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SUMMARY

This is a report on features and application examples of the latest version
of a computer aided design system for long-span cable-stayed bridges, which has
been proven under extensive actual uses and believed to be one of the most adv-
anced systems of its kind. Moreover, in this paper, an application example of
the version to the quality control system during comstruction will be described,
along with high technology systems.

INTRODUCTION

Computer aided design ( CAD ) systems for long-span cable-stayed bridges sh-
ould have the capability of processing efficiently under design conditionsg and
non-linear problems typical with this type of bridges, as well as the enormous
amount of input and output data. The systems have been undergoing considerable
changes due to these requirements and the advance in analytical theories, nume-
rical calculation techniques, computers and drawing devices. On the other hand,
quality control systems during construction have been influenced by the rapid
progress in the go-called high technology field.

This paper is a report on a system developed by the authors., First, the au-
thors will describe, with a flowchart, the outline and the features of various
sub-programs which compose this system and have pre- and post-processing routi-
nes improved by utilizing drawing devices. Following this will be a special me-
ntion of various analytical theories and techniques that have been incorporated
into this system, such as non-linear static analysis of the effect of cable sag,
non-linear seismic response analysis by plecewise linearization using the app-
roximated chordal stiffness and linearized aerodynamic analysis considering the
system damping.
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Moreover, an actual design example performed by the use of the latest vers-
ion will be described in order to verify its high efficiency. Also, an applica-
tion example of the version to the quality control system in a construction yard
will be described in order to verify the effectiveness of results obtained by
using high technology systems, such as data communications equipments and auto-
matic measurement devices.

OUTLINE AND FEATURES OF THE SYSTEM

This computer aided design system [1 1 has been believed to be one of the
most advanced systems of its kind, and performs the processing shown in Fig.l.
The system consists of two programs : "PLANE" for analyses of plane frames -and
"SPACE"™ for space frames. Moreover, these programs include pre- and post-proces-
sing routines improved by utilizing drawing devices.

Various sub-programs in Fig.l have the following outline and features. Where
sub-programs named 'STATIC ANATLYSIS' and 'DYNAMIC ANALYSIS' can perform several
kinds of analyses not only for the completed stage, but also for each stage of
construction.

Sub-programs - 'STRUCTURAL DATA' and 'INITIAL CONDITION'

In this system, structural data for plane frames are processed at first. The
re-numbering function enables users to take any node or member numbers in the
case of a beam model or a truss model as a main girder. Also, by practical use
of patterns and rules governing structural characteristics of cable-stayed bri-
dges, automatic data processing of various kinds for any given nodes or members
is made possible with a great reduction of
time and labor.

: : /e bin/
Next, non-stressed shapes of a main gir- T b

der and towers, and non-stressed lengths of
cables can be automatiﬁcally determined from
their required stressed conditions with
such data as girder elevation, tower incli-
nation and cable tension involving the pre- '
stress at the completed stage [2]. As a @
result of determining these initial condi- —— ——
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tiplied by the live load values. Particul- Fig. 1. Flowchart
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arly for railway loads, the live loads are treated as uniform loads with speci-
fied lengths to automatically obtain the position of loading. As the result, the
maximum and minimum values of forces and displacements are able to be evaluated
at aimed points.

Sub-programs - 'STATIC ANALYSIS' and 'ADDED STRUCT. DATA'

With "PLANE", non~-linear static analyses for various types of loading can be
performed by using the generalized technique on the basis of the finite element
method and the finite displacement theory. For solving non-linear equations ex-
pressed in terms of band matrices, the mixed method employing the incremental
method and the iteration method is applied. Then necessary data obtained are
automatically passed to "SPACE".

On the other hand, with "SPACE", by addition of characteristic data for space
frames to the data received from "PLANE", a NASTRAN data file [ 3] is compiled
with the minimum of time and labor. Consequently, linearized static analyses can
be performed through NASTRAN by using either fish-bone models or truss models as
main girders.

Furthermore, with "PLANE" and "SPACE", by directly changing the values of non
-gtressed length, co-ordinate, section rigidity, load and temperature, analyses
for errors due to various factors can be performed easily. Also, drawings can be
derived for the results of all of static analyses.

Sub-program - 'DYNAMIC ANALYSIS'

With "PLANE", time series response analyses for seismic excitation of plane
frame models with geometrical nonlinearity can be performed by the direéct inte-
gration method.

On the other hand, with "SPACE", eigen~-value analyses of linearized equat-
ions of motion for space frame models can be performed, and natural frequencies
and vibration modes are calculated. In addition, these are then applied to seis-
mic response analyses by using the earthquake response spectra, and to their
time series analyses by the mode superposition method.

Furthermore, with"SPACE'", by using unsteady aerodynamic forces estimated in
results of wind-tunnel tests, time. series analyses can be performed for the res-
ponse due to aeolian oscillations. Similarly, drawings can also be derived for
the results of 'all of dynamic analyses.

Sub-program - 'ASSEMBLY OF RESULTS'

lastly, all results mentioned above,namely displacements, section forces and
dynamic responses, etc., are assembled and edited to produce many kinds of ta-
bles in the form of calculation sheets for design of each cable-stayed bridge.
Particularly, in this system, by recognizing patterns of apace-framed truss in
the case of analyses using beam or fish-bone models as main girders, section
forces for each member of truss can be evaluated automatically as required.

SPECIAL MENTION OF ANALYTICAL THECRIES AND TECHNIQUES

Into this system, various analytical theories and techniques are incorporat-
ed for static and dynamic analyses. These theories and techniques contain the
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following distinctive ones proposed and established by the authors’group.

Effect of cable sag

By replacing a sagging cable member with linking axial members, the effect
of sag is taken into comnsideration fairly well. The approach, however, requires
the calculation of a tangential stiffness matrix with a great band width in ge-
neral. Therefore, the greatest difficulties in the method are to occupy a great
part of the storage area of a computer and to spend long operating time.

As an alternative and representative method, Ernst [ 4 1 proposed a modified
elastic modulus of a sagging cable by taking into account material as well as
geometric elongation. However, judging from the assumption used in the theory,
the method holds in limited cases, for example, frames with small nonlinearity
and cables with a fairly low sag ratio. Therefore, particularly in order to
perform more reliable and reasonable analyses for each stage of construction by
the cantilever erection method, a more exact method should be used instead of
the modified modulus.

For the purpose of introduction into non-linear analyses by the mixed method,
the authors’ group formulated and proposed non-linear cable equations and tan-
gential stiffness matrices for sagging cables [51, [61]. Also, it was found
that, by using the proposed formulae, non-linear static analyses of long-span
cable-stayed bridges had sufficient accuracy in practice even for each stage of
construction through some numerical examples.

Improvement on non-linear dynamic analysis

An analytical solution of non-linear equations of motion is apparently intro-
duced by a pure iteration method. The method, however, requires a great number
of iterations and a lengthy operating time at every time step in a numerical
integration., For this reason, the demand for reduction of an operating time has
drawn attention of many investigators.

As a representative study, by plecewise linearigzation using tangential stiff-
ness matrices, Fleming [ 7] carried out in-plane seismic response analyses of
cable-stayed bridges with geometrical nonlinearity. The piecewise linearization
is one of the powerful method for time series response analyses by the direct
intagration method. But, in the method, the degree of accuracy of the lineari-
zed stiffness, approximated at each incremental time step, is the most closely
related to rational reduction of an operating time. Therefore, in order to per-
form more efficient analyses, a more accurate approximated stiffness should be
used instead of a tangential stiffness.

The authors’ group formulated a chordal stiffness matrix, and proposed the
direct integration method by piecewise linearization using approximated chordal
stiffness matrices [81, [9]1. Similariy, it was found that the accuracy of the
approximated chordal stiffness enabled to prevent excess accumulation of nemeri-
cal errors due to linearization, by employing a time-increment smaller than a
value needed not to produce immoderate truncation errors due to interpolation
of inertia forces.

Consideration to the system damping

The system damping effect which would prevent bending and torsional oscilla-
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tions of cable-stayed bridges and secure hereby their dynamic safety, was first
pointed out by Leonhardt [10]. However, judging from.the results of full-scale
measurements of seéveral bridges built in Japan, the effect cannot be congidered
as characteristics common to all of the cable-stayed bridges. Namely, it seems
that governing causeg and real responses are not completely clarified yet, and
the development of analytical study is indispensable as well as further actual
bridge tests. Because the effects on wind-induced responses, prineipally obser-
ved at a few actual bridge tests and during the construction, are difficult to
be directly examined by full-model wind-tunnel tests. Consequently, there are
many problems remaining unsolved, and the application to a design has not been
generally carried out yet.

In these circumstances, the authors’ group defined that the function of stay-
ing cables as a damped absorber ( tuned mass damper in a wide sense ) and the
beating phenomena ( from another angle, a main girder and particular cables ex-
change their oscillation energy ) were governing causes of the system damping,
when the so-called internal resonance in terms of bending or torsional oscilla-
tions of a main girder and of transverse local oscillations of cables occurred
remarkably. Also, the authors’ group proposed an analytical technique of time
series response using unsteady aerodynamic forces given by a sectional-model
wind-tunnel test for aeolian oscillations, taking into consideration the inter-
nal resonance [11], [12}. Already, the validity of the definition and the ana-
lytical technique had been. confirmed by-an actual bridge test and a design ex-
ample with multi-cable system respectively.

APPLICATION TO ACTUAL DESIGN EXAMPLE

The latest version of this system has been proven under extensive actual
uses. Therefore, in order to verify its high efficiency, a part of results of
application to an actual design example {13].

Their results are the following diagrams, by a drawing device, and tables,
by a line printer, in the form of calculation sheets for design in Japan. Where
Fig.2 is a diagram of skeleton and camber drawn with the sub-programs 'STRUCT.
DATAY and '"INITIAL CONDIT.'., Fig.3 shows diagrams with the sub-program 'INFUL.
~LINE ANAL.', Next, figures from Fig.4 to Fig.6 show diagrams with the sub-pro-
gram 'STATIC ANAL.'. Also, figures from Fig.7 to Fig.l0 show diagrams with the
sub-program 'DYNAMIC ANATL.'. Furthermore, tables from Table 1 to Table 4 are
the ones printed with the sub-program 'ASSEMBLY OF RESULTS'.

RE (e N —F])

Fig. 2. Diagram of skeleton and camber
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By utilizing data communications to host computers, CAD-systems can be app-
lied to quality control systems in construction yards. The before-mentioned la-

2 mn tmn hAamt oA~ co £ cixrcid-~m P

test version has been successfully applied to a control system for a long-span
cable-stayed bridge by the cantilever erection method. This control system cen-
tered around a personal computer is illustrated in Fig.ll, and has a faculty of

the online TSS terminal in a control room placed on the bridge deck [14], [15].

Such a management system requires the speeding-up of processing most of all.
Especially in this bridge, the modification of control data under real loading,
the measurement of control items, the adjustment of cable lengths with shim pla-
tes and the second measurement to confirm the effects of adjustment had to be
performed in one night so as not to interrupt the time schedule. Therefore, as
shown in Fig.1l1l, measurements were automatically performed by the personal com-
puter control over the interface as far as possible. Furthermore, by adopting
the so-called menu selection method on the display screen, very accurate and
fast operations were made possible for most users.

For reference, Fig.1l2 shows the situation of the control room on the deck, as
well as the host computer used in the online processing. In addition, Fig.l1l3
shows the display screen of the personal computer, where errors in the girder
elevation, tower inclination and the cable tension are displayed. Also, Fig.l4
shows some drawings of results displayed on the screen by a high-speed X-Y plot-
ter. As a result of introducing this control system during construction, the can-
tilever erection of the bridge with three spans was closed in very high quality,
and also its construction period was reduced considerably. This bridge will be
completed early next year.

>

P1g. L3, nesuLus ailsplayea on screen ( at cantilever erection )
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CONCLUSIONS

From the facts described above, the authors may conclude that the latest ver-

sion of this computer aided design system is accurate and economical enough for
practical usage. Therefore, it appears that a more efficient design of long-span
cable-stayed bridges can be performed with this system.

Moreover, such a high technology system is sure to attain a much higher level

in the future according to rapid progress in this field. Therefore, it seems
very important that more efficient systems for the quality control during const-
ruction will be developed and introduced continually.

Finally, the authors would like to express the deepest appreciation to Prof.

M. Ito ( University of Tokyo ), to Prof. Y. Maeda ( Kinki University ) and to
Y. Ohchi ( Hosei University ) for their valuable advices, and also to Mr. K.
Kanazawa ( Honshu-Shikoku Bridge Authority ) for his adequate instructions and
precious data given to the authors.

10.

REFERENCES

K. Maeda, Y. Uchiumi and M. Saito, Computer aided design and quality cont-
rol system of cable-stayed bridges, Proc. of the 10th JSCE Symp. on Compu-
ter Utilization, 233-240(1985), (in Japanese).

Y. Maeda, M. Hayashi and K. Maeda, Non-linear problems in design of cable
-stayed girder bridges, Proc. of the 24th JSCE Symp. on Bridge and Struct-
ural Engineering, 63-68(1978), (in Japanese).

R.H. MacNeal and C.W. McCormick, The NASTRAN computer program for struct-
ural analysis, Computers & Structures 1, 389-412(1971).

H.J. Ernst, Der E-Modul von Seilen unter Berﬁcksichtingung des Durchhanges,
Der Bauingenieur 40, 52-55(1965).

Y. Maeda, M. Hayashi and K. Maeda, Analytical calculation of sagging cable,
Proc. of JSCE, No.257, 123-126(1977), (in Japanese).

.~ Y. Maeda, M. Hayashi and K. Maeda, Non-linear analysis of cable-stiffened

structures, Proc. of the 26th National Congress for Applied Machanics, 201
~-212, Science Council of Japan, Tokyo(1l976).

J.F. Fleming and E.A. Egeseli, Dynamic behaviour of a cable-stayed bridge,
Earthqueke Engineering and Structural Dynamics 8, 1-16(1980).

Y. Maeda, M. Hayashi and K. Maeda, Calculation techniques for dynamic res-
ponse analysis subjected to geometrical nonlinearity, Proc. of JSCE, No.249,
71-80(1976), (in Japanese).

Y. Maeda, M. Hayashi and K. Maeda, Non-linear vibration analysis of plane
framed structures by finite element method, Proc. of the 24th National Cong-

ress for Applied Mechanics, 37-48, Science Council of Japan, Tokyo(l1974).

F. Leonhardt and W. Zellner, Cable-stayed bridges, IABSE Survey S-13/80, 21
-48(1980).



288

11. Y. Maeda, M. Hayashi and K. Maeda, System damping effects on bending aeolian
oscillations of cable-stayed girder bridges, Proc. of JSCE, No.344, 185-193
(1984), (in Japanese).

12. K. Maeda, M. Yoneda and Y. Maeda, System damping effects on cable-stayed br-
idges, Final Rept. of the 12th IABSE Congress, 747-754, Vancouver(1984).

13. Honshu-Shikoku-Bridge Authority, Study on Hitsuishijima and Iwagurojima br-
idges, Technical Rept. of Steel Super-structures, JSCE, Part II(1980), (in
Japanese ).

14. K. Kanazawa, A. Sato and F. Machida et al., Quality control system during
construction of Hitsuishijima bridge, Pre-print of the 42th JSCE Annual Me-
eting, Part I1(1987), (in Japanese). ‘

15. K. Kanazawa, T. Takeyama, T. Tto and T. Katayama et al., Results and their
examination obtained by quality control of Hitsuishijima bridge, Pre-print
of the 42th JSCE Annual Meeting, Part I(1987), (in Japanese).




