steel,
Vectran and CFRP, respectively.

In the case, when all the components, excluding the steel, are disrupted, the increase of
volume fraction of the steel from 0.1 to 0.7 causes decrease of the maximum vertical
displacements of the cable roof by 2.21, 2.78 and 2.46 times for the variants, when hybrid
composite cable is on the base of steel, GFRP and CFRP, steel, GFRP and Vectran and steel,
Vectran and CFRP, respectively.

Maximum vertical displacements of the cable roof are equal to 4.562 m. The value is 1.9
times less, than the distance up to the surface of the ground. But in the case of using of
tensioned cladding element on the base of PTFE copolymer foil, reinforced by the Vectran
fabric, the maximum vertical displacements are equal to 3.923 m. So, we can suppose that the
steel component of hybrid composite cable can prevent failure of the cable roof in emergency,
when the strain of CFRP, Vectran and GFRP exceeds the ultimate values and these
components are disrupted. The using of CFRP, GFRP and Vectran components enables to
decrease the dead weight of the cables by 44 — 47 % when the volume fraction of steel is
equal to 0.4 at the same time.

Conclusions

Hybrid composite cables on the base of steel, GFRP, CFRP and Vectran, which differ by
the components and volume fractions, were considered.

It was stated that the increase of volume fraction of the steel from 0.1 to 0.7 causes the
decrease of the maximum vertical displacements of the cable roof by 9.31 and 8% for the
variants, when the hybrid composite cable is on the base of steel, GFRP and CFRP, steel,
GFRP and Vectran and steel, Vectran and CFRP, respectively.
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The using of CFRP, GFRP and Vectran components enables to decrease the dead weight
of the cables by 44 — 47 % in comparison with the steel ones.
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Serdjuks D., Ozolin$ R. un Rocéns K. KompoZzitas vantis — parsegumad.

Analizéts hibrido kompozito vansu darbs un pielietojuma efektivitate uzspriegtam sedlveida vansu parsegumam
ar izmériem 50x50 m plana.

Kompozitas vantis sastav no téerauda, stiklaplasta, ogleklaplasta, vektrana un atSkiras ar komponensu daudzumu
peéc tilpuma.

Vansu deforméjamiba noteikta analitiski, izmantojot inZenieraprekina metodi. Atseviskam gadijumam (térauds
un ogleklaplasts) analitiski iegiitie rezultati salidzinati ar eksperimentaliem.

Aplikota iespéja samazinat parvietojumus un passvaru sedlveida vansu parsegumam ar izmériem 50x50 m
plana, izmantojot hibridas kompozitas vantis gan ka nesosas, gan ka konturvantis.

Serdjuks D., Ozolin§ R. and Rocéns K. Behaviours of composite cables in the roof.

Peculiarities of behaviours of hybrid composite cables in saddle-shaped roof were investigated.

Hybrid composite cables on the base of steel, GFRP, CFRP and Vectran, which differ by the components and
volume fractions, were considered as materials of suspension and contour cables for a prestressed saddle-
shaped cable roof with the dimensions 50x50 m. The behaviours of hybrid composite cable were investigated
analytically and by experiment. Simplified method for prediction of mechanical properties of hybrid composite
cables was suggested and checked by the experiment.

Opportunity to decrease the displacements and dead weight of composite saddle-shaped cable roof with the
dimensions 50x50 m by using of hybrid composite cables with steel component for suspension and contour
cables was investigated.

Cepoiok /1., O30nunvut P. u Pouenc K. Paboma Komno3umnuix 6anm 6 ROKpbImMuUu.

Bpabome uccnedosano nogedenue cUOPUOHBIX KOMNOSUMHBIX 8AHM 6 CEOIOBUOHOM BAHMOBOM NOKPHLIMUU.
Tubpudnvie Komnozummuvle GaHmvl Ha 0aze CMAIU, CMEKIONIACMUKA. Yeleniacmuka u Gekmpana Ovliu
paccmMompenvl 8 Kawecmee MAMEpUuand Hecywux U KOHMYPHbIX 6AHM NPeO8apumenbHo HANPSHCEHHO20
CeO0N08UOH0208AHMOB020 NOKPbIMuUsl pasmepom 8 niare 50X50 mempos. ['ubpuonvie Komnosumuvlie Ganmvl
PAa3IUUAIUCH, 0ObeMHLIMU PpakyusmMy KomMnornenm. Paboma 2ubpuonvlx KOMRO3UMHBIX 8AHM PACCMAMPUBALACH
AHATUMUYECKU U  IKCHEPUMEHMANbHO. YNPOUEHHbIU UHICEHEPHLIL Memoo0 UCHONIb308AACs Ol OYEHKU
MEXAHUYECKUX CEOUCME SUDPUOHBIX KOMNOZUMHBIX 8aHm. TOUHOCMb Memooa onpedeieHa IKCHePUMEHMANbHO.
Hccnedosana 603MOACHOCHb YMEHbUEHUS nepeMewyerull U COOCMBEHHO20 8eCd KOMNOZUMHO20 Ce0N08UOHO20
8aHMOB8020 NOKpbIMusi pazmepom 6 niane 50X50 mempoe nymem npumenerus 2UOPUOHBIX KOMNOUMHBIX 6AHM.
Tubpuonvie KOMNO3UMHBIE 6AHMbL UCNONL30BAIUCH 8 KAYECTNBE MAMEPUAio8 HeCyWux U KOHMYPHbIX 6AHM
NOKPbIMUSL.
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