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Non-linear closed-form computational model of cable trusses
S. Kmet and Z. Kokorudova

Faculty of Civil Engineering, Technical University of Kosice, Vysokoskolska 4,
042 00 Kosice, Slovak Republic

Abstract

In this paper the non-linear closed-form static computational model of the pre-stressed
suspended biconvex and biconcave cable trusses with unmovable, movable, or elastic yielding
supports subjected to vertical distributed load applied over the entire span and over a part
(over the half) of the span is presented. The paper is an extension of the previously published
work of authors [1]. Irvine’s linearized forms of the deflection and the cable equations are
modified because the effects of the non-linear truss behaviour needed to be incorporated in
them. The concrete forms of the system of two non-linear cubic cable equations due to the
load type are derived and presented. From a solution of a non-linear vertical equilibrium
equation for a loaded cable truss, the additional vertical deflection is determined. The
computational analytical model serves to determine the response, i.e. horizontal components
of cable forces and deflection of the geometrically non-linear biconvex or biconcave cable
truss to the applied loading, considering effects of elastic deformations, temperature changes
and elastic supports. The application of the derived nonlinear analytical model is illustrated by
numerical examples. Resulting responses of the symmetric and asymmetric cable trusses with
various geometries (shallow and deep profiles) obtained by the present non-linear closed-form
solution are compared with those obtained by Irvine’s linear solution and those by the non-
linear finite element method. The conditions for the use of the linear and non-linear approach

are briefly specified.

Keywords: Cable truss; Non-linear closed-form solution; System of cubic cable equations;
Linear and non-linear behavior

1. Introduction

Light weight pre-stressed cable trusses offer an economical and efficient alternative
for many structural problems. Their use is widely accepted in projects that require coverage of

large areas. A review of computational methods for tension structures can be found in [2].



Most of the recent methods of non-linear analysis of cable trusses are based on the
discretization of the equilibrium equations using the finite element method (FEM) and solving
the resulting non-linear algebraic equations by numerical methods [3-8]. Kassimali and Parsi-
Feraidoonian [4] investigated the non-linear behaviour and the ultimate strength of pre-
stressed cable trusses including consideration of the effects of large displacements, slackening
of members and inelastic material properties. Kanno et al. [9] derived a special method for
friction and friction-less analysis of non-linear elastic cable structures based on second-order
cone programming. Brew and Lewis [10] proposed an efficient numerical tool for a better
integration of the design and analysis with the manufacture of tension membrane structures.
The common approach to these investigations is to study the cable structure as a
geometrically non-linear system. There have been only a few published analytical studies on
non-linear solutions. Due to the mathematical derivation difficulties that can arise in the non-
linear closed-form solution, numerical methods are by far the most popular. Nevertheless,
some linear analytical work has been attempted.

Comprehensive analytical treatments on the cable trusses have been given by Schleyer
[11], Mgllmann [12,13] and by Irvine [14]. Their linearized approximate theories provide
consistent methods for finding the static response of a perfectly flexible and elastic, hinge-
suspended cable truss to applied loads. However, little attention is paid to the closed-form
non-linear analysis of a cable truss suspended on elastic supports. Rakowski [15] proposed a
special non-linear closed-form solution for cable trusses: a non-linear task replaced by the
linear one. For this purpose the equivalent loading parameters were derived and used. Sultan
et al. [16] presented the general pre-stressability conditions for tensegrity structures, which
can be analytically solved.

The approximate analytical methods on a linear static analysis of the cable trusses are
presented in_ further works, e.g., Baron and Venkatesan [17], Urelius and Fowler [18],
Moskalev [19], Kadlcak [20] and Buchholdt [21]. Their results lead to simple methods for
preliminary dimensioning of various types of cable structures. An interesting discussion of the
relative merits of the truss configurations used to support large span roofs can be found in
Krishna et al. [22]. Kmet [23] proposed a linearized solution of pre-stressed cable trusses with
rheological properties. Raoof and Davies [24] theoretically demonstrated that, in view of the
rather small axial load perturbations under serviceability state conditions, use of the more
appropriate no-slip stiffness (as opposed to the traditionally used full-slip value) leads to
practically significant reductions in the estimated values of the vertical deflections of the

cable truss.



Irvine [14] investigates a static response of the cable trusses using the linearized
engineering analytical theory of the suspended cable. He neglected all second-order terms that
appear in the differential equations of equilibrium and in the cable equations. However,
significant nonlinearities can occur in a response of the truss with different initial geometries
and material properties of the carrying and stabilizing cables. That is why the authors focus on
these problems, and elaborating on them they start with the work of Irvine [14], which has
been further complemented. The present paper is an extension of the previously published
work of authors [1]. Compared to a previous work [1], new load types such as a load applied
over a part and over the half of the truss span have been added.

In this paper a non-linear closed-form static computational model of a biconvex and
biconcave suspended cable truss subjected to various types of static load is presented.
Concrete forms of the system of two non-linear cubic cable equations and the deflection
functions are derived. The application of the derived non-linear analytical model is illustrated
by numerical examples. Resulting responses of the symmetric and asymmetric cable trusses
with various geometries (shallow and deep profiles) obtained by the present non-linear
closed-form solution are compared with those obtained by Irvine’s linear solution and those
by the non-linear finite element method, when COSMOS/M software [25] is used. The

conditions for use the linear and non-linear approach are briefly specified.
2. Initial assumptions

The profile geometries of the biconcave and biconvex cable trusses are shown in Fig.
1. The profiles of the bottom and top chords, respectively, are assumed to be parabolic and

given by
X X
Zb = 4(db _bb)7(1 —7j + bb
(1)

z, =4(d, —b,)%(l—%}tb,

where / is the span of the cable truss. In the case of biconcave truss, sag of the carrying cable

is given ass =b, —d, and camber of the stabilizing cable is ¢ =b, —d, . For the biconvex



truss, sag of the carrying cable is given ass = dj, — b, and camber of the stabilizing cable is
c=d,-b,.

The non-linear closed-form static analysis of the biconvex or biconcave cable trusses,
initially symmetric about a vertical axis at mid-span, will proceed on the following
assumptions: perfectly flexible cables, working only in tension and having zero stiffness in
compression and bending. The relatively small weight of the cables and the spacers will be
ignored, so that the initial free-hanging geometry will be specified by the cable pretensions,
the lengths of the spacers, and the span. It will be assumed that the slopes of the chords are,
and remain small, so that the maximum difference between spacer length and distance of the
chords at the supports should be less than one-quarter of the span. In practical applications
this requirement will always be met. Only trusses with vertical spacers or ties will be
considered. In the analysis the spacers and the ties will be replaced by a continuous
diaphragm whose adjacent vertical elements may slide freely with respect to each other. Each
vertical element of the diaphragm is considered inextensible. The small longitudinal
movements of the chords associated with the vertical movements of the truss under load must
be allowed to occur freely. The analysis will be hold for biconcave systems under uniformly
distributed load symmetrical about mid-span if the chords are clamped together at mid-span.
The derivations will be performed for the biconvex cable truss, all results obtained can be

equally applied to the biconcave case.

3. Vertical deflections for some characteristic loading types

Suppose that under applied vertical loading ¢, the shear force at some cross section x
along the span is Q. Following Irvine [14], vertical equilibrium at a cross section of the

biconvex cable truss further requires that (see Fig. 2)

(HOb+AHb)@_(HOt_AHt)@=Q (2)
X X

where H, and H, are the horizontal components of the pretensions in the bottom and top
chords, respectively, AHj;, and AH, are the additional horizontal components of cable tension
owing to the applied load, z; and z, are the initial profiles of the chords given by Egs. (1),

and w is the additional vertical deflection. Consideration of the internal equilibrium of the



unloaded truss, given by the expression Hy, dzp /dx=H; dz,/dx, allows Eq. (2) to be

reduced to

)dW+AHb@+AH,%=Q 3)

dx dx

The non-linear differential equation (3) may be integrated directly, and after the

da
(Hop +H0r)d—w+(AHb —AH; )—
X X

boundary conditions have been applied, the equation for the vertical deflection of a biconvex

cable truss is obtained in the form

2 2

1 X X X X
w= M —4AH, (dy by} == =448, (d, - b,) -1 (4
Hop + AH), +HO,—AHt{ bl b)[l ;2] (4 ’)(z 2 J} @

Under a vertical uniformly distributed load ¢ applied over the entire span of the truss (Fig.

3a), the bending moment M in Eq. (4) is
q! X
M="—x|1-—= 5
23] ©)

Under a uniformly distributed load ¢ extending from x=a to x =5 along the span of the

truss (Fig. 3b), the bending moments are

M=Ep-al +L(b-a)i-b) (6)
20 ;
for xe(O,a>,
M= aP B a)i— ) gar 1L )
" l 2 I
for xe(a,b) , and
MEE 0P + P (5 ai—b)- qxls—a)+ 429 ®
20 l 2 2

for x e <b,l> ;

Under a uniformly distributed load g applied over the left half of the span from x =0 to

x =1/2 (Fig. 3¢), the bending moments are

1 3x x?

for x <O,l/2> , and



M=) (10)

for x e(1/2,1).
4. System of cubic cable equations for some characteristic loading types

To complete the solution, AH;, and AH, must be evaluated. Use is made of the cable

equations that incorporate Hooke’s law and temperature effects to provide closure conditions
relating the changes in cable tensions to the changes in cable geometries when the bottom and
top cables are displaced (in plane) from their original initial equilibrium profiles. The

geometry of these displacements for a biconvex truss is shown in Fig. 4. If ds; and ds, are

the original lengths of the bottom and top element, respectively, and ds; and ds; are their
new lengths, then ds? =dx> +dzj,  dsp =(dx+dup ) +(dzy +adw)?,  ds? =dx* +dz?

and dE,z = (dx—du, )2 +(dz, —a’w)2 where uj, u, and w_are the longitudinal and vertical

components of the displacements for the corresponding cables, respectively. If the profiles of
the bottom and top cables are flat so that the ratio of their sag to span (and/or camber to span)
is 1:8 or less (due to the application of the engincering theory of suspended cables with the

parabolic profiles), fractional changes in their lengths, corrected to the second order, are

2
dsy —dsy _ duy dx  dw ey [ dw
dsb dSb dSb dSb dSb 2 dsb

2
ds; — ds; _ﬂﬁer_W%_l aw (11)
ds; ds; ds; ds; ds;, 2\ ds;
Here the Hooke’s law requires that
dfb —dSb _ AHb &
dSb EbAb dx

ds; E A, dx
where E, and E, are the moduli of elasticity of the bottom and top chords, respectively, and

Ap and A, are the cross-sectional areas of the cable chords.



If the effects of a uniform temperature difference of AT, =T, —T,,and/or

AT, =T, =Ty, (where T, and T are the initial and design temperatures, respectively) are

considered, terms &7, = aAT}, and &5, = aAT; need to be added to the elemental equations,

where o is the coefficient of expansion. On the basis of Egs. (11) and (12), cable equations

for the bottom and top elements can be written as

AHbi 2
dx | GAT _dup dx | dw dzy +l(ﬂJ
EbAb dSb dSb dSb dSb 2 dSb
ds
AH, —t 2
—dx+ocAT, _duy dx  dwdz 1fdw (13)
E, 4, ds, ds; ds; ds; 2\ ds,

After respective multiplication of equations (13) by (dsy, / dx)2 and (ds, / dx)2 , one obtains

3
AHb[dSbj 2 2
dx +ocATb(dsbj :dub +@dzb +l(@j
EpAy, d de dx dx 2\ dx
AHt(dSZT 2 2
dx AT:(@J :ﬂJr@%_l(ﬂJ (14)
(A dx dx dx dx 2\ dx

If the effects of elastic cable deformations (assuming Hooke’s law, temperature change and
the fractional change in length of the bottom and top cables) are corrected to the second order,

cable equations for a biconvex cable truss follow in the integrated form as

I I 2
%Jr(xATbLTb =up (1)=up(0)+ I[d—WdZ—bjder% j(dwj dx
x

Ep4, o\ dx dx o\ ¥
! L aw?
ALy aAT Ly =u,(1)-u,(0)+ I(ﬂﬁ)dx_l J(@j dx (15)
E, A, o\ dx dx 2o\ dx

where u,(/) and u,(0)and/or u,(/)and u,(/) are the longitudinal movements of the bottom
and top supports, respectively. The left side members L,,,L,, ,Ly,and Ly, of Egs. (15)

characterizing the lengths of the unloaded cables are given by




? 2

L[ d dr —b

Lyp,; = I( Sdb,tJ de =1 1+E[MJ "
o\ 9 3

where ds?, = dx> +dz? , dsy . Jdx=+/1+\dz;, . /dx) , and the first two terms of the binomial
bt bit> BSp bt

series are considered.

The additional horizontal components of cable tension AH, and AH,, caused by the
applied distributed loadg, are found from the system of two non-linear coupled cable
equations given by Egs. (15). Because dw/dz is continuous along the span, the selected

entries on the right side of Eqgs. (15) can be evaluated by integration by parts and Egs. (15)

can be rewritten as

I 2 I 2
AH;, L
b~eb +aATbLTb :_J.d Zzb de_lj‘d—‘;}de'FBb
EbAb 0 dx 20 dx
[ 2 I 2
AH,L, +aAT, Ly, :_J'd i’ wabc+l Id—szdx+Bt (17)
E, 4, o dx 20 e

where parameters Bj, and B, characterize the boundary conditions at the supports of bottom
and top cables, respectively, in the longitudinal direction. For unmovable supports B;, =0
and B, =0, for movable supports in horizontal direction By =uy(/)~u,(0) and
B, =u,(1)~u,(0) if the horizontal support movements of u;(0) and u(/) and/or u,(0) and
u; (l ) occur at each bottom and top end of the truss. For elastic supports in the horizontal
direction B, = f,,(0)+ f,,(/) and B, = £,,(0)+ f,,(/), where the horizontal support

flexibilities of f,,(0) and f,(/) and/or £,,(0) and f,,(/) respectively occur at each bottom
and top end of the truss.

Substituting the deflection equation (4) into Eqs. (17) and performing the necessary
integration, the following coupled system of cubic cable equations for AH; and AH, is found
as
AH} +cpAH} + ey AH P + ey AHF AH, + ey AH,AH Y +
+cpsAH ,AH  + cpgAH ) + )7 AH, +cpg =0

(18)

AH? + ¢ AH} + ¢y AH? + ¢ sAHPAH, + ¢, ) AH,AH? +
+Ct5AHbAHl‘ +Ct6AHb +ct7AHl‘ +Ct8 =0



The coefficients ¢;; and c,; for i =1,2...8 in Egs. (18) depend on the type of the applied load
and are defined in the Appendix (Egs. (A1) and (A2) for a vertical uniformly distributed load
q applied over the entire span of the truss). The deflection equation (4) and the cubic cable
equations (18) are sufficient to obtain a non-linear closed-form solution for the dependent
variables w, AH, and AH,.

In the case of a vertical uniformly distributed load ¢ applied from x=a to x=5

along the span of the truss cable equations (15) can be written as

AH,L,,

+ AT, Ly, =
E A, b-Th

2 2
}wdx—— I[d WZJWZ e —— f(d W3Jw3dx+

(19)




where the deflections w;, w, and wjy, obtained from Eq. (4), correspond to the individual
characteristic parts of the truss span: w; € <0, a>, Wy € <a,b> and w;y € <b, l>. Substituting the

individual deflection Eq. (4) into Egs. (19) and performing the necessary integration the

identical coupled system of cubic cable equations (18) for AH, and AH, can be found. The
coefficients of Eqgs. (18) are defined by Eqs. (A1) and (A2) in the Appendix, except ¢;7, Cpg,
¢;6 and c;g which are defined by Eqs. (A3) and (A4).

In the case of a vertical uniformly distributed load ¢ applied over the left half of the

span from x =0 to x =//2 cable equations (15) are written as

AHLL,,

Ey4,

20 12 2
=— J. d 221; lea’x— (d Zb szdx
0\ dx 12

020 2 2
1 J. d vgljwl X —— J.(d WZJW dx+ B,
2 o\ dx 1/2

+ aATbLTb =

(20)
%—’_aAT;‘LTt =
A
4
120 12 1 (2
=— (d 22, wydx — J.[d ZZ’szdx-i-
dx 2 dx
20 1 (2
+1J. v wldx+lj 47w »dx+ B,
20 dx? 2}/2 dx?

where the deflections w; and w,, obtained from Eq. (4), correspond to the individual
characteristic parts of the truss span: w; e<0,l/2> and w, e<l/2,l>. Substituting the

individual deflection Eq. (4) into Eqs. (20) and performing the necessary integration the

identical coupled system of cubic cable equations (18) for AH, and AH, can be found. The
coefficients of Eqgs. (18) are defined by Eqgs. (A1) and (A2) in the Appendix, except c;7, Cpg.,

¢;6 and c;g which are defined by Eqgs. (AS) and (A6).

10



To solve the nonlinear cable equations (18) Newton-Raphson iterations were applied.
All the derived equations and results are equally applicable to biconvex and biconcave

cable trusses. In the case of a biconvex truss (d, —by ) and/or (d, —b,) are positive and AH,,
and AH, calculated from the Eqs. (18) are also positive. For the resulting values of the

bottom and top horizontal components of cable forces holds true

HszOb+AHb

21)
H,=Hy -AH,

In the case of a biconcave truss (d, —b,) and/or (d, —b,) are negative and AH, and AH,
calculated from Eqs. (18) are also negative. Substituting — AH, and —AH, into Egs. (21), the

resulting values of horizontal components of cable forces are in the form

Hb =H0b_AHb
(22)
H[ :HOI+AHI

In the deflection Eq. (4) it is necessary to substitute all terms with the corresponding signs.

The additional deflection is of course still positive.
5. Comparison with finite element results

In order to verify the accuracy of the nonlinear analytical model developed in this
study, solutions have been generated for the cable truss with immovable supports previously
examined by Kassimali and Parsi-Feraidoonian [4]. The non-linear finite element method was
used in [4]. The structure analyzed was a symmetric biconcave cable truss with a span

[=60m and the cross-sectional areas of the bottom and top cablesAb:1.3.10_3 m?

andA,zZ.O.lO_3 m2, shown in Fig. 5. The moduli of elasticity of both cables

are £y = E, =1.48135.10kNm 2. The initial horizontal components of pretension in the

11



bottom and top chord are H, = H(; = 588.603kN. There is a vertical uniformly distributed

load g = 8.91kNm™! applied over the left half of the span. Seven different loading levels ¢,
2¢q, 3q, 49, 5q, 6q and 7g were considered. The following data for the geometrical
quantities are specified: dj, =d; =0.5m and b, = b, =4.52 m (see Fig. 5).

In the case of the closed-form analysis, five ties symmetrically situated along the truss
span are replaced by a continuous diaphragm.

Vertical deflections w in the third of the truss span versus applied loads obtained by
the present non-linear closed-form solution (when Egs. (18) with the coefficients from Egs.
(A1), (A2), (AS) and (A6) and Eq. (4) and Eq. (9) are used) and by non-linear FEM [4] are
shown in Fig. 6. Results confirmed a good agreement.

The deflection course of the cable truss under a load ¢ = 8.91kNm ™! obtained by the

present solution (when Eq. (4) and Egs. (9) and (10) are used) is shown in Fig. 7.
6. Linear and non-linear behaviour of cable trusses

Consider a biconcave initially symmetric and asymmetric cable truss about the

longitudinal axis (see Fig.1) with a span /=60m and cross-sectional areas of the bottom and

top cables A4, = 1.3.10m? and 4 =2.0.10m? . The moduli of elasticity of both cables

are £, =E,= 1.5.103kNm 2. There is a vertical uniformly distributed load ¢ = 10.0kNm ™!
applied over the entire span. In the case of the closed-form analysis, the ties with a large axial
stiffness are replaced by a continuous diaphragm.

Resulting responses of the symmetric and asymmetric cable trusses with various
geometries (shallow ‘and deep profiles) obtained by the present non-linear closed-form
solution are compared with those obtained by Irvine’s linear solution and those by the non-
linear FEM, when COSMOS/M software [25] is used.

In the case of a symmetric truss the initial horizontal components of pretensions in the
bottom and top chord are H, = H; = 600.0kN. Eight different span-to-sag ratios of the top
carrying cable that are equal to eight span-to-camber ratios of the bottom stabilizing cable,

I/s=1/c=1.5,10,12.5, 15, 17.5, 20, 22.5 and 25 are considered. The following data for the
geometrical quantities are specified: b, =b, =8.5, 6.5, 5.3,4.5,3.93,3.5,3.17 and 2.9 m and

db :dt :0.5m.

12



Results, i.e. horizontal components of cable forces in the bottom Hj = Hg, — AH)
and top chord H, = Hy; + AH, (see Fig. 8 and Fig. 9) and vertical deflections w in the mid-

span of the truss under applied load versus the span-to-sag ratio //s of the carrying cables
(see Fig. 10) obtained by the present non-linear closed-form solution are compared with those
obtained by the linear solution (when Irvine’s linear analytical model is applied) and those by
non-linear FEM (when software COSMOS/M is used).

In the case of an asymmetric truss eight different span-to-sag ratios of the top carrying
cable, //s =7.5,10, 12.5, 15, 17.5, 20, 22.5 and 25 were considered. The span-to-camber ratio
of the bottom stabilizing cable was kept constant at //c =25 for all mentioned cases. The
following data for the geometrical quantities are specified: b, =2.9m, b, =8.5,6.5, 5.3, 4.5,
3.93,3.5,3.17 and 2.9 m, and d}, =d,; = 0.5m. The initial horizontal component of pretension
in the bottom chord is H;, = 600.0 kN. The initial horizontal component of pretension in the
top chord H, is calculated according to the changing value of sag (at the middle of span) of
the carrying cable from the equation of internal equilibrium  for the initial pre-stressed
unloaded asymmetric truss, which can be written as Hy, = Hoy, ¢/ .

Results, i.e. horizontal components of cable forces in the bottom Hj = H, — AH)

and top chord H, = Hy, + AH, (see Fig. 11 and Fig. 12) and vertical deflections w in the

mid-span of the truss under applied load versus the span-to-sag ratio //s of the carrying
cables (see Fig. 13) obtained by the three mentioned approaches are compared. This
demonstrates that there are differences between the responses of the investigated cable trusses
obtained by the linear and non-linear analyses.

As shown in Fig. 8 and Fig. 11 the differences between the resulting horizontal
components of cable forces at the bottom chords of trusses and between the deflections (Fig.
10 and Fig. 13) obtained by the linear and non-linear solution are more significant as the
span-to-sag ratio //s of the carrying cables increases. Deflection response is overestimated,
which is conservative, while additional tension in the chords is underestimated when the
linear theory is assumed.

In the case of a symmetric truss the differences in the resulting deflections begin at the

span-to-sag ratio //s =17.5 as shown in Fig. 10. In the case of an asymmetric truss are these
differences more significant and they already occur at the span-to-sag ratio //s=12.5as

shown in Fig.13.

13



When a symmetric or asymmetric truss is initially flat (shallow truss with the small
sag and camber), i.e. when the span-to-sag ratio of carrying cables increases the differences
between the results obtained by the linear and non-linear theory can not be ignored as they are
significant and the non-linear solution need to be performed.

Results show that the responses obtained by the present non-linear closed-form
computational model are of a very good agreement with those obtained by the nonlinear FEM

when COSMOS/M software is used.

7. Conclusions

In this paper the non-linear closed-form static solution of the pre-stressed suspended
biconvex and biconcave cable trusses with unmovable, movable, or elastic yielding supports
subjected to vertical distributed load applied over the entire span and over a part (over the
half) of the span has been presented. Irvine’s linearized forms of the deflection and the cable
equations were modified because of the effects of the non-linear truss behaviour. The concrete
forms of the system of two non-linear cubic cable equations due to the load type were derived
and presented. From a solution of a non-linear vertical equilibrium equation for a loaded cable
truss, the additional vertical deflection was determined. The computational analytical model
serves to determine the response, i.e. horizontal components of cable forces and deflection of
the geometrically non-linear biconvex or biconcave cable truss to the applied loading,
considering effects of elastic deformations, temperature changes and elastic supports.

The application of the derived non-linear analytical model was illustrated by
numerical examples. Verification of the results was performed and the behaviour of the
symmetric and asymmetric pre-stressed cable trusses with various initial geometries was
investigated. Results, i.e. horizontal components of cable forces in the bottom and top chord
and vertical deflections in the mid-span of the truss under applied load versus the span-to-sag
ratio of the carrying cables obtained by the present non-linear closed-form solution were
compared with those obtained by the linear solution when Irvine’s linear analytical model was
applied and those by non-linear FEM when software COSMOS/M was used.

The obtained results confirm the correctness of the derived equations and their
mathematical and physical importance.

To compare the non-linear structural analysis results obtained by the other analytical
or numerical methods and to perform a quick reliability assessment of cable trusses: that is

why this new closed-form model is useful.
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It is believed that the non-linear solution presented will lead to an improved closed-

form analysis of cable trusses in the non-linear range.
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Appendix

In the case of a vertical uniformly distributed load ¢ applied over the entire span of

the truss, the individual coefficients of Egs. (18) are

- for the bottom cable

E A4 |16
cp =2(Hop + Ho, )+ =2 b{—

6/ (db —bb)z +aATbLTb +Bb:|

eb

E, A 16 16
cvn = E10L 180, )00, 4T 45, |

Cb3 =-2
Cpq =1

E A4, |16
ch = — b7 |:§(db _bb)2 +2aATbLTb +ZBb:|_2(HOb +H0t) (Al)

eb
E 4,16 2

Cps = Lb b [E(db —by ) (Hop + Ho, ) +2aATy Ly (Hop + Ho, )+

eb

+2B,(Ho, + Ho, )]+ (Hoy + Ho, |

EpA4,| 16
Cp7 =£—bb[§(db — by Ny = by \Hop + Hoy )+ Ky (dp = by )+ Ky (dy = b;) -

e

—2aATy Ly, (Hop + Ho, - 2B (Hop + Hoy )|

EpAp
2

; [_Kl(db — by \Hop + Hos )~ Ky + ATy Ly (Hop + Ho, ) + By (Hop +H0t)2]
e
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- for the top cable

E,A
- ,[16 16

8y 0N =)+ 0y~ P sl + 5,

et

Cp = _2(H0b + HOt)+ EZAt {_E(dt —b )2 + AT Ly, + Bt:l

of 6l
Ci3 =1
Ci4 =2
E A |16
€5 = %{g (d; — by )2 —20AT Ly - 2Bti| +2(Hop + Hoy) (A2)
et
E A4 |16
C6 =%|:§(db _bb)(dt _bt)(HOb +H0t)_K1(dt _bt)_Kl(db _bb)+
et

+20AT, Ly, (Hop + Ho, )+ 2B,(Hoy + Hy, )]

16
3

~2B,(Hop + Ho, )|+ (Hop + Ho, )

d, _bt)z(HOb + HOt)_zaATtLTt(HOb +H0t)_

EA
€7 = tt[

L

et

E. A
Crg = ]j : [Kz — Ky (dy — b, \Hop + Ho, )+ aAT, Ly, (Hop + Hoy ) + By (Hop, +H0z)2]

et

273
where K, zgql and K, :%.

In the case of a vertical uniformly distributed load ¢ applied from x=a to x=5
along the span of the truss, are the coefficients of Eqs. (18) defined by Egs. (Al) and (A2)

except ¢;7, Cpg, C;6 and c,g which are

- for the bottom cable
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Ebjb [— Ks((dy —by)+(d, — b))~ Ks((d), — by) +(d] _bt))"'%(db ~by N, ~b,)

(Hoy + Ho, ) - 20AT, Ly (Hop + Ho, - 2B, (Hoy + Hy, )]

Cp7 =

(A3)
Ey 4,
Cpg = [K3(dy — by \Hop + Ho, )+ Ky + Ks(dy — by \Hop + Ho, )+
eb
+Kg+ Ky +By(Hy, +H0t)2]
- for the top cable
E A4, 16
Cr6 = K3((db _bb)+(dt _bt))+K5((db _bb)"‘(dt _bt))"‘g(db _bb)(dt _bt)‘
et
(Hoy + Ho, )+ 26ATy Ly (H oy + Ho, W 2By (Hop + Hy, )]
(Ad)
EtAl
Cg = [K3(d, — b, XHop + Ho,)— Ky + Ks(d, = b, Hop + Ho, ) -

et

— K — K, +B,(Hy, +H0z)2]

2 2 2 2
where K3=ﬂ —ﬂ+2 ,K4:ﬂ _q_al_’_ﬁ ,Kszﬂ 4_b_2 ,
[ 3/ [ 3 8 [ |3/

2 2
K :ﬂ —q—bl+ﬂ and K5 :qzab —a—b+g .
/ 6 8 4 2
In the case of a vertical uniformly distributed load g applied over the left half of the
span from x =0 to x=1/2, are the coefficients of Egs. (18) defined by Egs. (A1) and (A2)

except ¢;7, Cpg, C;6 and c,g which are

- for the bottom cable

E. A 16
Lbbb {K9((db —by)+(d, —bz))+§(db —by Nd, = b, XHoy + Ho, ) -
(4

—20AT, Ly (Hop + Ho, - 2B, (Hoy + Hy, )]

Cp7 =

(A5)
Ey 4,

eb

Cpg = [_Kg—K9(db—bb)(H0b+H0z)+Bb(H0b+H0t)2]
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- for the top cable

E.A 16
i =2 = Kyl )+ 0, )+ 50y b e = Nty + o)
et

+20AT, Ly, (Hop, + Ho, + 2B, (Hoy + Ho, )]

(A6)

E. A
— [Ks —Ko(d, —b NHop + Ho, )+ B,(Hop +H0t)2]

C8 =
et

where Kg =ﬁq213 and Ky =q?l .
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Figure Captions

Fig.1. Profile geometry for biconcave and biconvex cable truss.

Fig. 2. Vertical equilibrium of a loaded biconvex cable truss.

Fig. 3. Characteristic loading types.

Fig. 4. Displacements of elements of bottom and top cables in a loaded biconvex cable truss.
Fig. 5. Geometry and loading of a biconcave cable truss [4].

Fig. 6. Vertical deflections of a cable truss at various loads obtained using the present non-
linear closed-form model and discrete finite element method proposed by Kassimali and

Parsi-Feraidoonian [4].

Fig.7. Vertical deflection course of a cable truss obtained using the present non-linear closed-
form computational model.

Fig. 8. Horizontal component of cable force in bottom chord of symmetric cable truss at
various span-to-sag ratios obtained using linear and non-linear approaches.

Fig. 9. Horizontal component of cable force in top chord of symmetric cable truss at various
span-to-sag ratios obtained using linear and non-linear approaches.

Fig. 10. Mid-span vertical deflection of symmetric cable truss at various span-to-sag ratios
obtained using linear and non-linear approaches.

Fig. 11. Horizontal component of cable force in bottom chord of asymmetric cable truss at
various span-to-sag ratios obtained using linear and non-linear approaches.

Fig. 12. Horizontal component of cable force in top chord of asymmetric cable truss at
various span-to-sag ratios obtained using linear and non-linear approaches.

Fig. 13. Mid-span vertical deflection of asymmetric cable truss at various span-to-sag ratios
obtained using linear and non-linear approaches.
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