Chapter 4
NUMERICAL EXAMPLES

In order to investigatg the effectiveness of t.he proposed
iterative technique, several exa"xiﬁlg gproblems were solved using the
new iterative scheme t.oget.hsr with t.he others. The numbers of
iterative cycles nécessary ‘to obtain the desired equilibrium
configuration f rom .éaoh 1t,era¥.1ve method were compared in order to

assess the rate of oﬁnvergence X
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The rate of convergence oa.n be studied by investigating the

nunber of cycles to a@:omphsh sun:"cessf ully the deformed shape of the
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structure or cons1der1ng t.he compn%atlonal time. Since there are some

.‘l".x,__:_;_ﬁ

differences amopg the varlous schemes rgga.rdmg the computation

; procedure employ_ed, the comparison of the cejmput,at.lon time is more
meaningful. However, both of them are included in this report. All

problems in sthis; .study wenerselved;on;the PRIME 9750 computer.

Die| £n lack, of complete) informationyon-initial configuration
of example ﬁroblems given by some authors, it was necessary to assume
some reasonable initial state which might have been different from the
origim;tl paper in order to run the problems. Consequently, it is not
possible to compare the results from different sources. Therefore, the
NONSAP program (5) was also employed to solve the exmple problems

using the same initial configuration in both analyses.
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Example problem 1 An isolated cable hanging in vertical plane

YZ subjected to a concentrated load as shown in figure 4.1 was first
studied. As in Jayaraman & Knudson (13), this cable was modelled by
2-catenary elements. The vertical live load of 8 kips was applied to
the cable under self-weight equilibrium configuration at node 2. Other
relevant data are given in table 4.1. Three iterative schemes, namely,
Newt.on-Raphson, Kar method, and thé proposed iterative technique were
used to solved the problem. In thé proposed scheme the initial
displacement was divided dnto 15 segments.
)

Figure 4.2 delineéf.es:;%he vertical displacement at node 2
to the numbers of iferétion. Converged solution of the Newton-Raphson
method, the Kar method, and thré'ﬂpmposed iterative technique were
obtained afterIG, 4 and;,3 'é_;irclesf;{ifeus‘pectively. It is interesting to

note that very accurat.e_ estimate Ethe displacement was obtained even
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within the first cycle of itgyg.t_.iqg_ %n the proposed technique.
However, the céﬂibutational time is not much dif ferent for all methods
(see table 4.2). The reason could be explained by examining the
algorithm [-of those’schemes. ‘In ‘every ¢ycle, while the Newton-Raphson
method requires only 1 execution to generate the end forces of a
cat.'ena.ry element.“ by flexibility it.exjat,ioxi, it takes twice in the Kar
method in whiéﬁ At.he second operation is needed to evaluate the
modifying factor. Depending on the flexibility iteration, the Kar
method generally consumes 1 more operation in each cycle than the
Newton-Raphson method. In the case of the proposed iterative technique
which differs from the Newton-Raphson method only in the first cs;cle,
the effort used in evaluating incremental trial equilibrium loads

within the first cycle of iteration apparently leads to a somewhat
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faster convergence.

This problem was also solved by using the NONSAP program (5)
"with the cable modelled by 10 truss elements. The final solution is
shown in. table 4.3 together with those given by Knudson (ref.(15),
using truss elements), Jayaraman et. al. (13) and the proposed method.
The vertical displacement at the/lead point obtained by the proposed
technique differs by-oaly 0.007% fra-bhat by Jayaraman et.al.(13) and
approximately 2.3% from-the other two sources. It can be observed that
the catenary model yields sliéPt.ly larger displacement. than the truss
model. This is bec;a’use a catenary element is a curved element which

should be more f lex:[ble t.har: a v'?t,r;aight one.
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Example problem .2 A test of stability is of particular
et as
interest.. The single c"ahle of example problem 1 was presented again

with some modif ication. The material ig" assumed to be nearly

inextensible. - The modulus of elasticity i;-'t,herefore assumed to be

very large (1.368X10"° ksf.).

In, this  case, the Newton-Raphson method and the Kar method
suffern)cnumerical coverflow rights at ~thefdrst, oycle of iteration,
whereas the proposed technique did converge to the correct solution.
For the formers, the incremental load procedure was then applied with
4 load steps (0.5 k., 2.0 k., 3.5 k. and 8.0 k.). The final solutions
obtained from the Newton-Raphson method, the Kar method and the
proposed iterative technique were achieved after 45, 41 and 17
iterative cycles, respectively, as shown in figure 4.3. The

computational time is tabulated in table 4.4.
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The result shows clearly that the proposed iterative technique
is much superior to the other procedures in view of stabilit&. The
utilization of the subdivision procedure' in evaluating an appropriate
configuration in the first cycle clearly overcomes numerical

difficulty.

Example problem 3 The /£ystem of cable net taken from ref.

(13) and depicted in figure j.4 I8 té].cen as the third example. This
net structure was'modelled as 12 catenary elements. Table 4.5 lists
all the relevant preperties o§ the structure. A set of vertical 1loads
is applied dowiivards at, nodes ‘"g;: 5, 8 and S with the same magnitude of
8 kips. An init.ié]}.,-‘conf igur_atign was assumed in ref. (13) as given in
table 4.5. This Jassumed':. stéf;e does not. necessarily satisfy the
equilibrium cond'it.inn. Iherefoi'e, in this study, the self-weight
equilibrium conf 1guratlen (w1theu‘c. external loading) was actually

solved and subsequent.ly used as *.he mlt.:m]j equ111br1um state in both

analyses by t.he proposed method and by NONSAP However, the assumed

configuration of ref.(13) was also considered.

Convergence of the Newton-Raphson method, the Kar method and
the-proposed-iterative technique,vas-achieved- after 8, 7 and 2 cycles,
respegtively. As evident from figure 4.5 and table 4.6, the proposed
method is much more superior to the other methods in terms of speed of
convérgence. The computation time consumed by the proposed scheme was
only 43.4% and 31.6% of the Newton-Raphson and Kar methods,

respectively.

As indicated in table 4.7 the final displacements (measured
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from the reference X-Y plane) obtained by various methods agree
extremely well, with the maximum discrepancy being less than 0.04%. It
should be mentioned that the solution by NONSAP was computed using the
assumed initial configuration of ref.(13) rather than the actual one.
Since the initial cable forces were very small under self weight, the
resulting stiffness matrix at the (actual) initial configuration was
almost. singular and NONSAP féilgd to give a converged solution

even though the loading was applied-in 100 load incrementals.
-’

It might be int.erestilng to see the rate of convergence with
respect to the nﬁxﬁper_of sgbdiiri;ion of the first trial displacement.
This problem wasanavaea ua':ing coarse to very fine subdivisions
ranging from 10 to 1000_,&5 ta:i?}‘lﬁted in table 4.8. The results of
analyses are shown in table 4.8 qund figure 4.6. It might be observed
that with a small subdi\%iéion o£__t.h3 first trial displacement (eg. 10

in case A), the scaled down ‘dfé’fﬁhcement, might exceed the true

equilibrium vaIﬁE, and extrapolation for fﬂéﬁhisplacement of the first
iterative cycle _‘could lead to a much smallgr value than the true value
as depicted in figure 4.7. Consequently, a large number of iterations
was required for convergence. On the'ether hand, when the number of
subdivisioens.. was .increased .to.300.or more,.only 2 operations of the
trial equilibrium load were required to bracket™ the range that
contained the correct displacement, and interpolation by egn. (3.8)
yieldéd quite an accurate estimate of the true value (which is 4.139

ft.) even at the end of the first iterative cycle only.

Example problem 4 The synclastic cable net from ref.(4) with

spring sﬁﬁports having the stiffness of 1X10 kip./ft. in all three
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directions as shown in figure 4.8 is used in this example. A set of
dead loadé was applied vertically downwards at all free nodes plus a
vertically unsymmetrical live load of 200 kips. applied at node 3.
Since the unstretched length and the unit weight of the cable are not
given in ref.(4), in this study the unit weight of cable element was
assumed to be 8.17 kip./ft. based on the density of steel of
490 1b./ft.. Furthermore, the unstreiched length was assumed in such a
way that under the initial czg)le fdrce of 24.999 kips. specified | by
ref.(4) the same initial chord length was obtained. The complete data
are given in +8ble.9, The‘;lconf iguration under self weight and
concentrated dead 1gad _(deiEijmation and internal stress) was
determined using | the «‘prqpo‘sed]:me,-fc.hod and subseqﬁent.ly input as the
initial state in fﬁﬁe,_ sepqra_lt.}a ax;%lllyds_is by NONSAP. Twenty subdivisions

of the first trial displacement m performed in the former solution.
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This example again indicates the ef fectiveness of the proposed

technique ove-r_:}the other two schemes as can_be seen from table 4.10
and figure 4.9. Similar trends were observed as in the previous

example.

Table.4.11 lists.the final displacements at node 3 computed by
the proposed technique and NONSAP. The solution of the present study
differs by oniy 0.02% from that computed by NONSAP, and 1.2% from
Kar’s ‘ solution. The close agreement with Kar’s result is due to the
fact that the initial state computed in the present study is almost
identical with that assumed by Kar, with only 0.4% difference in the

initial cable forces and vertical displacements.
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Example problem 5 A single cable stretched between a ground

anchor point and a tower point (figure 4.10) was analysed. This
problem is the same as that given in NONSAP (5). The unit weight of
the cable was 0.106667 lb./in. and the unstretched length was assumed
in the éame way as in example 4. The initial state was solved by the-
present. method in a similar way as in example 3, and then used as the

initial state for computation by NONSAP Table 4.12 gives the complete
data.

The resultsgof malysgs are shown in tables 4.13 and 4.14, and
figure 4.11. One may note that the effectiveness of the Kar method and
the proposed iephnidﬁ;e (where ten number of subdivisions were
prescribed) are néarly t.he same f or this example in which initial
prestress is moderat.e, and much Izetter than the Newton-Raphson scheme.
The solution in t.h1s st.udy and—that. by NONSAP agree very well (to

within 1.2%), However, t.he orlgmal result by ref. (5) differs by 1.4%

from the presant. study due possibly t.o the use of slightly different

initial configurations in the analyses.

Example problem 6 The saddle-shaped cable net considered by

Baron and-Venkatesan~(8), was taken-as the rext-example (figure 4.12).
The ¢ unstretched length was assumed in the same way as before. Table
4.15 contains all the pertinent information of the problem. Note that

the cable net is highly prestressed in this example.

From the values of the displacements resulting at the end of
each iteration as tabulated in table 4.16, it can be observed that,

for the case of a highly prestressed net, the displacement at the end



29

of the first cycle of iteration is quite close to the final one, with
only 2% discrepancy in this example. Therefore, the displacemént. at
that stage can very well serve as a trial displacement for the
proposed technique, and the number of subdivisions of the first trial

- displacement is taken as 1.

A converged solution was obtained after 2 cycles of iteration
¥ "

for the proposed technique as weli-“"&'s‘f,ior the Newton-Raphson method,
J

but the former consumed slightly more computation time due to one
extra evaluation ?ﬂe trial !'fquilibrium state. However, the proposed
scheme approaches /t.he b :'_L_nal‘:splution with a more rapid speed of

convergence as 1{gp’trﬁt;éd “in T;f igure 4.13.
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Table 4.17 shows the thﬁg@_ components of the displacements of

"f‘_';n" “

W i)
various nodes resulting from various analyses. The results are in
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close agreement, with very small diffe erence wl,it.h a maximum discrepancy
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of only 1%. )
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