X International Conference on Textile Composited knflatable Structures
STRUCTURAL MEMBRANES 2021
K.-U.Bletzinger, E. Ofiate, R. Wiichner and C. Laz&s)

DEVELOPMENT AND ANALY SIS OF PRE-STRESSED CABLE ROOF
WITH STIFFENING GIRDER AND POLYMER MEMBRANE
CLADDING

AV. CHESNOKOV*, V.V. MIKHAI LOVV, |.V.DOLMATOV*

" The Faculty of Civil Engineering
Lipetsk State Technical University
Moskovskaya street 30, 398600 Lipetsk, Russianiaéde
e-mail:andreychess742@gmail.comeb pagehttp://www.stu.lipetsk.ru

" The Faculty of Civil Engineering
Lipetsk State Technical University
Moskovskaya street 30, 398600 Lipetsk, Russianriatide
e-mail:mmvv46@rambler.ruweb pagehttp://www.stu.lipetsk.ru

* The Faculty of Civil Engineering
Lipetsk State Technical University
Moskovskaya street 30, 398600 Lipetsk, Russianriaéde
e-mail: dolmivv@gmail.comweb pagehttp://www.stu.lipetsk.ru

Key words: Pre-stressed, Cable Truss, Stiffening Girder, Mamé&

Summary. The roof construction considered in the researchseis of a flexible framework
with a stiffening girder and architectural membraride framework is a two-chord truss-like
structure. The chords are made of pre-stressed stdxes linked together by vertical struts.
The girder mitigates deformations of the roof. dkés horizontal reactions of the chords
allowing lightweight supporting structures. Desighearances prevent overstressing the
girder. Computational technique for static analysisthe roof is developed. The technique
allows satisfying the limit state conditions. Umifo and half-span loads are taken into
account. The membrane cladding is included into dtmactural model. The results of the
work are to be used for the preliminary design stad pre-stressed cable roofs. The work
contributes to the development of hybrid buildingstructions.

1 INTRODUCTION

Pre-stressed cable and membrane structures becormdegral part of modern public
buildings such as railway stations, airports, besincentres and stadiurisThey are an
efficient solution for sheltering large-span afeasong with civil engineering sector, cable
and4membrane roof structures have great potemtigthe field of industrial construction as
well™.

Cable structures, however, exhibit complex behauimter load. Numerical methods for
nonlinear structural analysis are based on itezasislving the equations of equilibridm
Numerical methods, however, require the main strattparameters to be given. Thus,
analytical technique is needed to determine ssBn@roperties of the cables and the
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magnitude of pre-stressing of the structural eldme®implified approach is also required for
understanding the structural behavior and for a&sgshe numerical resuftsLinear static
solution for cable roofs is proposedviore sophisticated approach for nonlinear analysi
cable structures includes closed-form solutionfoonvex and biconcave trus8es

Being highly deformable, cable systems are combimigld stiffening girders. The girders
effectively mitigate structural deflections undeoad, including, so-called, kinematic
displacements. They also take horizontal reactimoaght about by the cabfé8*? It allows
applying lightweight supporting structures instedccomplicated solutions for equilibrating
the thrust.

The roof construction, considered in the presesearch, consists of a framework and
flexible polymer membrane (figure 1). The framewakcomposed of two-chord truss-like
cable structures with stiffening girders. The gid@re arranged between the opposite
supports of the trusses. The chords of the framlewwog made of pre-stressed steel cables
linked together by vertical struts. The membranattiached to the top chord of the roof.

- general view, b - enlarged view of the section;

- outline of the section, considered in the research;
- truss-like framework of the roof;

- polymer membrane; 4 - backstay cable;

- catenary cable; 6 - fixed support;

- support fixed in Y and Z directions only

~N WL =

Figure 1: The cable roof structure

Due to high relative stiffness, the girder, howeussars the major portion of external
transverse impacts while the flexible chords remamderused. In order to enhance the
efficiency of high-strength steel cables, the girded the struts of the framework are linked
together by means of design clearaficEqfigure 2). The clearance, being a gap between the
girder and a retainer of the strut, allows the ®amrk to move freely a distana® in the
vertical direction. It prevents overstressing o thirder under uniformly distributed loads.
Having been exhausted by non-uniform impacts, tearances do not preclude leveling the
loads and reducing deformations of the roof.

Figure 2: Structural model of the roof. a — genei@lv, b — view along the line 1-1; 1 — bearer ch@ —
restraining chord; 3 — vertical strut; 4 — stiffiegigirder; 5 — fixed support; 6 — support fixedhe Z direction
only; 7, 8 — previous and current positions offilaenework, respectively; 9 — retainen - design clearance
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A section of the roof, highlighted in figure la, @&nalyzed in the present paper.
Computational technique for static analysis is ttgwed. The polymer membrane cladding is
included into the structural model. The technigliewes satisfying the limit state conditions.

It provides the allowable deformations of the rabthe pre-stressing and operational stages.
Stiffness properties of the cables and the ginduired pre-tensioning of the bottom chord
and the size of the design clearance are given.

2 THE STRUCTURAL MODEL

Two-chord cable truss with the girder is adoptedtess structural model of the roof's
section (figure 2). The model is situatedX®Z -plane. Nodal displacements are only allowed
in the plane. The struts shown schematically aerntancompressible, while the span of the
roof L is considered constant.

The bearer chord of the truss consists of steelesabith the stiffnessEA while the

restraining chord is composed of a cable and palymembrane. The overall stiffness of the
restraining chordeA splits into the cable’s stiffnessA ,, and the effective stiffness of the

membraneEA m:
EA = EA,cab +§A\r,m : (1)
At the initial (undeformed) state the chords of thess take on parabola-like shape with

the risesf,, and f, . Hereinafter, the initial configuration is markbg the subscript ‘0.

The indexesb' and'r' refer to the bearer and restraining chords, res@dg (figure 2).
The pre-stressing of the roof is implemented bymeeat the tensioning the bearer chord.
Having been pre-stressed, the truss transformdhetoperational state with risds, ,, f, ,

in the center of the span arfid* ., ¥y, in the quarter of the span:

) pro (2a)
1:pr,r = 1:O,r +Afpr! (2b)
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Figure 3: Structural model at the pre-stressingesta

Considering uniform pre-stressing, the chords efrbof keep parabola-like shape. Thus,
the ordinate at the quarter of the spiff,» obeys the following conditionf **, = 075CF .

External loads are applied to the membrane claddirthe operational stage. They result
in the deflection of the rookf and the following alteration of the rises of thwds:
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figp = Forp +AF (3a)
1:Id r o 1:pr,r —Af . (3b)

The limit state approach is applied for the analysi the truss. The serviceability limit
state implies the following conditions:

A <Qp, (4)
Ojm1< O, (5)
where Q;,, is the allowable displacemen®,,,, = 001 is the minimal relative tensioning
which prevents slackening of the flexible chords;is the following ratio:

e.=¢/., (6)
where¢ is the relative deformation of the chorg; is the allowable relative deformation:
J.=RI/E,, (7)
L
& —TCO 1, (8)

where R, and E, are the strength and the modulus of elasticitthefmaterial;L_, is the
initial chord’s length;L, is the current length of parabola-shaped chord:

L.=W,O0*+W,F*+L, 9)

where f is the rise of the chord at the center of the sp#)=8/31L) and

W, =-32/(51°% are the coefficients.
The initial length of the cable,, is the difference between its geometric lengfhand the

tensioningAL , at the stage of the pre-stressing:
Lo =Ly —AL,. (10)
The geometric length of the cablg is calculated from (9) given the initial sdg.
The ultimate limit state condition is written a$ldavs:
CECIN. (11)

where © =0, for the chords of the truss (6), whi@=0,, is the ratio for the girder;
Oim» =10 is the upper bound for the -ratio.
The girder’s ratio®,, is obtained as follow$

grd
Ngrd . M grd :
Ogg = = —, if my<20; O, =——""— otherwise, (12)
¢e mgrd [Rgfd Vvgrd [Rgrd

where N, and M , are the axial force and the bending moment in giveer,
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respectively;A,, andW,, are the area and the elastic section moduluseofjitider’s cross
section; R, is the material strength of the girdey; is the buckling coefficient of the girder
subjected to compression with bending.

The buckling coefficientg, is obtained from the design cdlegiven the effective

slendernessl and the adjusted relative eccentriaity :

d=— bt R (13a)
\/I grd /Agrd Egrd
Moa A
- grd rd ’
Mo =10 e Wy (13b)

where I, is the moment of inertia of the girder's crosstise; E , is the Young's
modulus of the girder's material; is the length of the girder; is the shape factbt

Bending moment in the girdem, is obtained considering transverse and longitudina
impacts:

Mga =Mg + Ngyg [, (14)

where M, is the bending moment brought about by the traseMead;J is the deflection
of the girder under lodd
%

o=———, 15
1- Ngrd/NeI ( )

where o, is the deflection by transverse load only; is the Euler loadN, < Ng;:
Nel = 772 [Egrd Dgrd”‘z' (16)

The axial force in the girder is induced by therdsoof the truss:

N
Ngrd = Nbcab+ Nr,cab+ é,m ' (17)

where N, and N, ., are the axial force in the bearer chord and theefan the cable of
the restraining chord, respectively; ., is the membrane effective force.

The membrane effective force is distributed by ¢htenary cables into the girder and the
neighboring fixed supports (figure 1), so the faétois applied in (17).

The axial forcesN are obtained by the Hook'’s law given the stiffn€gsand the relative
deformatione :

N = EAl¢. (18)

Considering the conditions (5) and (11), the rewatileformations of the cable and the
membrane elements,,, and¢,,, are bounded as follows:
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EcapUEcapy -+ Ecav2l » (19a)
EnO[En: - Emal, (19b)
where &_,,; = O e and &,; =6;,; [, are the boundary values for the cables and the
membrane, respectively={1, 2}.

Considering the restraining chord in a whole, tekmtive deformations must be in the
following range:

g 0[&, .. &l (19¢)
whereeg, , ande, , are the following boundary values:

‘gr 1 = max(‘scab,li £m,1) ' (20&)

gr 2 = min(‘gcab,zv 5m,2) . (20b)

3 STATIC ANALYSISOF THE ROOF STRUCTURE

The stage of the pre-stressing of the roof andferational stage are analyzed separately.
The following load cases are taken into account:
1. The full uniform loadQ,, .

2. Partial uniform loadQ,,, and the loady,; acting on a half of the span of the roof.

The overall sum of the partial and the half-spadois considered not greater than the full
load: Q,, +Qy Q. The girder is subjected to its own weigh{, which sums up with

residual load from the truss. The loads are consit® exert the roof in the vertical direction
from top to bottom.
3.1 Pre-stressing of thetruss

Cambering of the roof at the stage of the pre-singsis confined by the range
Af, 0 (0.Af, in], where the allowable camberiag,, ;,, is obtained as follows:

A‘I:pr,lim = flimz,r - fO,r ’ (21)

where f;, . is the upper bound for the rise of the restraimihgrd, obtained from (22).
The allowable rise of a parabola-shaped chord:

_ L 5 ~ ~ Llimc ~
fir: —Zqﬂa/l \/1 3.6EE : 1} , (22)

where '™ is the chord’s allowable length.
Considering the ultimate limit state condition (lthje allowable length of the restraining
chord is the following:

L'imzcyr = I-cO,r |l‘s‘r,z +1) ' (23)
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where ¢, , is the right-hand side bound for the relative ghttion of the restraining chord
(20b); L, is the initial length of the restraining chordtaibed from (10) giverhL, =0.
The tensioning of the bearer chotdl, is obtained from (10) given the initial length,,,

which is calculated as follows:
1
Leop = Lo B\ (24a)

+ gcab,z

where ¢, is the right-hand side bound for the cable elangafl9a); L”» is the length
(9) of the bearer cable having the 1i8a) given the allowable deformatiany,, :

fiap = forp + @i - (24b)

The allowable deformatiomy,, at the center of the span, obtained from (4) &)dnhay
be written as follows:

W =MINQy s Wiyrr Dimp) » (25)

where
Winr = Fore = fimprs (26a)
Winb = fimyn = Forp s (26b)

where f, . and f, , are the chord rises (2f;, , and f,, , are the allowable rises (22)

given the allowable chord length&":., and L'z, respectively:

L“mlc,r = LCO,T [qgrl +1) ] (27a)
LlimzCb — LprCb Elgcab,z +1 (27b)
Y ’ Ecab,l +1 ’

where L™, is the length of the bearer cable (9) at the stdidlee pre-stressing, having the
rise at the center of the spafy,, (2a); &,, &, and &,,, are the limiting relative
deformations (19).

At the stage of the pre-stressing the girder takesaxial forceN” 4« and the transverse
load. The transverse load is the girder's own weeigh, (figure 3). Considering (17) and

(18), the axial force is obtained as follows:

cab;,

N o = EA (2, + (EA, cap + EA/2) [Z, 5, (28)

where ¢, , is given by (20b);e,,, is the relative deformation (8) of the bearer chor
having the risef ., (2a).
The stiffness of the cable of the bearer chortdesfollowing:
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EA =P, ElLi (29)

where P, is the link load between the chords (figure 3hatstage of the pre-stressing.
The stiffness of the cable in the restraining chedl ,, is obtained from (1) given the
membrane effective stiffned®A » and the overall stiffness of the choed, :

L?
AR R @, (30)
pr.r

Bending moment in the girder and the girder’s deiten brought about by its own weight
are the following:

MQ = Pgg 1218, (31)
L4
%= 384 384 o GEgrd 0 (32)

3.2 Impact of the full uniform operational load Q,,

The full uniform load Q,, is considered to be completely taken by the cahles.
Deformation of the truss is assumed equal to tlesvable deflectionAf, =« (25). Under
this condition, the link load between the chorbg at the stage of the pre-stressing is

determined by the following expression:

P = Qtot
P fap Bz i g (33)

1:pr,b |3~pr,b 1:pr,r g’r 2

where ¢.,,, and ¢ , are the limiting relative deformations (1%;,, and g,, are the
relative deformations (8) of the bearer and th&agsng chords given the rises, , (2a) and
f . = forr — @i » respectively;f, - and f,, are the chord rises (2b) and (24b).

The girder takes its own weight,, in the transverse direction, while the followinga
load influences the girder in the longitudinal diren:

Nld grd = EA) |—_‘f‘cab,z + (EAr,cab + E_Ar,m/Z) g]d g (34)

Bending moment in the girdem, and the girder deflectiom, brought about by the

transverse load stay the same as for the pre-sigestaige (31, 32).
Considering uniformity of the loa@,,, the design clearance values throughout the span

are taken to be determined by the parabola-shaped:c

A(X) =4, XL -x)/L2, (35)
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where x0O[0..L] is the X-coordinate along the spaA;,, is the design clearance at the
center of the span:

Dy = Wy - (36)

3.3 Impact of the partial uniform load Q,, and theload Q,; acting on a half of the span
of theroof

Partial uniform loadQ,, is completely taken by the cable truss. Half-sfmad Q. is
divided into Q,;, and Qy ,4. The first part influences the truss, while thenaéning one
impacts the girder (figure 4).

1@ igy
I EEEEEEEE RN

V@ iggra Pgrd
L2 2 2K 2 2K 2% 2K 2 2K 2 2K 2K N,f,‘l;f'

L2

Figure 4: Partial uniform load and the load actimga half of the span

Determination of load®,; , and Q.4 is performed using the following conditions:

Quir ¢ + Qnirgra = Qnrr (37a)
Qurr ¢ = Qe » (37b)
Afyy0 =Byja * O 4 s (37¢c)

where Af,,, is the deflection of the truss in the quarterhs span, brought about by the
loads Q,, and Q. .; Jy v, IS the girder's deflection (15) caused by the swamse load

Quiga and the axial force induced by the truss"sq; A, is the size of the design
clearance in the quarter of the span:
Dy, = 075D, . (38)

The axial force in the girdex'""yq is obtained as follows:
~ Id,h
NN = NNy + (EA cap T EALM/2) E,\IIETr : (39)

where N'®", and N'"", are the axial forces in the chords of the cahlestrsubjected to
non-uniform loadsQ,;, andQ,,, .
If the condition (37b) is not met, the girder doest take transverse load .4 =0,



A.V. Chesnokov, V.V. Mikhailov, I.V. Dolmatov.

Qui « =Q and the condition (37c) is skipped.

Bending moment in the girdand the girder deflection consist of the parts ghawabout
by the loadQ, ,4 and the girder's own weight,, :

Mg =Mgqp +M,, (40a)

By = Ogpy +3,. (40b)

The resultant momern
by (14).

ga fOr verifying the ultimate limit state conditiodX) is obtained

4 NUMERICAL EXAMPLE

A section of the roof (figure 1b) is consideredaasexample. Its spah is 12 m, while the
width B is 6 m. Initial rises of the chords afg, =15m and f,, =1.0m. The cables, forming
the chords, are adopted of high-strength steellewtiie membrane cladding is made of
architectural fabrics. The allowable relative defations (7) are(,, = 538510° and
{., = 2231107 for the cables and the membrane, respectively gifder is made of two steel
channel bars withR,, = 21[10°kN/m*. Geometrical parameters of the overall cross mecti

are the following: A, = 70400°m, W, = 61610"*m> and I, = 83210°m*. The full
uniform operational load is take@, =180 kN/m, while partial uniform load),, and half-
span loadQ,; are assumed equal to 9.0 KN/m.

The cambering of the roof during the pre-stressiiage is adopted equal to the allowable
one (21):Af, =0.1436 m. The allowable displacement (25) of the roofemekternal loads is
taken w,,, = 0.1 m, so the design clearances are the followikgs = 0.1m andA,,, = 0075m.
The tensioning of the bearer chord during the fressingAL, = 0.0933m is obtained from
(10), considering (24a).

The link load at the stage of the pre-stressing,js= 216 kN/m (33). Substituting it into
(29) and (30) yields in the stiffness properties tbe chords: EA =42719kN and
EA =6314kN.

The roof is numerically simulated by means of tludtvgare package of non-linear
structural analysis EASY.20%0 Considering the membrane effective stiffness

EA.m =3600kN and the modulus of elasticity of the cabkes, = 1.310° MPa, the bearer and

restraining chords are adopted of 24.1 mm andririisteel cables, respectively. Thus, the
stiffness properties of the chords, used for theenical simulation, ar&A, . =43940 kN and

EA ¢ =6460kN. Hereinafter, the subscrige”refers to the values substituted into or obtained

by the EASY.2020 software.
The cambering of the roof at the pre-stressingestagf , . =0.1389 m. It deviates from

the adopted valuef, by 3.3%. The deflectiomf, ., brought about by the uniform load

prt

10
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Qut» 1S 0.099 m versus the allowable valag =01 m.
The ©,-ratios obtained for the bearer and the restraiolmyds given the forces provided
by the EASY software are the followingo,,, =011, ©.,, =099, ©.4, =096,

c.pr.r
O.4, = 026. All the ratios meet the conditions (5) and (11).

Under the loadQ,, the axial force in the girder is obtained® g4 = 2439kN (34). The
discrepancy from the result by the EASY softwake” (. = 2350kN) is 3.8%. The girder’s
ratio (12),9,,4 = 041, meets the conditions (11).

The load Q,;; =90 kN/m acting on a half of the span splits in@; , =48 kN/m and
Qut.gra =42 KN/m. The ratios (6, 12) for the girder and foe tbhords of the truss, being
equal to9,,, = 058, ©,, = 069 and © ., = 074, satisfy the limit state conditions (5, 11). The
deflection of the cable truss in the quarter ofghart’ and the axial force in the girder are the
following: Af,, = 0102 m and N""y4 =1654kN. The corresponding results by the EASY
software arenf,, . = 0096 m andN'""yq e =1743kN. The deviations are less than 6.5%.

In order to highlight the effect of the girder atite design clearances, the following
ordinary embodiments of the roof are consideredholfdesign clearances are provided, the
stresses in the girder become substantially higherthe girder’s rati®,, = 114 obtained

for the loadQ,, exceeds the allowable val@,,, =10. On the other hand, having no girder's
support, the framework deforms &, = 0145m under the half-span loag, . It fails the

serviceability limit state condition (4) and reaesrincreasing of cross section areas and
additional pres-stressing of structural elements.

CONCLUSIONS

- Computational technique for static analysis of ¢hble roof with stiffening girder and
membrane cladding is developed. The results pravigethe technique are very close
to the ones obtained by the specialized softwackgge EASY.2020.

- Allowable cambering of the roof, required tensianiof the bearer chord and the link
load at the pre-stressing stage are proposedn&tgfproperties of the chords and the
design clearances between the struts and the girdagiven.

- The developed technique allows achieving chorasa, , , = 099 and O, , = 096)
close to the upper boun@®,, ,=10. It prevents inefficient consumption of high-
strength cables under the limit state conditionisfsad.

- The favorable effect of the girder and the desi¢ggarances is highlighted. The
deformation of non-uniformly loaded roof withoutetlgirder is 1.45 times as large as

the deformation of the roof with the girder install Skipping the design clearances
leads to overstressing the girder by the uniforadlo

- The results of the work are to be used for theipielry design stage of pre-stressed
cable roofs. The work contributes to the developneéhybrid building constructions.

11
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