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Preface

A shift in emphasis can be seen in the approach to structural design. More often
structures are looked at ‘globally’, as whole structural units, rather than a group of
individual elements. The investigation of this global behaviour, also described as
‘holistic’ or ‘whole building’ behaviour has been made possible by new theoretical
achievements and the spectacular advance in computer technology during the last
decades.

The global structural analysis of buildings can be carried out following two routes.
First, sophisticated and complex computer packages based on the finite element method
offer endless facilities and can handle even huge structures with a great number of
elements. Second, analytical methods can also deal with whole structures leading to
simple closed-form solutions, with the additional benefit of providing fast checking
facilities for the computer-based methods.

This book follows the latter route and, after describing and solving the complex
theoretical problems of bracing systems covering many practical cases, intends to
achieve the following three objectives:

* To present simple procedures and closed-form formulae which make it possible for
the practising structural engineer to carry out a general structural analysis of the
bracing system of building structures in minutes.

* To show that the main areas of structural design (stability, stress and frequency
analyses) are not independent; indeed they can be linked by the global critical load
ratio which can be used to achieve optimum structural solutions with high
performance and adequate safety.

* To help to understand global behaviour better and to develop structural engineering
common sense through the introduction of the most representative stiffness
characteristics for the stability, stress and frequency analyses.






Notations

CAPITALLETTERS

cross-sectional area; area of the plan of the building; floor area
area of lower flange
cross-section of beams
cross-section of columns
cross-section of diagonal bars in cross-bracing
cross-section of horizontal bars in cross-bracing
area of upper flange; contact area between foundation and soil
area of web
cross-sectional area of the ith bracing element
incremental area
area of closed cross-section defined by the middle line of the walls
reference area for the force coefficient
plan breadth of the building (in direction y)
centre of vertical load; centroid
,C, Gy, C, constants of integration
modulus of elasticity
modulus of elasticity of beams
modulus of elasticity of columns
modulus of elasticity of diagonal bars in cross-bracing
modulus of elasticity of horizontal bars in cross-bracing
concentrated load (on top floor level); horizontal force
critical concentrated load
w3 P,y critical concentrated load in directions X and Y
critical concentrated load for pure torsional buckling
full-height (global) bending critical concentrated load
vertical load on the ith bracing element/framework; vertical force at x,, y,
local bending critical concentrated load
total horizontal load due to misalignment
components of the resultant of the horizontal load in directions x and y
global wind force
wind force in directions x and y
global wind force for height/width>2
modulus of elasticity in shear
height of building/frame/coupled shear walls; horizontal force
second moment of area
second moment of area of beams
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1. second moment of area of columns

I, fictitious ‘global’ second moment of area of a column of storey height

1, effective second moment of area

I second moment of area of the foundation

I, global second moment of area of the columns of the framework; gross (uncracked)
second moment of area

1, polar moment of inertia of the ground plan area with respect to the shear centre of
the bracing system

I, 1 second moments of area with respect to centroidal axes x and y

1,1, second moments of area with respect to principal axes X and Y

I, I,  second moments of area of the plan of the building with respect to centroidal axes x
andy

I, product of inertia with respect to axes x and y

I, product of inertia with respect to principal axes X and Y

1, warping (bending torsional) constant

J Saint-Venant torsional constant

K shear stiffness of frameworks; shear critical load; seismic constant

K* shear stiffness/shear critical load of coupled shear walls

K, shear stiffness representing the effect of the diagonal bars in cross-bracing

K ﬂ; full height (global) shear stiffness; global shear critical load
full height (global) shear stiffness of coupled shear walls; full height (global) shear
critical load of coupled shear walls

K, shear stiffness representing the effect of the horizontal bars in cross-bracing

K, local shear stiffness; local shear critical load

L width of framework; plan length of building (in direction x); width of equivalent
shear wall

M, bending moments due to load of intensity p

M, bending moments due to virtual force Q=1

M, Saint-Venant torsional moment

M, M, bending moment in the ith bracing element in planes xz and yz

M, total torque

M, warping torsional moment

M* bending moment on the equivalent column

M concentrated moments representing the supporting effect of the beams

MSC Mercalli-Sieberg-Cancani seismic scale

N total applied uniformly distributed load (measured at ground floor level)

N,,inea  cOmbined sway-torsional critical load for the monosymmetric case

N, critical load for the uniformly distributed load

N?® combined (F+N) critical load

N e critical load of rigid column on flexible support

N critical load which takes into consideration soil-structure interaction

N, N,y critical UDL in directions X and Y

N, critical UDL for pure torsional buckling

N, full-height (global) bending critical UDL for frameworks
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N, local bending critical UDL for frameworks

N(z) total vertical load at z

o shear centre

0 intensity of uniformly distributed floor load; weight per unit area of top floor;
shear force on floor level

R radius

S, S, S, seismic force

S, S'y first (statical) moments of area about the neutral axis

S, sectorial static moment

T natural period; shear force at contraflexure point

T,, T,; shearforce in the ith bracing element in planes xz and yz

Ty T, first natural period for lateral vibration

UDL uniformly distributed load

Vv vertical load

Ver critical load for model structure

w bimoment; width of structure

XY principal axes

Z,, Z, auxiliary functions defined by formulae (5.18)

SMALL LETTERS

a length of wall section

a,, a,, a, coefficients

b length of wall section; width of perforated wall section

b, width of diagonal strip for infill

c translation; length of wall section; depth of lintel with coupled shear walls; critical
load parameter for different end conditions

cp translation due to F passing through the shear centre

Oy translation in direction y due to F passing through the shear centre

Cy translation due to M acting around the shear centre

Cont translation in direction y due to M acting around the shear centre

Carr altitude factor

¢, dynamic coefficient

Coir wind direction factor

c(z,) exposure coefficient

I force coefficient

¢ force coefficient for incremental area A;

G coefficients in a series

Crem temporary (seasonal) factor

d length of wall section; length of diagonal with cross-bracing

dz length of elementary section

e perpendicular distance between the line of action of the horizontal load and the
shear centre; distance of upper flange from centroid

e* distance of lower flange from centroid (with bracing cores)
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qiv 491y
qref

q» 4y

frequency

frequency when the effect of the compressive force is taken into account
combined lateral-torsional frequency for the monosymmetric case
natural frequency which takes into account soil-structure interaction
natural frequency of rigid column on flexible support

frequency when the effect of damping is taken into account

natural frequency of lateral vibration in principal directions X and Y
pure torsional frequency associated with the Saint-Venant stiffness
pure torsional frequency associated with the warping stiffness
fundamental frequency of torsional vibration

global axis; gravity acceleration

height of storey; length of wall section

equivalent height of storey

height of first storey columns

length of the kth section of the ith bracing element

parameter relating to the number of bracing elements (from 0 to )
radius of gyration

torsion parameter; translational stiffness; parameter relating to the number of
elements in a series; spring constant; stiffness of a framework
translational stiffness with respect to axes x and y, respectively
modified torsion parameter; modulus of subgrade reaction

width of bay; distance between shear walls; local axis

L,, I, 1, ‘torsion arm’ of shear walls; distance between the wall sections of coupled shear

walls; width of bay

frequency factor

distributed moments for the stability analysis; length of section of beam for cross-
bracing

distributed torque

uniformly distributed part of torque

distributed moments for the stress analysis, representing the supporting effect of
the beams

number of columns/walls/bracing elements; number of storeys

number of structural elements on one floor level

intensity of the uniformly distributed load on the beams

intensity of seismic load

intensity of the uniformly distributed load on the floors; intensity of the uniformly
distributed vertical load; horizontal load

intensity of the uniformly distributed part of the horizontal load

components of the uniformly distributed part of the horizontal load in directions x
andy

intensity of the variable part of the horizontal load at top

components of the variable part of the horizontal load in directions x and y
reference mean wind velocity pressure

components of the horizontal load in directions x and y
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components of the horizontal load in directions x and y on the ith bracing element
auxiliary parameters defined by formula (5.19)

combination factor; modifier

critical load ratio; frequency ratio (for mode coupling); radius

reduction factor for the frequency analysis

reduction factor for flexible support

reduction factor for the stability analysis

width of wall; distance between bays; length of arc (with closed cross-sections)
reduction factor for flexible support

distance between the shear centre and the centre of the vertical load; wall thickness;
global centroidal axis of the cross-sections of the columns; time

thickness of the equivalent wall

distance between the axis of the ith column and the global centroidal axis; wall
thickness of the ith bracing element

wall thickness of the kth section of the ith bracing element

horizontal displacement of the shear centre in direction x

horizontal displacement of corner point B of the building in direction x

top translation of rigid column on flexible support in direction x

horizontal displacement of the bracing element at top floor level

horizontal displacement of the shear centre of the ith bracing element in direction x
accumulative top level horizontal displacement due to the storey level
displacements of the columns

maximum horizontal displacement in direction x

horizontal displacement of the shear centre in direction y

horizontal displacement of corner point A of the building in direction y

top translation of rigid column on flexible support in direction y

horizontal displacement of the shear centre of the ith bracing element in direction y
maximum horizontal displacement in direction y

basic value of the wind velocity given by means of wind maps

horizontal coordinate axis; horizontal coordinate

horizontal coordinate axis; coordinate in coordinate system x—y

coordinate of corner point A of the building in direction x

coordinate of the centroid in direction x in the x—y coordinate system of the shear
centre

coordinate of the shear centre of the ith bracing element in direction x

location of maximum translation

coordinates of the shear centre of the ith bracing element in the coordinate
system X—y

coordinate of the shear centre in coordinate system x—y

horizontal coordinate axis; horizontal coordinate

horizontal coordinate axis; coordinate in coordinate system X—y

coordinate of corner point B of the building in direction y

coordinate of the centroid in direction y in the x—y coordinate system of the shear
centre



V; coordinate of the shear centre of the ith bracing element in direction y

Yo coordinate of the shear centre in coordinate system X—y

z vertical coordinate axis; vertical coordinate

z; height of the centre of gravity of incremental area A;

Zonax location of maximum bending moment in the beams of the framework

GREEKLETTERS

a eigenvalue; critical load parameter for frames on fixed supports; critical load
parameter for pure torsional buckling; angle between axes x and X; auxiliary
parameter

o, eigenvalue; critical load parameter for frames on pinned supports

o Southwell estimate for eigenvalue ¢; eigenvalue and critical load parameter for the
sandwich model

B stiffness ratio; damping ratio; dynamic constant for seismic load; stiffness ratio for
soil-structure interaction (stability; frequencies)

Bs stiffness ratio for the sandwich model

1) lateral displacement (storey drift)

£ mode coupling parameter for the monosymmetrical case

Y weight per unit volume; angular displacement

n first natural frequency parameter for pure torsional vibration; height/width ratio

N, My, M, ith, 2nd and 3rd natural frequency parameters for pure torsional vibration

n, load factor (due to rotation)

Ny shear force factor (due to rotation)

N shear force factor (due to rotation) for the concentrated force load case

um bending moment factor (due to rotation)

My bending moment factor (due to rotation) for the concentrated force load case

K mode coupling parameter for the 3-dimensional case

A stiffness ratio for beams/columns of frameworks

0] rotation; angle between the diagonal and horizontal bars in cross-bracing

Drax maximum rotation

u slope of the function of the horizontal load; construction misalignment

Y global critical load ratio

P mass density per unit volume; shape factor; air density

ko mass density per unit area

o compressive stress

T, shear stress in the ith bracing element

b shear stress due to unsymmetrical bending

7t shear stress due to Saint-Venant torsion

70 shear stress due to warping torsion

Ty, Ty eccentricity parameters for the 3-dimensional torsional-flexural buckling

w sectorial coordinate

w,, o, circular frequencies for vibration in principal directions X and Y

o, circular frequency for pure torsional vibration



Introduction

In applying physical and mathematical models which are based on the global
behaviour of building structures, a unified treatment of the stress, stability and
frequency analyses of bracing systems is presented for carrying out the structural
analysis of buildings. In complementing the conventional ‘element-based’ design
process, closed-form formulae and simple procedures are given for the global
analysis of individual bracing elements and 3-dimensional bracing systems.

1.1 BACKGROUND

The conventional design process is normally based on the ‘local’ structural analysis of
individual elements (columns, beams, floor slabs, walls, etc). This attitude is natural,
since the structural system consists of individual elements. However, theoretical
research, small-scale and large-scale tests and failures (and in some cases the lack of
failures) in structural systems have indicated that complex structures cannot be
considered simply as a collection of individual elements. The response of the structure
is often more than the ‘sum’ of the responses of the individual elements since structural
integrity ensures that the elements work together in a properly designed system and
the structure develops some ‘global’ response through the complex interaction of its
elements.

The ‘local’ or ‘global” approach to structural design may affect the level of safety
of the structure and can lead to considerable advantages or disadvantages as far as
structural economy is concerned. A structure based on the optimum solution of the
individual elements may not be economic when the system is considered as a whole. It
is an interesting fact from the point of view of structural safety and economy, that
when some elements in the system are supposed to fail when checked individually,
they do not do so because other elements can help out. It is equally important to point
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out that interaction among the structural elements may also result in
unfavourable phenomena.

Well-established and well-publicized methods have been made available for
the analysis of individual structural elements. These methods are relatively simple
and usually do not require much theoretical knowledge. Being suitable for
automation, most of them have been built into computer procedures and are
widely used in design offices.

The area of global structural analysis, however, is not so well developed.
Many reasons have contributed to the relatively slow progress in developing
methods for global design. Because of the complexity of the problem and the
great number of structural elements involved in the analysis, deeper theoretical
background, more sophisticated techniques and computers of great capacity are
needed.

Global analysis, as structural design itself, can be carried out on two levels.
An ‘exact’ analysis—or an analysis called exact—relies on a mathematical model
as exact as possible and uses a static model which takes into account as many
structural elements, material properties, geometrical and stiffness characteristics
as possible. Taking everything into consideration, however, can result in
problems. Even using a powerful computer, the job can be too big to handle.
Because of the complexity of the results, they can be difficult to interpret. The
lengthy and time-consuming procedure of handling all the data can always be a
source for errors. Another disadvantage of this approach may be that the
importance of the key structural elements is sometimes hidden behind the great
number of input and output data.

Simplified procedures relying on carefully chosen approximations represent
the other possibility for the analysis. A good approximate method relies on the
most important structural characteristics and ignores those which have no real
influence on the response of the structure. It is therefore simple, fast and offers
a clear picture of the structural behaviour.

As both the local and the global approaches are important since they complement each
other, both the exact and approximate procedures have their own significance. In the design
process, the main structural characteristics are often established using an approximate
method. Relying on the results of the approximate method, an exact procedure can follow,
which eventually gives the final structural solution. The approximate method can fulfil
another important task. As the theories behind the exact and approximate methods are
often different—the exact methods are normally based on the finite element approach
while the approximate methods are often based on analytical procedures—the results of
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the approximate analysis can be used as independent checks on the results of
the exact method. When the two sets of result show the same structural
behaviour, it is a strong indication that the results are correct. This
endorsement is important to the structural designer, since it is sometimes not
easy to detect an error with the exact analysis where thousands of data may
be involved [MacLeod, 1995]. The significance of the independent
verification of the results has widely been recognized and the importance of
avoiding a ‘Computer Aided Disaster’ has been discussed at different
conferences [Brohn, 1996; Knowles, 1996].

With the widespread use of more slender structural elements and lighter
materials, and with the increasing demand for more economic structures,
design for stability has become more and more important. In recognizing
this tendency, the methods and procedures presented in this book for the
stress, stability and dynamic analyses are linked together through the global
critical load ratio, which is also shown to be a generic performance
indicator.

With the increasing availability of more and more sophisticated and user-
friendly computer procedures, the engineering society seems to be falling
into two groups. Those developing the software packages manage to build
on, and even develop further, their theoretical knowledge acquired at the
university. On the other hand, office pressure to produce more and quickly
forces some of the practising structural designers to concentrate only on
pressing the right key on the keyboard. Some might say that it is not really
important for the designer to understand the theory behind the analysis since
the computer knows everything anyway. The tendency in the last twenty years
indicates that the general knowledge of the young generation regarding basic
structural behaviour is less than satisfactory [Brohn and Cowan, 1977; Brohn,
1992]. The discussion and debate on the advantages and disadvantages of
the use of computers in the design office are still going on [Smart, 1997;
Gardner, 1999].

1.2  GENERAL ASSUMPTIONS

The majority of the formulae and procedures are based on the application of the
equivalent column concept and the summation theorems of civil engineering.
The equivalent column concept is applicable to regular structures when the
geometrical and stiffness characteristics of the bracing system do not vary over
the height of the building. In addition, the following conditions also have to be
fulfilled.
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a) The material of the structures is homogeneous, isotropic and obeys Hooke’s
law.

b) The floor slabs are stiff in their plane and flexible perpendicular to their
plane.

¢) The structures have no geometrical imperfections, they develop small
deformations and the third-order effect of the axial forces is negligible.

d) The loads are applied statically and maintain their direction (conservative
forces).

e) The location of the shear centre only depends on geometrical characteristics.

When applied, adsditional assumptions concerning the different structures
and types of analysis may be given in the introduction of the corresponding
chapter.

The formulae presented for the stability analysis are applicable to structures
subjected to concentrated top load, distributed load (or concentrated forces) on
floor levels or the two loads together. It is assumed that the frameworks and
coupled shear walls are sway structures and the critical load defines the
bifurcation load.

The formulae given for the dynamic analysis were derived assuming distributed
mass over the floors and concentrated mass on top floor level. The horizontal
load for the stress analysis is assumed to be of trapezoidal distribution.

1.3 THE STRUCTURE OF THE BOOK

The objective of the book and general assumptions are given in Chapter 1.
Chapter 2 briefly describes the 3-dimensional behaviour of the loadbearing
elements and introduces the equivalent column for the bracing system, which
is mostly used later for the analyses. Chapter 3 covers the stability and
frequency analyses of buildings. Closed-form formulae, tables and diagrams
are given for the quick calculation of the basic critical loads and natural
frequencies for the stability and dynamic analyses. The combination of the
basic modes in both the buckling and the frequency analyses is taken into
account in two ways: by a simple interaction formula and by a cubic equation.
Both multistorey and single-storey buildings are covered. The effect of soil-
structure interaction is taken into account approximately by simple summation
formulae. An elementary approach is presented in Chapter 4 for the stress
analysis of buildings braced by parallel shear walls, a system of perpendicular
shear walls, or frameworks, subjected to a uniformly distributed horizontal
load. Worked examples facilitate practical application. The scope of the stress
analysis is extended in Chapter 5 where a comprehensive method is given for
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bracing systems having (Saint-Venant and warping) torsional stiffnesses as well.
Closed-form solutions are derived and diagrams and tables are given for the
load distribution and the stresses and deformations when the building is under
horizontal load of trapezoidal distribution. Simple expressive formulae are
also presented for the maximum values of the stresses and deformations.
Formulae for single-storey buildings are also presented. In addition to sizing
the elements of the bracing system, the technique is potentially useful both at
the concept design stage and for final analysis for checking of structural
adequacy, assessing the suitability of structural layouts, verifying the results
of other methods, evaluating computer packages, facilitating theoretical
research and developing new techniques and procedures.

Based on a series of worked examples, a comprehensive qualitative and
quantitative evaluation is given in Chapter 6, which also shows how the
procedures are used in practice for actual design and for finding optimum
structural arrangement. The global critical load ratio, also identified as a
performance indicator of the bracing system, is introduced in Chapter 7. It is
demonstrated that the global critical load ratio can be used to increase the
efficiency of the bracing system while ensuring adequate level of safety, leading
to more economic construction. Monitoring the value of the global critical load
ratio for different structural layouts offers a simple tool for increasing the global
critical load and the fundamental frequencies and reducing the maximum stresses
and deformations in the bracing system.

To improve the accuracy of the procedures, which are based on mathematical
and physical models, alternative formulae are also derived in Chapter 8 which,
instead of the theoretical values of the stiffnesses, the key elements in the
structural analysis, use stiffness values based on frequencies measured on the
building. These formulae are applicable to the stress and stability analyses of
doubly symmetrical bracing systems.

Chapter 9 deals with the stability analysis of planar structures and presents a
closed form formula for an equivalent wall. The equivalent wall can then be
used in the 3-dimensional analysis. It is shown that all ‘frame-like’ planar
structures can be characterized by four distinct deformations and the
corresponding four stiffnesses. Closed-form formulae are then given for
frameworks on pinned and fixed supports with and without cross bracing, for
coupled shear walls and for infilled frameworks. The efficiency of planar bracing
elements is investigated through two sets of representative one-bay and two-
bay, four to ninety-nine storey high structures.

Chapter 10 presents the results of a series of small-scale tests and a short
summary of a comprehensive accuracy analysis which show that the accuracy of
the procedures is acceptable for practical structural engineering applications. A
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brief evaluation of the procedures is given in Chapter 11 with practical guidelines
for the structural designer.

Cross-sectional characteristics for commonly used bracing elements are
collected in Appendix A. Appendix B introduces the power series method
and shows how a complex eigenvalue problem in stability analysis can be
transformed into a simple problem of finding the smallest root of a
polynomial. In providing a complete set of tables, Appendix C reduces the
task of producing the critical load of combined sway-torsional buckling and
the fundamental frequency of combined lateral-torsional vibration to a single-
step calculation.

References cited in the book are given following the Appendices. Further
reading is helped by a list of additional bibliographical items.

Name and subject indexes conclude the book.

With the exception of Chapter 4, the book does not give the detailed
derivations and proofs of the formulae; these are available in separate
publications cited in the text and listed in the References. Chapter 4, however,
demonstrates how carefully chosen elementary static considerations can lead
to the simple solution of complex problems.



Spatial behaviour

2.1 BASIC PRINCIPLES

The primary structural elements of buildings are the vertical and horizontal load
bearing structures. These structures carry the horizontal and vertical loads of
the building. The vertical (dead and live) loads are transmitted to the vertical
load bearing elements (shear walls, frames and columns) by the horizontal load
bearing elements (floor slabs). The horizontal loads (wind, construction
misalignment, and seismic forces) are transmitted by the floor slabs to those
vertical load-bearing elements that are capable of passing them on the foundation.
These dedicated structural elements (shear walls, frames and cores) are called
the bracing elements of the building, whose main task is to provide the building
with adequate lateral stiffness. They represent a system, which will be referred
to as the bracing system of the building.

Of the vertical load-bearing elements, the frameworks are basically responsible for
carrying the vertical loads and the main task of the cores is to provide the necessary
lateral and torsional stiffnesses. The shear walls and coupled shear walls contribute to
both tasks. The floor slabs act as horizontal load bearing elements and are also responsible
for transmitting the applied vertical loads to the vertical load bearing elements and for
distributing the horizontal loads among the vertical load bearing elements. Compared to
the shear walls and cores, the frameworks are more flexible and they are often neglected
when the lateral stiffness of a building is assessed. If, however, the effect of the
frameworks also has to be taken into account for some reason, then, as an
approximation, they can be replaced by fictitious walls. These fictitious walls can
then be included in the analysis which can be carried out in a relatively simple
manner when the bracing system only comprises walls and cores. Several methods
are available for the calculation of the size of the cross-section of the fictitious
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walls; one of them is to stipulate that the critical load of the fictitious wall and
that of the framework be identical. A simple procedure is given in section
9.9 where the limitations of the use of fictitious walls are also discussed.

Subjected to external loads, a system of shear walls and cores can develop
three kinds of deformation: sway in the two principal planes of inertia and
rotation around the shear centre. Apart from some special symmetrical
arrangements, the three modes couple resulting in a combined sway-torsional
behaviour. The exact spatial analysis of these structures is rather complicated,
partly because of the interaction between the horizontal and vertical load
bearing systems and among the elements of the horizontal and vertical systems
themselves and partly because of the great number of elements to be involved
in the analysis. By applying the equivalent column approach, however, the
analysis can be simplified and closed-form solutions can be produced for the
stresses and deformations, the load distribution among the structural elements,
the elastic critical loads and the natural frequencies.

2.2 THE EQUIVALENT COLUMN AND ITS CHARACTERISTICS

The 3-dimensional analysis is based on the analysis of the equivalent column.
The equivalent column is obtained by combining the bracing shear walls and
cores of the building to form a single cantilever. Its bending and torsional
stiffnesses represent the whole building. As the equivalent column is situated
concurrent with the shear centre (centre of stiffness) of the bracing elements,
the first step is to locate this global shear centre (O in Fig. 2.1). The position
of the shear centre is found by making use of the basic geometrical and
stiffness characteristics of the bracing elements [Beck and Schifer, 1969].

The calculation is carried out in the coordinate system x —y, whose origin
lies in the upper left corner of the plan of the building (Fig. 2.1) and whose
axes are aligned with the sides of the building:

2.1)
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Fig. 2.1 Building layout with bracing elements and the equivalent column.

In formulae (2.1) and (2.2) 1., 1,; and I, represent the moments of inertia and
the product of inertia of the ith element of the bracing system with respect to its
local centroidal coordinate axes which are parallel to axes X and y. Coordinates
X ; and y; stand for the location of the shear centre of the individual bracing
elements in the coordinate system X—y The sums of the moments of inertia and
the product of inertia of the bracing elements are also needed in formulae (2.1)

and (2.2):

where i=1...n, and n is the number of bracing elements. The sums of the moments
of inertia of the bracing elements are important characteristics of the building in
relation to its global bending. The product of inertia plays an important role in
determining the orientation of the principal axes of the bracing system.

In addition to the above bending characteristics, there are two more
characteristics of the equivalent column, which are associated with torsion: the
Saint-Venant torsional constant and the warping (bending torsional) constant.
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The Saint-Venant torsional constant is the sum of the Saint-Venant torsional
constants of the bracing elements and is obtained in a similar manner as with the
moments of inertia:

J=2J. 2.4)
1

where J, is the Saint-Venant torsional constant of the ith bracing element.

The warping constant is a weighted sum which is calculated in a coordinate
system whose origin is the global shear centre [Beck, Konig and Reeh, 1968].
For this purpose, after making use of formulae (2.1) and (2.2), coordinate system
X—y is transferred to coordinate system x—y, whose origin coincides with the
global shear centre and whose axes are parallel with axes X and y (Fig. 2.1).
The warping constant of the equivalent column in this coordinate system assumes
the form:

I,= z(lw,:‘ + Ix,r'xf +‘r_v,iyi2 =2I,,:%:¥;), (2.5)
1

where /,,; is the warping constant and x; and y, are the coordinates of the shear
centre of the ith bracing element in the x—y coordinate system.

The warping (bending torsional) constant of the equivalent column represents
two types of contribution: the first term in formula (2.5) represents the warping
torsion of the bracing elements with regard to their own shear centre and the
second, third and fourth terms stand for the bending torsion of the elements with
regard to the global shear centre of the whole system. This part of contribution
is realized through the bending of the bracing elements (7, 1, I ;) utilizing
their ‘torsion arm’ (x, y;) around the global shear centre.

Formulae (2.3), (2.4) and (2.5) reflect the assumption that the floors of the
building are stiff in their own plane and flexible perpendicular to their plane. It
is the out-of-plane flexibility of the floor slabs that leads to the simple sums in
formulae (2.3) and (2.4) and it is their in-plane stiffness that results in the second,
third and fourth terms in formula (2.5).

When the bending and torsional stiffnesses of reinforced concrete bracing
elements are calculated for the establishment of the equivalent column, the effect
of cracking on stiffness may have to be taken into account. The phenomenon is
not discussed here as detailed information is available elsewhere; it is only
mentioned that /,=0.81, is normally considered an adequate reduction in the value
of the second moment of area, where I, and I, are the effective and the gross
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(uncracked) second moments of area. Detailed information and guidelines are
given in [Council, 1978d].

Apart from the above constants of the equivalent column, the radius of gyration
is also needed for the establishment of the equivalent column for the stability
and dynamic analyses. The radius of gyration is determined by the load of the
building and the area over which it is distributed. The load is represented either
by the mass (for the dynamic analysis) or by the vertical load (for the stability
analysis).

In the general case when the building is subjected to a load of arbitrary distribution
on a layout of arbitrary shape, the radius of gyration is calculated from

[ate (2 + y*)da
i = |@
’ Jazyaa 20
(4)

where ¢(x,y) is the intensity of the load.
Concentrated forces can also be taken into consideration: when the load
consists of concentrated forces formula (2.6) assumes the form

2.7)

where F| is the ith concentrated force and x, and y, are its coordinates in the x—y
coordinate system whose origin is in the shear centre.

Formula (2.6) is a general formula. In many practical cases, simpler formulae
can be used for the analysis. Assuming uniformly distributed load over the plan
of the building, for example, the radius of gyration is obtained from

2 2
i = ’f_,,:\{pr+1yp+A(xc+}’c): ““”+]”’+r2 o)
p A A A bl .

where

1, is the polar moment of inertia of the ground plan with respect to
the shear centre of the bracing system,



12 Spatial behaviour

I, I, are the second moments of area of the plan of the building with
respect to the centroidal axes,

A is the area of the plan,

t is the distance between the shear centre (OQ) and the centre of

vertical load (C) (Fig. 2.1), according to the formula

" 2 2
= xc + yr_- % (29)

Coordinates x,.and y, are the coordinates of the geometrical centre of the plan of
the building in coordinate system x—y whose origin is in the shear centre:

L B

xcz__‘xa’ y(:z__yo'

2 (2.10)

When the building has a rectangular plan, the formula for the radius of gyration
simplifies to

2 2
i = %Hg‘ (2.11)
where L and B are the plan length and breadth of the building (Fig. 2.1).

Coordinate systems Xx—y and x—y have been used for convenience as they
make the calculation of the basic characteristics straightforward. However, the
stability and dynamic analyses can be carried out in a much simpler way in the
coordinate system whose origin is placed at the global shear centre and whose
horizontal axes coincide with the principal axes.

In many practical cases the product of inertia of the elements of the bracing
system is zero. In such cases, axes x and y are already the principal axes and
the equivalent column is established by the stiffness and geometrical
characteristics defined by formulae (2.1) to (2.5) which, due to /=0, simplify
considerably. [The simplified versions of formulae (2.1), (2.2) and (2.5) are
given in section 5.7.] However, [, is not zero, for example, for Z and L shaped
bracing cores and axes x and y are not the principal axes. A transformation of
the coordinate system is needed: coordinate system x—y should be rotated
around the origin (the global shear centre) in such a way that the new axes X
and Y are the principal axes (Fig. 2.2). The angle of principal axis X with axis
x is obtained from the formula
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1 o
a—EarCtanij. (2.12)

Principal axis Y is perpendicular to axis X. The change in the coordinate system only
affects the moments of inertia. The moments of inertia in the new coordinate system
are obtained from

Iy=1I,cos’a+1 sin’a—1, sin2a (2.13)
and
. 9 2 .
Iy =1 sin"a+I cos"a+1 sin2e. (2.14)
| L L
o X
>
B o
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Fig. 2.2 Principal axes X and Y.

It should be noted that the product of inertia vanishes in the coordinate system whose
axes are the principal axes, i.e. [, =0.

Low-rise and medium-rise buildings are sometimes braced by frameworks or
by a mixture of frameworks and shear walls. The equivalent column approach
can still be used but the frameworks have to be replaced first by fictitious walls.
When such a wall is incorporated into the equivalent column, only its in-plane
bending stiffness has to be calculated and all the other stiffness characteristics
are set to be zero. This procedure is considered more accurate for frameworks
with cross-bracing and for infilled frameworks as they develop predominantly
bending type deformations. However, when moment resistant frameworks on
fixed or pinned supports are replaced by fictitious shear walls, the procedure is
only approximate. The level of approximation depends on to what extent the
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deformation of the framework differs from the bending type deformation of the
fictitious wall. Each case should be treated very carefully as an individual case.
Detailed information is given in section 9.9 regarding the calculation of the size
of the fictitious wall and in section 9.10 where the behaviour and efficiency of
different planar structures are considered.

When the lateral stiffness of the bracing system is evaluated for practical
structural engineering calculations, the contribution of the stiffnesses of the
individual columns is normally neglected, being small compared to that of the
shear walls and cores. This approximation simplifies the calculation and leads
to conservative estimates. However, experimental evidence shows that this
contribution can be significant in certain cases (e.g. when there are many columns
and only few bracing walls, or when the elements of the bracing system are in a
special arrangement) [Zalka and White, 1992 and 1993]. The approximate method
presented below can be used in such cases. The method is based on a simple
formula which converts the ‘local’ stiffness of a column of storey height into a
‘global’ stiffness of a bracing element of building height. This element can then
be simply added to the other ‘ordinary’ bracing elements and can be incorporated
into the equivalent column in the usual manner.

The accumulation of the local sway of a column of storey height 4 with the
same cross-sectional size (Fig. 2.3/a) over the height of the building results in a
total top translation of

3
_ o T2

»

! 3E] (2.15)
c
where n is the number of storeys and 7  is the second moment of area of the cross-
section of the column. Assuming a horizontal load of trapezoidal distribution, the top
translation of a single bracing element of building height H and of a fictitious second
moment of area ICg (Fig. 2.3/b) is

i -—M l_i_i‘u (2.16)
¢ EI,\8 120" | '

where u is a parameter defining the slope of the function of the horizontal load,
according to formula (5.2) in section 5.1 and ¢, is the intensity of the uniformly
distributed part of the load (Fig. 5.1).
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By combining the right-hand sides of equations (2.15) and (2.16) and making use of
the relationship H=hn, the ‘local’ moment of inertia of a column can be transformed
into a ‘global’ moment of inertia for the global analysis of the building:

1 11
I, =12n1|=+—pu |, .
cg n c[g 120#) (2.17)

where /_ is the ‘global’ moment of inertia of the column. The ‘global’ moment of inertia
defined by formula (2.17) can now be used directly for the global analysis. When the
stiffnesses of the equivalent column are assembled, the columns can be considered as
‘ordinary’ bracing elements and their ‘global’ moments of inertia can simply be included
in the summations in formulae (2.1) to (2.5).

;?.L u,/2n

a) b)

Fig. 2.3 Top translation. a) Accumulation of storey-sway over the height, b) translation
of a bracing element of height H.

Formula (2.17) is considered an approximation and can only be used for the global
analysis of the building. The approximation is due to the two assumptions made for
the derivation of the formula, namely, it is assumed that

e the columns of storey height have fixed ends,
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* the global deflection of the building resulting from the double-curvature
bending of the columns between the floors assumes a straight line (dashed
line in Fig. 2.3/a).

These assumptions seem to represent strict restrictions but it has to be kept in mind
that the effect of the columns on the global stiffnesses is of secondary nature anyway.
The results of tests on small-scale, 10-storey building models given in Chapter 10
indicate that the displacements and rotations obtained by using formula (2.17) are of
acceptable accuracy.

When the geometrical characteristics of the equivalent column are needed,
several sources can be used for the calculation of the Saint-Venant torsional
constant and the moments of inertia of the individual bracing elements [Griffel,
1966; Hrobst and Comrie, 1951; Roark and Young, 1975]. However, the
situation is different when the warping constant and the location of the shear
centre of the cores are needed. Only a limited number of publications deal
with these and they either give a detailed theoretical background for the
calculation with only one or two worked examples or present ready-to-use
formulae for only some special cases [Gjelsvik, 1981; Kollbrunner and Basler,
1969; Murray, 1984; Vlasov, 1940]. Unfortunately, printing errors, which are
difficult to detect in some cases, make their application somewhat risky. It is
possible to develop computer procedures of general validity [Roberts, 1985;
Waldron, 1986] but they are usually not widely available and their accuracy
and reliability are difficult to check. To make the task of producing the bending
and torsional characteristics of the individual bracing cores as simple as
possible, a collection of closed-form formulae for cross-sections widely used
for bracing cores is given in Appendix A. For bracing elements of special cross-
sections where no closed-form solution is available, the excellent computer
procedure PROSEC [1994] can be used, whose accuracy has been established
and proved to be within the range required for structural engineering
calculations [Zalka, 1994a].

2.3 THE SPATIAL BEHAVIOUR OF THE EQUIVALENT COLUMN

Apart from some special cases, building structures develop a combination of the
three basic modes (sway in the principal planes and torsion). The nature of the
behaviour (and the extent of the combination) depend on the relative position of
the shear centre of the bracing system and the centre of the external load—and
for lateral loads, the direction of the load.
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Assuming vertical load and stability analysis, possibilities for the coupling of
modes are shown in Fig. 2.4, where the whole bracing system of the building is
represented by the equivalent column of open, thinwalled cross-section. The
distance between the shear centre of the bracing system (O) and the centre of the
vertical load (C) is marked with ¢.

N
t %0 t=0
of ¢ , ole . ..
[ X 1 X
| t J
i",?—"‘ y
a) b) c)

Fig. 2.4 Coupling of basic modes. a) Triple coupling, b) double coupling, c) no
coupling.

When the centre of the vertical load does not lie on either principal axis (Fig. 2.4/a),
sway in the two principal directions X and Y is coupled by pure torsion. The critical
load which belongs to this combined sway-torsional buckling is the global critical
load of the building.

When the centre of vertical load lies on one of the principal axes (x on Fig. 2.4/b),
sway in that principal plane develops independently of the other two modes. Sway in
the perpendicular direction combines with torsion. Both critical loads have to be
calculated, i.e. the independent sway critical load in the principal plane and the
combined sway-torsional critical load in the perpendicular direction, and the smaller
one is the global critical load of the building. The simplest case arises when the shear
centre and the centre of the vertical load coincide (Fig. 2.4/c). Sway in the principal
directions and torsion about the shear centre develop independently. The global critical
load is the smallest one of the independent basic critical loads.

The above principles outlined for the stability analysis can also be applied to the
dynamic analysis and—assuming a horizontal load system of arbitrary direction—
to the stress analysis. Sections 3.1 and 3.2 also deal with the spatial behaviour of the
equivalent column when the 3-dimensional stability and vibrations of the building
are investigated using the governing differential equations. In sections 5.1 to 5.3 the
3-dimensional behaviour of the equivalent column (and the building) under horizontal
load is analysed in detail.
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Stability and frequency analyses

The governing differential equations of the equivalent column—and of the bracing
system it represents—have been available for some time for the stability and
frequency analyses but exact solutions have only been produced for special cases
and the accuracy of the approximate solutions has not been fully investigated. A
number of approximate procedures are available, however, they are either too
simple and only reliable in some special cases or are still too complicated for
everyday use in design offices. Most investigations have treated the stability
and dynamic problems separately.

Some new theoretical developments and the realization that certain
similarities exist between the systems of governing differential equations of
the stability and dynamic problems and between the solution procedures make
it possible to develop simple, closed-form solutions for the critical loads and
the natural frequencies. The differential equations and their solutions are given
in the following sections. A left-handed coordinate system is used whose origin
is fixed in the shear centre on the ground floor level and whose horizontal
coordinate axes coincide with principal axes X—Y. Vertical coordinate axis z
points upwards and the bracing system is represented by the equivalent column.
The effect of soil-structure interaction is taken into account by simple
summation formulae.

Priority is given to the first eigenvalues. This is justified in practical structural
engineering applications. As for the stability problem, only the smallest critical
load is of practical importance. Regarding dynamic behaviour, it has been shown
that the response of multistorey buildings is made up predominantly of the first
few modes, with the higher modes contributing only a small portion of the total,
except at the top of relatively flexible buildings

The application of the procedures given in this chapter for the stability and
frequency analyses is illustrated in Chapter 6 where a series of worked examples
show how the procedures are used in practice.
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3.1 STABILITY ANALYSIS

The problem of the combined torsional-flexural buckling of a column of thin-
walled cross-section has been solved for concentrated end forces and Timoshenko
presented the solution in the form of simple formulae and a cubic equation
[Timoshenko and Gere, 1961]. Vlasov [1940] derived the system of three
differential equations for the cantilever subjected to uniformly distributed axial
load six decades ago but he did not produce a solution. Based on the power
series method, an approximate solution has been made available [Zalka and
Armer, 1992] which, in using tables and after some interpolation, produces the
critical load. The much simpler exact solution is given in this section.

The stability of the equivalent column (representing the building) is defined
by the system of fourth order, homogeneous differential equations of variable
coefficients

i

ElLau™ +[N(zyu' - v90")] =0, (3.1)
EL "™+ [N + 00| =0, (32)
ELg™ —\GIg' - N(2)ilp') +[N(zHx v - yu)] =0, (3.3)

where the following notations are used:

E modulus of elasticity,

G shear modulus,

Ix, Iy second moments of area with respect to principal axes X and ¥,
1, warping constant,

J Saint-Venant torsional constant,

u,v  translations of the shear centre in directions X and Y,

0] rotation around the shear centre (clockwise rotation is positive),
X, ¥ co-ordinates of the geometrical centre of the layout,

ip radius of gyration.

The load of the equivalent column is obtained by distributing the floor load (of the
same magnitude on each floor) over the height of the building, creating the uniformly
distributed vertical load N(z)=q(H—2z).

The governing differential equations are accompanied by a set of boundary
conditions. Lateral displacements and rotation are zero at the fixed lower end:
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u(0)=v(0)=¢(0)=0. 3.4

The tangent to the column is parallel to axis z at the fixed bottom where no
warping develops:

u'(0)=v'(0)=¢'(0)=0. (3.5)

The bending moments and warping stresses are zero at the top of the
column:

u"(Hy=v"(H)=¢"(H)=0. (3.6)

The shear forces and the torsional moments are zero at the top of the
column:

u”(H)=v"(H)=EIl 0" (H)-GJ¢'(H)=0. 3.7

In the boundary conditions, H is the height of the building.

The simultaneous differential equations (3.1) to (3.3) can be used to
demonstrate the spatial behaviour of the equivalent column. The nature of the
behaviour depends on the relative position of the shear centre of the bracing
system and the centroid of the vertical load—as described in section 2.3. Rotation
¢ appears in all three equations, showing that the resulting deformation is
composed of both sway and torsion, as a rule. Possibilities for the combination
are shown in Fig. 2.4 where the whole bracing system is represented by the
equivalent column of open, thinwalled cross-section.

The solution of the simultaneous differential equations (3.1) to (3.3) in the
normal way would result in the eigenvalue of the problem, i.e. the critical load
of the building. There is, however, a much simpler way of producing the critical
load. It has been proved that the systems of differential equations (3.1) to (3.3)
can be solved in two steps: the basic critical loads which belong to the basic
modes have to be calculated first, then the coupling of the basic modes has to be
considered [Zalka, 1994c].

3.1.1 Doubly symmetrical systems—basic critical loads

The basic critical loads are those which belong to the basic (uncoupled) critical
modes: sway buckling in the principal planes and pure torsional buckling. This
is the case with doubly symmetrical arrangements when the shear centre of the
bracing system and the centre of the vertical load coincide and the three basic
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modes develop independently of one another. The governing differential
equations characterizing the doubly symmetrical case (and the basic modes) are
obtained from equations (3.1), (3.2) and (3.3) which, in the uncoupled case when
X.=Y.=0 holds, become independent of each other and simplify to

Elyu"”+N(z)u"=O, (38)
EI,.v""+ N(z)v” =0, (3.9)
EL0"" ~(GI¢'~ N(2)i%¢’) =0. (3.10)

The basic critical loads for buildings subjected to uniformly distributed load on each
floor are given in the following. Based on the well-known classical formula for a
cantilever subjected to uniformly distributed axial load [Timoshenko and Gere, 1961],
the two sway critical loads in the principal directions are:

7.84r.EI 7.84r EI
Ncr,X :——HSE——L’ Ncr,Y Z—H-VZ.._L, (311)
where parameter r_is a reduction factor.
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Fig. 3.1 Load diagrams, a) Load on the multistorey building, b) first part of the equivalent
load: uniformly distributed load, ¢) second part: concentrated force on top.

Formulae (3.11) only differ from Timoshenko’s formula in factor rs. It is a reduction
factor which allows for the fact that the actual load of the structure consists of
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concentrated forces on floor levels (Fig. 3.1/a) and is not uniformly distributed
over the height (Fig. 3.1/b) as is assumed for the derivation of the original formula
for buckling. The continuous load is obtained by distributing the concentrated
forces downwards resulting in a more favourable load distribution. This
unconservative manoeuvre leaves a concentrated force on top of the column (Fig.
3.1/c), which is not covered by the classical formula. The effect of this concentrated
force can be accounted for by applying Dunkerley’s [1894] summation theorem.
(The summation theorems and their use in civil engineering are discussed in detail
by Tarnai [1999].)

Dunkerley’s summation theorem applied to two load systems (uniformly
distributed load and concentrated top load) leads to the formula

1 1 1

e

N F N (3.12)

where F__ is the critical load when the structure is subjected to a top load N, is the
critical load when the structure is subjected to a uniformly distributed load and is the
total critical load when the two load systems act simultaneously. Figure 3.2 demonstrates
that when the structure is under two load systems, the total critical load is always
smaller than the critical load of either of the two loads.

Fig. 3.2 Graphical interpretation of the Dunkerley formula.

It is advantageous to use the Dunkerley formula in a different form. When the
magnitude of either of the applied loads is fixed, the magnitude of the other load can
be calculated from

+ .'=]- (3.13)
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In this case, the magnitude of the concentrated top load is F=N/2n, where n is the
number of stories (Fig. 3.1/c). After substituting N/2n for F, formula (3.13) can be

rearranged as
1 I
N +— [=1,
mE_ N

from where, in making use of the ratio N_/F_=3.176 of the classical column formulae,
the value of the total vertical load can be calculated as

N=r,N,. (3.14)

In this formula which now takes into account the real load on the equivalent column
according to Fig. 3.1/a,
n

T n+1.588

L (3.15)
is the reduction factor which is introduced in formulae (3.11) and whose values are
given in Table 3.1. The accuracy of the (conservative) Dunkerley formula is improved
in Table 3.1 by making use of the exact solution for one and two storey structures
under concentrated forces—the values of r_in Table 3.1 for n=1 and n=2 reflect this
modification.

Table 3.1 Reduction factor r,

n| 1 2 3 4 5 6 7 8 9 10 11
r;10.315(0.528|0.654|0.716|0.759|0.791|0.815]|0.834|0.850|0.863| 0.874
ni 12 13 14 15 16 18 [ 20 | 25 | 30 | 50 >50
rs |0.883(0.891{0.898{0.904(0.910{0.919(0.926|0.9400.950|0.969 | n/(n+1.6)

The critical load for pure torsional buckling [solution of eigenvalue problem (3.10)] is
obtained from

N, =l
Lo ] EJ-.H‘ (316)

or, in the special case when the warping stiffness is zero, for example for thin-
walled, closed cross-sections, from
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Noo="7" (3.17)

In formula (3.16) the values of critical load parameter o (eigenvalue of pure torsional
buckling) are given in Fig. 3.3 as a function of

k
k = T (3.18)
4
where
k=H & (3.19)
e

is the torsion parameter and r_ is the modifier whose values are given in Table 3.1.
The diagram in Fig. 3.3 covers the range 0 <k,< 2 where most practical cases
fall. When the value of k, exceeds 2.0, or greater accuracy is needed, Table 3.2
can be used. When Table 3.2 was compiled, the special solution procedure
(demonstrated in Appendix B) was used which makes it possible to obtain reliable
solutions of good accuracy even for ill-conditioned eigenvalue problems.

o
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Fig. 3.3 Critical load parameter c.
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Table 3.2 Critical load parameter o
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The evaluation of the formulae of the basic critical loads (3.11) and (3.16) shows that
the most important characteristics that influence the values of the basic critical loads
are:

» the height of the building,

» the bending stiffnesses of the bracing system,
» the warping stiffness of the bracing system,

» the radius of gyration.

The sway critical loads are in direct proportion to the bending stiffnesses of the
bracing system and in inverse proportion to the square of the height of the building.
In a similar manner, the pure torsional critical load is in direct proportion to the
warping stiffness of the bracing system and in inverse proportion to the square of
the height. The Saint-Venant torsional stiffness affects the value of the critical load
through the critical load parameter (k) but its effect is normally small as in most
practical cases k <1 holds. There is, however, a significant difference between the
sway-and pure torsional critical loads. The value of the pure torsional critical load
also depends on the radius of gyration. The effect of the radius of gyration is best
shown by formula (2.11). According to the formula which assumes uniformly
distributed floor load, the greater the size of the building (and the distance between
the shear centre and the centre of vertical load), the greater the radius of gyration
and consequently the smaller the pure torsional critical load. This is in sharp contrast
to sway buckling where the geometrical characteristics of the layout of the building
do not influence the critical load.

Formula (3.17) shows another interesting fact. When a structure is braced by
a bracing element of zero warping stiffness (e.g. a core of thinwalled, closed
cross-section), the value of the critical load for pure torsional buckling does not
depend on the height of the building nor on the distribution of the load.

3.1.2 Coupling of the basic modes; combined sway-torsional buckling

As the simultaneous differential equations (3.1) to (3.3) show, the basic modes
combine in the general case. The coupling of the basic modes can be taken into
account in two ways: approximately or exactly. If the main aim of the investigation
is to show whether or not the building is in a stable state, then the approximate
method can be used (first). It is very quick and simple, albeit conservative. If it
indicates an unstable building or a building with an insufficient safety margin,
then, as a second step, the exact method may still prove that the building is in a
stable state. (Chapter 7 deals with the necessary level of safety against buckling.)
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(a) An approximate method

The combination of the basic critical loads may be taken into account by using
the Foppl-Papkovich theorem. According to the theorem, if a structure is
characterized by n stiffness parameters, the critical load can be approximated
by combining the n corresponding part critical loads [Tarnai, 1999]. Each part
critical load belongs to a case where all but one stiffness parameters are assumed
to be infinitely great. In applying the theorem to 3-dimensional buckling, the
combined critical load can be obtained from

—_—m + +— . (3.20)

where N_,, N_, and N pare the basic critical loads defined by formulae (3.11) and
(3.16). The advantage of formula (3.20) is that it is easy to use and it is always
conservative. However, its use in certain cases can lead to considerably uneconomical
structural solutions, as the error of the formula can be as great as 67%. The more
sophisticated and only slightly more complicated exact solution is given in the next
section.

(b) The exact method
The exact solution of the simultaneous differential equations (3.1) to (3.3)
leads to the determinant

- J."I..'r_ ¥ I:I - 'lll'""r
0 N-N_, Ne.  |=0 (3.21)
- Ny, Nx,  iN-N,)

which defines the coupling of the basic modes and which can be used for the calculation
of the critical load of the combined sway-torsional buckling if the basic critical loads
(N N oy and NCW) are known. The expansion of the determinant results in a cubic
equation in the form

N3+a,N?+a,N-a,=0, (3.22)

where the coefficients are
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Ncr,XT)2( + Ncr,YT)% - Ncr,(p - Ncr X~ Ncr Y
a, = - —,
2 g (3.23)
Ncr,XNcr,Y + Ncr,(chr,X + Ncr,(chr,Y Ncr (chr XNcr Y
a, = , Ay =—————F"—FF—.
: 1-12 -1} O R R
In formulae (3.23) and (3.24) parameters
'xC yC
Ty ==- and Ty =% (3.25)
lp lp

characterize the eccentricity of the load. Equation (3.22) can be used to take into
account the coupling of the basic critical loads. Of the three roots of the cubic equation,
the smallest one is the most important one in practical application, being the smallest
critical load of the building.

To speed up the calculation, cubic equation (3.22) has been solved for a great
number of basic critical load ratios

n= Moo and = e (3.26)

Ncr,X Ncr,Y
and eccentricity parameters 7, and 7,, and the resulting mode coupling parameters x are
givenin Tables C1to C11 in Appendix C as a function of r , r,, 7, and 7,. When the mode
coupling parameter is known, the critical load of combined sway-torsional buckling is
obtained from

Ncr = K.Ncr,(p (3.27)

where N is the basic critical load for pure torsional buckling.

The evaluation of cubic equation (3.22) leads to interesting observations.
Cubic equation (3.22) gives three values of critical load for each mode. It can be
easily demonstrated by the evaluation of the equation [Timoshenko and Gere,
1961] that one critical load is always lower than any of the uncoupled critical
loads, in other words the coupling of modes always results in a critical load
which is smaller than the smallest uncoupled critical load. One critical load is
always higher than the three uncoupled critical loads and the third critical load
is intermediate between the uncoupled critical loads N« and N,,. Each of the
three critical loads for a given mode corresponds to a particular pattern of
buckling. Figure 3.4 shows the left-hand side of equation (3.22) of N with the
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uncoupled critical Ioads Nex NC,.y and N, ,, and the three coupled critical loads
NN " and N 'I which belong to the three patterns of the first mode.

fN)

VAN A
lllf MY Mox N, \:r:’ r»l.-_-.-ﬂ, N

i
£l

Fig. 3.4 Relationship between the coupled and uncoupled critical loads.

It is only mentioned here that cubic equation (3.22) can also be used for the stability
analysis of bracing systems developing shear deformation [Hegedis and Kollar,
1987].

The coupling of the basic modes clearly reduces the value of the critical loads.
The magnitude of the reduction mainly depends on two factors: the relative value
of the uncoupled critical loads compared to one another and the eccentricity of
the bracing system in relation to the centroid of the load of the building. The
nearer the values of the three uncoupled critical loads, the bigger the reduction
compared to the smallest of the three values. Similarly, the greater the distance
between the shear centre and the centroid of the load, the smaller the coupled
critical load.

The importance of taking into account the effect of mode coupling cannot be
overstated: the maximum error made by neglecting the effect of coupling is 141%
overestimation in the value of the smallest critical load.

(c) Special case: monosymmetric arrangements

Cubic equation (3.22) can always be used for taking into account the effect of interaction.
However, the solution of cubic equation (3.22) simplifies in the monosymmetric case
when the centre of the vertical load lies on one of the principal axes (Fig. 2.4/b) and a
very simple formula can be produced for dealing with the interaction. In such cases
sway buckling in the plane of symmetry develops independently and only sway buckling
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perpendicular to the axis of symmetry and pure torsional buckling combine. Assuming
uniformly distributed floor load and that axis X is an axis of symmetry, i.e. that y =
holds, the combined critical load can be expressed by the closed form formula

Ncombmed chrY’ (328)

where the values for the mode coupling parameter € are given in Fig. 3.5 and, if the
range covered by the figure is not wide enough or if more accurate values are needed,
in Table 3.3, as a function of 7, [formula (3.25)] and

b= (3.29)

The basic critical loads N and N Jare defined by formulae (3.11) and (3.16). Table 3.3
covers the range 0 <r,<100. When r,>100, r,=100 can be used. The error made by this
approximation is always smaller than 1% The global critical load for monosymmetrical
bracing systems is the smaller one of the combined critical load and the independent

sway critical load in the plane of symmetry.
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Fig. 3.5 Mode coupling parameter € for the monosymmetrical case.
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Table 3.3 Mode coupling parameter e for the monosymmetrical case

153 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

7x=0.0]0.0000{0.1000|0.2000]0.3000 { 0.40000.5000 | 0.6000 [ 0.7000
7x=0.1{0.0000{0.09990.1995]0.2987{0.3974|0.49510.5914 [ 0.6851
7x=0.210.0000[0.0996|0.1980]0.2951 {0.3900|0.4821 | 0.5698 | 0.6513
7x=0.310.00000.09900.19570.2894 {0.37920.4639|0.5422|0.6127
7x=0.4{0.0000]0.0983 | 0.1926|0.28220.3662|0.4435|0.5134|0.5753
7x=0.510.000010.09740.1890]0.2741 {0.35210.4226|0.4855|0.5408
7x=0.6 [0.0000]0.0963(0.1849]0.26550.3379(0.4024 | 0.4594 [ 0.5095
7x=0.7]0.0000{0.09510.18050.2566 0.3239|0.3833{0.43540.4812
7x=0.80.00000.09380.1760]0.2478 [0.31050.365410.4135]0.4557
7%=0.9{0.0000]0.0924{0.1713]0.23910.2977 (0.34870.3934 {0.4327
Tx=1.0]0.0000[0.0509|0.16670.2308 [ 0.2857|0.3333]0.3750{0.4118

r 0.8 0.9 1.0 12 1.4 1.6 1.8 20

7x=0.0{0.8000|0.9000 1.0000 | 1.0000| 1.0000 | 1.0000{ 1.0000| 1.0000
7x=0.1|0.7736|0.8513|0.9091 {0.9613 |0.9774 | 0.9843 10.9880 { 0.9903
7%=0.2{0.724010.78520.833310.8950|0.9273 [ 0.94540.9566 | 0.964 1
7x=0.3]0.67430.7264|0.7692|0.8313 |0.8710]0.8970|0.9149 (0.9278
7x=0.410.629210.6753|0.7143|0.7745]0.81690.8474 | 0.8698 {0.8869
7%=0.5[0.5890|0.63070.6667|0.7243 0.7673]0.8000 | 0.8253 |0.8453
7x=0.6]0.5533|0.5916]0.6250|0.6800|0.7226{0.7561 | 0.7830{0.8049
7x=0.710.5215(0.55690.588210.6406|0.68220.7159]0.7436 |0.7666
7x=0.8(0.4931]0.5261]0.5556 {0.6054 |0.6459 | 0.6793 [ 0.70720.7307
7x=0.9[0.4675]0.4985]0.5263 (0.5739|0.6131 |0.6459{0.6737|0.6975
7x=1.0{0.444410.47370.5000(0.5455|0.583310.6154 [ 0.6429 | 0.6667

r 3.0 4.0 5.0 100 | 20.0 | 30.0 | 50.0 | 100.0

7x=0.0|1.0000(1.0000|1.0000 | 1.0000|1.0000| 1.0000 | 1.0000| 1.0000
7x=0.1{0.9951]0.9967]0.9975 [0.9989]0.9995 [ 0.9997 | 0.9998 | 0.9999
TX=O.2 0.980910.9871{0.9902{0.99560.997910.99860.9992]0.9996
7x=0.3[0.959410.9719|0.9786{0.99020.9953 {0.99690.9982|0.9991
7x=0.410.9327]0.95240.96320.9829|0.9917 [ 0.9945|0.9968 | 0.9984
7x=0.510.9028]0.9296 |0.94490.9737|0.9872(0.9915|0.9949 | 0.9975
17x=0.6|0.871510.9048 1 0.9245{0.9631|0.9818]0.9879 (0.9928 |0.9964
7x=0.7{0.8400)0.8788|0.9026 (0.951010.9755(0.9837{0.99020.9951
7x=0.80.8089]0.852310.8798 (0.9379]0.96850.97890.987310.9936
7%=0.9{0.778810.8259(0.8566{0.923810.9607 [0.9736|0.98400.9920
7x=1.0{0.7500]0.8000{0.8333[0.9091|0.9524 [0.9677|0.9804 | 0.9901
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The special case of doubly symmetrical bracing systems (Fig. 2.4/c) is automatically
covered in Table 3.3 by the rows defined by 7, = 0.0. Values in Table 3.3 can also be
used to show the effect of neglecting the coupling of the basic modes in the
monosymmetrical case. According to the values, it is always unconservative to neglect
coupling. The maximum error made by neglecting coupling is 100%; when the two
basic critical loads N_, and N_ are equal and eccentricity is maximum (z,=1.0), coupling

Y ]
reduces the combintcard criticalwload to half of the basic critical load.

3.1.3 Concentrated top load; single-storey buildings

The formulae presented for the global critical loads were derived on the
assumption that the load of the structures was uniformly distributed over the
floors, being the practical case with multistorey buildings. In certain cases,
however, concentrated load on top of the building may need be considered. A
panorama restaurant, a swimming pool or water tanks may represent some extra
load on the top of the building which may not be covered by the uniformly
distributed floor load, considered to be the same at each floor level. Even a
relatively small amount of extra concentrated load on top of the building should
be taken into account as it represents a more dangerous load case than the UDL
case.

The concentrated top load case is also of practical importance when single-
storey buildings are investigated as the majority of the vertical load is on the
(top) floor, which is represented by a concentrated force on top of the
structure.

When the structure is under concentrated top load and the system develops
predominantly bending type deformation, the basic critical loads are as follows.
The sway critical loads in the principal directions are:

2 2
n°El n°El
F .= Y F ., = X (3.30)
oX T 4H? o 4H?
and the critical load for pure torsional buckling is given by
A r? E 331)
P PPH?| 4 ’ '

where H is the height of the building.
When the warping stiffness of the bracing system is zero, the critical
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load of pure torsional buckling is obtained from

G.
170’40 :7' (3313)

r

The basic critical loads may interact. Once again, the interaction of the basic
critical loads can be taken into account by using the approximate formula (3.20) or
the exact cubic equation (3.22), where F,, F. and F ,are to be substituted for
Neexo Nery and N, . The smallest root of the equation is the global critical load F.,.

When the concentrated top load and the UDL on the floors act simultaneously,
their effect should be combined. Dunkerley’s summation theorem (cf. section
3.1.1) offers a simple formula for the combination of the two load cases:

-1
Ng=( L, 1 ) , (3.32)

onF, N,
where

F,, is the critical concentrated load,
N, is the critical uniformly distributed load,
n is the number of storeys,

N”2  is the combined global critical load of the bracing system.

3.1.4 Shear mode situations

Closed-form formulae for the critical load of building structures under uniformly
distributed floor load, developing predominantly bending deformations were
given in the previous sections. This section shows how the theory can be
extended and the formulae given can be used with or without modification for
different special cases.

Bracing systems which (also) develop shear deformation are not discussed in
detail as their practical importance is relatively small. However, simple approximate
solutions are given below for some special cases.

The two typical cases when shear modes have to be considered are as follows.
Shear type deformations are

a) concentrated on one storey level—‘local’ shear (Fig. 3.6/a),
b)  ‘distributed’ over the height of the building—*global’ shear (Fig. 3.6/b).
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(a) Concentrated shear on one storey level—*local’ shear

Shear walls in multistorey buildings are sometimes omitted on the ground floor
level (or somewhere else) and also the height of the first storey (or some other
storey) may be bigger to provide more space. Such arrangements result in reduced
first storey stiffness and the building may develop ‘local’ shear mode deformations
between the ground floor and the first floor levels (Fig. 3.6/a). It is difficult to
produce the exact critical loads for such irregular situations, but the formulae

2 2
n°El n°El
Fcr,X = h2 L ’ Fcr,Y = h2 * ’ (333)
1(=’El
Fcr,(p =_2( h2 2 +GJJ (3.34)
ll’

offer good approximations for the basic critical loads, where h is the storey height at
ground floor level (or at any other level where local shear is considered). As the ‘local’
shear deformation is in fact bending type deformation as far as the bracing elements on
the storey level are concerned, the location of the shear centre can be determined by
using formulae (2.1) and (2.2).

a) b)

Fig. 3.6 Shear mode situations, a) Local shear, b) global shear.

With the basic critical loads (3.33) and (3.34), the analysis is carried out exactly as
described in the previous sections. It has been proved that the interaction of the basic
critical loads can be taken into account by using the cubic equation (3.22) [or the
approximate formula (3.20)], where F_,, F_, and Fpareto be substituted for N_,, N_.,
and N, The smallest root of the equation is the global critical load. This procedure
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can be applied to any other storey where the stiffness suffers a sudden reduction.
If there are more than one storey with sudden changes in stiffness, each storey
has to be considered and the investigation may have to be carried out several
times.

(b) ‘Distributed’ shear over the height—¢global’ shear
When buildings are braced by moment resistant frameworks, all the storeys
may be involved in a global type shear deformation (Fig. 3.6/b). The analysis
is best carried out by replacing the frameworks by fictitious walls based on
identical critical loads. The torsional critical load is then obtained from formula
(3.16), bearing in mind that the fictitious walls do not have Saint-Venant
torsional stiffness (k=0 and therefore ov=7.84). Neither do the fictitious walls
have the product of inertia and their own warping stiffness, i.e. I, ;and I ,; are
zero in formulae (2.3) and (2.5). It has been shown that the cubic equation
(3.22) is also applicable to shear mode situations [Hegediis and Kolldr, 1987]
so, having established the basic critical loads, equation (3.22) is used for the
calculation of the combined critical load.

The sway critical loads of the individual frameworks can be easily
determined using the simple closed-form solutions given in Chapter 9.

(¢) Combined shear and bending mode situations

Frameworks are usually much more flexible compared to shear walls and cores
and their contribution to the lateral stiffness of the bracing system is usually
small and is often neglected. In certain cases, however, moment resistant
frameworks and coupled shear walls can alter the predominantly bending
type behaviour of the shear walls and cores, making the overall deformation
a mixture of shear and bending. Such situations may emerge when the number
of frameworks and coupled shear walls is relatively great compared to the
number of shear walls and cores or when their position is such that they play
a key role in resisting the applied loads.

The procedure presented in sections 3.1.1 and 3.1.2 can be applied to such
cases. Making use of the sway critical load of a framework or coupled shear
walls system, each framework or coupled shear wall system is replaced by a
fictitious wall of equivalent thickness—see Chapter 9 for details. The fictitious
walls are then treated like any other ordinary solid shear walls of the bracing
system for the establishment of the equivalent column and the original
procedure can proceed.
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The main approximation in this procedure regards the location of the shear
centre which is different for systems developing bending and systems with shear
type deformations, even if the calculation of the corresponding critical loads
takes account of the different nature of the deformations.

Kollar and P6th [1994] presented a simple method for the stress analysis and
they also gave guidelines for the simple, albeit approximate, determination of the
location of the shear centre.

A closed-form solution has been derived for the stability analysis of buildings
under concentrated top load and developing both bending and shear deformation
[Hegediis and Kollar, 1987] but further investigation of the treatment of
combined shear and bending mode systems is still needed.

3.1.5 Soil-structure interaction

It was assumed for the derivation of the formulae given for the critical load in
the previous sections that the elements of the bracing system were founded on
a rigid base where no rotations occur. However, buildings are sometimes
constructed on loose soil and compliant soil adds flexibility to the system at
the base and the soil-structure interaction may have a significant effect on the
overall behaviour of the bracing system and should be considered in the
analysis.

Support restraint conditions at the bottom end of the structure may be set
as intermediate between zero restraint and full restraint. If such restraints
against translations or rotations are linearly elastic, they may be idealized as
springs [Key, 1988; Wolf 1985].

i

Fig. 3.7 Soil-structure interaction, a) Flexible column on fixed support, b) stiff column
on flexible support.



Stability analysis 37

The application of the Foppl-Papkovich theorem to the equivalent column leads to a
simple conservative formula to handle soil-structure interaction. According to the
theorem, the critical load which allows for the effect of soil-structure interaction can be
obtained using two models with the associated part critical loads. It is assumed for the
first model that the flexible equivalent column is based on rigid foundation—the
formulae given earlier in this chapter are in line with this model. Second, it is assumed
that the superstructure is infinitely stiff and is based on flexible foundation. Figure 3.7
shows the two models, assuming sway buckling.

When the two part critical loads (N,, and N,"*) are known, the Féppl-Papkovich
theorem can be applied and the critical load which takes into account the effect
of elastic foundation { """ is calculated from

1 1 1
Ninl :—N_+ Nﬂex ’ (335)

cr

The critical load which is associated with the simple model shown in Fig. 3.7/b is
obtained using static considerations. Moment equilibrium of the column developing
sway buckling is expressed by

Hsma_ka:Q

(24

qgH

where the effect of the flexible support is represented by spring constant k . Barkan
[1962] investigated the elastic properties of soil and made recommendations for spring
constants for different motions (Table 3.4).

According to his recommendation, the spring constant for the model shown
in Fig. 3.7/b is calculated from

ky = koI (3.36)

where

k,, is the spring coefficient for rocking motion,

I;  is the second moment of the contact area between foundation and
soil in the relevant direction.

In Table 3.4

A; is the contact area between foundation and soil,



38 Stability and frequency analyses

I;, is the polar moment of inertia of the contact area about between
foundation and soil.

Table 3.4 Spring constants and coefficients for different motions

Type of motion Spring constant Spring coefficient
Vertical l k, = k;Ar —
Horizontal J_ k.= k;Af k; = 0.5k,
Rocking I ky = k(’zIf k;, =2k,
Torsional ® ;‘ k, = ko1, k, =1.5k,

Values for spring coefficient k;for rocking motion—and for other spring coefficients
for other types of motion—should be determined from soil data for accurate design. If
no reliable soil data is available, coefficients &* k"and &’ can be estimated using the
third column in Table 3.4, where k_ is the modulus of subgrade reaction (also called
‘dynamic subgrade reaction’ or ‘coefficient of elastic uniform compression’).
Recommended values of the modulus of subgrade reaction are given in Table 3.5,
using Barkan’s [1962] data.

If reliable soil information is available, the procedures outlined in
[Richart, Woods and Hall, 1970] can be used for determining more accurate
spring constants and coefficients for the analysis of vertical and rocking
motions.

After substituting for the spring constant in the moment equilibrium equation
and taking into consideration that sina/o=1 holds at o=0, the sway critical load
of the stiff column on flexible support is obtained as

A

N flex —
cr H

(3.37)
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Table 3.5 Recommended values of the modulus of subgrade reaction k;

Soil Modulus of
group Soil group subgrade reaction
category ke [ kN/m® ]

Weak soils (clay and silty clays with
sand, in a plastic state; clayey and silty
sands; also soils of categories II and III
with laminae of organic silt and of peat)
Soils of medium strength (clays and
II silty clays with sand, close to the| 30000-50000
plastic limit; sand)

Strong soils (clay and silty clays with |-
101 sand, of hard consistency; gravels and | 50000-100000

up to 30000

gravelly sands; loess and loessial soils)
v Rocks over 100000

In combining this formula and, for example, the formula for sway buckling in direction X
using the Foppl-Papkovich formula (3.35) above, the formula for the critical load which
takes into account the effect of soil-structure interaction in direction X is obtained as

N::X = sﬂechr,X ’ (3.38)

where N_, is the sway critical load in direction X [formula (3.11)] and
1
sﬂex =
1+3.928

is the reduction factor which is responsible for the effect of the flexible
foundation.

(3.39)

Table 3.6 Reduction factor sp,x

B 0 10110203 |04|05]06(07]08 09]10
Sfex |1.000{0.718]0.5610.460|0.389|0.33810.2980.2670.24210.221]0.203
B 2 3 4 5 6 7 8 9 10 | 50 | 100
Sex [0.11310.07810.060(0.04910.041(0.035]0.031 {0.0280.025(0.0050.003
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Values for factor sy, are given in Table 3.6 as a function of stiffness ratio

B

r.EI
f=—tt 3.40
HKLL (3.40)

where

Iy  is the second moment of area of the bracing system with respect to
axis Y,

Iry is the second moment of area of the foundation with respect to axis
Y,

rs  reduction factor according to Table 3.1.

Graphical interpretation of the Foppl-Papkovich formulae is to be seen in Fig. 3.8. The
diagrams clearly show that the interaction always reduces the value of the critical load.
The maximum reduction is 50%; it occurs when the two part critical loads are of the
same value (Fig. 3.8/a). When one of the part critical loads is much smaller than the
other ong, the value of the critical load is controlled by the smaller value (Fig. 3.8/b/c).

The situation with torsion is somewhat different. The nature of the interaction
between soil and structure is much more complicated and it would depend on
several factors, e.g. the structure and geometry of the foundation (separate
footings, flat-slab foundation, rigid-box foundation, raft foundation, piled
foundation). Each type should be handled individually. The treatment of torsional
interaction is outside the scope of this book; it is only mentioned here that
equivalent spring constants for horizontal and torsional deformations are given
by Key [1988] for circular and rectangular bases. Wolf’s [1985] monograph offers
a detailed analysis of soil-structure interaction.

e (il (T
- - [~ 1
H\-\""‘\-\. N“.-_-__.-' | HH"“'\-,_H .-____.-'"' I
| -~
___.-"'- e, e I‘-\.l::-ﬂ:'." Mz H:I_.-"'- |
- e i Nl — |
< e ——____:TH"" | T —— |
a) L] )

Fig. 3.8 Graphical interpretation of the Foppl-Papkovich formula. a) Part critical loads
of the same magnitude, b) N/ << N_ and N™ = N/, c) N, << N/* and N =N, .

cr
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It should be pointed out here that it is very difficult to estimate appropriate soil
parameters. The accuracy of data related to soil is of one order of magnitude less
reliable than that of data on the geometrical and stiffness characteristics of the
superstructure.

3.1.6 Individual beam-columns

(a) Stability of columns of thin-walled cross-section

The formulae given in sections 3.1.1 and 3.1.2 for multistorey buildings can also
be used with some modifications for the stability analysis of beam-columns of
thin-walled cross section. The sway critical load of columns subjected to uniformly
distributed axially load may be calculated from

cEl
Ncr,X = hzy

cEI
, N,y= hzx ,

3.41)

where h is the height of the column. Values for parameter c are given in Fig. 3.9 for
different end conditions.

The value of pure torsional buckling can be approximated using Southwell’s
summation formula from

1 cEI
N o =172—(GJ + hz“’ ) (3.41a)
14

where ip is the radius of gyration of the cross-section of the column and values of
parameter c are again given in Fig. 3.9. Formula (3.41a) is always conservative.

. { f *\

—e E

o
o= JTEIT 18,57 52.50 13.56 453

Fig. 3.9 Parameter ¢ for different end conditions.
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Cubic equation (3.22) can be used for taking into account the coupling of the basic
modes. It is interesting to note that cubic equation (3.22) can be considered as a
generalization of equation (5.5) in Eurocode 3, Part 1.3 [1992] for the flexural-torsional
buckling analysis of thin-walled columns subjected to concentrated end forces. The
generalization is twofold. First, while the corresponding equation in Eurocode 3 is only
valid for monosymmetrical cross-sections, cubic equation (3.22) can be used for cross-
sections of any shape with no restriction at all, as far as symmetry is concerned.
Second, apart from the concentrated load case, cubic equation (3.22) is also applicable
to columns subjected to uniformly distributed axial load.

(b) Stability of storey-height columns in multistorey buildings

The storey-height columns of a multistorey building can lose stability in two
ways: they can develop sway buckling (when the joints develop relative
translation) or non-sway buckling. Of the critical loads of the two types, the
smaller one is of practical importance. Clearly, the column must have the
necessary stiffness against non-sway buckling. As for sway buckling,
engineering common sense suggests that if the bracing system is adequate, i.e.
if it has the necessary stiffness against the full-height buckling of the building
(cf. Chapter 7), then it is also ensured that the columns do not develop sway
buckling or, to be more precise, the sway buckling critical load is always greater
than that of the non-sway buckling. Detailed discussion of this phenomenon is
available elsewhere [Kollar and Zalka, 1999] and only the findings are summarized
here.

The aszsumption that the storey-height columns of a building with adequate
bracing system develop non-sway buckling is

» conservative when the columns have the same type of joints at both ends, i.e.
fixed joints at both ends, or pinned joints at both ends and
* unconservative when the columns have a fixed lower end and a pinned upper end.

The unconservative error can be eliminated by assuming that in the mixed case (fixed
lower end and pinned upper end) the columns are pinned at both ends.
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3.2 FREQUENCY ANALYSIS

The dynamic problem of beam-columns of thin-walled cross-section has been
investigated by several scientists. Garland [1940] applied the Rayleigh-Ritz
method to cantilever beams and derived a simple approximate solution but
assumed infinitely great stiffness in one of the principal directions. Gere and Lin
[1958] set up the complete system of governing differential equations but only
produced a solution for beam-columns on pinned supports. Their difficulty in
providing a solution for other support systems might have lain with handling
pure torsional vibration. Gere [1954] had earlier published the differential equation
of pure torsional vibration but only presented a solution for the simply supported
case. Several approximate solutions have been recommended for the pure torsional
vibration of cantilevers [Southwell, 1922; Gere, 1954; Kollar, 1979; Goschy, 1981]
but the exact solution has not been produced and the accuracy of the approximate
procedures has not been investigated either. The exact solution to pure torsional
vibrations is presented in this section while the results of a comprehensive
accuracy analysis regarding the approximate solutions mentioned above are
available elsewhere. For lack of the exact solution to pure torsional vibration,
solutions to coupled vibrations [Kollar, 1979; Rosman, 1980 and 1981; Vértes,
1985; Goschy, 1981] could only be approximate.

The procedure presented in this section can also be used for a simplified
dynamic analysis of buildings in seismic zones, where one of the most important
input data is the fundamental frequency of the building [Eurocode 8, 1996; Zalka,
1988].

Assuming uniformly distributed mass, the vibrations of the building are defined
by the simultaneous partial differential equations [Gere and Lin, 1958]:

ElLu"" +pAGi—y,¢)=0, (3.42)
ELV" + pAG+x.0)=0, (3.43)
EL,0"" - GJQ" + pAiX§ + pA(x.v — y i) =0. (3.44)

In the above differential equations primes and dots mark differentiation by
z and t, respectively, and

A is the area of the plan of the building,
u, v,  are the lateral and torsional motions,
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P is the mass density per unit volume of the material of the
building, defined by
p=" (3.45)
g
where
Y is the weight per unit volume of the building [kN/m?],
g is the gravity acceleration [g = 9.81 m/s?].

The similarity between the governing differential equations of stability [equations
(3.1) to (3.3)] and those of vibrations [equations (3.42) to (3.44)] is remarkable. In view
of this similarity, it is not surprising that the boundary conditions given for the stability
analysis [equations (3.4) to (3.7)] also apply to the frequency analysis.

The frequency analysis can be carried out in a way similar to the stability
analysis. The first step is to produce the basic natural frequencies which belong
to the basic (independent) modes: lateral vibrations in the principal planes and
pure torsional vibrations. Second, the coupling of the basic modes has to be
taken into account.

3.2.1 Doubly symmetrical systems—basic natural frequencies

The differential equations characterizing the basic modes are obtained from the
general equations (3.42), (3.43) and (3.45) by using the substitution x.=y.=0.
After separating the variables and eliminating the time dependent functions—
which are not needed for the determination of the natural frequencies—the general
differential equations simplify to

ELu"pA®iu, =0, (3.46)
ELV™ pA®}v, =0, (3.47)
EL0" Gl - pAw,i g, =0, (3.48)

where u,, v, and ¢, characterize the lateral and torsional motions and @,, @, and w,are
the circular frequencies.

Assuming uniformly distributed weight on the floors, the basic natural
frequencies are given as follows. In modifying the classical solution for the
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lateral vibrations of a cantilever under its uniformly distributed weight over the
height [Timoshenko and Young, 1955], the circular frequencies are obtained as

Lr, [EI Lr. |EI
= Wy =4 =%, (3.49)
" H T\ pA T OHT\ pA
where values for the first three frequencies are given in Table 3.7.
Making use of the relationship
(0]
f=—. (3.50)
2

the formulae for the natural frequencies are:
Lr, |EI Lr, |EI
if Y if X
= =r .= . 3.51
Txi = \ pa Fri= pA @31

Table 3.7 Factors for the first three lateral frequencies

i 1 2 3

l; 3.5160 | 22.0345 | 61.6972
L2 | 0.5596 | 3.5069 9.8194
2m/l; | 1.7870 | 0.2852 0.1018

74
H (
K o 7 v v

Fig. 3.10 Mode shapes for lateral vibrations.

According to Table 3.7, the first natural frequencies of the equivalent column in the
principal planes are obtained from
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0.56r, |EJI, 0.56r, [EI
.lr.lli = ﬂ." |_-I _ilr:r =—-.J ll_'l' (352)
H* \ pA H* | pA
and the first natural periods are
. _1L787H® [ pd ; LT8TH [ pA
T EL T VEL T @)

The mode shapes for the first three modes are shown in Fig. 3.10. Studies of the elastic
response of multistorey buildings indicate that for most buildings the fundamental
mode contributes about 80%, while the second and third modes about 15% of the total
response [Fintel, 1974].

Table 3.8 Reduction factor ry

n 1 2 3 4 5 6 7 8 9 10 11

ry [0.493(0.653|0.770{0.812|0.842]0.863]0.879{0.892}0.902|0.911 0918

n 12 13 14 15 16 18 | 20 | 25 30 | 50 >50

ry (0.924(0.9290.93410.9380.941]0.947(0.952(0.961(0.967{0.980 Nn/(n+2.06)

Formulae (3.51) show that the value of the lateral frequencies depends on three factors:
the height, the lateral stiffness and the weight of the building. Of the three factors, the
height of the building is far the most important factor. The value of the frequencies is in
inverse proportion to the square of the height and to the square root of the mass density
and in direct proportion to the square root of the lateral stiffness.

Reduction factor r; in formulae (3.49) to (3.53) allows for the fact that the mass of
the building is concentrated at floor levels and is not uniformly distributed as
assumed for the derivation of the classical formula of a cantilever subjected to its
weight. The phenomenon is similar to the one discussed earlier in section 3.1.1 in
detail. The application of the Dunkerley summation theorem now leads to

| n

1i| n+ 206 ! (3.53a)

where n is the number of storeys. Values for r, are given in Table 3.8, where the values
for n=1 and n=2 have been modified, based on the exact solution, to compensate for
the conservative nature of the Dunkerley formula.
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Fig. 3.11 Frequency parameter 1.

The solution of equation (3.48) and its modification by factor r, [Zalka, 1994b] lead to
the natural frequencies of pure torsional vibrations:

__I]'r""'_r lﬂm
f5i H Vo (3.54)

where 7, is the frequency parameter.

Values for the first frequency parameter n (the first eigenvalue of the problem)
are given in Fig. 3.11 as a function of torsion parameter k. Values in the range of
0 <k <2 are given offering a solution for most practical cases. Table 3.9 covers
the much wider range of 0 <k <1000 making it possible to handle even extreme
cases.

In making use of Fig. 3.11 or Table 3.9, the fundamental frequency is obtained
from

= nr'r IrE'In:l
n"l.,h'? 1II A .

fa (3.55)

Frequency parameters for the second and third natural frequencies for pure torsional
vibrations are given in Tables 3.10 and 3.11.

The tables are limited to k,,,=1000. When the value of parameter k exceeds
1000, the warping stiffness is negligible and formula
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w—nﬁ] |Tf

J (3.56)
. "|I P-'d-

can be used instead of formula (3.54), where i=1, 2 and 3.

The fundamental mode shape is given in Fig. 3.12 as a function of parameter k.
The mode shape is a combination of the two functions: one is associated with
the Saint-Venant torsional stiffness and the other one is associated with the
warping stiffness. With great k values, e.g. for k>>100, the warping stiffness
dominates the response and when k is small, e.g. for k<<1, the mode shape is
determined by the Saint-Venant torsional stiffness.

¥

h:nT
{
[
H [ x=100
/.'
|
I P
-’l’ o T

Fig. 3.12 Fundamental mode shape for pure torsional vibrations.

Formula (3.54) shows that the value of the pure torsional frequencies depends on five
factors: the height, the warping stiffnesses, the mass density of the building, the
radius of gyration of the ground plan of the building and the frequency parameter. As
with the lateral frequencies, the height of the building is the most important factor as
its increase reduces the value of the frequencies quadratically. The value of the
frequencies is in proportion to the square root of the warping stiffness and in inverse
proportion to the mass density of the building. The effect of the Saint-Venant stiffness
enters the equation indirectly, through the frequency parameter. It should be mentioned
here that, according to practical examples, the Saint-\enant torsional stiffness is much
less significant compared to the warping stiffness.
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Table 3.9 Frequency parameter n

£ ] k i k n k i £ i
PO | 0aSseE | 45 [ 16 | 9l | 2607 | 12e | 1764 | 186 | 2830
000 | 05500 | 44 | 148% | 93 | 2631 | 140 | 37950 | 187 A, 055
D05 | 0555 | 47 | 1513 | 94 | 2656 | 141 | 3814 | 18R 4,979
000 | 0560s | 48 | 1537 | 95 | 2680 | 142 | 3838 1849 5Kk
020 | NS638 0 49 | (8561 | 96 | 2705 | 143 | 3863 | 190 | a0
030 | 05690 | 50 | 1586 | o7 | 2729 | 144 | 3888 19 51054
040 | 05761 | 50 | LA | %8 | 2754 | 145 | 3913 | 192 5078
NS0 | L5850 | 5.2 | 1634 | 4% | ZT77E | 1446 | 3917 19.5 S04
060 | 05959 | 53 | 1LASE | 100 | 2803 [ 147 | 3962 | 194 S e
070 | OG0RL | 5S4 | 1682 | 1000 | 2E27 | 148 | 3987 | 195 5.153 |
Q80 | 0E223 | 85 | 170s | 102 | 2As2 | 149 | a2 | 196 S17H
0090 | 0e3T6 | 56 | LT3[ 103 | 287 | 150 | 4036 | 197 | s5a2m
LAy | Qo542 | ST ) 1745 | 104 | 29010 | 150 [ 4061 | 198 50724
Il | 0&T18 | 5E | 1779 | 105 | 20986 | 152 | 4086 | 199 | 5253
12 | (uabls | 58 | 1RO | 106 | 2950 | 153 | 4001 i 5374
13 | Q7000 | 60 | 1527 [T | 2975 154 | 4036 2] 5.5
14 [ 07302 | 6l | LES2 | 108 | 2900 | 155 | 4,160 2 5775
IS5 [ R7S10 | 62 0 LETG | 109 | 3024 | 156 | 4185 | 23 .02
I (7726 | 63 | 1000 | 11 | 3049 | 157 | 420 | 24 6273
L7 | e | 64 | ES24 | 110 | 3075 | 158 | 4.23% 25 7522
I8 | OEITD | 65 | 0945 | 112 | 3098 | 159 | 4250 26 6,771
Lo [ 08307 | &6 | 1w | s | 302 | a0 | 4284 | 27 7021
20 | OB6ZR | 67 | 1997 | 114 | 3047 | 160 | 4300 28 7.370
20 | OERG0 ) 68 | 2020 | 105 | 2072 162 | 4324 | 0 7510
22 | 05085 | 69 | 2046 [ 106 | 3096 ) 163 | 4350 | 30 7,765
23 (09332 ) 70 | 2070 [ 10T | 2 | 1ed | 4383 3] &018
24 (09570 ) 70 | 2aomd [ 108 | 2246 | 165 | 4408 33 5267
G2 | 08EE T2 L2009 [ 11e ) 3270 ) 166 | 4.433 33 E517
P26 | A9 | T [ 2043 | 120 ) 2295 | 147 | 4.458 34 8,766
27 | poemd | T4 | 2067 [ 120 | 2320 | 148 | 4483 35 D016
TR | 10EI | TS 2% | 122 | 3344 | 169 | 4507 k] 4265
20 | 10772 T | 2216 | 123 | 3380 | 170 | 4,532 37 4519
200 LAi0d4 | T ) 2240 | 124 | 3394 | 170 | 4.557 i 4765
A1 D LIEST | TR | 2EGS | 125 | 3408 | 172 | 4582 0 19 10l
3311499 | T | 2240 | 126 | 3443 | 17 | 4607 | 40 10,26
313 0 L1 [ B0 | 2313 1127 | 3468 | 174 | 4632 11| 1274
34 | LI%R4 | B | 2338 | 128 | 3492 | 175 | 4656 | 60 15,26
35 | 1236 | B2 2342 | 129 | 3517 | 176 | 4681 i 17.76
6| L2468 | B3 | Z38T | 130 | 3542 | 177 | 406G 0 202G
AT P LETIL ) B4 | 240D I | 3566 | 178 | 4731 Rl 2176
I8 ) LEE53 | BS | 2435 | 152 | 3501 | 174 | 4756 141 2576
39 ) 13195 | B | 2460 | 133 | 3616 | 18D | 4.78)] 200 325
A0 [ 13437 | 87 | 2484 [ 134 | 3680 | 180 | 4805 | 300 7525
4.1 | LT | B8 | 2500 | 135 | 1685 | IB2 | 484 | 400 10H0.25
47 | 1393 | 89 | 2533 | 136 | 2690 | IRS | 4.855 S0 12525
43 [ LAMGE D90 | 2558 [ 13T | 3TE | rRa | asEn | o000 | 2sp0s
44 | 14408 | 9.1 | 2582 | 136 | 3736 | 185 [ 4905 | >1000 k4
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Table 3.10 Second natural frequency parameter 7,

k m | k| o | k| om |k iz k Th
O | 3507 | 45 | 5200 | B2 | 8435 | 139 [ 1L.78 18.6 1515
001 | 3507 [ 46 | 5352 | 93 | 8504 | 140 [ 1083 | 18T | 1523
005 [ 3507 [ 47 [ 5415 | 94 | 8574 | 140 [ 1180 [ 185 | 1530
D000 | 3508 |48 | 5478 | 935 | Be43 142 | 1197 | 189 | 1537
O3F | 3502 | 4% | 3542 | 96 | 8713 ) 143 | 12.04 9.0 15.43
030 | 3517 | 50 | S606 | 97 | 8783 | 144 [ 1200 | 190 | 15852
040 | 3526 | 51 | 5670 | 98 | 5853 | 145 | 120% 19.2 15.5%
050 | 3536 [ 52 | 5734 | 99 | 8922 | 146 | 1226 | 193 | 1566
060 | 3549 | 53 | 5799 | 100 | 8902 | 147 [ 1233 [ 194 | 1574
0| 3564 | 54 | 5864 | DT | 9062 | 148 | 1Z.40 195 1581
080 | 3581 | 5.5 | 5020 [ 102 | 9032 | 149 | 1247 [ 195 | 1588
oD | B0 | 56 | S50 | 103 | 9202 | 150 | 1253 193 1596
1Ay | 3622 | 57 | G060 | M4 | 9272 | 151 | 1262 145 103
L1 | 3645 | 5% | 6025 | 105 | 9342 | 152 | 1269 | 199 | 1610
B2 | 36701 ) 59 | 6091 | e | 9413 | 153 | 1276 20 16,18
13 | 3699 | 60 | 6257 | 107 | 9.483 | 154 | 1283 | 21 | 1691
14 | 3728 | 61 | 6323 | 108 | 9553 | 155 | 1201 | 22 | 1744
L3 [ 3760 | 6.2 | 6300 | 109 | 9624 | 156 | 12958 25 168,38
16 | 3793 | 63 | 6457 | 110 | 9694 | 157 [ 1305 | 24 | 1901
L7 | 3828 | 64 | 6523 | 100 | 9764 | 158 | 1302 | 25 | 1985
1B | 3865 | 6.5 | 6500 [ 1012 | ©H3S | 159 [ 1319 2 20.59
19 | 3903 | 6.6 | 6.657 [ 103 | 9905 [ 160 [ 1327 | 27 | 2132
20 | 3943 [ 67 | 6724 | 104 | 9076 | 160 | 13354 pE. 2206
20 | 3985 | 68 | 6792 | 105 | 1005 | 162 | 1341 | 29 | 2280
2.2 | 4028 | 69 | 6850 | 106 | 1AZ | 163 | 1348 0 3D 23,54
25 | 4072 | V0| 6936 | 10T | HL1R | 164 | 1356 i] 24,18
24 | 4008 | 70 | 6994 | 108 [ 1026 | 165 | 1363 | 32 | 1503
25 [ 4065 | 72 | TAoE2 [ 108 | 10AE3 | 1ah | 1370 13 2577
o2 | A3 | TE | T | 120 ) W40 | 1eT | 1377 4 26,51
27 | 4262 | 74| TA98 | 120 | 1047 | 168 | 1385 | 35 | 2725
28 [ 4312 75| 7266 | 122 | 1054 | 169 [ 1392 1] 28,00
29 | 4364 | 76 | 7334 | 123 [ 1061 | 170 | 1389 | 37 | 1874
30 | 4416 | 77 | 7402 | 124 [ 1069 | 170 | 1406 | 38 | 2948
31 | 4470 | TR | TATD| 125 | MTE | 172 | 1414 M 30,23
32 | 4524 | 79 | 7530 | 126 [ 1083 | 173 | 1421 | 40 | 3097
A3 | 4579 | B | Te0T [ 127 | 100 | 174 | 1428 50 EL IR
34 | 446535 | B0 | TATA | 128 | 14T | 175 | 14.35 il 45,940
35 | 4601 | B2 | 744 | 129 | 1004 | 176 | 1443 | TO | 5338
16 | 4749 [ B3 | TEIZ | 130 ) TEAD | 197 | 14.50 50 Gl Bis
37 | 4807 | B4 | TEEZ | IR0 | 1018 | 178 | 1457 | 90 | 6R3S
I8 | 4865 | B3 | TS| 32 | 1025 | 1749 | 1464 1K Ta84
30 ) 40524 | B | B020 ) BEE | 103F | 1R | 1472 i 15081
did | 4GEd | BT | SO089 [ 154 | 1040 | 180 ) 14T M 12508
4.1 5044 | BE | BA5E | 135 | 1047 | 182 | 1486 i WL TR
42 | 5005 | 89 | 8ET | I36 | 1054 | 183 | 1454 Sl 37307
43 | 566 1 90 | X6 | 137 | 1061 | 184 | 150 LEHR T50.T6
44 | 5228 |00 [8366 | 138 [ 1068 | 185 | 1508 | >1000 | 3kd




Frequency analysis 51

Table 3.11 Third natural frequency parameter 7,
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Finally, the value of the frequencies is in inverse proportion to the radius of gyration
of the ground plan. Formulae of the warping constant (2.5) and the radius of gyration
(2.6) to (2.11) show that the arrangement of the bracing elements has a great effect on
the torsional response of the building. The torsional performance can be significantly
improved in two ways. Reducing the distance between the shear centre of the bracing
system and the centroid of the mass of the building leads to a bracing system arrangement
which is doubly symmetrical or nearly doubly symmetrical. Investigations show that
multistorey buildings are very sensitive to eccentricity [Jeary, 1981]. Even 10 per cent
eccentricity can ensure that the structure becomes susceptible to torsional vibrations
[Zhang, Xu and Kwok, 1993].

Perhaps equally important is to place the bracing shear walls in such a way
that their ‘torsion arm’ (the perpendicular distance between their planes and the
shear centre of the system) is maximum. Incidentally, this is exactly the case
when efficiency, as far as stability is concerned, is considered. This principle is
shown in Fig. 4.13 where a bracing system comprising four shear walls are
arranged in two ways. Arrangement ‘a’ is not efficient, as it represents practically
zero warping stiffness. On the other hand, arrangement ‘b’ is highly efficient as
the system has significant warping stiffness.

3.2.2 Coupling of the basic modes; combined lateral-torsional
vibrations

The similarity between the governing differential equations of stability and
vibrations and between the structures of the formulae of the basic critical loads
and natural frequencies indicate that the handling of the coupling of basic modes
may also be similar. Indeed, the similarity still exists and simple procedures, very
similar to those presented in section 3.1.2 for taking into account the coupling of
the basic critical modes for the stability analysis, can be used for taking into
account the coupling of basic modes for the frequency analysis.

(a) An approximate method

The combination of the basic frequencies may be taken into account by the
Foppl-Papkovich theorem and the combined lateral-torsional frequencies can be
obtained from
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1 1 1 1

F_f_,?+f_,?+f_j' (3.57)
where f,, f, and fw are the basic (uncoupled) frequencies defined by formulae (3.51) and
(3.54). The advantage of formula (3.57) is that it is easy to use and it is always
conservative. However, its use in certain cases can lead to considerably uneconomical
structural solutions as the error of the formula can be as great as 42%. A more accurate
and only slightly more complicated solution is given in the next section.

(b) A more accurate method
The solution of the simultaneous differential equations (3.42) to (3.44) leads to
the determinant

o’ -y 0 -0y,
0 o-o, ©x |=0, (3.58)
2 2 -2 2
-7y, W°x, zp(a)—mqo)
where ®,, ®, and w_are the basic lateral and torsional circular frequencies. After

making use of the relationship f=@/2, the expansion of the determinant results in the
cubic equation

)3 +a,(fH*+af*—a,=0, (3.59)
where the coefficients are
2.2 2.2 2 2 2
a, = er+frrrz_f¢2_fx_fr" (3.60)
1-Ty —1y
2 p2 2 p2 2 02 202 02
_Ixfy A hfx S Iy e Ixfy 1y ]

1 2 2 s 0T 2 2 (3.61)

1-7% -1y I-7y -7y

In formulae (3.60) and (3.61) parameters

=3 ang il (3.62)

characterize the eccentricity of the mass and f, f, and f, are the basic frequencies. Of
the three roots of the cubic equation, the smallest one is the most important in practical
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application being the fundamental frequency of the building—cf. notes on the cubic
equation for stability in section 3.1.2.

The only difference between cubic equations (3.22) and (3.59) is that equation
(3.22) is exact in taking into account the interaction among the basic critical
loads for the stability analysis and equation (3.59) is slightly approximate for
the dynamic analysis. The level of approximation in the dynamic analysis is very
good and is well within practical structural engineering requirements: the error is
below 1% with double coupling [Gere and Lin, 1958] and does not exceed 2% in
the general case when all three basic frequencies are coupled.

The similarity between the buckling and dynamic behaviour can once more be
exploited and the calculation of the fundamental (combined) frequency can be
speeded up by using Tables C1 to C11 in Appendix C. The comparison of formulae
(3.21) to (3.24) and (3.58) to (3.61) demonstrates that any mode coupling parameter
in the tables is in fact a mode coupling parameter for the frequency analysis as
well, if it is obtained as a function of

n=—= and r,=-% (3.63)

and eccentricity parameters t, and t, defined by formulae (3.62).
Knowing the mode coupling parameter «, the combined (lateral-torsional)
fundamental frequency is obtained from

f=yxf,, (3.64)

where fq) is the basic frequency for pure torsional vibration.

The evaluation of cubic equation (3.59) leads to observations similar to those
presented in section 3.1.2.b.

As with the case with the coupling of basic critical loads, the coupling of the
basic frequencies clearly reduces the value of the natural frequencies. The
magnitude of the reduction mainly depends on two factors: the relative value of
the uncoupled frequencies compared to one another and the eccentricity of the
bracing system in relation to the centroid of the load (mass of the building). The
nearer the values of the three uncoupled frequencies, the bigger the reduction
compared to the smallest of the three values. Similarly, the greater the distance
between the shear centre and the centroid of the load, the smaller the coupled
frequency. It is very important to take the coupling of the basic modes into
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consideration: the maximum error made by failing to do so may result in an
unconservative error of 55% in the value of the fundamental frequency.

(c) Special case: monosymmetric arrangements

The calculation can be simplified in monosymmetrical cases (Fig. 2.4/b) and the
mode coupling parameters in Fig. 3.5 and in Table 3.3 in section3.1.2.c can be
used for the prompt calculation of the combined frequency.

In the monosymmetrical case lateral vibration in the plane of symmetry develops
independently and only the lateral vibration perpendicular to the axis of symmetry and
pure torsional vibration combine. Assuming uniformly distributed mass and that axis X
is an axis of symmetry, i.e. that y =0 holds, the combined frequency can be expressed
by the closed form formula

-f..lnﬂlm'\d' - -"'I'F_'-lf.:l' (365)

where the values for the mode coupling parameter € are given in Fig. 3.5 and in Table
3.3, as afunction of 7, [formula (3.62)] and

P
The basic frequencies f, and fq) are defined by formulae (3.51) and (3.54). Table 3.3
covers the range 0 <r, < 100. When r,>100, r,=100 can be used. The error made by this
approximation is always smaller than 1%. The fundamental frequency for
monosymmetrical bracing systems is the smaller one of the combined frequency and
the independent lateral frequency in the plane of symmetry.

(3.66)

3.2.3 Concentrated mass at top level; single-storey buildings

Single-storey buildings represent a special case as most of the mass of the
building is concentrated in the floor slab. The governing differential equations
(3.42) to (3.44) (and also their solution) simplify and the basic natural frequencies
of the equivalent column are readily available using classical formulae presented
for cantilevers [Timoshenko and Young, 1955]. The fundamental frequencies for
lateral vibrations are
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[ El, A3 [EL,
lﬂzH 1.| AHp™ T 2z | AHp (3.67)

fu=

where p* is the mass density per unit area of the top floor, defined by

p ==, (3.68)

where

Q  is the weight per unit area of the top floor [kN/m?],
g s the gravity acceleration [g = 9.81 m/s?].

The situation is slightly more complicated for pure torsional vibrations as both the
Saint-Venant and the warping torsional stiffnesses have a contribution. When the
warping stiffness is considered the fundamental torsional frequency is

w_ A3 ||u
y EmH‘l,Ia‘:.Hp

(3.69)

and when the Saint-Venant stiffness is taken into consideration the fundamental

torsional frequency is
.""" 1| G
dp = — 1] .
Imi, Y AHp

(3.70)

The equivalent column (i.e. the bracing system) normally has both types of stiffness.
Their simultaneous effects can be taken into account approximately by using the
Southwell theorem. Accordingly, a conservative estimate of the fundamental torsional
frequency is obtained from

3 El, N 1 S

— e I II r
fo = Y ) = 4rr”h'zAH,r_:u dn’i’ AHp' (3.71)

as:
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3.2.4 Soil-structure interaction

The effect of the foundation medium in modifying the response of a structure, in
relation to its behaviour when founded on an essentially rigid base on firm or
moderately firm ground is relatively small [Parmelee, Perelman and Lee, 1969].
This is particularly true for multistorey buildings which are relatively flexible
compared to the supporting medium. For such cases, the assumption that the
structure is rigidly builtin at the bottom is justifiable.

For stiff structures, particularly those resting on relatively soft ground, the
effects of soil-structure interaction can be significant. It cannot be predicted,
however, whether the interaction is beneficial or detrimental to the structural
system as several aspects are involved, including the properties of the structure,
the supporting soil, damping, coupling between substructure and its supporting
soil, etc. It is especially difficult to establish reliable properties of soil. Theoretical
research and the results of full-scale tests indicate that foundation flexibility has
a greater effect on the first frequency than on the second one [Maciag and
Kuzniar, 1993].

Because of its reliability, the following simple formula based on the Foppl-
Papkovich theorem can be used to obtain a conservative estimate of the effect of
the flexible supports on the lateral frequencies of the building. According to the
Foppl-Papkovich theorem, the fundamental frequency of the building can be
calculated from two parts. First, it is assumed that the flexible superstructure
(modelled by the equivalent column) is on a fixed support (Fig. 3.13/a). The
frequency which belongs to this case is

f= U'jf:,r’ |IE. (3.73)
H* Y pA

Second, it is assumed that the superstructure is totally stiff and is on a flexible support
(Fig. 3.13/b). The fundamental frequency which belongs to this case [Kollar, 1979]
assumes the form
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. A [k,
flex 'mH pAH ’ (374)
where
k, is the spring coefficient for rocking motion (cf. section 3.1.5),
I is the second moment of contact area between the foundation

and soil in the relevant direction.

- .
1 )
y |
H I/ i !
1 1
| i
1
/
A+ =
al bif

Fig. 3.13 Soil-structure interaction, a) Flexible superstructure on fixed support,
b) stiff superstructure on flexible support.

Table 3.4 and Table 3.5 in section 3.1.5 offer suitable values for the spring coefficient in
formula (3.74).
The Féppl-Papkovich formula can now be applied to the “part’ frequencies:

1 | |

—_——— e ——

<2 . 3.75
.lrlrll .-r .'I-_rrp.- ( )
After substituting for fand f,_ in formula (3.75) and some rearrangements, the formula
for the fundamental frequency can be obtained as

St =Tt (3.76)

where
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1

rﬂrt = fl+4.13ﬁ (3.77)

is the reduction factor which takes into account the effect of the flexible foundation.
Values for factor rrex are given in Table 3.12 as a function of §:

fi=—-—. (3.78)

where values for r, are given in Table 3.8.
Table 3.12 Reduction factor rpx

B 0 011020304 ]05]|06]07|08|09]|1.0
rrex |1.000)0.841]0.74010.66810.614|0.571|0.53610.5070.482(0.460(0.442
B 2 3 4 5 6 7 8 9 10 | 50 | 100
Iaex [0.329]0.273]0.23910.215]0.197]0.183|0.171{0.162}0.1540.069 (0.049

Once again, the effect of the rotational interaction between soil and structure also has
to be considered. No simple solution is available for torsional interaction and each
case should be carefully examined after taking into account the type of foundation
which basically affects the nature of the phenomenon.

Ellis [1986] recommends a simple summation formula for taking into account
both the translational and torsional interaction; he also investigates the
significance of soil-structure interaction using measurements on four buildings
and proposes an approximate method of quantifying soil-structure interaction.

Although other simple approximate methods [Ellis, 1984] and sophisticated
computer procedures [Coull and Mukherjee, 1978] are available for the analysis
of structures on flexible supports, it should be pointed out that it is very difficult
to estimate appropriate soil parameters. Accuracy of data related to soil is of one
order of magnitude less reliable than data on geometrical and stiffness
characteristics of the superstructure.
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3.2.5 Supplementary remarks

The procedures presented in the previous sections for the frequency analysis
concentrate on the dominant characteristics of the structure while items whose
influence on the dynamic response is normally small are neglected. Under certain
circumstances, however, some phenomena and characteristics of usually
secondary importance may increase their effect and therefore they may be no
longer negligible. Such cases are discussed briefly in this section.

(a) Compressive forces
In analysing the lateral vibrations of simply supported beams subjected to
concentrated end-forces and cantilevers under their uniformly distributed weight,
Timoshenko [1928] took into account the effect of axial forces. His results showed
that the axial compressive forces reduce the value of the frequencies of natural
vibration by the factor of

1-— (3.79)

where F is the magnitude of the axial load and F_ is the corresponding critical load.
The reduction factor is considered exact for simply supported beams subjected to
concentrated end-forces and can be used as reasonable approximation for cantilevers
under uniformly distributed axial load.

Timoshenko’s results can be generalized and the same approach can be applied
to the coupled vibrations of thin walled cantilevers of open cross-section. Taking
into account the effects of the uniformly distributed axial forces, the relevant
formulae can be modified. This leads to the following formulae for the first basic
frequencies

0.56r, |Ef, N 0.56r, [E N
fe= ol £l L | fr= il |IH* L (3.80)
H' Vpal N, H* \pa| N,

oF,

-
nre  |EL N
1= : (3.81)
A

fo = i H 1||| pA|l N,

which now take into consideration the effect of the axial forces. Critical loadsN_ ., N

crY

and N, ,are the basic critical loads and are obtained from the stability analy5|s as
descrlbed in section 3.1.1.
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(b) Shear deformation

When relatively short bracing elements (compared to the cross-sectional
dimensions) are analysed and higher frequencies are also needed, the effect of
the shear deformations can be of considerable magnitude. The deformations
increase, resulting in a reduction in the frequencies. Various sources offer
excellent treatment of this problem. Detailed mathematical background is given
by Bishop and Price [1977] and Capuani, Savoiva and Laudiero [1992]. Closed
form solutions are presented by Huang [1969], Timoshenko, Young and Weaver
[1974] and Capuani, Savoiva and Laudiero [1992]. According to the
investigations, the shear deformation may have considerable effect on the higher
frequencies but only slightly modifies the fundamental frequency. As the effect
of shear deformation is considered of secondary importance, it can be neglected
when the fundamental frequency is calculated.

(c) Damping

Most frequency analyses including the one presented here ignore the fact that
due to movements of a structure, energy absorption occurs through friction, air
resistance and viscous behaviour resulting in damping. The omission of these
effects leads to overestimated frequencies. The inclusion of damping
characteristics in the governing equations would make the analysis much more
complex. The effect of damping in multistorey buildings is not significant, as a
rule, as the natural frequencies are not highly affected by the degree of damping.
The problem is therefore often sidestepped in structural engineering design by
estimating the damping forces separately. This can be done either theoretically
or using test data [Littler, 1993]. Different forecast models are available for
damping and vibration periods of buildings [Lagomarsino, 1993]. Damping
coefficients are also provided in papers and monographs [Fintel, 1974; Hart and
Vasudevan, 1975; Irwin, 1984; MacLeod, 1990; Goschy, 1990], which then may be
used for estimating the damped frequency. A simple estimation [Fintel, 1974] is
obtained using the formula

|
1 2

fa=f1-B (3.82)

which is derived for single-degree-of-freedom systems. In formula (3.82), f is the
frequency when damping is neglected and f, represents the frequency when damping
is taken into account. Coefficient 3 is the damping ratio relative to the critical value of
the damping coefficient, i.e. to the value of damping which would just cause an initial
displacement to decay to zero without any oscillation. The value of coefficient R
ranges from about 0.02 to 0.20 for most civil engineering structures; the effect of
damping is usually well under 10%.
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(d) Approximate methods

The accuracy of some approximate formulae for pure torsional vibrations is
investigated in detail in [Zalka, 1994b]. Many approximate methods have been
published for predicting the fundamental natural frequency of buildings [Ellis,
1980; Goldberg, 1973; Goschy, 1990]. Detailed evaluation of their accuracy is
available [Ellis, 1980; Jeary and Ellis, 1981] and it is not the intention of this
section to do further research in this area.

However, having evaluated a number of numerical examples, it is worth
emphasizing one important point. Most approximate methods are one-parameter
(height of building) or two-parameter (height and width of building) methods
offering a simple formula for the fundamental frequency. They do not take into
consideration the nature of the mode of vibration and ignore the possibility of
mode coupling. The well-known formula

46

F=4

(3.83)

is perhaps the most characteristic example. It produces surprisingly good
approximations for lateral frequencies. However, when torsion (and/or mode coupling!)
plays an important role, the formula may produce totally incorrect results.

The relative success of the one-parameter formulae is due to the fact that they
are based on the height, one of the three most important dynamic characteristics.
The mass and the bending stiffness of the building do not vary much in relative
terms and can be represented fairly well by a single constant, e.g. 46, in formula
(3.83).

The situation is different with torsion. The mass of the building is still easily
predictable and the Saint-Venant torsional stiffness plays a very little role.
However, the effect of the warping stiffness can be significant. Its value depends
on the arrangement of the bracing elements to a great extent. Using the same
size of bracing elements producing the same bending stiffness and the same
mass, the warping stiffness can be increased, or decreased, by orders of
magnitude. (Figure 4.13 in Chapter 4 shows an example for maximizing the warping
stiffness of a bracing system with given bracing elements.)
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Stress analysis: an elementary approach

When the bracing system under horizontal load is analysed, the most important and at
the same time the most difficult task is the establishment of the distribution of the load
among the elements of the bracing system. The objective of this chapter is to provide
the structural designer with simple procedures to carry out this task. The closed-form
solutions and guidelines make it possible to determine the load shares on the bracing
elements and to calculate the maximum translations and rotation of the building in a
very simple and efficient manner.

The behaviour of the whole structure is complex and the exact calculation normally
represents a formidable task. In practical structural design, however, the complexity of
the task can be considerably reduced by introducing some carefully chosen simplifying
assumptions while keeping the accuracy of the results within a range acceptable in
practice.

The assumptions used in this chapter in addition to those listed in
Chapter 1 are as follows.

»  The horizontal load is uniformly distributed over the height of the building.
e Thetorsional stiffness of the individual bracing elements is small and is therefore
neglected.

Both the above assumptions are dropped in the next chapter where a more advanced—
albeit slightly more complicated—method is presented for the analysis.

To help to understand the basic principles governing the 3-dimensional behaviour
of buildings under horizontal loads, the derivations of the design formulae are also
presented. The derivations are based on elementary static considerations and do not
require any special (mathematical) background.

The spatial behaviour of the building is described in section 2.1.
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4.1 HORIZONTAL LOAD

Although the magnitude of the horizontal load must always be established according
to the relevant Code of Practice regulations, some simple methods are given here in the
following sections, which can also be used for

» comparing the different types of horizontal loads,
» checking the result of more sophisticated calculations.

4.1.1Wind

Wind is probably the most important horizontal load. Design for wind can be carried
out, in most cases, applying an equivalent static wind pressure on the building acting
normal to the surface. The resulting wind force on the structure may be determined by
means of the global force [Eurocode 1, 1995]. The global force is obtained from

'Fh = ':I.ﬂ':.:'r ::Il:.d{ll. Arn"?fr_l' r (41)
where
cz.) is the exposure coefficient,
Cd is the dynamic coefficient,
cr is the force coefficient,
Aves is the reference area for ¢y
and
(L
‘.Iln-_l' - E I'.ln-." (42)
is the reference mean wind velocity pressure with
P air density (p = 1.25 kg/m®, unless otherwise specified),
Veyef reference wind velocity.

The reference wind velocity in formula (4.2) is obtained from

Vier = ComCremCarrVeero » 4.3)

where
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CDIR is the direction factor (cp;r = 1, unless otherwise specified),

CTEM is the temporary (seasonal) factor (crgy = 1, unless otherwise
specified),

CALT is the altitude factor (c4 7 = 1, unless otherwise specified),

Vrefo is the basic value of the wind velocity given by means of
wind maps.

For vertical cantilevered structures with a slenderness ratio height/width>2 and with
nearly constant cross-section over the height, the global force is calculated from

Fry=C(2;)C4CA ey » (4.4)
where
A; is the incremental area,
Zj is the height of the centre of gravity of incremental area A,
o is the force coefficient for incremental area A;.

Information regarding specific values and the application of coefficients c,, z,, z, ¢, C;,
Ciis Arets Ajs P Coirs Crews Carr @Nd Vip,q 1S given in Part 2.4 in Eurocode 1 [1995].

Although code provisions (and the values of coefficients) may change from time to
time, formula (4.1) shows the basic principle: the value of the global force basically
depends on the size of the reference area and the wind pressure. Additional modifying
effects (exposure, direction, altitude, shape, terrain, etc) are accounted for by using
coefficients. Comprehensive treatment of and guidelines to wind loading of building
structures are given by Cook [1985 and 1990].

4.1.2 Seismic load

Under certain circumstances, Code of Practice regulations in some European countries
and American states allow the use of equivalent static load for seismic analyses. For a
simplified analysis, for example, the global seismic force (the resultant of the equivalent
static load) can be calculated from

S=QKS, (4.5)

where
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0 is the total dead weight of the building [kN],
K is the seismic constant,
B is the dynamic coefficient.

The total dead weight of the building is conveniently calculated by using a spreadsheet
covering all the different types of material used for the construction. Quick results
and—for most conventional buildings—good estimates can be obtained by using an
equivalent floor load for the calculation. For example, an equivalent floor load of g=10
kN/m? per unit area, which also covers the weight of the vertical structures, normally
represents a conservative estimate.

Values for seismic constant K are given in Table 4.1, according to the Mercalli-
Sieberg-Cancani (MSC) scale, where the seismic zones in the first column should be
obtained using official seismic zone maps.

Table 4.1 Values for seismic constant K

MSC
5 0.005
6 0.010
7 0.025
8 0.050

The value of dynamic coefficient 8 (which is in fact the fundamental frequency of the
building) is calculated from the relationship

i< f===30, (4.6)

where T is the natural period of the building. Its values are given in Table 4.2, as a
function of soil characteristics, where n is the number of storeys.

Table 4.2 Values for natural period T

Soil | T
stiff, rocky n/15
medium n/20

soft, loose (clay, sand) | n/30

Experience and comparisons to other Code of Practice regulations show that formula
(4.5) results in reliable estimates for the seismic load for the analysis of relatively stiff
buildings [Gergely, 1975]. However, formula (4.5) tends to lead to very conservative
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solutions for flexible bracing systems and therefore more accurate methods may be
needed for the final analysis of flexible systems. Simple methods are given in section
3.2 for calculating the fundamental frequency and the natural period of the building.

Knowing the resultant of the total seismic force, the intensity of the horizontal
seismic load of uniform distribution is obtained from

S
=, 4.7
Ds TH “4.7)

where L is the width of the building in the perpendicular direction and H is the height
of the building.

Formula (4.5) shows the basic principle: the value of an equivalent static load
basically depends of the weight of the building, its fundamental frequency and the
seismic zone it is in. According to different national Code of Practice regulations,
additional effects can be accounted for by introducing more coefficients into the
formula (e.g. foundation flexibility coefficient, damping factor, importance factor, mode
factor, etc).

Several monographs are available for seismic analysis and earthquake resistant
design offering theoretical background, simple approximate and more advanced
methods and practical guidelines [Newmark and Rosenblueth, 1971; Key, 1988; Scarlat,
1996].

4.1.3 Construction misalignment

Additional horizontal forces may arise due to the inappropriate placing of the vertical
load bearing elements. The following procedure offers a simple formula for the resulting
horizontal load.

Fig. 4.1 Wall misalignment.
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An out-of-plane vertical element in an inclined position (Fig. 4.1) develops the horizontal
force

H=vEZ, @38)
%

where V [kKN/m] is the vertical load on the element, 4 [m] is the storey height and u [m]
is the misalignment.

The value of the total horizontal force due to misalignment depends on the number
of elements on one floor level (r,) and the number of elements above each other, i.e.
the number of storeys (n). The value of the resulting total horizontal load is not
proportional to the number of vertical elements, since misalignment can occur in both
directions and some of the resulting horizontal forces may cancel each other out. This
can be approximately taken into account by introducing the probability factor 0.5(n,n)",
which leads to the formula for the total horizontal force as

F, =V %% NE 4.9)

This horizontal force represents the uniformly distributed horizontal load p,, [KN/m?]:

Vi
Pm= ﬁdn;ﬂ- (4.10)

The vertical load V [kN/m] in the above formula is the average vertical load of the
vertical load bearing elements on a floor level.

4.1.4 Comparisons

The three types of horizontal load are quite different in nature. The magnitude of the
wind load is in direct proportion to the size of the building and, for cross-wall system
buildings, this leads to quite different wind loads in the two directions that are normally
considered for the structural analysis since the wider the building, the greater the wind
load (Fig. 4.2/a). Accidentally, this may go in parallel with a stronger bracing system
since a wider building normally has more bracing elements.

The situation is different with the seismic load. Its magnitude is primarily determined
by which seismic zone the building is in and the value is proportional to the mass of the
building. It follows that the seismic load does not depend on the size of the area of the
facade and it is of similar magnitude in every direction [cf. formula (4.5)] (Fig. 4.2/b).
This fact should be borne in mind in seismic design when in many cases an ‘ordinary’
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bracing system (one created for wind resistance) may easily be inadequate in the
direction perpendicular to the cross walls.

I
l

IFw_yb-} Fw,x ISY = Sy

a) b)

Fig. 4.2 Cross-wall system. a) Wind forces, b) seismic forces.

The comparison of the different types of horizontal load reveals interesting
characteristics. The magnitude of the seismic force on a building in zone 8 by the MSC
scale can be even ten times greater than that of the greater wind force. The two forces
are normally of the same order of magnitude in zones MSC 5 and MSC 6. The magnitude
of the horizontal load due to misalignment is normally smaller than that of the wind
load; assuming a misalignment of ©=0.015 m, it is in the range of 5-40%.

4.2 BUILDINGS BRACED BY PARALLEL WALLS

Bracing low-rise building by using frameworks is normal practice but as the number of
storeys increases, the building may develop deformations of unacceptable magnitude
or it may lead to uneconomic structural solutions. Some or all of the frameworks are
replaced by shear walls, resulting in the widely used cross-wall system for buildings
subjected to wind load. When the system comprises shear walls and frameworks, the
frameworks are often neglected in the structural analysis for horizontal loads as a
conservative approximation. This approximation is justified as their lateral stiffness is
indeed negligible compared to that of the shear walls. The bracing system is represented
by a system of parallel shear walls, which can be investigated in a simple manner. This
is shown in this section where the second moment of area of the walls perpendicular to
their plane as well as their torsional constant are neglected as a conservative
approximation.
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4.2.1Basic principles

Two basic principles are used for the analysis: the translational stiffness and the shear
centre.

(a) Translational stiffness
Translational stiffness k is defined as the uniformly distributed load of intensity p and
resultant F which, acting on a cantilever of length H and bending stiffness El, develops
unit translation at the free end.

The top translation of the cantilever with the above characteristics is obtained
using the principle of virtual work in the usual way (Fig. 4.3):

. l--J'wn-f __ | pH  H3H _pH' FH'
Efd7FTET RN 203 04 RET RED

The translational stiffness is obtained when this translation is of unit magnitude:

(4.11)

BET
= —, 4.12
TE (4.12)
1
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- ]
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Fig. 4.3 Top translation of cantilever.

Using the translational stiffness, the maximum translation of the cantilever is obtained
from

1
©= ;F - (4.13)
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(b) Shear centre
The shear centre is an important geometrical characteristic of the bracing system. By
definition, an external force passing through the shear centre only develops translation
but not rotation.

The shear centre is the centroid of the translational stiffnesses and is also called
centre of stiffness. Its location is calculated using the rules of determining the centroid.
The distance of the shear centre from an arbitrary axis is obtained by dividing the
‘static moment’ of the translational stiffnesses related to the axis with the sum of the
stiffnesses. The x coordinate of shear centre O of the system of parallel walls in the
coordinate system ¥—y (Fig. 4.4) is obtained from

[}

=) (4.14)
Sk
1

where ¥ ;s the distance of the ith wall from axis , k; is the translational stiffness of the
ith wall defined by formula (4.12) and 7 is the number of walls.

ks ko K} k| Kn X

-

= 3"
—

Fig. 4.4 Shear centre for parallel walls.

When all the walls are of the same material and height, the above formula
simplifies to
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X, Hm— (4.142)

4.2.2 Load distribution

Consider the bracing system of the cross-wall system building whose layout is shown
in Fig. 4.5/a. The resultant of the external horizontal load (F) passes through the
geometrical centre of the layout (C). The floor slabs transmit forces F; to the shear
walls, which are then balanced by reaction forces —F. The objective is to determine
these forces. (For the sake of simplicity, only the external forces are shown in the
figures in this section.)

The shear centre is located first. Knowing the geometrical and stiffness
characteristics of the walls, formula (4.14) yields the coordinate of the shear centre
from axis y. The investigation is then carried out in the new coordinate system x—y
whose origin coincides with the shear centre and whose coordinate axes are parallel
with the sides of the layout. The location of the ith wall in this coordinate system is
defined by coordinate x; and the location of the centroid (where the external load
passes through) by x..

a)

b)

Fig. 4.5 Building braced by parallel walls. a) Layout, b) displacements.
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The resultant of the lateral load (F) passing through the centroid is replaced by force
F passing through the shear centre and the couple M=Fx_around the shear centre.
Force F passing through the shear centre makes the building translate but not rotate.
All walls translate by c.. Couple M makes the building rotate around the shear centre,
developing translations c,; of the walls. The translation of the ith wall (Fig. 4.5/b)
therefore is
C=Ce+Cyi (4.15)

Making use of formulae (4.13) and (4.15), the load on the ith wall is given by

Fi=ki(ce+Cy,)- (4.16)
According to Fig. 4.5/b,

Cyi-=Xtane, (4.17)

where ¢ is the rotation of the building. Combining formulae (4.16) and (4.17) results in
the load on the ith wall as

F=k;(ce+xtang). (4.18)

This equation contains three unknowns: F, ¢_and ¢. The two more equations needed
to solve equation (4.18) are obtained using equilibrium considerations.
The equilibrium of forces in direction y is expressed by

F= E.' f (4.19)

which, after substituting for F; assumes the form
F =¥ kfcg +xtang), (4.20)
I

Rearranging equation (4.20) leads to

F= f-'f'zk. + talltpE k. (4.21)
] ]
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The second term on the right-hand side is zero since Xk x; represents the “static moment’
of the stiffnesses with respect to the shear centre (i.e. to their centroid). The translation
caused by force F is therefore obtained from equation (4.21) as

I 4.22
Z‘f. (4.22)
Moment equilibrium with respect to the shear centre is expressed by

Fx_ = ZM = i;—‘,x, (4.23)
1 [

which, after substituting formula (4.18) for F,, assumes the form

A
Fx. =¥ kx(cp +x tang) . (4.24)
1
Rearrangement leads to
K ]
Fx, =cp 3k, +tang® k' 4.25)
1 [

The first term on the right-hand side is zero because Zkx; (the ‘static moment” with
respect to the centroid) is zero. Thus, the rotation of the building is obtained as

Fx.
n : (4.26)

Ek:.tf

ang =

Substituting for ¢ and tan ¢ in equation (4.18) finally results in the load share of the
total horizontal load on the ith wall:

Fe—tips B4 g

YE o Yk “27)
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In the practical case when all the walls are of the same height and material, Hand E in
the formula of translational stiffness can be taken out and formula (4.27) simplifies to

F=ti gy

vi  Yid

The first term in formula (4.28) demonstrates that of the total external load (F) each wall
takes a load share proportional to their second moment of area. The second term
shows that, due to the torsional moment of the external load (Fx ), the walls also take
additional load shares. The magnitude of this load share can be significant; its value
depends on, in addition to their second moment of area, the distance of the walls from
the shear centre (x,). This geometrical property is called the ‘torsion arm’ of the wall.
Theterm ¥ f x* lmtl in the denominator of the second term plays an important role
in the torsional benaviour of the bracing system and is called bending torsional constant,
or warping constant:

Fx,. (4.28)

l,= 3 1xl. 4.29)
1

Formula (4.28) for the load distribution is effectively identical to the one presented by
Pearce and Matthews [1971], Dowrick [1976] and Irwin [1984] for cross-wall systems.

4.2.3 Deformations

When the load shares on the walls are known, the maximum top translation of the walls
is obtained using formula (4.13):

1 H-

= Fi=gm B (4.30)

According to Fig. 4.5/b, the maximum translation occurs at one end of the building.
If there is a wall there, then formula (4.30) can be used for the calculation of the
maximum translation of the building. If there is ho wall where the maximum translation
occurs, then formula (4.30) cannot be used. In that case, formulae (4.15) and (4.17)
should be combined:
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Cma><:CF+CM,max:CF-i-Xmaxtan (p! (431)

where x _ is the location of the maximum translation measured from the shear centre.
Substituting for c_and tang in formula (4.31), the formula for the maximum translation
assumes the form:

|k

B F =
SIS S

'rrm-l: - (432)

"

Assuming small angles when the approximation tang =¢ holds and making use of
formulae (4.26) and (4.12) the rotation of the building is calculated from

BEw . o (4.33)

The rotations obtained from the above formulae are given in radian. According to
formula (5.33) in section 5.2.2, their value in degree is ¢ [degree]=57.3¢ [radian].

4.3 BUILDINGS BRACED BY PERPENDICULARWALLS

Buildings with a square layout (or with plan width and breadth of similar size) under
wind load and buildings of any layout geometry in seismic zones need bracing elements
in both directions. The spatial stiffness of such systems is maximized when the
perpendicular walls are built together. However, in many practical cases the walls are
not built together (e.g. they are not located near each other), or they are built together
but the vertical joints are not constructed to transfer shear. This type of independent
perpendicular wall system is investigated in this section. The principals and the treatment
are identical to those applied earlier to the system of parallel walls.

4.3.1 Load distribution

The procedure is presented for buildings with perpendicular walls, under horizontal
load F, in directiony (Fig. 4.6/a). Itis assumed that the height and modulus of elasticity
are identical for each wall.
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The first step is to determine the location of the shear centre. This is done by using the
same procedure as in the previous section [which led to formulae (4.14) and (4.14a)]
but because there are walls in both the x and y directions, the calculation is carried out
in both directions resulting in both coordinates of the shear centre:

BT By

X, ¥, (4.34)

In the above formulae I, ; and | ; are the second moments of area of the ith wall with
respect to its centroidal axes and n is the number of walls. The origin of the coordinate
system is now transferred to shear centre O.

The external horizontal load (F,) passing through the geometrical centre (C) is
replaced by F, acting in and moment M=F, x_ acting around the shear centre. Under
F, in the shear centre, the building develops a translation in direction y but no
rotation occurs. This translation, identical for each wall, is denoted by c,.. Under
moment M, the building develops rotation ¢ around the shear centre. Because of this
rotation, the walls undergo additional translations. These translations are denoted
by ¢, and c,y; in directions x and y. The translation of the ith wall in direction y is
expressed by

Cyri=CyetCym,i (4.35)
The two terms on the right-hand side show the effect of the horizontal force
passing through the shear centre and that of the moment around the shear centre
(Fig. 4.6/b).

In making use of equations (4.13) and (4.35), the load share on the ith wall is
obtained from

Fy!i:kx,i(CyF+CyM,i)l (436)

where
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REI
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Fig. 4.6 Building braced by perpendicular walls. a) Layout, b)—c) displacements.
According to the diagram of translations in direction y (Fig. 4.6/b),
Comi=Xitane. (4.37)
Substituting this formula for ¢, ; in equation (4.36) leads to
l:y,i:kx,i(CyF-i-Xitan(p)' (438)
There is no external load on the building in direction x, but due to moment M, the walls

develop translations in direction x. These translations are proportional to the distance
of the walls from the shear centre (Fig. 4.6/c):

Comi=Yilan . (4.39)
Making use of formula (4.13), formula (4.39) can be rearranged as

| -
I:'_ f‘,ll =y, tang, (4.40)

Wl



Buildings braced by perpendicular walls 79

from which the load on the ith wall in direction x, due to the rotation of the building, is
obtained:

F=kyyitano, (4.41)
where
_BEL,; (4.41a)
Tl H L

The actual values of the load shares cannot be calculated from formulae (4.38) and
(4.41) as they contain the two deformations C,r and ¢, yet unknown. They can be
determined using equilibrium considerations.

After substituting formula (4.38) for F;, the equilibrium equation of the forces in

directiony
F,= Z Fi (4.42)
]
assumes the form
F, = iﬁ-’,..{m +x; tan) (4.43)
1
or, after rearrangement
F,=c, E:.-‘... +tﬂllqﬂikl_|x{ : (4.44)
I

Because of Zk x.=0, the second term on the right-hand side is zero and therefore the
translation of the building in direction y, due to the external force, is

Y k., | (4.45)

Moment equilibrium of the internal and external forces around the shear centre is
expressed by
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A
Z'Hl = ;'-,‘__.l'_ = z |II-:\.'\r.l':l'-l ! Z FJ..Il.FI - (446)
1

After substituting formulae (4.38) and (4.41) for F. and F, ; and some rearrangement,
equation (4.46) assumes the form

Fx, = :-JFik*_,.xr. + tan '-'F[i k, xl ik}_,}f ] (4.47)
I | |

It is now the first term on the right-hand side which is zero and the rotation of the
building is obtained from the equation as
F x

[

tangp = — — ;
2k + 2k x 449
| 1

Substituting formulae (4.45) and (4.48) of the deformations for ¢ . and tan¢ in equations
(4.38) and (4.41) gives the loads on the individual walls. Of the total external horizontal
load F, the ith wall takes

k:.r'x.'

f-'!r X,

+ = -
Nk, ' Vi + Yk (4.49)
1 1

in directiony, and

Yk + Yk, v (4.50)

in direction x. The negative sign in formula (4.50) accounts for the fact that a positive
twisting moment develops negative translation in the x direction (as opposed to the
positive translation it develops in the y direction)—cf. Fig. 5.7.

As all the walls are of the same material and height, the above formulae
simplify to

LN = ¥ I ¥ (451)
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in directiony, and

|I:::..' = ;l' - 'Fr'[' (452)

al

in direction x, where

'Fm = z ‘I1..:'[|! + E"rl..: 1"I|': (453)
| 1
is the warping constant of the bracing system.
Formulae (4.51) to (4.53) are in line with those presented by Beck and Schéfer [1969],
Kdnig and Liphardt [1990] and MacLeod [1990].

4.3.2 Deformations

Formula (4.13) makes it possible to calculate the maximum top translation of any wall if
its load share is known. The maximum translation of the ith wall due to its load share in
directiony is

H*

o =m—F

Wl [ 454
REI (4.54)

When the load acts in direction x the translation is

H1

Tl = F
' UREL,

Tt

e (4.55)
If the maximum translation of the building occurs at a location where there is no wall,

the above formulae cannot be used. In such cases the maximum translation can be
calculated using equations (4.35) and (4.37):

Cymax=Cyr X max@n o, (4.56)
where x,,,,, is the location of the maximum translation—a corner of the building. After

substituting formulae (4.45) and (4.48) for c - and tan¢and also making use of formulae
(4.36a) and (4.41a), the general formula for the maximum translation is obtained as
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H F, Fx
C = ——t = x . (4.57)

¥ ITHIE HE i Fr.l Iu_ [T

According to Fig. 4.6/c, the building under horizontal load in direction y also develops
translations in direction x. If there is no wall at the location of the maximum translation
in direction x (at one side of the building parallel with axis x), then formula (4.39) should
be used, which, after substituting formula (4.48) for tang and making use of formulae
(4.36a) and (4.41a), assumes the form

H'Fx
€,y =—— ¥,
TR EE fﬁl = ITan

(4.58)

Assuming small rotations when the approximation tan¢g = ¢ holds and making use of
formulae (4.36a) and (4.41a), the rotation of the building is calculated using formula
(4.48):
H'F x
p=— .
RE I, (4.59)

In formulae (4.57) and (4.59) 1, is the warping constant given by formula
(5.53).

4.4 BUILDINGS BRACED BY FRAMEWORKS

Lowe-rise buildings can be provided with adequate lateral stiffness using frameworks.
In addition to the assumptions listed in the introduction, it is also assumed in this
section that the frameworks of the bracing system have the same geometrical and
stiffness characteristics. Both symmetrical and unsymmetrical arrangements are
considered.

4.4.1 Frameworks in a symmetrical arrangement

Consider the building braced by frameworks of the same stiffness in a symmetrical
arrangement (Fig. 4.7). The resultant of the horizontal load F passes through the



Buildings braced by frameworks 83

geometrical centre of the layout which, because of the symmetrical arrangement,
coincides with the shear centre.

+F; TF:- TF. TF +Fa

Fig. 4.7 Frameworks in a symmetrical arrangement.

The floor slabs assumed to be stiff in their plane make the frameworks develop the
same translations and therefore all the frameworks take the same amount of the total

horizontal load
F
Fa—
i " (4.60)

where F, is the load share on the ith framework and n is the number of frameworks. (The
more general formula (4.28) also leads to the above formula, if it is taken into
consideration that each bracing element has the same lateral stiffness and, because of
the concurrent shear centre and centroid, x_is zero.)

4.4.2 Frameworks in an asymmetrical arrangement

A practical case is shown in Fig. 4.8/a. Abuilding of plan width L is braced by parallel
frameworks of identical lateral stiffness and a single wall at the side of the building. It
is assumed that the stiffness of the wall is infinitely great compared to the stiffness of
the frameworks. The system can be modelled by a rigid beam of length L on one fixed
support (the wall) and several flexible supports (the frameworks). The beam effectively
models the floor slabs of the building. Each floor slab moves as a rigid body with a
translation characterized by a triangular diagram.
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—

b i i

Fig. 4.8 Frameworks in an asymmetrical arrangement. a) Layout, b) displacements.

The translation is zero at the wall (which is assumed to be infinitely stiff compared to
the frameworks) and then increases at the frameworks in proportion to their distance
from the wall (Fig. 4.8/b):

c=xtang, (4.61)

where x; is the distance of the ith framework from the wall.
The ith wall takes the load share

Fi=ke; (4.62)
proportional to its translation, where k represents the lateral stiffness of the frameworks.
Substituting the translation of the ith framework for ¢, the load share on the framework
assumes the form

F=kxtang. (4.63)
In addition to stiffness k, the rotation of the building (¢) is also an unknown quantity in

this formula. Its value can be determined by investigating the moment equilibrium of the
internal and external forces with respect to point ‘A’ defining the location of the wall:

E Fx = F%- (4.64)
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Substituting formula (4.63) for F,; leads to
3 kxtang = FIE‘. (4.65)
1

from which the angle of rotation is obtained as

Fl.
wang=——7rm—-. (4.66)

2k Z X

1

Knowing the rotation, the load share on the ith framework is obtained using formula (4.63):
x, FL

n . . )

z II.' < (467)

The load share on the wall is also needed. Its value is obtained using the equilibrium of
the external and internal forces:

A=F - Ef (4.68)

The load share on the first framework is

(4.69)

and when the frameworks are evenly spaced the load share on the subsequent
frameworks is easily calculated from

F=iF, 4.70)

where i=2, 3, ...n. The formula for the load share on the wall is also simplified:

A=F—F(1+2+...41), @71

It is noted here that the deformations of the building (c, and ¢) can only be calculated
when the value of the stiffness of the frameworks (k) is known.
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4.5 MAXIMUM BENDING MOMENTS IN THE BRACING ELEMENTS

When the load shares on the bracing elements (walls and frameworks) are known, the
next step is to ensure that there is not too much load on the bracing elements. For this
purpose, the maximum bending moment in the element in question is needed. The
maximum bending moment in a shear wall develops at the bottom and assumes the
value

ph’

Moo = (4.72)

where p is the intensity of the horizontal load.

It is more difficult to find the maximum bending moment in the beams and columns
of multistorey frameworks but the following simple procedure offers a quick way of
doing the calculation.

The framework can be replaced by an equivalent column and, by distributing the
horizontal load and the supporting effect of the beams, a continuum model can be set
up (Fig. 4.9).

The bending moments on the equivalent column are expressed by

RIE
M =-‘”£ —_[E:!z. (4.73)
]

where

(4.74)

_F
F_J'z

is the horizontal load, uniformly distributed over the height,

m=—Ky' (4.75)

is the supporting effect of the beams, distributed over the height,

~t 6ET,
K= ZZ —Mf‘ (4.76)

is the sum of the stiffnesses of the beams, distributed over the height,

E is the modulus of elasticity,
Iy; is the second moment of area of the beams,
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l; is the length of the beams,
h is the height of storey,
n is the number of columns.
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Fig. 4.9 Framework under horizontal load. a) Framework, b) equivalent column, ¢) continuum
model, d) moments on the equivalent column.

The governing differential equation of the equivalent column [Beck, 1956; Csonka,
1965a] assumes the form

where

I = i I
[

@.77)

(4.78)

is the sum of the second moments of area of the columns and M is the bending moment

on the column.

The boundary conditions for differential equation (4.77) express that the bending
moment is zero at the top of the equivalent column and the tangent to the column is
vertical at the bottom:

M(0)=0,

ViH)=0.

(4.79)

(4.79b)
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The solution of equation (4.77) yields

M=2E

ol = sinhold
Pl o

sinhz + coshos = |
coshoH ]

which, after differentiating formula (4.73) once, leads to

===

e p | aff - sinhoff
¥

coshas + sinheg |+ pz.
cosh ol ] P

(4.80)

(4.81)

The concentrated bending moments representing the supporting effect of the beams

(Fig. 4.9/b) can now be calculated:
&

M () = _[mdz o B L ARG ak
& 5 cosh o 2 2
and
Miz)= .rm dr=
P
3 it
= _ ;—f[%umhm t sinhaog ]Hinh% + phz,
where
[k
= | .
VEL

P
+ cosh — = | ]+ P s
2 %

(4.83)

(4.84)

Bending moments M* on the equivalent column (Fig. 4.9/d) can now be calculated in
the usual manner as the loads on the statically determined cantilever (horizontal forces

F and concentrated supporting moments M) are now known quantities.

Finally, the moments in the columns and beams of the framework are calculated. The
moments in the 7th column of the framework are obtained by distributing the moment
on the equivalent column in proportion to its stiffness to the total stiffness of the

columns:
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M =—M". (4.85)

e 1
-

The moments in the beams are calculated in the same manner:
K, —
M, - M. (4.86)
The above method offers good approximations for medium-rise (4-25 storey high)
frameworks.

It is useful to know the maximum values of the bending moments. The maximum
bending moment on the equivalent column develops at the bottom. Its value can be
obtained by making use of formula (4.73) and (4.81). After carrying out the necessary
integration, a closed-form solution can be produced. In most practical cases, when
aH>5 holds, the solution simplify considerably [Csonka, 1965b] and the formula for
the maximum bending moment on the equivalent column assumes the form:

. p oH P h
M = —1 |+ E Hr——= |,

The formula for the maximum bending moments also simplifies:
_ ’ 1
M. =p.f.-LH——[I+InLﬂ-H]. (4.88)
r

Again, to obtain the actual moments in the columns and the beams, these moments
should be distributed according to the relevant stiffnesses as shown in formulae (4.85)
and (4.86).

The location of the maximum bending moment in the beams is obtained from

nos

I = = 1 Inof . (4.89)
X

When the bending moments on the bracing elements are known, the last step in the
design process is to calculate the stresses and to size the bracing elements. Section
5.5 deals with the calculation of the normal and shear stresses in shear walls and
cores.
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4.6 WORKED EXAMPLES

Three examples show how the formulae can be used in practice.

4.6.1 Example 1: building braced by parallel walls

Determine the load share F, on wall No. 1, the rotation and the maximum translation of
the 7-storey building shown in Fig. 4.10. The magnitude of the horizontal load is
F=1000kN, the modulus of elasticity is E=23 kN/mm?, the thickness of the walls is
t=0.25 m and the storey height is h=3 m.

(a) Stiffness characteristics
Second moments of area of walls No. 1, 2 and 3:

1 1
[=p=08X1035 s aasme, =030 o pame
12 12
Sum of second moments of area:
1
NI =47675m".
1
T rI .r.l TFJ
- L] L L] I ¥ .I
E E E
c ] L - HF
) .E-'\. ] ® 5 - * g I r____
&l ! E:ﬂ;ﬂzﬁ g i
R = T . i =
L=6-4=24m ] ! 10,25m
i w8235 | Hy=T.TES | il |
! BymHne=16.235 | :1,:.1.7E|.r| k)
_ ¥
cl Corim L -—

- ¥

Fig. 4.10 Building for Example 1. a) Layout, b) elevation, c) displacements.
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The location of the shear centre is calculated from formula (4.14a):

 22435x8 + 2.804x 20+ 22.435x 24
a 47675

=16.235m.

=1

(b) Load share
The load share on wall No. 1 is calculated using formula (4.28):

22435 22435 8. 235 % 1000x 4235
1O

F ==
L ATATS 22.435(8.2357 +7.7657) + 2804 % 3.765°

=—=470.58 - 26B.51 ==739. 1 kM.

The denominator of the second term in the formula represents the warping
constant:

[, =22.4358. 2357 £ 7.765%) 4 2804 3,765 = 29139 m" .
(c) Maximum translation and rotation

The building develops maximum translation at the left-hand side (Fig. 4.10/c). There is
no bracing wall there so formula (4.32) should be used:

. =—21‘x1ﬂ‘ 1, 4.235x16.235)_
™ g% 23x10°| 47.675 20139

=={1.05+ 11910 *m =—2.24 mm.

The rotation of the building is given by formula (4.33):

217 % 10" % 4.235

= = 7.315% 10 rad = 0.0042°,
Bx23x10" % 2913.9

4.6.2 Example 2: building braced by perpendicular walls

Calculate the load share on walls No. 1 and 5, the rotation and the maximum translation
of the 7-storey building shown in Fig. 4.11. The resultant of the horizontal load is
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F,=1000 kN, the modulus of elasticity is E=23 kN/mm?, the thickness of the walls is
t=0.25 m and the storey height is h=3 m.

This building only differs from the one shown in Fig. 4.10 in that two bracing walls
in direction x (Nos 4 and 5) are added to the bracing system. This makes it possible to
make an interesting comparison.

E-d=24m
x=ld 10
Fal TFﬁ.L TFﬂ Fys
-y . W -— ;
ey 2 Fu L3}
- =
E 1 [ ] m G [ ] l::l @l i x
il ¥.=4 234 1o
f“ Fef]  Fe ] &
F,I ) -
ae=15 l 8
, %=B.234 | %=T7.T66
Mo M= 16.234 wp=3 76
¥ ¥
Fig. 4.11 Building for Example 2.
(a) Geometrical and stiffness characteristics
Second moments of area of walls No. 1 and 3:
3
j =1, =02X025 o 425w,
' " 12
1
25 x i,
I,=1,, _1025%025 _ 46133 m*,
Second moments of area of wall No. 2:
0,25x5.125’ 5.125x0,25°
[,=— 2 2 80mt, =T = 00067 m,

12 12

Second moments of area of walls No. 4 and 5:



Worked examples 93

10%0.25 . _0.25%10°

la=ls=——"""—=0013m" 1,,=1I, = 20.833 m".

Sum of second moments of area:
: 4 - 4
N1, =47.701 m*, N1, =41700 m*,
1 1

The coordinates of the shear centre are calculated using formulae (4.34):
7 = 224358 + 24) + 1804« 20 + 0.013(14 + 15)

a =16234 m
47.701
and
200135125+ 00067 x 2.5625 + 208331025+ 0,125)
= 31700 =5125m.

The warping constant is calculated using formula (4.53):

[, =22435(8.234° + 7.766% ) + 2804 % 3.766° + 0.0133(2.234° +1,234% )+
+0.0067 %2 56257 + 20.8335% + 57 )= 2014.0+ 1041.7 = 3955.7m".

(b) Load share
Loads onwalls No. 1 and 5 in the x and y directions are calculated using formulae (4.51)
and (4.52):

— 22435 22 43528234
- 1000 = == 272252 005 4,794 = — 470 — 198 = — 668N,

47701 3955.7
F,,=0,
—0.013 0.013x1.234
F .= 1000 — - 1000 % 4.234 = = (.27 = 0.02 = —0.29kN,
47,700 1955.7
2. 5
Fy =203 04234 = 111.5kN

3955.7
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(c) Deformations
The building develops maximum translation at the left-hand side. Its value is calculated
from formula (4.57):

o ST2PXIP( 1 4234x16.2347
s g z,xxlﬂ"[47.?{r| C 30557 -

==(1.05+ 0880 " m = — 193 mum.

The rotation of the building is calculated from formula (4.59):

EJ'K]UJK-}.H-l

_ 2l =1 x4 = 5.39% 10" rad = 0.0031° .
P a0 9557 o F

4.6.3 Comparison

The comparison of the two numerical examples shows interesting results. Adding the
two walls with negligible stiffness in the direction of the external load to the bracing
system considerably changes the results: the magnitude of force F,;, the maximum
translation and the rotation decreased by 10.1%, 14.9% and 28.9%, respectively. This
follows from the fact that torsion plays a very important role in the behaviour of the
bracing system; the longer the distance between the shear centre and the centroid of
the layout, the more important this role is. Although walls No. 4 and 5 have negligible
stiffnesses in the direction of the external load, their contribution to the warping
constant is significant, as demonstrated in the examples above. It also follows that,
because of the rotation of the building, walls No. 4 and 5 also take forces in the x
direction.

4.6.4 Example 3: building braced by frameworks and a single wall

Calculate the load share on the frameworks and the wall of the 7-storey building shown
in Fig. 4.12. The magnitude of the horizontal load is F=1000 kN. The frameworks are
evenly spaced so formulae (4.69) to (4.71) can be used for the calculation.

The load on framework No.| is obtained from formula (4.69):
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)
F = e X 597k,
1456 2
where the denominator is calculated as
ol 1 = ¥ z
fo =47+ 80 4127 %16 + 207 + 247 = 1456m°.
1

T - F; LF_: ‘F_:., TF1 ‘Fl'- TF-E
. w L]

Fig. 4.12 Building for Example 3.

95

The load share on the subsequent frameworks is easily calculated from formula

(4.70):
F,=2x32.97=65.93kN,
F,=3x32.97=98.90kN,
F,=4x32.97=131.87 kN,
F.=5x32.97=164.84 kN,
F.=6x32.97=197.80kN.

The load share on the wall is obtained from formula (4.71):

A=1000-32.97(1+2+3+4+5+6)=307.69 KN.
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4.7 DISCUSSION

The behaviour of the building under horizontal load is determined by its translations
and rotation. This fact is demonstrated, for example, by the first and second terms on
the right-hand side of formulae (4.28) and (4.51) as well as formulae (4.32) and (4.57).
The derivation of these formulae clearly shows the role that the translations and the
rotation of the building play in determining the performance of the building.

When the external load passes through the shear centre, the building only develops
translations (in the direction of the external load). This is the optimum case, both
statically and economically, when the bracing system has a doubly symmetrical
arrangement. The building develops the smallest translations and the external load is
distributed among the bracing elements according to their stiffnesses.

L] _"1; IP_ w L}
.0 W0
a) b

Fig. 4.13 Torsional resistance, a) Small, b) great.

Because of functional restrictions, for example, the optimum (doubly symmetrical)
arrangement cannot be achieved in many practical cases. The geometrical centre—
through which the external load passes—and the shear centre of the bracing system
normally do not coincide and consequently the building also develops rotation. This
rotation results in additional translations and also additional forces on the bracing
elements. As these additional translations and loads are due to the rotation of the building,
the means to reduce these unfavourable effects are also linked to the rotation. The
evaluation of the second term (which is associated with torsion) in equations (4.28),
(4.51), (4.32) and (4.57) indicates two possibilities for improving the performance of the
building: reducing the perpendicular distance of the line of action of the horizontal load
from the shear centre and increasing the value of the warping constant. First, by reducing
the perpendicular distance between the line of action of the horizontal load and the shear
centre, the magnitude of the external torsional moment can be reduced. The optimum
case emerges when the distance is eliminated altogether, i.e. when the system is doubly
symmetrical—see above. Second, the efficiency of the system can be increased by
increasing the magnitude of the warping constant. This is most effectively done by
creating an arrangement of the bracing elements when the perpendicular distance between
the shear centre and the bracing elements (their ‘torsion arm’) is the greatest.
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Figure 4.13 shows simple examples for this approach. The torsional resistance of
the bracing system in Fig. 4.13/a is very small. On the contrary, the torsional resistance
of the bracing system in Fig. 4.13/b is considerably greater although the system consists
of the same four walls. The favourable change is due to the fact that the perpendicular
distances between the walls and the shear centre are increased.

The spatial stiffness of bracing systems comprising perpendicular walls can be
increased by constructing some of the walls together along their vertical edges (Fig.
4.14/a). However, the increase in stiffness can only be realized if the construction is
such that the walls can actually work together, i.e. they can take the shear forces along
the edges. In addition to the second moments of area I, and I, and the Saint-Venant
constant I,, neglected for the analysis is this chapter, such systems also normally have
the product of inertia I,,.

al [al}

Fig. 4.14 Increasing 3-dimensional stiffness, a) Built-up walls, b) cores.

The spatial stiffness can be further increased by building more walls together and
using bracing elements of closed or partially closed cross-section, e.g. the elevator
and staircase shaft in the left-hand corner in Fig. 4.14/b. Such elements normally have
significant Saint-Venant stiffness and they also have warping stiffness. The procedure
presented here cannot be applied directly to such systems but similar, albeit more
complex, formulae and design diagrams are presented in the next chapter for a more
advanced analysis. In fact, most of the formulae given in this chapter can be considered
as simplified versions of those general formulae in Chapter 5.
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Stress analysis: an advanced approach

When the building is subjected to a horizontal load of trapezoidal distribution and/or the
bracing elements have (Saint-Venant and warping) torsional stiffnesses, simple static
considerations alone are no longer sufficient to investigate the 3-dimensional behaviour
and the methods given in the previous chapter may not be applicable or would result in
inaccurate solutions. The governing differential equations of the bracing system are
needed to be set up and solved to enable the spatial analysis to be carried out.

In appraising the design of box-frame structures, Pearce and Matthews [1971]
presented a simple approximate method for the load distribution in shear wall
structures. The method was only applicable to cross-wall systems (with no
perpendicular walls) and did not take into account the torsional characteristics of
the individual bracing elements. Dowrick’s method [1976] handled a system of
perpendicular shear walls but ignored the Saint-Venant and warping torsional
characteristics of the individual bracing elements. Irwin [1984] included the warping
stiffness of the bracing cores in the analysis but did not take into account the Saint-
Venant torsional stiffness of the bracing system. All the methods mentioned above
assumed a uniformly distributed horizontal load.

The method to be presented in the following can be considered as an extension of
the above methods, with additional contributions in three areas: a) horizontal load of
trapezoidal distribution is considered, b) exact load and stress distributions are given
on the individual bracing elements, originated from torsion, ¢) the location of the
maximum of the Saint-Venant torsional moments is given.
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5.1 THE EQUIVALENT COLUMN AND ITS LOAD

The building is replaced by the equivalent column for the first part of the analysis. The
stiffness characteristics are calculated using the relevant formulae in section 2.2. The
load on the equivalent column is also needed for the analysis. The building is subjected
to a horizontal load of trapezoidal distribution with the intensity of

. z_ z
q{:}—%w}ﬁ—?ﬂ{'wﬁ]. 5.0

where g, is the intensity of the uniform part of the load, (¢,+¢,) is the intensity of the
load at the top of the structure (Fig. 5.1) and A is the height of the building.
The slope of the load function is defined by coefficient u.

_ 5
K P (5.2)

Fig. 5.1 Horizontal load of trapezoidal distribution.

A load system of such distribution covering a wide range of distributions between the
uniform and triangular cases can be effectively used for the global static and dynamic
analyses of building structures subjected to horizontal (wind or seismic) load.

The resultant of the horizontal load normally does not pass through the shear
centre of the bracing system of the building. When the bracing system is replaced by
the equivalent column for the analysis, the horizontal load is transferred to the shear
centre axis, where it is decomposed into load components g, and g, parallel to coordinate
axes x and y (Fig. 5.2). (For buildings with a rectangular layout, coordinate axes x and
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y are conveniently set parallel with the sides of the layout.) The external load is defined
by the two load components (g, and g,) and the torsional moment (m,):

%':EJ:IFU*""QH.%_'?-:-.[!"'auﬁ]' (53)
qn{:]=qﬂr+qlrﬁzqﬂr[l+FF] (54)

and
m_.{:]=fq{:}=£q.}[l+j:%]=m€“[l+|u%] (5.5

or, using the load components
mci Iy=gq.y. + I5:-I'.L X =gy, + "?I]_; .I'..}[]. + [ E ] (5.6)

In formulae (5.5) and (5.6)

m.o(2)=eq,=qoy Fqox, (5.7)

is the torsional moment of the uniform part of the load and

- L = N h e
'.'-. _E_In'l }r=:_}ﬂ (58)
are the coordinates of the centroid of the building layout in the coordinate system
whose origin is in the shear centre. In the above formulae

e is the perpendicular distance between the line of action of the
horizontal load and the shear centre,
Gox, goy  are the components of the uniform part of the load,
G ¢1y are the components of the triangular part of the load
(Fig. 5.1).
Load components ¢, and g, are considered positive in the positive x and y directions
and m, is positive in the clockwise direction. The load function defined by formula (5.1)
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represents a uniformly distributed load when x=0 holds. This special case is dealt with

in section 5.7.

= 7 F4
/ c ‘%I?_.—.— —E—_qu*
ﬂy; H ;’ 1) ’
,I«/;’E e i i E__f ey T8
|_,."-:""'-- i - :'_::E]]
A —é — = R
¥e = G T .
/ - b il :":jl % (U}
e e
Vi) =

Fig. 5.2 The equivalent column and its external load.

Another load case, concentrated top load, applicable to single storey buildings and to
multistorey building models when the load is only applied on top floor level, can also
be treated in a similar way as the trapezoidal distribution. Closed-form solutions for
this load case are given in section 5.6.

After modelling the building by the equivalent column, the structure can be
conveniently analysed by the continuum method, with the stiffnesses of the structure
being uniformly distributed over the height. The model and the method are simple and
at the same time give a realistic picture of the behaviour of the structure. The resulting
closed-form formulae for the global deformations, load distribution among the bracing
elements, shear forces, bending and torsional moments are accurate enough for
everyday use in design offices.

The governing differential equations defining the unsymmetrical bending and
torsion of the equivalent column assume the following form in the left-handed coordinate

system x-y-z (Fig. 5.2) [Vlasov, 1940]:

Lod? d*

H*d_:'l E.fn_ﬁ_q:{:}, (5.9)
d'v d'u .

El, ==+ El, == =g,z (5.10)

L] d.El xy -I:JI.E
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L d
El, “.,'P ~GJ d‘“’—mi ), G.1)

where the following notation is used:

x, v,z coordinates along coordinate axes x, y and z,

u,v  horizontal displacements of the shear centre in directions x and
¥

o rotation {(positive in the clockwise direction),

The first two equations stand for the unsymmetrical bending of the equivalent
column and have to be treated together, as a rule. In the special case when the
product of inertia of the equivalent column is zero, the second term on the left-
hand side of equations (5.9) and (5.10) vanishes. The two equations uncouple
and they can be treated separately. Directions x and y are the principal directions
in this special case. The third equation characterizes the torsion of the equivalent
column.

Apart from some special cases, building structures develop a combination of lateral
displacements and torsion. The nature of the behaviour (and the extent of the
combination) depend on the relative position of the shear centre of the bracing system
O and the line of action of the horizontal load (which passes through the centroid of
the layout C).

Boundary conditions complete the simultaneous differential equations. Both
equations (5.9) and (5.10) characterize bending equilibrium so the boundary
conditions are of the same nature. The third equation defines torsional equilibrium
and it should be taken into consideration when the corresponding boundary
conditions are established that warping is completely prevented at the built-in
end and can freely develop at the free upper end. The coordinate system is fixed
at the bottom of the cantilever (Fig. 5.2) and the boundary conditions are given
as follows.

The displacements and rotation is zero at the built-in end of the cantilever:

w0 (0)=¢(0)=0. (5.12)

The slope of the deflection curve is equal to zero and no warping develops at the built-
inend:

KO =v (0 =¢(0)=0. (5.13)
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The bending moments and the warping stresses are zero at the free end of the
cantilever:

u'(Hy=Vv'(H)y=¢"(H)=0., (5.14)

The shear forces and the total torque also vanish at the free end:

u(H) =V"(H)=El 9" (H)~Glg'(H) = 0. (5.15)

5.2 DEFORMATIONS OF THE EQUIVALENT COLUMN

Under horizontal load, the equivalent column normally develops both lateral
displacements and rotation. They can be determined using the governing differential
equations (5.9) to (5.11) and the corresponding boundary conditions (5.12) to (5.15).

5.2.1 Horizontal displacements

In the general case, equations (5.9) and (5.10) of unsymmetrical bending are coupled
and have to be treated together as both contain the horizontal displacements « and v.
After combining the equations, integrating four times and using the relevant boundary
conditions, the horizontal displacements in directions x and y are obtained as:

w(z) = %;z, + U7, (5.16)
and
ooy
PL}—-E{EW,HE:]', (5.17)
where
:4 HER 1_% 3 k] 2.2
= +H : . Zy=— L +ﬁr : (5.18)
24 6 4 1204 12 6

are auxiliary functions and
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g, = !XQUI - Ixy"?l]_v Z’f _ IyQOy i l,\yQOx
x 2 ’ P 2 (5.19)
e i LI-I

are auxiliary load functions.
Figure 5.3 shows the characteristic horizontal displacements for y=0 (uniformly

distributed load), u=0.2, u=0.4, u=0.6, u=0.8, u=1.0 and u=2.
Maximum displacements develop at the top and are obtained by substituting H for
zin formulae (5.16) to (5.18):

7.(1 11,4
=u(H)==%|—-+u—|H (5.20)
and
q,(1 11
v =vw(H)="2|—+u—v» |H". (5:21)
max =V(H) E[S ‘“120]

0.1
T
0 051 15 2 25

Displacement

Fig. 5.3 Horizontal displacements of the equivalent column.
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5.2.2 Rotations

The fourth order, linear, inhomogeneous differential equation (5.11) characterizes the
rotation of the equivalent column. Its general solution is obtained in the usual way in
the form

e k
qo(z):Cl+sz+CBSthz+C4coshEz—6n;*T0(3zz — )k2 »(522)

w

where C,, C,, C, and C, are constants of integration and k is the well-known torsion
parameter defined by formula (3.19).

The first four terms in equation (5.22) represent the solution of the homogeneous
part of equation (5.11) and the last term is a particular solution of the corresponding
inhomogeneous equation. Constants of integration C,, C,, C; and C, are obtained
using the relevant parts of boundary conditions (5.12) to (5.15):

m h’2 l+‘u u u .
G S it +(1+5=—-L5)sinhk |,
‘ kGJamhk( PRI (523)
moH( B _H
G ==t 5 —a | 524
? GJ( 2 ﬁ) (5:24)
moH* (| MM
C :__"-0.,..,._ 1+_,___ ,
kG ( 2 k?) (525)
2
4.7 mgH_(1+4 (HE—%)sinhk . (5.26)
kGJumhkL k 2k

After substituting for the constants of integration in equation (5.22), the rotation of
the equivalent column is obtained as:

m, H* kz U U
S L L -] hZ g lra+ BB
0(2) = o Shk{( +u)[cos ]+(+2 Eoyiex
2 2
X(Smh(k——)—smhk) ; coshk(H—EwLu(%—f—z—g%)]}. (5.27)

This solution clearly demonstrates that no rotation develops when the horizontal load
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passes through the shear centre (i.e. when m,=0).

p=10 p=2 zH p= p=2
- -.I._.d_..rﬂ____ I —— - --._I;-I_-I-__
-3 u_g i T : =T

| ] ']
- 0.8 =17

; 07 Tt
] Y — '4-#7%-——5

! 0.5 LGl ¥ e
o B
i 0.3 1=} R
= 0.2 / F==1"
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Fig. 5.4 Rotations of the equivalent column. a) £<0.1, b) £>30.

Figure 5.4 shows the characteristic rotations for the ranges k<0.1 and £>30 with =0
(uniformly distributed load), 4=0.2, ©u=0.4, u=0.6, £=0.8, x=1.0 and x=2

The case k<0.1 represents torsion when the effect of the warping stiffness is
dominant over that of the Saint-Venant stiffness and £>30 shows the torsional
deformations when torsion is dominated by the Saint-Venant torsional stiffness. It is
interesting to note that the nature of the displacement curve (Fig. 5.3) and that of the
rotation curve for small values of k (Fig. 5.4/a) are similar. This follows from the fact
that both phenomena are associated with the bending of the elements of the bracing
system.

Rotation assumes maximum value at the top at z=H:

B mi,f_ii[v[l + u)icoshk -1}

3
S k* coshk (5.28)
_{|+E_ﬁ]ﬂ+l+ﬁ_ﬁ1 )
A k 2 3 Kk

Two special cases are worth considering here: columns with Saint-Venant torsional
stiffness only (and with no warping stiffness) and columns whose Saint-Venant torsional
stiffness is negligibly small compared to their warping stiffness.

The denominator in formula (3.19) of k£ vanishes when the equivalent column has
no warping stiffness and the formulae derived for the rotations cannot be used. This
situation may emerge when a building is braced by a single column whose warping
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stiffness is zero. Figure 5.5 shows cross-sections with no or negligible warping stiffness.

Dl ‘ ‘ o 0
L] a]

Fig. 5.5 Cross-sections with no or negligible warping stiffness.

In such cases, the original differential equation of torsion (5.11) has to be solved again,
but this time with / =0. After making use of the relevant part of boundary condition
(5.13), the rotation of the equivalent column emerges as

I H 2
Plz)= néjz[ﬁ’ - 2‘+#5E—ﬁ}] (5.29)

and the maximum rotation at z=H is calculated from

m_ M 2u
Q. =p(H =" 1422 |
- ! 200 [ 3 ] (530)

When the contribution of the warping stiffness to the overall torsional resistance is
much greater than that of the Saint-Venant torsional stiffness, the latter can be safely
neglected as a conservative approximation [Vlasov, 1940]. In such cases, instead of
formula (5.27), the much simpler formula

w{zm=%{3,+uﬁ] (5.31)

L)

can be used where Z, and Z, are defined by formulae (5.18). The maximum rotation in
such cases is obtained from

e mg (111
q:'ulu. "I"I::'!'ir}_Er. [H+.”12[J]H L (5.32)

o
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The similarity indicated by the comparison of the horizontal displacement curve
(Fig. 5.3) and the rotation curve for £<0.1 (Fig. 5.4/a) now becomes identity: the
corresponding curves and the structures of the corresponding formulae are identical.
This is clearly shown by comparing formulae (5.16) and (5.31) as well as formulae
(5.20)and (5.32).

The rotations obtained from the above formulae are given in radian; they can be more
conveniently used in degrees in practical applications. The conversion is given by

180"
n

i [degree) = o [radian] = 57 .3 [radian]. (5.33)

5.3 DEFORMATIONS OF THE BUILDING

When the deformations of the building are needed, only the formulae related to the
rotations can be used directly. As for the calculation of the displacements of the
building, one has to remember that formulae (5.16), (5.17) and (5.20), (5.21) give the
displacements of the equivalent column, i.c. the displacements of the shear centre axis
of the building. If the building also develops rotations, then the additional displacements,
due to the rotation around the shear centre, also have to be taken into account. The
horizontal displacements of the corner points of the building are of practical importance
as the building develops the maximum displacement at one of them. In making use of
the deformations of the equivalent column and the size of the layout, these can be
easily calculated. When the location of the shear centre and that of the resultant of the
horizontal load are known, common sense usually shows which corner points of the
building develop the greatest displacement (Fig. 5.6):

Vouitding— V4= VX fan@ or Upyitding—Up=UTyptane. (5.34)

In the above formula u and v are the displacements of the shear centre (i.e. the
equivalent column), x, and y, are the coordinates of corner points 4 and B and ¢
is the rotation. If it is not obvious which corner point develops the maximum
displacement, the calculation has to be repeated for more (maybe for all four)
corner points.

An alternative method is also available for the determination of the maximum
displacements when a bracing element is situated (at the corner point) where the
maximum displacement is expected to develop. The first step in this case is the
determination of the load acting on the bracing element in question by using the
procedure to be given later. Having calculated load shares ¢, , and ¢, (assuming that
it is the kth bracing element where the maximum displacement develops), formulae
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(5.20) and (5.21) directly yield the maximum displacements, where the moments of
inertia to be used are those of the Ath element.
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Fig. 5.6 Maximum displacements at corner points 4 and B.

Maximum displacements are restricted in multistorey building structures in order to
ensure the comfort of the occupants and to avoid damage to structural and non-
structural elements and mechanical systems. In certain cases, it is also advantageous
to limit second-order effects in this way. The commonly accepted range for maximum
horizontal displacements is from 0.0016 to 0.0035 times the height of the building,
depending on the building height and the magnitude of the wind pressure. In accordance
with the recommendation of the Committee on Wind Bracing of the American Society
of Civil Engineers, for example, the bracing system is normally considered adequate if
the conditions

H H
M. = 200 and Vs 5 500 (5.35)

are fulfilled, where H is the height of the building [Schueller, 1977].
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5.4 LOAD DISTRIBUTION AMONG THE BRACING ELEMENTS

The bracing elements can only fulfil their primary task to provide the building with
adequate lateral and torsional stiffnesses if they safely transmit the external horizontal
load to the foundation. The stresses in the bracing elements must not exceed their limit
values. The magnitude of the stresses in the individual bracing elements basically
depends on how much the element in question takes of the total external load. The
establishment of the load distribution is therefore an important part of the design
procedure if the individual bracing elements are to be sized properly.

The equivalent column in the shear centre of the bracing system, subjected to g,, g,
and m,, is only a fictitious column and in reality its load is transmitted to the bracing
elements by the floor slabs by making use of their in-plane stiffness. Due to the rigid-
body translation and rotation of the floor slabs, shear forces are transmitted to each
bracing element. In addition to these shear forces that develop bending in the bracing
elements, the rotation of the floor slabs also develops torsion in the bracing elements.
These two effects are investigated separately in the next two sections.

5.4.1 Shear forces and bending moments

In addition to horizontal displacements « and v, identical to those of the shear centre,
the ith bracing element also develops additional horizontal displacements ¢y, and ¢x;
(Fig. 5.7), due to the rotation around the shear centre of the bracing system.

L -.

TR T T
O

| T

Fig. 5.7 Additional horizontal displacement of the ith bracing element.

Thus the total horizontal displacements of the ith element in directions x and
y are:
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V,-=V+)C,-(P and u=u—y;Q, (5.36)

where coordinates x, and y, are the coordinates of the shear centre of the ith bracing
element in the coordinate system whose origin is in the shear centre of the bracing
system.

In making use of u, and v, and applying equations (5.9) and (5.10) to the ith bracing
element, and after four differentiations and some rearrangement, the horizontal load
intensities on the ith element are obtained as

q.m = {:F.Iﬁx + 'ill'_l'.l"i'\uI }“ + Hi} - ﬂii!l(f_m'-}lf - 'i.-'l}'.l'tl:lnu i (537)

Y

- e = Ly My
ql:l'.l. - {I.!.I.q? + 'F".lq: :“-] +P _-:I 4"—1‘—{-’:._.1: - ;IT.I.PI :”Tq ¥ (538)

H I,

where
1 kz . kz [T

= —— cosh—{1+ u)+ ksinhik = =)l + = - 5.39
e n:nshk[ T T R ] )

is the load factor.
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Fig. 5.8 Load factor 17, Load on the ith bracing element, due to rotation. a) u=0,
b) u=l1.
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The first term in formulae (5.37) and (5.38) represents the external load share on the
ith bracing element, due to the bending of the bracing system in directions x and y.
The intensity of this load is of trapezoidal distribution, just like that of the external
load. The second term in the formulae stands for the load share that is due to the
rotation of the bracing system around the shear centre. Its distribution is characterized
by the distribution of load factor n, shown in Fig. 5.8, as a function of parameter £,
for k=0, k=1, k=2 and k=5, with 4=0 and x=1. In the special case of k=0 (no Saint-
Venant stiffness) and =0 (uniformly distributed load) formulae (5.37) and (5.38)
simplify and become identical to those given by Konig and Liphardt [1990] in Beton-
Kalender.

The diagrams in Fig. 5.8 show that as the value of parameter £ increases, i.e. as the
effect of the Saint-Venant stiffness becomes greater, the nature of the distribution of
the load on the ith bracing element, due to rotation, changes. The linear distribution
for £<0.1 representing dominant warping stiffness becomes a variable distribution
characterized by a curve for £>0.1 representing more contribution from the Saint-
Venant stiffness. The variation is such that the bracing element is subjected to more
load in the lower region and less in the upper region and the ‘centroid’ of the load
moves downwards over the height.
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Fig. 5.9 Load factor 1, for maximum load at bottom, due to rotation.
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In parallel with this downward shift of the centroid of the load, the intensity of the load
increases at ground floor level where it assumes local maximum. The value of this local
maximum is given by

My, =M=

[T
I+ pg+il+===ksnh & | 5.40
cushﬁ;[ Aty = pr)ksinh ] (440

Factor T ymax is shown in Fig. 5.9 as a function of parameter £ and u.

The shear forces in the bracing elements are obtained in the usual way by
integrating the formulae for the external load given by equations (5.37) and (5.38),
taking into consideration the corresponding boundary conditions defined by
formulae (5.15):

1
z H _ _
T:.l -_[H_:_Frlﬁ _?]]‘I}FQ:-F;T.-_I‘?}'J_

(5.41)
Ioow—I_.x
e T
L]
2 H
T,={H--pi—-- }]E;“.q, t,4.0+
[ 2H 2 ! (542)
Iox -1 v
+ ..""..:!..'. = }J ‘I"zﬂ-HnT"
L]
where
1 o k2
=——4{1+=—") coshik —==)1-1 [k =
r .l:mshk{ 2 &’( H’ J
(5.43)

{14 pj[ainh%—sinhk}}

is the shear force factor representing the effect of rotation around the shear
centre.

The first term in formulae (5.41) and (5.42) stands for shear forces due to the horizontal
displacement of the shear centre axis of the bracing system. As with the standard case
of statically determinate cantilevers, they only depend on the height, the intensity of
the horizontal load and the bending stiffness of the bracing element (and of the whole
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system), and have a linear distribution for 4=0. The second term represents the effect
of'the rotation around the shear centre, with /, being the shear force factor characterizing
the distribution of this part of the shear force. When parameter k assumes zero and =0
holds, the distribution of the shear forces due to rotation is also linear. As the value of
k—and the effect of the Saint-Venant stiffness—increases, the shape of 77, changes:
the value of the shear forces in the upper region of the column decreases. The shear
force factor representing the distribution of the shear force is shown in Fig. 5.10, as a
function of k and u.
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0.1 0,11
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Shear loree factor iy Shear loree lactor 1
a) b)

Fig. 5.10 Shear force factor 7, shear forces on the rth bracing element, due to rotation. a)
£=0, b) u=1.

The maximum shear forces develop at the bottom of the bracing elements:
f_!.l.-'!r.l - I.H}'JIJ

fal

T =T 0= HO+ 51, 3.4 1,.3) - mHy (544

[ lu — - 'r:.n:x:' - r:r.n: ¥
T =T,0=Hil +E}lff,l,-:;_,+.l'q.,q',] +:—mmh'n;“. (5.45)

In formulae (5.44) and (5.45)



Load distribution 115

tanh &
k

H_H l
(k=14 o= - ——) + (1 +
(kg S~ ()

(5.46)

is the maximum shear force factor whose values are given in Fig. 5.11 and in Table 5.1,
as a function of £ and u.

Fig. 5.11 Shear force factor 1;,,,, for maximum shear force, due to rotation.

The distribution of the shear forces over the height is drastically affected by the value
of parameter k, which is in accordance with the change in the distribution of the load
shown in Fig. 5.8. The maximum value of the shear force is also affected considerably:
the increase in the value of the maximum shear force is 23.3% at k&=2.8, compared to the
case k=0 and u=0.

Figure 5.11 and Table 5.1 show that the value of the maximum shear force factor is
always greater than 1.0 demonstrating that the value of the shear forces, due to rotation,
always exceeds the one obtained in the ‘standard’ case, i.e. when the load distribution
is defined by a straight line. It is in the region 0<k<5 where the deviation from 1,=1.0 is
the greatest: the very region where most practical cases fall.
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Table 5.1 Maximum shear force factor 1y,

N

P00 | =l | p=ld | p=ls | p=0s | p=0 | p=20
00 F LOM | 00| 12300 | 1300 | 1,400 | 1.500 | 2,000
0.2 | L7 | LAOE [ 1200 | 12409 ) 1410 | 1511 | 2016
04 | 1.025 | L129 | L.232 | 1.336 | 1.440 | 1.544 | 2.062
0.6 | LOSZ | L1599 | 1267 | 1375 [ 1483 | 1590 | 2.129
08 | LOS2Z | 1195 | 1307 | 1420 [ 1532 | 1644 | 2206
L | L114 | L2301 | L3M4E | 1465 | 1382 | 1.6%% | 2245
1.2 | L0142 | 1.264 | 1L.385 | L30T | L62% | L7530 | 3.358
L4 | 1167 | 1293 | 1418 | 1344 | 1669 | 1794 | 2421
L& | LI88 | L3317 | 1445 ) 1574 | 1702 | 1.B31 | 2474
1L | 1,204 | 1335 | 1.467 [ 1.598 | 1.72% | 1.B&0 | 2516
20 | L2016 | 1.349 | 1L4E2 [ 1616 | 1.74% | 1.BEZ | 2.547
22 L225 | 1359 | 1494 | 162E [ 1763 | 19T | 2570
24 | 1230 | 1365 | 1501 | 1636 | 1772 | 1907 [ 2585
26 | L233 | 1369 | 1305 | Le4l [ 1777 | 1913 | 2.5
28 | 1.233 | 1370 | 1506 | 1642 | 1779 | 1.915 | 2.597
3000 1,232 | 1369 | 1505 | 1642 | LTTE | 1.914 [ 2.596
35 | L2325 | 1361 | 1496 | 1632 [ L76E | 1903 | 2541
40 | L2013 | 1.347 | 1482 | 1616 [ 1730 | 1LERS | 2.556
4.5 | 1200 | 1333 | 1465 | 15098 | 1.730 | 1.863 | 253
S0 | LI87 | L317 | 1448 | L5789 [ L7100 | 1LE4d | 2484
G0 | L162 | 1L.239 | 1416 | L34 [ 1671 | 1798 | 2,423
740 | L141 | 1265 | 1380 ) 1514 [ 1638 | 1763 | 2384
BA | 1124 | 1246 | 136K | 1490 [ 1612 | 1733 | 2342
9.0 | L1101 | L2301 | 1330 | 1470 [ 1.5%0 | L710 | 2.308
I | D100 | L2108 | 1336 ) 1454 | 1572 | 1690 | 2.280
15 | LO6T | 1179 | 1292 | 1404 | 1516 | 1629 | 2.191
20 | LoS0 | L160 | 1269 ) 1379 [ 1488 | 1598 | 2,145
3 | LOA3 | 40 | 1246 ) 1353 [ 1459 | 1566 | 2098
400 | LO25 | L0 [ 10335 | 1340 ) 1445 | 1549 | 2074
3| Lo20 | 1124 | LZZE ) 1332 | 1436 | 1340 | 2059
100 | B0 | LIEZ | L2014 ) 1316 [ 1418 | 1520 | 2.030
=000 | 1000 ] 100 [ 1200 | 1,300 | 1,400 [ 1.500 | 2000

k

The bending moments in the bracing elements are obtained by integrating formulae
(5.41) and (5.42) for the shear forces, with taking into consideration the corresponding
boundary conditions defined by formulae (5.14):
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{(z-HY 2 H H?
J"fl.l =—(T '“':ﬁ_T-'--d_!' '| :T.Iljf +: .'_.{il'\.}+
i (5.47)
Py =1 % m H*
7 s
(z—H) * H H!
M = L Y ¥ ! -
" [ 2 +'”{ﬁﬂ 203 }]’ iy ¥ L) (5.48)
f.l..l'l.l' - f] Ty }I J?T-".Jf.!
T 3 e
where
My = ————2(l+ }{L‘t:ﬁhk—z—Euinhk—umhk1.ﬂ:lii11hk]-|
Mk coshk e TR ' '
(5.49)

KT i
+a+ 2B inne -2 2
7K H H

is the bending moment factor representing the effect of rotation around the shear
centre.

The first term in formulae (5.47) and (5.48) stands for bending moments due to the
unsymmetrical bending of the shear centre axis of the bracing system. As with the
standard case of statically determinate cantilevers, they only depend on the height,
the intensity of the horizontal load and the bending stiffness of the bracing element
(and of the whole system), and have a distribution of a third order parabola over the
height.

The second term represents the effect of the rotation around the shear centre, with
1n,,being the bending moment factor and characterizing the distribution of this part of
the bending moment. The bending moment factor is shown in Fig. 5.12, as a function of
k and u. When parameter k assumes zero value, the bending moments due to rotation
have the same distribution as that of the bending moments due to the unsymmetrical
bending of the shear centre axis (i.e. the first term in the formulae). As the value of
parameter k increases, representing the growing effect of the Saint-Venant torsional
stiffness, the value of the bending moments in the bracing element—after a small initial
increase—decreases. This is due to the fact that with the growing value of k the
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‘centroid’ of the load on the bracing element shifts downwards (Fig. 5.8) resulting in a
decreasing moment arm.

0 025 05 075 1 a o8 1 15 2
Moment factor nu Blomeant factor nw
a) b

Fig. 5.12 Bending moment factor 1,,; bending moments in the ith bracing element, due to
rotation. a) u=0, b) u=1.

The maximum bending moments develop at the bottom of the bracing
elements:

HY 2 _ _
M =M, (0) === +T”:|{f,_,.q, +1,,T,0+

550
ffl'.l-?l'_fl'_l'.l'rl H':I'_n.”: (30)
+ Tl
rm 1 [ "]
HY 2 _ _
M =MH{U}=—TH+?H:JI:IHQE A
5.51
a L T "’;uﬂz G
I, 2 Me?

where
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_'.l [1 ]' 1 "fﬂ +
Tt TR sk KTk

5.52
tanhk 1 52
+(1 + —]|
2 k :.{:u.*ih.i'
is the maximum bending moment factor.
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Fig. 5.13 Bending moment factor 1, for maximum bending moment, due to rotation.

Values for the maximum bending moment factor are given in Table 5.2 and in Fig. 5.13,
as a function of £ and u.

The value of maximum bending moment factor 7, increases in the range 0<k<1.35;
its value is greater than 1.0 up to £=2.346; then its value decreases rapidly. It peaks at
k=1.35 representing a 5.4% increase in the value of the maximum bending moment in
the bracing element, due to rotation around the shear centre, compared to the theoretical
case of /=0 (and x=0), when the behaviour of the bracing system is not affected by the
Saint-Venant torsional stiffness. When the value of k exceeds 40, then the value of the
maximum bending moment factor drops below 0.10 (with x=0) and then becomes
practically negligible.
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Table 5.2 Maximum bending moment factor 1.

idaan

p=00 | p=02 | p=04 | y=0.6 | g=0.8 | g=1.0 | p=2.0
0.0 | 1000 | 1033 [ 1267 | 1400 | 1.533 | 1667 [ 2.333
0.5 | LOIE | 1054 | 1200 | 1427 | 1563 | L&%9 | 2,360
L0 | 1046 | 1188 | 1320 | 1470 [ 1601 | 1752 | 2458
15 | 1053 | 1196 | 1.339 | 1482 [ 1625 | 1768 | 2484
20 | 1029 | 1070 | 1300 | 1452 | 1593 | 1.734 | 2430
23 1003 | 1153 | 1202 ) 1431 | 1.570 | 1.710 | 2406
2.4 | 0995 | 1032 | 1.269 | 1.406 | 1.543 | 1680 | 2.365
26 | 0974 | LIDR [ 1.243 | 1377 | 1.512 | 1646 | 2.319
28 | 0952 | 1083 | 1215 | 1347 | 1478 | L610 | 2269
30| 0528 | LOST | LIRS | 1314 | 1443 | 1572 [ 2218
3.5 | O.BAT | 098K | 1109 | 1.230 | 1351 | 1472 | 2077
40 | 0ED6 | 0919 | 1032 | 1145 | 1258 | 1371 | 1937
4.5 | 0748 | 0853 | 0959 | 1064 | 1070 | 1276 | 1804
S0 | 0664 | 0,793 | 0BS1 | 0590 | LOBE | 1187 | 1679
55 | 0645 | 0737 | 0820 | 0921 | 1013 | 1106 | 1.566
60 | 0601 | 0688 | 00774 | 0860 | 0946 | 1032 | 1463
6.5 | 0562 | 0643 [ 0724 | 0805 | 0886 | 0.966 | 1371
700 | 0527 | 0603 | 069 | 0755 | 0831 | 0907 | 1288
B0 | 0467 | 0535 [ 00602 | 0671 | 0739 | 0807 | 1146
G0 | 0419 | 0480 [ 00542 | 0603 | 0664 | 0725 | 1031
10 | (L3B0 | 0,435 | 0491 | 0.547 | 0602 | 0658 | 0.936
12 | 0319 | 0.366 | 0413 | 0460 | 0507 | 0.554 | 0.789
14 | 0276 | 0316 | 0357 | 0308 | 0438 | 0479 | 0.682
16 | 00242 | 0276 | 0314 | 0350 | 0386 | 0.421 | 0,601
16 | 0216 | 0248 | 0280 | 0312 | 0344 | 0376 | 0.536
200 | 00195 | 00224 | 0253 | 0.282 [ 0311 | 0340 | 0,485
300031 | 051 | 0170 | 0190 | 0209 | 0229 | 0,327
40 | 009 | 0013 (0128 | 0143 | 0,158 | 0,172 | 0.246
50| 0079 | 09l | 003 | 015 [ 0027 | 00138 | 0198
100 | 040 | 0046 | 0.052 | 0.058 | 0,064 | 0.070 | 0,089
150 | 0027 | 0031 | 0.035 | 0039 | 0043 | 0046 | 0.066
200 | 0.020 | 0.023 | 0.026 | 0.020 | 0.032 | 0.035 | 0.050
300 | 0013 | 0015 | 0017 [ 0019 | 0021 0023 | 0033
500 | 008 | 0009 | 0000 | 0012 | 0013 | 0014 | 0.020
>500 | 0 o 0 0 00 0

There seems to be an analogy in the behaviour of an element of the bracing system
subjected to uniformly distributed horizontal load (#=0)
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and a cantilever subjected to uniformly distributed vertical load, both with Saint-
Venant and warping torsional stiffnesses. Certain similarities emerge in the stress
analysis of the former case and the stability analysis of the latter case as the value
of torsion parameter k increases. The torsional buckling analysis of the cantilever
shows that the axis of the cantilever does not develop rotation in the upper regions
but a sudden twist develops near the bottom (Fig. 5.14). In the former case, the
load and the shear force, due to the rotation of the bracing system, tend to decrease
significantly in the upper section of the bracing element, with the ‘centroid’ of the
load shifting downwards. In both cases, ‘activities’ on the column (load, shear
force, rotation) are limited to the bottom section of the column as the value of the
Saint-Venant torsional stiffness increases.

L1 -
ek L 2

Fig. 5.14 Pure torsional buckling of a cantilever with dominant GJ.

The fact that this analogy is only one in a series of analogies makes the situation even
more interesting. The same phenomenon can be observed with cantilevers developing
both bending and shear deformations. Furthermore, as far as bending and shear
deformations are concerned, similar phenomenon develops during the full-height
buckling of frameworks [Zalka and Armer, 1992].

5.4.2 Torsional moments

According to equations (5.5) and (5.11), unless the external load passes through the
shear centre of the bracing system, the equivalent column and the whole building it
represents undergo rotation. The floor slabs make the individual bracing elements
rotate and consequently they develop torsional moments.

The torsional resistance of the bracing system is provided by two sources: the

Saint-Venant torsional stiffness and the warping (bending torsional) stiffness.
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Consequently, the torsional moments in the individual bracing elements develop

according to their corresponding torsional stiffnesses:

I,
M ()= fM Az) (5.53)

and

I
Mu..{:l'—%ﬂh[z]. (554)

where M,(z) is the Saint-Venant torsional part and M (z) is the warping torsional part of
the total torque M,(z):

M .(2)=M,(z)+M(z). (5.55)

Fig. 5.15 Torsional equilibrium of a differential element.

The equilibrium of an elementary section of the equivalent column (Fig. 5.15) is
expressed by

—M + +(M_+ =
M Am_dz+H(M_+dM_)=0, (5.56)

which leads to

oM
m,=——>=i, (5.57)
dz
The Saint-Venant and warping torsional parts of the total torque are now obtained
from equation (5.11) as:
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M(z)=GJp’'(z) (5.58)
and
M, (z)=—El, 0" " '(z). (5.59)
After differentiating the function of rotation defined by formula (5.27) once and three

times, respectively, and rearranging the resulting expressions, the solutions for the
Saint-Venant and warping torsional moments assume the form:

M. :mm{ﬁ—zhu[ﬁ—z—_—g] i %

l+uy H [T kz
=& [1+E-£ |f cosn=
Tk ]cnxhk [ 2 k*] My

M, = "‘;u{% - 5'lﬂhE['[1 + % - %,‘I sinhk + “T'u J—H +

uou .

{14+ —===)sinhk +
2k

[ (5.60)

and

@ coshk (5.61)

05—

&) Torque, k=1 b) Torque: k=5 ¢) Torque: k=156 d) Torque; k=30

Fig. 5.16 Typical torsional moment distribution for 4=0 (UDL).
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In making use of formulae (5.55), (5.60) and (5.61), the total torque is obtained
from

H zz
M (zy=m_,| H -1+ === |.
(2} .u[ e ZHJ] (5.62)
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Fig. 5.17 Typical torsional moment distribution for u=4.

Typical distributions of the torsional moments are shown in Fig. 5.16 and Fig. 5.17, as
a function of k and u. The warping torsional moment M (z) always assumes maximum
at ground floor level:

My = M, (D)= m.{.H[| + %] (5.63)

The Saint-Venant torsional moment M,(z) is zero at ground floor level. The location of
its maximum value over the height depends on the values of parameters & and ¢ and—
after differentiating function (5.60) once—is obtained as the solution in z of the equation

k* cosh k 2 H

o,
TR

cosh [ tanhk( + BBy TR ) g BB Gp ke
H 2 k (5.64)
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Table 5.3 Location of the maximum Saint-Venant torsional moment A/,

,max

wH

_ p=00 | p=0.2 | p=04 | =06 | p=08 | p=1.0| g=2.0
0.00 | 1000 | 1000 | 1000 | 1000 1000 | 1000 | 1000
0.05 | 0.999 | 0999 [ 0999 | 0,999 | 0,999 | 0,999 | 0.999 |
010 | 0997 | 0997 | 0997 | 0.997 | 0.997 | 0.997 | 0.997
0,20 | 0.987 | 0.987 | 0.088 | 0,988 | 0,988 | 0.989 | 0.989
030 | 0971 | 0972 | 0973 [ 0974 | 0974 | 0975 | 0.976
(40 | 0950 | 0.952 | 0.953 | 0.954 | 0.955 | 0.956 | 0.958
050 | 0925 | 0928 | 0930 | 0931 | 0933 | 0934 | 0936
060 | 0.897 | 0901 | 0,902 | 0.905 [ 0.907 | 0.008 | 0.912
070 | 0.867 | 0871 | 0.875 | 0BTT [ 0879 | D8R1 | 0886
060 | 0,835 | 0.840 | 0.844 | 0.848 | 0850 | 0852 | D858
0.00 | 0803 | 0809 | 0814 | 0KIT | 0820 | 0822 | 0829
L0 | 0.772 | 0.779 | 0.784 | 0787 | 0791 | 0.793 | 0.801
1.2 | 0712 | 0720 | 0.726 | 0730 | 0723 | 0736 | 0,745
14 | 0659 | 0.667 | 0.673 | 0677 | 00681 | 0684 | 0694
16 | 0612 | 0.620 | 0.626 | 0.631 | 0,635 | 0638 | (L6409
1.8 | 0572 | 0.580 | 0.586 | 0.591 | 0.595 | 0.598 | (LE09
20 | 0.537 | 0.545 | 0.551 | 0.556 | 0.560 | 0.563 | 0.574
25 | 0471 [ 0479 | 0.484 | 0,450 | 0.493 | 0,406 | 0,507
30 | 0426 | 0432 | 0.438 | 0.442 | 0.446 | 0,449 | 0459
40 | 0367 | 0373 | 0378 | 0.382 | 0.385 | 0.388 | 0,398
50 | 0329 | 0335 | 0340 | 0,343 | 0,347 | 0.350 | 0.359
60 | 0301 | 0207 | 0311 | 0.315 | 0,318 | 0.321 | 0.331
70 | 0279 | 0284 | 0289 | 0.292 | 0.296 | 0,298 | 0,308
8.0 | 0260 | 0265 | 0270 | 0.273 | 0,277 | 0.279 | 0.289
00 | 0244 | 0240 | 0253 [ 0257 | 0260 | 0,263 | 0.272 |
10| 0230 | 0.235 | 0.239 | 0243 | 0.246 | 0.248 | 0.257 |
20 | 050 | 0053 | 006 | 0158 | 061 | 0,162 | 0.170
300 | 0013 | 006 | 0018 | 0020 | 0122 | 0123 | 0,129
40 | 0092 | 0.094 | 0096 [ 0097 | 0.099 | 0100 | 0,105
500 | 0078 | 0080 | 0081 | 0083 | 0.084 | 0.085 | 0.089
60 | 0068 | 0.070 | 0071 | 0072 | 0073 | 0.074 | 0.077
0 | 0061 | 0.062 | 0.063 | 0064 | 0.065 | 0.066 | 0.069
80 | 0.055 | 0.056 | 0.057 | 0058 | 0.058 | 0.059 | 0.062
90 | 0.050 | 0.051 | 0052 | 0053 | 0.053 | 0.084 | 0.057
100 | 0046 | 0.047 | 0048 | D048 | 0.049 | 0.050 | 0.052

k

Figure 5.18 and Table 5.3 give values for z/H defining the location of M, ,as a function
of torsion parameter & and parameter 4 which
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characterizes the slope of the load function of trapezoidal distribution. It is interesting
to note that the location of the Saint-Venant torsional moment hardly depends on the
slope of the load function.
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Fig. 5.18 Location of the maximum Saint-Venant torsional moment M, . over the

height. -

5.5 STRESSES IN THE BRACING ELEMENTS

Knowing the shear forces, bending moments, Saint-Venant torsional and warping
torsional moments in the ith bracing element, the last step of the analysis is the
determination of the normal and shear stresses. The calculation is carried out using the
formulae derived for combined unsymmetrical bending and mixed torsion [Kollbrunner
and Basler, 1969; Murray, 1984; Zbirohowski-Koscia, 1967]. A local x—y coordinate
system is used whose origin is in the centroid of the ith bracing element and whose
axes are parallel with the global axes x and y.

Normal stresses are caused by bending moments and the warping torsional
moments:

ly—1I_.x fox=I_.v Wi
U,Jif}'—-"',;tl}}—’i+ﬂf”fz} - ——+ "E]m. (5.65)
j.rl'r,.-'_'i.l.-'_r.l ’ 'F; J-.- _"rn-ri 'F-H.I

where
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W(z)= JM (27 (5.66)

is the bimoment and @ is the sectorial coordinate. The sectorial coordinates represent
triangular areas, multiplied by two, defined by three points: the shear centre of the
cross-section and two points along the middle line of the cross-section defining the
section to which the sectorial coordinate belongs. The sign of the sectorial coordinate
is positive if the advancement along the middle line in creating the area represents an
anticlockwise rotation around the shear centre.

The first two terms in formula (5.65) represent the effect of unsymmetrical bending
and the third term stands for warping torsion. Both unsymmetrical bending and warping
torsion develop maximum normal stresses on ground floor level. Consequently, the
maximum value of the normal stresses is obtained by setting z=0. Formulae (5.50),
(5.51) and (5.63) can be used for the practical calculation.

It should be borne in mind in the structural design of the bracing elements that the
vertical load on the bracing elements also develops normal stresses and formula (5.65)
has to be supplemented by the term

- |_"-"J

(5.67)

where F is the vertical load on the ith element, resulting from its own weight and the

iz =1 () + () + T (), (5.68)

share of dead and live vertical load it takes, and 4, is its cross-sectional area.
The shear stresses originate from three sources:

where the first, second and third term on the right-hand side represent shear stresses
caused by unsymmetrical bending, Saint-Venant torsion and warping torsion,
respectively. The shear stresses resulting from unsymmetrical bending are obtained
using Jourawski’s well-known formula [ Timoshenko, 1955]

18,15, 1,5,~1,5.,

] 1 e Ml i O il | ¥
T =—| T, ()2l 2w gyt mead | 5.69
Y e U B R L G

Ll Jd | _r.|_ iyl
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where ¢, is the wall thickness and § ;.‘. and S ;, are the first (statical) moments of arca
with respect to the neutral axis. The area to be considered is the one which is cut off
from the cross-section by a line parallel to the neutral axis, where the shear stress is
needed, i.e. above (or below) the point considered.

Shear stresses develop from the Saint-Venant torsion as well. The formula for the
kth wall element of an open cross-section is

M,.
1i(2) Ly (5.70)
J. i

i

T:,k (2)=

where

Jp= 123,.3,‘,&”( (5.71)
E St

is the Saint-Venant torsional constant of the cross-section and ¢,, and 4, are the wall
thickness and length of the middle lane of the kth wall element of the cross-section of
the ith bracing element.

When the ith element has a closed cross-section, the formula for the shear
stresses is

M.
7.2 = ——r o 57)

T 2A1(s)]

where s is the arc length, 4, is the area enclosed by the middle line of the wall and #(s)
is the wall thickness at s (Fig. 5.19).

Fig. 5.19 Closed cross-section.

Finally, warping torsion also develops shear stresses:
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rm(z) - M(»,E(Z)Sm.i 573
" 1,1(s) G7)
where
Soi = Jw dA (5.74)

is the sectorial statical moment. b ”

Two of the three components of the shear stress, T; and 7; »lefined by formulae
(5.69) and (5.73), respectively, assume maximum on ground floor level. However, the
situation with 7; defined by formula (5.70) for open cross-sections and by formula
(5.72) for closed cross-sections is different. The location of the maximum of 7, varies
over the height as a function of £ and # and can be calculated by using Table 5.3 and
Fig. 5.18. The fact that the different shear stress components develop maximum at
different locations over the height has to be taken into account when the maximum
shear stress is calculated.

Comprehensive theoretical background to the calculation of sectorial properties
is presented in Vlasov’s monograph [1940] and step-by-step instructions for practical
calculations are also available [Kollbrunner and Basler, 1969; Zbirohowski-Koscia,
1967].

5.6 CONCENTRATED FORCE AT TOP LEVEL; SINGLE-STOREY
BUILDINGS

The equations and formulae presented in sections 5.1 to 5.4 are valid for buildings
subjected to a horizontal load of trapezoidal distribution and can be used for the
structural analysis of multistorey buildings. The situation with single-storey
buildings is somewhat different in that the external horizontal load is transmitted
through the facade to the bracing system as a single concentrated force at the
floor level. This load case is therefore of practical importance and is dealt with in
this section.

The formulae for this case may also be useful for investigating model structures
where, because of practical considerations, a single lateral force of eccentricity e on
top of the structure is applied, instead of distributed lateral load over the height.

The design formulae for this load case are obtained from the more general ones in
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sections 5.2 to 5.4 by taking into account the fact that the shear force is constant over
the height. The solution of the differential equations

d’u d>v
d’v d’u
El —+EI_—=F, 5.75b
x dz3 xy dz3 y ( )
with the boundary conditions
u(0)=v(0)=0, (5.76a)
uw'(0)=v'(0)=0, (5.76b)
W (H)=v"(H)=0 (5.76¢)

in the usual manner leads to the lateral displacements of the equivalent
column:

FI —-F]I_ (H*® 7°
xtx yxy
i —: emvime [
(2) E(fxfy—x’fy)( 5 "8 (5.77a)
FI —FI HZI z3
¥ ¥ XXy
v(z)= e b
@) E(ley—!f},)[ 2 6 (5.770)

where F, and F, are the components of the concentrated top load F in directions
x and y.
Maximum displacement develops atz=H:

3
(FI,~F,I)H
'2 k]
3E( 1, ~1)

umax - H(H) - (5783)
(F,1,—FI_)H®

v =v(H)=
max =V(H) 3E(1x!y~1§y)

(5.78b)

The rotations of the equivalent column are obtained from the solution of the governing
differential equation
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d’ (p do
EI, -GJ—=M_,
where
M=Fe=FytFx, (5.80)

is the torque at the top of the equivalent column. In making use of the boundary
conditions

¢(0)=0, (5.81a)
(p'(O) =0, (5.81b)
¢"(H)=0, (5.81¢)
the rotation is obtained as
¢(z)= %E(E“ nhE+ (cosh%—l) tanhk] (5.82)

Maximum rotation develops at z=H and, in the general case, is obtained from

MH tanh &
P = O(H) ==E=(1 - "“‘;c

) 5 (5.82a)

When the warping stiffness dominates over the Saint-Venant torsional stiffness, the

simpler formulae
Mz Hz'z 23
o(2)= 12 6 (5.82b)
and
M H’
Orax =P(H) = SEL (5.82¢)

can be used instead of formulae (5.82) and (5.82a).
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Fig. 5.20 Deformations of the equivalent column. a) Displacements, b) rotations.

Formulae (5.82), (5.82a), (5.82b) and (5.82c) cannot be used when the warping stiffness
is zero (e.g. for thin-walled closed cross-sections). In such cases, the rotation is
calculated from

M,z
(Z)=— 5.82d
¢ GJ (5.82d)
and the maximum rotation at z=H is
M H
Puax =P(H) = G} . (5.82¢)
Figure 5.20 shows the displacements and rotations of the equivalent column.
The expressions for the shear forces in the ith bracing element are
= = Ly,—1.:x%
Tx.r' £ I_N:Fx + Ixy.iF)‘ — F 2 M;_n;f" ’ (5.83a)
— — I x,—1_.y,
T =1 k%l b+ % M 1. (5.83b)
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0.9 N
0.8 Sy
071 R
0.6
054+
0.4
03+
0.2
0.1
0

0 025 05 075 1

Shear force factor

Fig. 5.21 Shear force factor 1;.: shear forces in the ith bracing element, due to rotation.

The notation used in formulae (5.83a) and (5.83b) is

— IF-IF -~ ILF-IF
F=22x o0y F=tit_—2=x (5.84)
1i,-1 LI1,-1
_ kz NP
1, =cosh == tanh k sinh T2 (5.85)

Parameter 7. is the shear force factor representing the effect of rotation around
the shear centre. Figure 5.21 shows typical shear force distributions as a
function of k. The maximum shear force, due to rotation, develops at z=0 and
always assumes 17, =1 _(0)=1 so the maximum shear forces in the ith bracing
element are

, SR o
T;:!-”‘ = ny.Fx +II_}',I-F;‘ —L))'I,LX‘MZ’ (5.86a)
max __ T o It!x! _!x‘}',iyi
Ty.r’ - Ix,iFy + [.xy.in + I MZ . (5.86b)
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Fig. 5.22 Bending moment factor 7, bending moments in the ith bracing element,
due to rotation.

The bending moments in the ith bracing element are obtained from formulae (5.83a)
and (5.83b) by integration:

2 = 1, y.—1,.x
M“. - (!y.i’Fx + [x),“.Fy)(z - H) + _...I_,_._MZHTIM, s (5.87a)
= = I, =1,y
M, =,F,+IF)z-H)y-—=2—M Hn,,, (5.87b)
where
1 =
»=—| tanhk cosh— —sinh— (5.88)
e k( H H )

is the bending moment factor representing the effect of rotation around the
shear centre. The bending moment parameter is shown in Fig. 5.22, as a function

of k.
Maximum bending moments develop at the bottom of the bracing elements:
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— o I oy,—1_.%
M3 =L P el F A 4—T—— ‘] LM Hny: (5.89)
a
= = I
M:'iu :—(Ix‘ij'FIxy.‘-Fx)H“i! - ManM:m s (5.90)
@
where
_ tanhk 5.91)
M : .
Values for 77,,, are given in Table 5.4 and in Fig. 5.23.
Ll W .' T
! | i i
0.8 1 : 1
I ; i
0.6 - e ._;.__....________5_ ______
04 o o .:._____Ji
024Nt
RPN 1 i i
0 _h-___:‘___J{:l
0 5 10 15 20 25 30
k
Fig. 5.23 Bending moment factor 7, maximum bending moments in
the ith bracing element, due to rotation.
The external torque M =Fe is balanced by the torsional moments
.
M (z) =Mz(l—cosh%+ tanhksmhgz) (5.92)

and

M, ()= Mz[cosh L tanh k sinh k_z] (5.93)
H H
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Table 5.4 Maximum bending moment factor 7],,.

k| M | k|

3 e | K T | k| T | k| T,

0.0 | 1.000 | 0.8 | 0830 | 1.8 | 0.526 | 4.0 | 0.250 | 7 | 0.143
0.1 0997 | 1.0 | 0762 | 2.0 | 0482 |45 ]0222 8 |[0.125
020987 |12 ]0695]25]|0395|50]|0200( 9 |0.111
04 0950 | 14 |0632| 30033255 ]0.182 | 10 | 0.100
0.6 | 0895 | 1.6 | 0576 | 3.5 | 0.285 | 6.0 | 0.167 |>10| 1/k

Typical torsional moment distributions are shown in Fig. 5.24 as a function of £.
The Saint-Venant torsional moment always assumes maximum at z=H:

1
M™()=M (H)y=M [1- _
(@D =M(H) ( coshk) (5.94)

The maximum of the warping torsional moment is at z=0:

max — s
M ™ (2)=M_,(0)=M,. (5.95)
zH
o1 O O O O
1 1 ] AR WE e i RIS CRSR CSEII SN S Ve
081~ T Myt 1 o o
oB—4+—4— - (AT Aot (S itk A S S B
T | Mi | o
e o 1 e e e
{
ogL—1—1 L e
] | T 7 I 1
L1 k [ My
0-5__ _—l'__|_ RSN NS, D ST - T e Eapherd ___1__—[__"—__
wl | M M, | [ B
0.4 - —f—— e s b e e T
| [ |
03—+ o o e | e
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_JI, w | I ! ‘-ﬂl {
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Fig. 5.24 Typical torsional moment distributions. a) £=0.5, b) &/=1, ¢) k=5, d) £=20.
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5.7 BUILDINGS WITH [, =0, SUBJECTED TO UNIFORMLY DISTRIBUTED
HORIZONTALLOAD

In the special case when the bracing elements have no product of inertia and the
building is subjected to a uniformly distributed horizontal load, the design formulae
given in section 2.2 and earlier in this chapter simplify considerably. The simplified
versions are given in this section.

Formulae (2.1) and (2.2) of the coordinates of the shear centre simplify to

i‘{x.ixi i]_\-‘i?f
S S—— =1

X , y, (5.96)
o 7 Yo I
Formula (2.5) of the warping constant also assumes a simpler form:
I(" = Z(IU)‘I'— + Ix.ixljz + I)lytz ) A (5.97)

1

The maximum lateral displacements of the equivalent column are obtained from formulae
(5.20)and (5.21):

Upgy =UH) = 22—, Vo =V(H)="2—. (598)

In the general case, the maximum top rotation is given by formula (5.28):

Prax =P(H) = (5.99)

k* coshk k 2

msz coshk—l_tanhk i
GJ

When the warping stiffness dominates over the Saint-Venant torsional stiffness, the
much simpler formula

sead — m2H4
Prnax = P(H) = 8EI, (5.99a)

can be used instead of formula (5.99).

Formulae (5.99) and (5.99a) cannot be used when the warping stiffness is zero
(thin-walled closed cross-sections). In such cases, the maximum rotation is calculated
from
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m H’
2GJ

Pmax = GD(H) = (5.99b)

The maximum shear force factor [formula (5.46)] and the maximum bending moment
factor [formula (5.52)] simplify considerably:

fi. &1 1 +tanhk 5100
T coshk k (5.100)
and

1, 2 2 4»tanhk_~ 2 (5.101)

max = kz __2+ ¥
coshk %k k coshk

The maximum shear forces in the bracing elements are obtained from formulae (5.44)
and (5.45):

max Iy i Iy iYi
I =T,0=9H->~-mH->—n, |, (5.102)
I)‘ Ia) max
max Ix,i Ix_jxj
;" =T1,,0)=q9,H 7 m,H 7 T (5.103)
x @

The maximum bending moments are calculated using formulae (5.50) and
(5.51):

qu2 L 3 msz I.v-i‘yf

M =M_.(0)=- . 5.104
i «i(0) 2 1, 2 I, My, (5.104)

o H* I, mH*I x
Mma.ax =M . 0 - ) X bt Ui - 5.105
i =M O == T g, e o

X ar

Formula (5.60) for the Saint-Venant torsional moments simplifies to

- Hcoshﬁ} (5.106)
H

k

M, =m, H—z+sinhE s.inhk+l
H coshk

and the location of its maximum is obtained using Table 5.3.
The maximum warping torsional moment at z=0 is obtained from formula (5.63):



Worked example 139

M, (0)=m_H. (5.107)

5.8 WORKED EXAMPLE: A 6-STOREY BUILDING IN LONDON

To illustrate the use of the method, it is applied to the 6-storey building in Brook Street,
London W1, whose layout is shown in Fig. 5.25. The modulus of elasticity and the
shear modulus are £=2x10* MN/m? and G=8.33x10* MN/m?, respectively. The total
height of the building is 22.8 m. The maximum deformations and the rotation of the
building as well as the maximum shear forces, bending moments and torsional moments
in the bracing elements are to be determined.

Fig. 5.25 6-storey building in Brook Street, London W1.

The external load is given by a uniformly distributed horizontal load in direction y,
whose intensity, for the sake of simplicity, is assumed 1.0 kN/m?. This leads to the

horizontal load as
q0,=33.0kN/m or F=752.4kN.

Two investigations will be carried out. It is assumed for the first analysis that the
bracing shear walls are not built together and they act independently of each other. For
the second analysis, it is assumed that some of the shear walls are built together in
such a manner that the reinforcement along the vertical joints makes the adjacent walls

work together resulting in 3-dimensional bracing elements (cores).
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5.8.1 Model: individual shear walls

The bracing system consists of four shear walls in the y and five shear walls in the x
directions (Fig. 5.26), whose geometrical and stiffness characteristics are summarized
in Table 5.5, where / and ¢ are the width and thickness of the shear walls. The product
of inertia (,,,) and the warping constant (/,,,) of all the elements are zero.

l
|
F\‘
o o
e[ |® @
® ® @

Xo

i

1 =

&

5
X
.l.xi—‘lﬁ_

L=33 |

+ ¥ y

Fig. 5.26 Model: individual shear walls.

As the equivalent column is situated concurrent with the shear centre, the first step
is to locate the shear centre. Its coordinates are obtained from formulae (5.96) in
section 5.7:

- _17.102 . 6.5766

X, = =17.742 m, y, = =1.716 m.
0.9639 3.8315

When the location of the shear centre is known, the coordinate system is moved to the
shear centre and the warping constant is obtained from formula (5.97):

1,=18.80+4.00=22.80m®.
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Table 5.5 Geometrical and stiffness characteristics

=

Element| X, ¥ h t L I X; vi I”.xf I, y,-2 Ji
11.30/1.125]2.25]0.250{0.2373|0.0029(-6.442|-0.591| 9.848 } 0.001 |0.0117
17.10/1.125]2.25]|0.250{0.2373|0.0029(-0.642|-0.591| 0.098 | 0.001 |0.0117
19.10{1.125]2.25]0.250|0.2373|0.0029] 1.358|-0.591| 0.437 | 0.001 |0.0117
23.60{1.125]2.25|0.250]0.2373|0.0029{ 5.858|-0.591| 8.143 [ 0.001 |0.0117
10.80/0.125|2.20|0.250(0.0029(0.2218]-6.942|-1.591| 0.140 | 0.562 |0.0115
17.35{0.125|3.50]0.250|0.0046|0.8932{-0.392|-1.591| 0.001 | 2.262 |0.0182
12.20{2.375{2.00{0.250|0.0026|0.1667{-5.542| 0.659| 0.080 | 0.072 {0.0104
15.05(2.375|1.50{0.250|0.0020|0.0703{-2.692| 0.659| 0.014 | 0.031 {0.0078
21.75|2.375|5.50{0.178|0.0026|2.4679| 4.008| 0.659( 0.042 | 1.070 {0.0103
0.9639(3.8315 18.803 4.001 |0.1050

MO 0 2t bW

Details of this calculation are shown in Table 5.5, where x, and y, are coordinates of the
shear centres of the bracing shear walls in the coordinate system whose origin coincides
with the shear centre. The value of torsion parameter & is obtained from formula (3.19):

k=228 [0-8333X0.105 _ ;50
V" 2x22.80

The coordinates of the geometrical centre of the plan of the building in the coordinate
system whose origin is in the shear centre are obtained from (2.10) in section 2.2:

=%—17.742=—1.242 m, yr=%—l.716=2‘784 m.

c

The torque around the shear centre is obtained from formula (5.6) where u is zero as the
horizontal load is uniformly distributed:

m(z)=mz=q,x,~33x1.242=-40.987 kNm/m.

The auxiliary load parameters are calculated from formulae (5.19):

_ _ 33

_0, _ —~34.236.
s 1y =0.9639

The maximum top translation of the equivalent column is obtained from formula
(5.98):
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4
Vinax :V(H): 33X328 =0.0578m =57.8mm.
8x2x10"x0.9639

The maximum top rotation is calculated from formula (5.99):

g —40987x22.8" ( cosh0.999-1 _ tanh0999 1)_
™ 8.333%x10°%0.105( 0.999’cosh0.999  0.999 2

=-2.19x10*rad.

Formula (5.33) converts radians into degrees:
Orn—37.3%x2.19x10-3=0.126°.

The rotation of the building is equal to the rotation of the equivalent column. As for the
maximum horizontal displacements of the building, however, it should be borne in mind
that, due to the rotation around the shear centre, the characteristic (corner) points of
the building develop additional displacements. The maximum horizontal displacement
of the building is obtained using formula (5.34):

Voutang=57-8+17742%2.19x10-3=96.6 mm.

Table 5.6 Maximum shear forces

Bracing Ty T.i T. T, 1y, .
element | {q.} | {m]} o {gy} | {m:} .
0 -0.1 -0.1 1852 | 69.8 { 255.0
-0.1 -0.1 185.2 7.0 192.2
-0.1 -0.1 185.2 | -14.7 | 170.5
-0.1 -0.1 1852 | -63.4 | 121.8
-16.1 | -16.1 2.3 0.9 32
-64.9 | -64.9 3.6 0.1 3.7
5.0 5.0 2.0 0.7 2.7
2.2 2.2 1.6 0.2 1.8
742 | 742 2.1 -0.6 1.5

0.0 0.0 7524 | 00 | 7524

[

MO 00O WN
[=RE=llollell ol oo o o)
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The maximum shear forces in the bracing elements are obtained from formulae (5.102)
and (5.103). The shear forces in the first bracing element, for example, are

pmex —_00029%0.591 ) 507 29 8% 1.113 = —0.078KN.,

% 22.80
e 33x22.8x0.237 i 0.237x6.442 40.987%22.8x1.113=255KN.
= 0.9639 22.80
where
. =1- 1 _1+tanh0.999=1l113
e cosh(0.999 0.999

is the maximum shear force factor [formula (5.100)].

Details for all the nine walls are given in Table 5.6.

The maximum bending moments are calculated using formulae (5.104) and (5.105).
The bending moments in the first shear wall are:

max _ 0.0029x0.591 40.987 x 22.8°

x,1

1.046=0.838kNm,

22.80 2
2 2
M = 33x22.8°x0.237 0.237x6.442 40.987x22.8 1046
' 2x0.9639 22.80 2
=-2859 kNm,

where—from formula (5.101)—the maximum bending moment factor is

_ 2 2 +4xtanh0.999_ 2
™ 0.999%cosh0.999 0.999* 0.999 cosh0.999

My =1.046.

Details for all the nine walls are given in Table 5.7.

The above formulae for the shear forces and bending moments consist of two parts.
The first part represents the shear force/bending moment share which is due to the
external load components g, and g, acting at the shear centre of the building, developing
horizontal displacements in directions x and y. The second part represents the shear
force/bending moment share which is due to the external torque m, developing rotation
around the shear centre and, consequently, additional displacements. The two parts
are marked {q./, {q,} and {m_} in the Tables.
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Table 5.7 Maximum bending moments

Bracing | M,; M, M. M,; M,; M.

element | {q:} | {m} ! {gy} | {mg) .
1 0 0.8 0.8 2112 | -747 | -2859
2 0 0.8 0.8 2112 -74 -2186
3 0 0.8 0.8 2112 158 | -1954
4 0 0.8 0.8 -2112 | 680 | -1432
5 0 172.5 172.5 -25.8 9.8 -35.6
6 0 694.8 694.8 -40.9 -0.9 -41.8
7 0 -53.7 -53.7 -23.1 -7.1 -30.2
8 0 -22.6 -22.6 -17.8 -2.6 -20.4
9 0 -794.4 | 7944 | -23.1 5.1 -18.0

As afunction of k (k=0.999), Table 5.3 gives the location of M, at z=0.772H=17.60m
and, according to formula (5.106), the maximum value is

M, =—40987{22.8-17.6+sinh 22221 78( i 1h0.999+ —— I
228 0.999
28 Beash X0l 068N,
cosh(.999

The warping torsional moment assumes maximum at z=0, which is obtained from formula
(5.107) as

M, ..=M,(0)=40.987x22.8=—934.5 kNm.

@, max’

5.8.2 Model: built-up shear walls and cores

Assuming that some of the shear walls are built together resulting in Z, T and U
shaped cores, the building is now braced by four bracing elements (Fig. 5.27),
whose geometrical and stiffness characteristics are summarized in Table 5.8. The
maximum deformations and the rotation of the building as well as the maximum
shear forces, bending moments and torsional moments in the bracing elements are
to be determined.

The auxiliary parameters [formulae (5.19)] assume the value
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=-1.602,

=12.683.

Fig. 5.27 Model: built-up shear walls and cores.
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The coordinates of the shear centre are obtained from formulae (2.1) and

(2.2):
_ 1.073x8.048 +8.493x42.553
L, = 2 =16.758m,
2.736x8.493-1.073
_ 2.736x8.048+1.073x42.553
L, = > =3.073m.
2.736%8.493-1.073
Table 5.8 Geometrical and stiffness characteristics
Element x, y,‘ Ix,i Iy,i Ixy,i Xi yi Ix,ixi2 Iy,i y;Z Ixy,ixi i I(u,i Ji
1 11.300(1.125|1.217[1.492{1.073]-5.458|-1.948|36.264| 5.660 | 11.402 {0.735|0.032
2 15.050{2.125}0.002{0.070] 0 [-1.708]-0.948| 0.006 | 0.063 0 0 1]0.008
3 17.350(0.125[0.573[0.896| 0 |0.592(-2.948]| 0.201 | 7.785 0 0.00810.029
4 21.225(3.033]0.94416.035| 0 | 4.467|-0.040|18.848| 0.010 0 3.015]0.030
x 2.736|8.493|1.073 55.319(13.517 11.402 {3.758/0.099
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The warping constant is calculated using formula (2.5):
1,=3.76+55.32+13.52-2x11.40=49.78 m*

Details of this calculation are shown in Table 5.8. The value of torsion parameter is
obtained from formula (3.19):

g JOBROXON . eet,
2x49.78

The coordinates of the geometrical centre of the plan of the building in the coordinate
system whose origin is in the shear centre are obtained from (2.10):

X, = 12% —16.758 =~ 0.258, y. = = 3.073=1.427.

==
The torque around the shear centre is obtained from formula (5.6):

m(z)=m=q,,<x~33x0.258=8.514 kNm/m.

The maximum top translation of the equivalent column is obtained using formulae
(5.19)and (5.21):

33x8.493x22.8*

- k ~=00214m=21.4mm,
8x2x107(2.736%8.493-1.0737)

Vaex = V)
The maximum top rotation is calculated from formula (5.28):

Prmax

0.655% cosh0.655 0.655 2

_ -8514x22.8’ ( cosh0.655-1  tanh0.655 1
8.333x10° x0.099

=—248%10*rad.

Formula (5.33) converts radians into degrees:
@max=57.3x2.48x10-*=-0.0142°.

The rotation of the building is equal to the rotation of the equivalent column. As for the
maximum translation of the building, however, in addition to the translation of the
shear centre, additional translations due to the rotation of the building have to be
taken into account. The maximum
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horizontal displacement of the building is obtained using formula (5.34):
Viuitding=2 1. 4+16758%2.48x10-=25.6 mm,

showing a drastic reduction, compared to the previous case (cf. v;,4,,=96.6 mm on
page 142).
The maximum shear force factor is given by formula (5.46):

1 tanh 0.655

Ny =1- + =1.060.
i cosh(0.655 0.655

The maximum shear forces in the bracing elements are obtained from formulae (5.44)
and (5.45). The shear forces in the first bracing element are

T =22 8(~1.492x1.602 + 1.073%x12.683) +

i 1.492x1.948 +1.073x5.458

8.514x22.8x1.06 =267.8 kN ,
49.78

7" =22.8(1.217x12.683-1.073x1.602) —

- 1.217x5.458+1.073x1.948
49.78

8.514x22.8x1.06=331.7kN.

Details for all the four bracing elements are given in Table 5.9.

Table 5.9 Maximum shear forces

Bracing Ty Ty T Ty, Ty, T

element {gx) {m;} i {qy} {m;} !
1 255.7 12.1 267.8 | 3129 | 18.8 | 331.7
2 -2.6 -0.2 2.8 0.6 0.0 0.6
3 -327 | -10.9 | -43.6 1658 | -1.4 164.4
4 2204 | -1.0 | -2214 | 273.1 | -174 | 255.7
z 0.0 0.0 0.0 752.4 0.0 752.4

The maximum bending moments are calculated using formulae (5.50) and (5.51). The
bending moments in the first shear wall are:



148 Advanced stress analysis

wii_. 228"
M =- > (—1.492%1.602+1.073x12.683) —
" 2
B 1.492x1.948+1.073x5.458 8.51x22.8 1028 = —3049KNm,
49.79
2
M;’;"‘ =— 2he (1.217%12.683-1.073x1.602) —
’ 2
_ 2
B 1.217x5.458-1.073x1.9488.51x22.8 1.028 = -3775kNm.
49.79
w here
o = : 2 B 2 2+4xtanh0.654_ 2 ~1.028.
™ (.654° cosh0.654 0.654 0.654 cosh0.654

Details relating to all the four walls are given in Table 5.10.

Table 5.10 Maximum bending moments

Bracing Mx_,' Mx,,' lej M i

clement | (g} | (m) | M | (q) | tmg) | M
1 2915 | -134 | -3049 | -3567 | 208 | -3775 |
2 293 | 30 | 323 | 66 | -01 | -67
3 372.9 | 120.6 | 4935 | -1890 | 15 | -1875
4 | 2513 | 110 | 2524 | -3114 | 193 | 2921

As afunction of k£ (k=0.654), Table 5.3 gives the location of M, ,, at z=0.892x/1=20.34
m and, according to formula (5.60), the maximum value is

M, =-8.51422.8-20.34+ sinhw sinh0.654 + 1 X
0.654
X —-—2-%§——~ - 22.8c05hw} =-11.6 kNm.
cosh(0.654

The warping torsional moment assumes maximum at z=0, which is obtained from formula
(5.63)as
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M,, =M, (0)=8.51x22.8=194.0kNm.

W, max

5.9 SUPPLEMENTARY REMARKS

Although the formulae presented in this chapter are applicable to bracing systems
consisting of solid shear walls and cores on rigid foundation, developing predominantly
bending deformations, the method can be extended to cover other types of bracing
elements and support conditions as well.

5.9.1 Frameworks and coupled shear walls

When frameworks and/or coupled shear walls are also included among the elements
of the bracing system, then the determination of the stiffnesses of these elements
needed for the establishment of the equivalent column requires special considerations.
They do not have their own warping torsional stiffness and their Saint-Venant torsional
stiffness and product of inertia can safely be neglected. This leaves the lateral
stiffnesses £/, and EI,. As with most planar bracing elements, their stiffness
perpendicular to their plane is small and may be neglected. Their in-plane stiffness
can be easily calculated by using one of the procedures given in Chapter 9. When
the lateral stiffnesses of the frameworks and coupled shear walls have been
determined, they can be replaced by fictitious solid walls of the same stiffnesses and
the spatial analysis, starting with the establishment of the equivalent column, can be
carried out.

The above procedure offers good approximation for X-braced frameworks
and infilled frames, and to some extent for coupled shear walls with relatively
small openings and with stiff wall strips and flexible lintels, as they develop
predominantly bending deformations. The situation is different with sway frames
and with coupled shear walls with flexible wall strips and stiff lintels as they tend
to develop predominantly shear type deformations. Replacing such bracing
elements with fictitious walls can lead to unacceptable approximations, particularly
as far as the location of the shear centre is concerned, and has to be considered
very carefully.
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5.9.2 Bracing systems with shear or a mixture of shear and bending
deformations

When the elements of the bracing system develop significant shear-type deformation,
the formulae given in section 2.2 for the coordinates of the shear centre cannot be
used. The wall strips of a built-up bracing element develop shear deformations
independently from each other. A simple, albeit approximate, procedure and closed
form solutions are presented in [Kollar and Poth, 1994] for the determination of the
location of the shear centre.

The situation is even more complicated when the bracing system has some elements
which develop bending deformations while other elements develop shear deformations
(e.g. sway frames and shear walls). The shear centre of such systems also depend on
the external load and may vary over the height [Stiissi, 1965]. Stafford Smith and
Vézina [1985] developed a 2-dimensional model for the determination of the shear
centre and introduced the notion ‘centre of resistance’. Their method also takes into
consideration the distribution of the external lateral load over the height. The special
case of bracing systems containing parallel plane members subjected to uniformly
distributed load was investigated by Manninger and Kollar [1998]. They showed that
even in this relatively simple case the notion ‘shear centre’ should be replaced by the
notion ‘shear centre curve’ reflecting the fact that the position of the shear centre
changes over the height of the building.

5.9.3 Special cases—scope for simplification

The closed form solutions given in this chapter are already simple enough for quick
checks on maximum stresses and deformations. However, the treatment further simplifies
in some special cases.

When the product of inertia of the equivalent column is zero (either because the
elements have no product of inertia or they have but cancel each other out), most of
the formulae considerably simplify and the amount of calculation involved is
significantly reduced. (The simplified formulae for /,=0—and for uniformly distributed
load—are given in section 5.7.) When only a few elements have a product of inertia,
they can be neglected when the number and arrangement of the bracing elements are
considered. However, when the bending and shear stresses are calculated, the products
of inertia of the individual bracing elements should not be neglected as their contribution
can be significant and neglecting them can lead to unacceptable approximations [Kollar
and Poth, 1994].

The contribution of the warping stiffnesses of the individual elements to the global
warping stiffness is usually very small in most practical cases—first term in formula
(2.5)—and it can be neglected when the torsional stiffnesses of the equivalent column
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are determined. However, as with the product of inertia, the warping characteristics
always have to be taken into account when the bending and shear stresses in the
individual bracing elements are calculated.

The formulae also simplify considerably when the contribution of the Saint-
Venant torsional stiffness to the overall torsional resistance is negligible, compared
to that of the warping stiffness. Research into structural elements of thin-walled,
open cross-section shows that neglecting the Saint-Venant torsional stiffness for
cross-sections with £<0.02 does not result in appreciable error [Vlasov, 1940].
Furthermore, the evaluation of values for the shear force factor and for the bending
moment factor given in section 5.4.1 shows that the error committed when the
Saint-Venant torsional stiffness for equivalent columns with £<0.1 is neglected in
the calculation of shear forces and bending moments due to rotation around the
shear centre is smaller than 1%.

5.9.4 Second-order effects

When the formulae for the deformations and stresses were derived, only the effects
of lateral loads were taken into account. However, building structures are always
subjected to vertical loads which develop compression in the vertical load bearing
elements, including the bracing elements. Because of the simultaneous effects of
the lateral and vertical loads, the deformations and stresses increase. This effect
can be taken into consideration in a simple way by applying the magnification
factor

1
-~ (5.108)

to the deformations and stresses calculated considering the lateral loads only. In
formula (5.108)

G
N, (5.109)
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is the global critical load ratio with N being the total vertical load and N,, being the
global critical load of the building. (Chapter 7 deals with the critical load ratio in detail.)
Formula (5.108), derived by Timoshenko and Gere [1961] for the stability analysis of
beam-columns, gives good approximation; the error for v<0.6 is less than 2%.

5.9.5 Soil-structure interaction

The formulae given in this chapter (and in Chapter 4) assume rigid foundations for
the elements of the bracing system. This is not always the case in practice. Typical
examples show that foundation flexibility can have an important effect on the
behaviour of the bracing system. The flexible foundation affects mainly the stresses
at the lower portion of shear walls and cores and, in general, has negligible effect on
the stresses at the upper portion of the structure [Nadjai and Johnson, 1996]. For
practical purposes, foundations built on hard rock or dense sand can be considered
rigid.

Due to the rotation of the foundation, the deformations of the building also increase.
Under a horizontal load of trapezoidal distribution, for example, the top translation of a
column on flexible support (i.e. the equivalent column), due to the rotation of the
foundation, can be determined using simple static considerations.

Uyiex
F—F
L q1+qo
7] E;_
\
\
P
H Y
W
L —
7 z =
Ke

Fig. 5.28 Top translation of rigid column on flexible support.

The moment equilibrium of the column (Fig. 5.28) is expressed by

upke qH® _qH 2H _
H 2 2 3

0, (5.110)
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where

ky = kg1, (5.111)

is the spring constant and

k;,  is the spring coefficient for rocking motion,

I;  is the second moment of the contact area between foundation and
soil in the relevant direction.

Values for the spring constant and the spring coefficient are given in Tables 3.4 and 3.5

insection 3.1.5.
Equation (5.110) leads to the translations, due to flexible support, as

1
U oy = o [~ 48 |y (5.112a)
KI\2 3

and
doy (1 U 3
Ve =—2 | s & s,
flex k;}}x (2 3 ) (5.112b)

where 1 =¢,/q, is the slope of the variable part of the horizontal load.

The total top translation of the equivalent column is obtained by adding up the
translation calculated assuming a flexible column on a rigid foundation [formulae
(5.20) and (5.21)] and the translation obtained by assuming a rigid column on a
flexible support [formulae (5.112a) and (5.112b)].

The flexibility of the foundation against torsional motions does not normally
have a great effect on the behaviour. However, if the structure of the foundation is
sensitive to torsional motions (e.g. isolated footings under the bracing elements or
rigid box foundation under an eccentric bracing system), this effect may also have to
be taken into account.

Discrete models have also been developed for the analysis of soil-structure
interaction. Both simple models [Kaliszky, 1978] and more complex procedures
[Spyrakos and Beskos, 1986; Nadjai and Johnson, 1996] are available for the 3-
dimensional stress analysis. Different aspects of soil-structure interaction are
discussed in [Council..., 1978c¢].



Illustrative example;
Quialitative and quantitative evaluation

The application of the method developed for the global structural analysis is illustrated
here by a series of examples. The illustration also makes it possible to show how the
performance of the bracing system can be evaluated and, in the next chapter, to advocate
the introduction of a ‘performance indicator’.

The 8-storey building in the example is braced by four shear walls (Fig. 6.1/a). Three
different arrangements of the same four shear walls are considered (Figs 6.1/b, 6.2 and
6.3) to show how the method can be used for assessing the efficiency of the bracing
system. The critical loads, the fundamental frequencies, the maximum deformations
and the rotation of the building as well as the maximum shear forces, bending moments
and torsional moments in the bracing elements are determined. The second order
effects are not taken into account.

It is assumed for the analysis that

» only the shear walls resist the horizontal load and the contribution of the columns
to the lateral stiffness of the bracing system is negligible,
* the shear walls only develop bending deformation.

The modulus of elasticity and the shear modulus for the example are E=2x10* MN/™2
and G=8.33x103 MN/™2, respectively. The storey height is 3.0 m and the total height of
the building is 24 m. The weight per unit volume of the building (for the dynamic
analysis) is y=2.50 kN/m®,

Assuming normal wind pressure of uniform distribution with an intensity of g=28.0
kN/m, making 50° with axis x, the load components for a simplified static analysis are

g,=—28.0%c0s50°=-18.0 KN/m,
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0,=—28.0xsin50°=—21.45 kN/m,

representing a total horizontal load of F =—672 kN, whose components are

F,=432kN and Fy:—514.8 kN.
+0.2m {_._.L_'ql'f:ﬁ"?'.q —+ &
| B ow — i -
al |o .
5m ! | G L ﬁ
Q) &
I, = 2.0833 1 ul‘!|
I = 000233 1 il L
1 2= U B -
2! J=0.01333 i @
= 00 ¥ = ¥
*a + 'K\q
al Bl

Fig. 6.1 8-storey building for the example, a) Bracing shear wall, b) ‘Layout 1°.

6.1CASE 1

In the first arrangement (‘Layout 1”) all four walls are placed in the right-hand side of the
building (Fig. 6.1/b). The second moments of area of the shear walls are given in Fig. 6.1/a.

As the equivalent column is situated concurrent with the shear centre, the first step
is to locate the shear centre. Its coordinates are obtained from formulae (5.96) which
are simplified versions of formulae (2.1) and (2.2) when 1,,=0 holds:

o 20E3ZEFIE+ 244240
= =210
e §.3333 m
_ o DOD3N2E+25+T75+7.5)
¥, = =7.5m.
001333

Structural engineering common sense also predicts this result as the centre of stiffness
of the four shear walls in the doubly symmetrical arrangement is at the geometrical
centre of the wall system. The geometrical and stiffness characteristics needed for the
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calculation—after making use of formulae (2.3) and (2.4)—are given in Table 6.1.
When the location of the shear centre is known, the warping constant can be
obtained from formula (5.97):

L=Y i, +1 3+ y)=7533m",
i

Details of this calculation are shown in Table 6.1 where x; and y, are coordinates of the
shear centres of the bracing shear walls in the coordinate system whose origin coincides
with the shear centre.

Table 6.1 Geometrical and stiffness characteristics for ‘Layout 1’

Element | X; | ¥, I, I, |x|y Ix,ixiz 1 y,iyi2 I, Ji
1 24125 (2.0833/0.0033| 3 |-5|18.75| 0.08 | O |0.0133
2 24112.5(2.0833/0.0033| 3 | 5{18.75| 0.08 | O |0.0133
3 18| 2.5 |2.0833/0.0033|-3|-5{18.75| 0.08 | 0 |0.0133
4 18112.5/2.0833(0.0033|-3| 5 {18.75| 0.08 | 0 |0.0133
z 8.3333(0.0133 75.00| 0.33 |75.33|0.0533

The coordinates of the geometrical centre of the plan of the building in the coordinate
system whose origin is in the shear centre are obtained from formulae (2.10):

¥, =——1x =12-21=-9m, ¥y.=—-%,=75-75=0,

b | =

Formula (2.9) gives the distance between shear centre O and geometrical centre C:

r=4x' +y! =9.0m,

with which the radius of gyration can be determined using formula (2.11):

P |'L’T£1-1H!_ (247 4157 o
"V 12 REEE

3

=4147.75=12.16 m,
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6.1.1 Critical load

The critical loads for sway buckling when the building is under uniformly distributed
floor load are calculated from formulae (3.11):

_ T84 EL _7.84x0.834% 210" x0.0133

N, . = =3.0MMN,
H 24"
. B, a8,
N,, = 7 34:;:151,. =_]' B0 33-1!21:“(] »8.333 — 1892 MN,
H* 24
where modifier r, (0.834) is obtained from Table 3.1.
Torsion parameter k is obtained from formula (3.19):
Gr .. [8333x10°
k= H |{.r  _ 4 [B.333x107 005333 0412

VEL, TV 2x10°x7533
With the above value of k, parameter k; is obtained from (3.18) as

go= 2 0412 s

Jr 40834

The critical load parameter (eigenvalue of pure torsional buckling) is obtained as a
function of k,, using Table 3.2 in section 3.1:

0=8.45.
The critical load for pure torsional buckling can now be calculated from formula (3.16):

v OBl  845x0.834x2x10° %7533
} -

=i =124.8 MN.
EPH? 147.75% 247

Interaction among the basic modes may be taken into account by cubic equation (3.22).
(The fact that the system is monosymmetric is ignored in this worked example in order to
demonstrate how the effect of the interaction is calculated in the general case.) The
coefficients needed in the equation are obtained from formulae (3.23), (3.24) and (3.25):
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=t I g =2 00 gy
i, 12,16 i, 1216
Voo e N A [RO2x 1248 )
ay=—mE ol e = 1566467,
-1y =17, [ =0.747
H-:’l.-’i'lll'lll\.-".r' + H-cl.:'! Nl.-'.-u:" + 'I""r-c ] H-c (A
il = S =
' 1-15 =T,
A |BO2 4+ 124834124 8 1 RO2
o DHIRTE R LR R A 535536,
1—0.747
li'."I-l.r..'i' ri + N-c r.'l"lz-lE N-tr.l'l - H.'.r..'i - N.r.r
iy = o 3 =
) l-Ty =T,
L. — 3
_3::{(].'3'4 I24.R1. IR‘H:—MGE.?.
1-0.74"

In taking into account the coupling of the basic modes, the global critical load is
obtained as the smallest root of equation

N-4462.9N?+535536N-1566467=0
as
N,=N,=3.0MN.

The effect of the interaction of the basic modes could have been predicted offhand in
this simple case. Because of the special arrangement of the bracing system (the shear
centre lies on axis x), interaction only occurs between N,,,=1892 and N, ,=124.8. The
global critical load is the minimum of the combining N, and N,, ,and the independent
N..x, Which, considering the magnitudes of the basic critical loads in question, is

obviously

No=N,=3.0MN.
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6.1.2 Fundamental frequency

The first natural frequencies for lateral vibrations in the principal directions are
calculated from formulae (3.52):

_0.56r, [EI, _0.56x0.892 [2x10"x0.0133x9.81

_ L = =0.047 Hz
fx e | pa 24 \ 25x24x15
and
L 056r, |EL, _ 0.56x0.892 llixIﬂJxH.HHxE'.EI = L168 Hz
ETHT A pa T 2 N 2sxzaxis

where the value of modifier r, (0.892) is obtained from Table 3.8.
The first natural frequency for pure torsional vibrations is calculated from
formula (3.55):

PR [EI, _0.577x0892 [2x10"x75.33x9.81
i IFHWI_M 1216247 ¥ 2.5x24x15

=(.298 Hz.

The value of frequency parameter 1 (0.577) in the above formula is obtained from Table
3.9 in section 3.2.1 as a function of torsion parameter k.

The coupling of the basic modes can be taken into account using cubic equation (3.59).
(The fact that the calculation can be simplified in this monosymmetrical case is once
again ignored.) Formulae (3.60) and (3.61) yield the coefficients needed for the calculation:

_ fofifi 0.0477 x1.1687 x0.298

e Y = 0000592,

dy

LR ARG 00477 %1168 +0.298° (0.047° +1.168°) _
1-1i -1} 1-0.74°

1
=1{),275,

I S I SS BEPS ST
a _ Sttt - fo - fi - f

z 2 1
=Ty =Ty
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_0.047* x0.74% —0.298% - 0.047% - 1.168*
1-0.74°

=-3.215,

where 7=0.74 and 7,=0, already available from the stability analysis, are also used.
The value of the smallest coupled frequency is obtained from

(FP-3.215(£)+0.275—0.000592=0

as the smallest root:

£=F=0.047 Hz.

Knowing the values of the basic frequencies and the fact that the arrangement is
monosymmetrical, the above value could have been obtained without calculation—as
was the case with the stability analysis.

6.1.3 Maximum stresses and deformations

The torque around the shear centre is obtained from formula (5.6) where ( is zero as the
horizontal load is uniformly distributed:

m=q.y+q,x=21.45x9=193.05 kNm/m.

As the procedure simplifies considerably for buildings subjected to uniformly distributed
load and with zero product of inertia, the simplified versions of the relevant formulae
given in section 5.7 will be used in the following.

The maximum top translations of the equivalent column are obtained from formulae
(598):

—18x24* —21.45x24*
Lfm:uc= 7 :-—2.81[}], vmax= 7
8x2x10" x0.0133 8%x2x10’ x8.333

=—0.005m.

The maximum top rotation is calculated from formula (5.99):

—_ 193.05x 247 cosh(0.412)-1 _ tanh(0.412) 1
™ 8.3333x10° x0.0533| 0.412° cosh(0.412) 0.412 2

=10.00499 rad.
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Formula (5.33) converts radians into degrees:
Or=57.3%0.00499=0.286°.

The rotation of the building is equal to the rotation of the equivalent column. As for the
maximum horizontal displacements of the building, however, it should be borne in mind
that, due to the rotation around the shear centre, the characteristic (corner) points of the
building develop additional displacements. The maximum horizontal displacements of
the building at corner points *‘A’and ‘B’ (Fig. 6.1/b) are obtained using formulae (5.34):

Va=Va=V+X, tanp=—0.005-21xtan(0.286)=0.11 m,

Up=Ug=UtYgtanp=—2.81-7.5xtan(0.286)=—2.84 m.

The maximum shear force factor [formula (5.100)] and the maximum bending moment
factor [formula (5.101)] are needed for the calculation of the maximum shear forces and
bending moments in the bracing shear walls:

1 tanh(0.412)
My = | = + =1,
- coshil412) 412

2 2 N tanhil412) 2

'r? = - - - =
Mo 04127 coshiD412)  0.412° 0.412 cosh{0.412)

=1.012.

The maximum shear forces in the bracing elements are obtained from formulae (5.102)
and (5.103). The shear forces in the first shear wall are

_ 0.0033 (L0033 5
I e=l8x2d— 19305 24— 1.6 =
sl 0.0133 7
=—10R.0+ 1.0==107 kM,
20833 20833%3

T =21 45% 24

F 19305 % 2d———=1.026=
8.3333 ST

==128.7+3%4.3= 26050 kM
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and details for the four walls are given in Table 6.2.

Table 6.2 Maximum shear forces for ‘Layout 1’

Bracing T, Ty T . T,; Ty, T
element | {q:} | {m;} ! {gy} {m.} ™
1 -108.0 1.0 -107.0 | -128.7 | 3943 265.6
2 -108.0 { -1.0 | -109.0 | -128.7 | 3943 265.6
3 -108.0 1.0 -107.0 | -128.7 | -394.3 | -523.0
4 -108.0 | -1.0 | -109.0 | -128.7 | -394.3 | -523.0
x -432.0 | 0.0 -432.0 | -514.8 0.0 -514.8

The maximum bending moments are calculated using formulae (5.104) and (5.105). The
bending moments in the first shear wall are:

_18x24° 00033 193.05x 24 0.0033x5

M L0122 =1283.5 kNm,
' 2 00133 2 75.33
A5x 247 20833 19305247 208333
= 20X 833 _ - 1.012=
: 2 B.3333 2 7533
=-3123.8 kNm.
Details relating to all the four walls are given in Table 6.3.
Table 6.3 Maximum bending moments for ‘Layout 1’
Bracing M, ; M,; M,; M,;
x,i X, Mxi ¥ pa M. i
element {4:) {m.} ' {gy} {m.} >
1 1296.0 | -12.5 | 1283.5 | 1544.4 | -4668.2 | -3123.8
2 1296.0 | 125 1308.5 | 1544.4 | -4668.2 | -3123.8
3 1296.0 | -12.5 | 1283.5 | 15444 | 4668.2 6212.6
4 1296.0 | 12.5 1308.5 | 1544.4 | 4668.2 6212.6

The above formulae for the shear forces and bending moments consist of two parts.
The first part represents the shear force/bending moment share which is due to the
external load components g, and g, acting at the shear centre of the building, developing
horizontal displacements in directions x and y. The second part represents the shear
force/bending moment share which is due to the external torque m, developing rotation
around the shear centre and consequently additional displacements. The two parts are
marked {q,}, {q,} and {m,} in the Tables.
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As afunction of k (k=0.412), Table 5.3 gives the location of M, . at z=0.948H=22.75
m and, according to formula (5.106), the maximum value is

o DA12x2275( |
M, =193.05{24-22, .-5-+5|nh1—[-‘ilﬂhiﬂ-4|13+ m m]x
T I TH X
W - NP nghM}=]ﬂH.f)ﬁfo.h.’-l:]El.Ekhm.
coshilL412)

The warping torsional moment assumes maximum atz=0, which is obtained from formula (5.107) as

M, max=,H=193.05%24=4633.2 KNm.

®,max
The performance of the building is clearly not acceptable. The maximum horizontal
displacement in direction x is 59 times greater than the recommended maximum
displacement of

H -Ei=L'I.U43m

"T500 500
Even in direction y, the maximum displacement is more than twice as big as the
recommended maximum.

As these excessive displacements are mainly caused by the lack of bracing in
direction x, the efficiency of the bracing system is improved for ‘Layout 2’ by turning
around shear walls No. 3 and No. 4 by 90 degrees. They are also moved to the left-hand
side of the building (Fig. 6.2).

6.2 CASE 2

Table 6.4 gives the geometrical and stiffness data for ‘Layout 2.

Table 6.4 Geometrical and stiffness characteristics for ‘Layout 2’

Element| % | 5, | 1, | LI, | x|y |Lx| Loy | Lo |

24| 2.5 |2.0833[0.0033| 0.035 [-5.0{ 0.00 | 0.08 | 0 |0.0133
24 12.5(2.0833/0.0033| 0.035 |50 000 008 | 0 [0.0133
2.5 0.0 |0.0033|2.0833|-21.465|-7.5| 1.54 |117.19] 0 [0.0133
2.5(15.0]0.0033|2.0833|-21.465| 7.5 | 1.54 |117.19] 0 [0.0133
4.1733]4.1733 3.08 |234.54|237.6]0.0533

M| W -
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The coordinates of the shear centre are obtained from formulae (5.96):
x=23.965m  and 3,=7.5m.

When the location of the shear centre is known, the warping constant can be obtained
from formula (5.97):

x i

I,=Y (I, +1,.x +1,,y)=237.6m°.
1
The coordinates of the centroid of the layout in the coordinate system whose origin is
in the shear centre are obtained from formula (2.10):

L 24 B 15
X, ===X,=—=23.965=-11.965m, y,=—=y,=—=75=0.
2 2 2 2
The distance between shear centre O and geometrical centre C is calculated from
formula (2.9):

t=+x’+y?=11.965m,

with which—in making use of formula (2.11)—the value of the radius of gyration can
be calculated:

P

2 2
£ \/%H 1.965? =~/209.93 =14.49 m.

X

@ pr— e - —
! ®
- - 'YO - X
® S | @
t |
/S Xo x
y +y

Fig. 6.2 8-storey building for the example: ‘Layout2’.

Torsion parameter k is obtained from formula (3.19):
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GI 8.3 53
v=i |G I|R..333xﬂ.l},-3-=ﬂlzﬂ.
VEL, ¥ 202376

6.2.1 Critical load

The basic critical loads are calculated from formulae (3.11) and (3.16):

_ TBAnElL _ 784x083x2x10" x4.1733

N - -=0475 MN,
i, K .“|_ z.d"
r L]
N"F?-ﬂ**n_f-"{-, =T-34x0.334x2::_c1[] X41733 _ o s N
' H* 24°
- Ef ; . 1237,
N, = 'i'lj*‘; w .04 %0834 % Exll:: % 237.6 —263.4 MN,
i H 200993 24°

where the value of critical load parameter o (8.04) is obtained from Table 3.2 in section
3.1 as a function of

k0232
k=== 220 20,254,
Jr. 0834

Because of the monosymmetrical arrangement of the bracing system, the coupling of
the basic modes can be calculated using formula (3.28). The value of the mode coupling
parameter is obtained from Table 3.3 as

£=0.231
as a function of
N ¥
p=—>=%= 2634 _ 280
N,y 9475
and
T, =% =0.826.

I
B

The combined critical load is
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Neorines=€ Nopy=0.231x947.5=218.8 MN.

As the sway critical load in the perpendicular direction is greater than the combined
critical load, the critical load of the building is

N,=218.8 MN.
6.2.2 Fundamental frequency

The first natural frequencies for the basic modes are calculated from formulae (3.52)
and (3.55):

0.56r, | . 2 !
£ _0.56r, (EI, =ujﬁxt:.39 l[Ex_J_'I] X41TIIXOBL _ 0 ooyt
YUOH' \ pa 24 ¥ 25x24x15
0.56r, | 5 2 [2:107
f = :f El, =n._axt;_39 210" % 4.1733%9.81 _ oo Ha.
H' Y\ pA 24 Y 25x24x15
T T | T
/= " l[EJ'ﬂ 0.565%0.892 [2x10"x237.6%981 _ o 1 pr

PHTY pA 1449w247 | 25x24%15

where the value of modifier r, (0.892) is obtained from Table 3.8. The value of frequency
parameter 7 in the formula of f , (7=0.565) is obtained from Table 3.9 in section 3.2.1 as
a function of torsion parameter k.

The coupling of the basic modes is calculated using formula (3.65). The value of the
mode coupling parameter is obtained from Table 3.3 as

£=0.229
as a function of
7 = f_,:' _ ﬂ.435: =0.277
fy 0.E27T°
and
T, =—£ = (0826,

Iy
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The combined frequency is

Foompinea =VE L, =~0.229%0.827 = 0.396 Hz.

As the lateral frequency in the perpendicular direction is greater than the combined
frequency, the fundamental frequency of the building is

£=0396Hz.

6.2.3 Maximum stresses and deformations

The torque around the shear centre is obtained from formula (5.6) where u is zero as the
horizontal load is uniformly distributed:

m=qy+qx=21.45x11.965=256.65 kNm/m.
The maximum top translations of the equivalent column are obtained from formulae (5.98):

~18x24* —21.45x24*

Uppax = - =-0.009m, v, = > =-0.011m.
8x2x10'x4.173 8x2x10"x4.173

The maximum top rotation is calculated from formula (5.99):

_ 256.65x247 cosh(0.232) -1 _tanh(0.232)+ 1
P 8.3333x10° x0.0533{ 0.232% cosh(0.232) 0.232 2

=0.00219 rad

or, in making use of formula (5.33), in degrees:
0 a=37.3%0.00219=0.126°.

This rotation also represents the rotation of the building. The maximum horizontal
displacements of the building are obtained using formulae (5.34):

V=V, =0, tang=-0.011-23.965xtan(0.126)=—0.064 m,

Uy ==y tan@=—0.009-7.5xtan(0.126)=—0.026 m.

max
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The maximum shear force factor [formula (5.100)] and the maximum bending moment
factor [formula (5.101)] are needed for the calculation of the maximum shear forces and
bending moments in the bracing shear walls:

1 N tanhi0.232)

y =1-= = L.009,
- cosh{(.232) 0.232
N 2 - 2 141imh[':}.2."rf'.]_ 2 o
IL"'“'_U.'I'_ifcnxh{l].!?ﬁ} .232° 0.232 coshi0.232)

The maximum shear forces in the bracing elements are obtained from formulae
(5.102) and (5.103). The values are summarized in Table 6.5. The maximum bending
moments are obtained from formulae (5.104) and (5.105) and are tabulated in
Table 6.6.

Table 6.5 Maximum shear forces for ‘Layout 2’

Bracing Ty Tyi T . Ty Ty, T. .
element {ax) {m;} i {qy} {m.} >
1 -0.35 0.44 0.09 -257.0 1.9 -255.1
2 -0.35 -0.44 -0.79 -257.0 1.9 -255.1
3 -215.65 | 408.62 192.97 -04 -1.9 2.3
4 -215.65 | -408.62 | -624.27 -04 -1.9 2.3
s 4320 | 00 | -4320 | -5148 | 00 | -5148

Table 6.6 Maximum bending moments for ‘Layout 2’

Bracing M,; M, ; M.. My, M,,; M.
element {q:} {m,} = {g,} {m.} »
1 4.1 -5.2 -1.1 3083.9 | -22.1 | 3061.8

2 4.1 5.2 9.3 3083.9 | -22.1 | 3061.8
3 2587.8 | -4881.6 | -2293.8 4.9 221 27.0
4 2587.8 | 4881.6 | 7469.4 4.9 22.1 27.0

As a function of k (k=0.232), Table 5.3 gives the location of M, ., at z=0.982H=3.57 m
and, according to formula (5.106), the maximum value is
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M, =256.65\24—-23.57+sinh S22 2357 (G h(0.232) + ——
: 24 0232

24 w}: 256.65%0.21=53.9 kKNm.

X——————24cosh
cosh(0.232)

The warping torsional moment assumes maximum at z=0, which is obtained from formula
(5.107) as:

M, 0=m H=256.65%24=6159.6 KNm.
The efficiency of the bracing system has improved considerably with ‘Layout 2’ and
the maximum horizontal displacements in directions x and y decreased by 99% and
42%, respectively. The value of the global critical load increased by 7193% and the
smallest coupled frequency by 742%. However, the maximum displacement in direction
ystill exceeds the recommended maximum:

Viax =V =0.064m>0.048m:%.

The efficiency can still be improved by slightly modifying the position of the bracing

walls for ‘Layout 3.

6.3 CASE3

‘Layout 3’ in Fig. 6.3 only shows a small change compared to the previous case: the

shear walls are at the same location but shear walls No. 2 and No. 4 are rotated by 90

degrees. Table 6.7 gives the geometrical and stiffness data for the new arrangement.
The coordinates of the shear centre—from formula (5.96)—are

x,=120m and y,=7.5m.

The warping constant is obtained from formula (5.97):

I,=Y Ui+ 1, %2 +1,,y?)=8351m".
1
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The geometrical centre coincides with the shear centre so the coordinates of the
geometrical centre in the coordinate system whose origin is in the shear centre are

Xx=00m and y=0.0m.

@ " " 0
- o .
) . &
"y

Fig. 6.3 8-storey building for the example: ‘Layout 3°.

The radius of gyration—with t=0—is obtained from formula (2.11):

1 ;I'.' —
[ = 1I||24 l;-" +0=+/66.75=8.17 m.

Table 6.7 Geometrical and stiffness characteristics for ‘Layout 3’

Element| X, v I, Iy,i X; Yi Ix,ixiz Iy,iyi2 1,; Ji

24.0( 2.5 |2.0833]0.0033] 12.0 {-5.0|300.0| 0.08 0 |0.0133
21.5|15.0/0.0033|2.0833| 95 | 7.5} 0.3 {117.19{ O |0.0133
2.5 | 0.0 |0.0033]|2.0833| -9.5 |-7.5{ 0.3 [117.19( O |0.0133
0.0 |12.5(2.0833(0.0033|-12.0] 5.0 |300.0| 0.08 0 ]0.0133
4.173314.1733 600.6 |234.54(835.1]0.0533

MR W N -

Torsion parameter k is obtained from formula (3.19):

(GI _,, [83333x00533

=2 =0.124.
VEL ¥ 20x835.1

k=H
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6.3.1 Critical load

The basic critical loads are calculated from formulae (3.11) and (3.16):

_ T840l =_?:E4xu.$3dx2xm‘m.1733

N, . 2 o7 =947.5 MN,
. 4
N, =T.E‘:,!H,,- =T_E4:{I:}.334>;:cm :-:4.[']"33_9415 MN.
- 4
e = m;.E{m _ 1.90x0.834 % -xl? x835.1 _ 2962.1 MN.
e 66.75% 24

where the value of critical load parameter ¢ (7.90) is obtained from Table 3.2 in section
3.1 as a function of

b = k 0.124 — 0136
o Josia T
As the shear centre of the bracing system and the geometrical centre of the plan of the

building coincide, the basic critical loads do not couple and the smallest one is the
global critical load:

N,=947.5 MN.

6.3.2 Fundamental frequency

The first natural frequencies for the basic modes are calculated from formulae (3.52)
and (3.55):

0.56r, [EI ' ! .
P :’ lﬁ__ﬂ.ﬁﬁx{:.ﬂgl‘lzﬂﬂ “4'1333"“1=u_33mz.
HY | pa 24 2 5x24%15
0.56r, (E 2% 10
;e re [El, _0.56x0.892 2% 107 % 4.1733%9.81 = 0.527 Hz.

H' | pA 247 W 25x24x15
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r, |EI. 0.561x0.892 [2x10" x835.1x9.
quz_’h El, _ X 9J><0><8 ATy —

i H*\ pA  8.17x24 2.5x24x15

P

The value of frequency parameter 77 (1) =0.561) in the third formula is obtained from
Table 3.9 in section 3.2.1 as a function of torsion parameter k.
The basic modes do not combine, so the smallest natural frequency of the building is

f=0.827Hz.

6.3.3 Maximum stresses and deformations
Because of x, =y =0, the value of the external torsional moment is zero:
m=0.

The maximum top translations of the equivalent column are obtained from
formulae (5.98):

—18x24* —21.45%24"
U= =-0.009m, v, = =—0.011m.
8x2x10"x4.173 8%x2x10" x4.173

As the external torsional moment is zero, the building does not rotate around the shear
centre. The maximum translations of the building are equal to the maximum translations
of the equivalent column:

Uy =U=u=—0.009 m, Via=V,=v=-0.011m.

Table 6.8 Maximum shear forces for ‘Layout 3’

Bracing Ty T, T Ty, T, T
element {gx} {m} ! {g} | {m) !
1 -0.35 0.0 -0.35 -257.0 0.0 -257.0
2 21565 | 0.0 | 21565 | -04 | 0.0 0.4
3 -215.65 0.0 -215.65 0.4 0.0 04
4 -0.35 0.0 035 | 2570 | 0.0 | -257.0
z 4320 | 0.0 | -4320 | -5148 | 0.0 | -514.8
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As the external torque equals zero, there is no need to calculate the maximum
shear force factor and the maximum bending moment factor. The maximum shear
forces and bending moments in the bracing elements are obtained from formulae
(5.102), (5.103), (5.104) and (5.105) and their values are summarized in Tables 6.8
and 6.9.

The efficiency of the bracing system has further improved compared to ‘Layout
2’. The value of the global critical load increased by 333% and the smallest natural
frequency by 109%. The maximum horizontal displacements in directions x and y
decreased by 65% and 83%, respectively, compared to the previous case. The
maximum displacements in both directions are now smaller than the recommended
maximum values:

k. =000 m<0048m="1_, v =001 m e 0048 m =

max

S S

Table 6.9 Maximum bending moments for ‘Layout 3’

Bracing M,; M,; M. M,; M,,; M,
element | {q.} | {m} ‘ {gy} | {m} »
1 4.1 0.0 4.1 3083.8 0.0 3083.8
2 2587.8 0.0 2587.8 49 0.0 4.9
3 2587.8 0.0 2587.8 4.9 0.0 4.9
4 4.1 0.0 4.1 3083.8 0.0 3083.8

The comparison of the values of the maximum shear forces and bending moments
with those of the previous cases also shows significant improvement: the maximum
values of the shear forces (in walls No. 3 and No. 4 for ‘Layout 1’ and in wall No. 4
for “Layout 2”) dropped by about 50-60%. There is also a similar reduction in the
values of the maximum bending moments. These favourable changes are due to
the fact that the elements of the bracing system with ‘Layout 3’ are arranged
optimally: the bending and torsional stiffnesses are maximum and the external
torque is minimum (=zero).
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6.4 EVALUATION

The results of this example and the evaluation of over one hundred bracing systems
show that the structural performance of a building is greatly influenced by the
arrangement of the bracing system [Zalka, 1997]. As the third arrangement (Case 3)
for the example above demonstrated, even a small change in the arrangement can
significantly alter the response of the building to the external load. An optimum (or
near optimum) arrangement can be achieved by following the three guidelines
below.

The first step is to produce a well balanced system with adequate bending
stiffnesses in both directions x and y. When the adequacy of the bending stiffnesses
is judged, the external load should always be considered: the bending stiffness
should be ‘proportional’ to the load in the direction in question.—The system in
‘Layout 1" has very small bending stiffness in direction x (1,=0.0133) and by orders
of magnitude greater bending stiffness in direction y (1,=8.3333), while the external
load in both directions is of the same order of magnitude (q,=18; q,=21.45).

Fig. 6.4 Increasing the warping stiffness of the system. a) I ,~ 0, b) 1 ,= max.

When the bracing system has the necessary bending stiffness in both directions, the
efficiency of the system can usually be further improved by maximizing its torsional
stiffness, thus reducing the effect of the rotation of the building around the shear
centre. The most effective way of doing this is to increase the warping stiffness of the
system. In the typical case when the bracing system is dominated by shear walls, the
warping stiffness is increased by increasing the ‘torsion arm’ of the shear walls. The
‘torsion arm’ is the perpendicular distance between the plane of the wall and the shear
centre of the bracing system. Figure 6.4/a shows a system having shear walls with zero
torsion arms where the warping torsional stiffness of the system is zero. The shear
walls in Fig. 6.4/b have long torsion arms (1, 1,, I; and 1,): therefore the system has
great warping stiffness.
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Reducing the torsional effect of the external load is also very important. The resultant
of the external horizontal load is usually assumed to pass through the centroid of the
plan of the building and imposes a torque around the shear centre, unless the shear
centre and the centroid coincide. This torque can have a significant and detrimental
effect on the performance of the bracing system. This effect can be considerably
reduced by shortening the distance between the shear centre and the centroid.—
‘Layout 3’ (Fig. 6.3) shows a good example for eliminating the effect of torsion: the
shear centre and the centroid coincide and both the deformations of the building as
well as the shear forces and bending moments in the bracing elements are much smaller
than in the previous cases.

When all the three recommendations above are implemented, the resulting bracing
system is well balanced and provides effective resistance against horizontal
displacements and rotations usually in the form of a symmetrical (or nearly symmetrical)
system.



Global critical load ratio

A number of publications and guidelines are available for the elastic stability
analysis of the elements of complex systems. The choice is much more limited
when the stability of the whole system is investigated. The practical significance
of the elastic global critical load has been recognized but research in this direction
has concentrated mainly on framed structures [Dulacska and Kollar, 1960; Kollar,
1972; Council..., 1978a and 1978b; Stevens, 1983]. Theoretical research and recent
developments in computer modelling of structures show that it is essential to
understand whole building behaviour as an analysis based on global approach
can lead to safer and more economical structures. Dowrick [1976] drew attention to
the importance of the overall stability of structures but national and international
codes have been slow to incorporate global approaches. Halldorsson and Wang
[1968] suggested that a ‘general safety factor’ should be used for building structures
as its importance is comparable to that of the ‘overturning safety factor’ used in
the design of dams. Chwalla [1959] recommended some forty years ago the
introduction of the factor. The reason for not taking the ‘general safety factor’ on
board was probably the lack of simple and clear methods for the determination of
the global critical load at that time.

National [BS5950, 1990; DIN 18800, 1990; MSZ series, 1986] and European
[Eurocode 1, 1995; Eurocode 2, 1992; Eurocode 3, 1992] codes do not use a consistent
approach to sway instability and do not address torsional instability although the
importance of these phenomena and their direct link with global safety are well
known [Council..., 1978aand 1978b; CEB, 1983; ISE, 1988].

It is shown in this chapter that, based on the global critical load introduced in
Chapter 3, the global critical load ratio can be easily produced and effectively used
for assessing the safety and the performance of the bracing system.
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7.1GLOBAL CRITICAL LOAD RATIO—GLOBAL SAFETY
FACTOR

The simple and expressive procedures presented in Chapter 3 for the determination of

the global critical loads and Dunkerley’s summation theory make it possible to introduce
the elastic global critical load ratio as follows [MacLeod and Zalka, 1996]. The global
critical load ratio is the ratio of the total vertical load (N) and the global critical load (N,,):

N
N,

V= (71

When the structure is subjected to two load systems, e.g. concentrated top load and
UDL on the floors, then the global critical load ratio assumes the form:

_F N
VSR TN (72)

where F is the total concentrated load on top floor level, F, is the corresponding
critical concentrated load, N, is the critical load for buildings under uniformly
distributed floor load and

N=QLBn (7.3)

is the total uniformly distributed vertical load measured on ground floor level. In
formula (7.3), Q is the intensity of the uniformly distributed floor load, L and B are the
plan length and breadth of the building and n is the number of stories.

It is noted here that the reciprocal of the critical load ratio can be considered a
global safety factor [Zalka and Armer, 1992]. Relationship (7.1) is used in this sense in
DIN 18800 [1990]; Kollar [1977] also used this approach although he did not actually
used the term ‘global safety factor’ when he investigated the stability of a building
using different bracing system arrangements.

It follows from the definition of the global critical load ratio that theoretically any
value smaller than one indicates stable equilibrium. However, it is advisable to limit its
value. In accordance with code regulations [BS5950, 1990; DIN 18800, 1990; Eurocode
3, 1992], the recommended limit [MacLeod and Zalka, 1996] is
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v<0.1. (7.4)

If condition (7.4) is satisfied, then the vertical load bearing elements can be considered
as braced (by the bracing system) and neglecting the second-order effects (due to
sway and torsion) may result in a maximum 10% error. This approximation seems to be
acceptable in view of the levels of approximation inherent in many other characteristics
such as load, material qualities, stiffness, etc.—The behaviour and design of storey-
height columns in a braced building is discussed briefly in section 3.1.6.b and in detail
in [Kollar and Zalka, 1999].

If condition (7.4) is not satisfied, then the stability of the building can still be
acceptable but stable equilibrium must be demonstrated by using some more accurate
procedure which takes into account the second-order effects.

According to a widely accepted rule of thumb in the structural design of buildings,
there is an “absolute bottom line’, as far as global safety is concerned: the value of the
global safety factor must be at least four. When the global critical load ratio is used,
this translates to

Vi < 0.25. (7.5)

7.2 GLOBAL CRITICAL LOAD RATIO—PERFORMANCE
INDICATOR

The most important feature of the global critical load ratio is, in accordance with the
definition, that it represents the ‘level” of stability of the building. In addition, the
global critical load ratio can be conveniently used to monitor the structural performance
of the bracing system. This will be demonstrated using the data and the results of the
examples presented in Chapter 6.

Two horizontal load cases are considered for the stress analysis: a horizontal load
of 28 kN/m with an angle of 50° with axis x (Table 7.1) as in Chapter 6, and a horizontal
load of 28 kN/m but with an angle of 90° with axis x (Table 7.2). The characteristic
results of the stress analysis are given in the second, third and fourth columns of the
tables. The global critical load ratio is calculated assuming a uniformly distributed
floor load of intensity Q=8.0 kN/m? (representing a total vertical load of 23.04 MN) for
each of the three layouts. The global critical load ratios are given in the last column in
Tables 7.1 and 7.2. The weight per unit volume of the building is assumed to be y=2.50
kN/m? for the frequency analysis.
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With the 8-storey building featured in the example in the previous chapter, the shear
forces, the bending moments, the rotations and particularly the horizontal displacements
could be considered as characteristics of the performance of the bracing system. As
the efficiency of the bracing system was improved by rearranging the elements of the
bracing system, the maximum deformations of the building decreased. A similar tendency
was observed regarding the change in the value of the global critical loads—and the
global critical load ratios which originate from them—and the fundamental frequency
of the building: in parallel with the decrease of the maximum translations, the value of
the global critical loads and the fundamental frequencies increased and the value of
the global critical load ratios decreased (Table 7.1).

Table 7.1 Performance indicators. Angle of horizontal load and axis x: 50°

Maximum | Maximum | Maximum | Fundamental | Critical
Layout rotation translation | translation | frequency load ratio
[ [mm] ratio [-] [Hz] [-]
1 0.286 2843 59.22 0.047 7.680
2 0.126 64 1.33 0.396 0.105
3 0.000 11 0.23 0.827 0.024

The question emerges, which characteristic is best used for assessing the performance
of the bracing system: the maximum horizontal displacement, the fundamental frequency
or the global critical ratio? It can be said against the fundamental frequency that it
plays a relatively minor role in structural engineering design: the designer of an ordinary
building rarely carries out a dynamic analysis. The advantage of using the maximum
displacement would be its practical importance: it is very useful to know the
displacements of a building. However, there are two disadvantages here: the maximum
displacement is not a nondimensional quantity and its value also depends on the
direction of the horizontal load. The first disadvantage can easily be eliminated by
introducing the maximum displacement ratio as the ratio of the maximum displacement
to the recommended maximum displacement H/500 (the fourth column in Table 7.1).
However, the second disadvantage is an inherent one and can lead to unfavourable
situations as a fatal weakness of the bracing system may be underestimated. The
building used for the numerical example reveals this shortcoming. If an external load in
directiony is applied, then, although the performance of the bracing system is correctly
characterized by the maximum displacements, the displacements do not reveal the
drastic difference between ‘Layout 1’ and the other two layouts (Table 7.2), which is
obvious when the horizontal load has a 50° angle with axis x (Table 7.1). The fatal
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weakness of the bracing system that it has practically no bending stiffness in direction
x (Layout 1) does not come through as spectacularly as with monitoring the global
critical load ratio.

Table 7.2 Performance indicators. Angle of horizontal load with axis y: 0°

Maximum | Maximum | Maximum | Fundamental | Critical
Layout rotation translation | translation | frequency load ratio
[ [mm] ratio [-] [Hz] [-]
1 0.373 153 3.19 0.047 7.680
0.164 84 1.75 0.396 0.105
3 0.000 14 0.29 0.827 0.024

On the other hand, the global critical load ratio is a nondimensional quantity and its
value does not depend on the direction of the load, i.e. it assumes a uniformly
distributed vertical load. The great advantage of the global critical load ratio approach
is that it ‘automatically’ considers the most dangerous circumstances, i.e. it
automatically takes into consideration whether the system tends to develop sway,
torsional or combined sway-torsional deformations. In addition, the global critical
load ratio is very sensitive to changes in the size and/or in the arrangement of the
elements of the bracing system. Its importance is also underlined by the fact that it
has a direct link with the safety of the building. The calculation of the global critical
load ratio is simple: the examples in Chapter 6 show that it can be carried out in
minutes and it can be repeated even faster when the necessary modifications in the
bracing system are made.

It is therefore recommended that, in addition to the conventional element-based
approach, the global critical load ratio approach also be used in the design process
in assessing the performance and ‘health’ of the bracing system. The use of the
global critical load ratio offers the following additional advantages:

» Construction costs can be reduced by finding the most effective bracing system
(using the least material).
» Safety levels can be increased if necessary, without increasing construction costs.
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7.3FURTHER APPLICATIONS

As the magnitude of the vertical load on the building increases in relation to the critical
load, the value of the stresses and deformations which are caused by the horizontal
load increases and the value of the natural frequencies decreases. The critical load
ratio can be used to allow for these second-order effects.

In making use of the magnification factor

l—v (7.6)
the accuracy of the formulae given in Chapters 4 and 5 for the stresses and deformations
can be improved. Factor v in formula (7.6) is the global critical load ratio. Values of the
stresses and deformations multiplied by magnification factor (7.6) take into account
the fact that the stresses and deformations of a building under horizontal loads increase
due to the vertical load.

The accuracy of the formulae for the natural frequencies can also be improved in a
similar way. In the dynamic analysis of beam-columns it is shown that the axial
compressive forces reduce the value of the natural frequencies of vibration by a factor
of (1—v)¥?[Timoshenko and Young, 1955]. In allowing for this effect, the accuracy of
the formulae given in section 3.2 can be improved by incorporating the factor into the
formulae:

—

fo=f1-v. 7.7)

In formula (7.7), f, is the frequency which includes the effect of the vertical load, f is the
frequency which is calculated by ignoring this effect (using the formulae given in
section 3.2) and v is the relevant critical load ratio. The individual formulae for the basic
natural frequencies are given in section 3.2.5.a.
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for the global analysis

The application of the equivalent column concept in Chapters 3 and 5 resulted in
simple procedures and closed-form solutions for the global structural analysis. A
weakness of the model used for the analysis is that when the calculation model is
established only the bracing walls, cores and frameworks (the primary structural
elements of the “building skeleton’) are taken into account. Although this is a widely
accepted assumption in structural analysis, tests on real buildings show that the
behaviour changes considerably during the construction process and the final
behaviour can be quite different. The effect of the floor slabs on the lateral stiffness
is normally not significant [Ellis and Ji, 1996] but other structural and non-structural
elements can play a more important role. The lateral stiffness of completed buildings
can be much greater than that of the skeleton of the building. Tests on the 8-storey
Cardington Steel Building after completion showed that a bare frame analysis can be
as much as 500% conservative in predicting the lateral stiffness of the building
[Daniels, 1994]. Torsion can be significantly more dangerous than predicted by
some design models.

An efficient way of improving the accuracy of the theoretical procedures is to
incorporate experimental data into the calculation. The aim of this chapter is to present
such a method which takes into account all the contributing structural and non-structural
elements. The experimental data needed for the procedure are the natural frequencies
which are used for establishing the characteristic stiffnesses. The stiffnesses are then
used to create more accurate formulae for the global stress and stability analyses of
the building.

The simple procedure presented in this chapter can be used to calculate the critical
loads and the maximum horizontal displacements and the rotation of buildings with a
doubly symmetrical bracing system.
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8.1 STIFFNESSES

The procedure to be presented is based on the characteristic stiffnesses which are
obtained using experimental data. The lateral stiffnesses for multistorey buildings are
obtained from formulae (3.52) by simple rearrangement:

4.7 4,12
gy, = PAH Ty Er, = PALTY 61)
0.3 If!nﬁrl: N3 lﬂ-l.":nrl:
where
p is the mass density per unit volume of the building defined by
formula (3.45),

fx.fr are the first natural frequencies of lateral vibration in the
principal directions, measured on the building,

A is the area of the plan of the building,

H is the height of the building,

rs is a modifier given in Table 3.8.

The torsional stiffness is obtained in a similar manner by rearranging formula
(3.55):

4.2 p1
g, <PAH L 6.2)
L
where
Jo is the first pure torsional frequency, measured on the building,
ip is the radius of gyration of the area of the plan of the building,
n is the frequency parameter given in Table 3.9 in section 3.2.1.

The contribution of the Saint-Venant stiffness to the overall torsional resistance of the
building is accounted for by frequency parameter 7 in formula (8.2).

When the warping stiffness of the bracing system is zero (e.g. a single bracing core
of closed cross-section), the torsional stiffness is obtained from formula (3.56) where
i=1 is substituted for the fundamental torsional frequency:

GI =16pAH " 1) (8.23)
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GI=16pAHL . (8.23)

The stiffnesses for single-storey buildings are obtained from formulae (3.67) and
(3.72) as

2 s IR 1 3 1 "
El, _AmTAH fip 1 El, - dm AH fip (8.3)
3 3
and
A AH g

o T — . L 8.4
@ ) (8.4)

where
o is the mass density per unit area of the top floor, defined by

formula (3.68).

When the warping stiffness of the bracing system is zero, the torsional stiffness is
obtained from formula (3.70):

GI =4n*Hi:Ap 2. (8.43)

8.2CRITICAL LOADS

In combining the stiffnesses given by formulae (8.1) to (8.4) and the theoretical basic
critical loads presented in section 3.1.1, simple closed-form formulae are obtained for
the basic critical loads which now contain the frequencies measured on the building.

8.2.1 Multistorey buildings under uniformly distributed floor load

In making use of formulae (3.11) and (8.1), the formulae for the basic sway critical loads
are obtained as

Ny = 25rpAH’f] N, =25rpAHf (8.5)

where, based on formulae (3.15) and (3.53a) and Tables 3.1 and 3.8
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r m+ 20

T arsss €9

is a modifier which takes into account the fact that the load and the mass are concentrated
on floor levels. Values for r are given in Table 8.1.

Table 8.1 Values for modifier r

n 1 2 3 4 5 6 7 8 9 10
r11.296 | 1.238 | 1.103 | 1.084 [ 1.072 | 1.062 | 1.055 | 1.049 | 1.045 | 1.041
nl| 12 14 16 18 20 25 30 40 50 >50
r {1.035(1.030 | 1.027 { 1.024 | 1.022 | 1.018 | 1.015 | 1.011 | 1.009 | 1.000

The pure torsional critical load is obtained by combining formulae (3.16) and (8.2):

_aprAf H’
o

hY

v ¥ (87)

Critical load parameter ozand frequency parameter n are to be found in Figs 3.3and 3.11
and Tables 3.2 and 3.9 in Chapter 3 as a function of k and k, respectively. When values
for k (and for k) are not available, e.g. the size and/or the arrangement of the elements of
the bracing system are not known, or when the effect of warping stiffhess El, is by
orders of magnitude greater than that of the Saint-\enant stiffness GJ (i.e. when k<<1
holds), then the approximation k=0 (and k.=0) can be used. This approximation leads to

N, o=25rpAH {1 (8.8)

Formula (8.8) is always conservative and in most practical cases (when k<0.5 holds)
results in a critical load smaller than the exact one by not more than 10%.

Formulae (8.7) and (8.8) cannot be used when the warping stiffness is zero. In such
cases, the combination of formulae (3.17) and (8.2a) yields the critical load of pure
torsional buckling:

N, o=25rpAH {1 (8.9)
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8.2.2 Concentrated top load; single-storey buildings

With single-storey buildings when the load is concentrated on top floor level, the
basic sway critical loads are obtained by combining formulae (3.30) and (8.3):

F,=3247fHAp F., =347 HAp". (810

The combination of formulae (3.31) and (8.4) leads to the critical load of pure torsional
buckling as

'kt + 1Y . .
F = :HAD 8.11
- e Iy HAp (8.11)

In formulae (8.10) and (8.11) p * is the mass density per unit area of the top floor,
defined by formula (3.68).

When the warping stiffness dominates over the Saint-Venant torsional stiffness
(i.e. k— 0), formula (8.11) simplifies to

F,,=3247f HAp . (8.12)

Formulae (8.11) and (8.12) cannot be used in the special case when the warping stiffness
is zero. In such a case, the combination of (formulae (3.31a) and (8.4a) leads to

F =41 f HAp . (8.13)

8.3 DEFORMATIONS

By making use of the stiffnesses defined by formulae (8.1) to (8.4), the deformations of
buildings subjected to horizontal load can be easily calculated. When the formulae for
the horizontal displacements are derived, however, an important aspect has to be
borne in mind. The theoretical formulae in Chapter 5 yield the displacements in the
‘arbitrary” directions x and y (normally parallel with the sides of the building for
rectangular layouts), but the formulae of the lateral stiffnesses defined by formulae
(8.1) and (8.3) are related to principal directions X and Y.
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8.3.1 Multistorey buildings subjected to horizontal load of trapezoidal
distribution

After combining formulae (5.16), (5.17) and (5.19), setting I,,=0 and substituting formula
(8.1) for the lateral stiffnesses, the horizontal displacements of the equivalent column
in the principal directions are obtained as

0.3 |3ﬁr,.'._.wr_r!

uiz)= - LI S T (8.14)
pafyHt
and
0.3136g, .1
N P Lid My U AN (8.15)
pAfy H
where

qox, qoy are the uniform part of the horizontal load in the principal

directions,
ry is a modifier, according to Table 3.8 in section 3.2.1,
Jo, is the mass per unit volume of the building,
A is the area of the plan of the building,
H is the height of the building,
i) is the slope of the load function according to formula (5.2),
Z, 7, are auxiliary functions defined by formulae (5.18),
Jo fr are fundamental frequencies in the principal directions.

The equivalent column develops maximum displacements in the principal directions
atz=0:

1
Gax ¥y

. =u(H)1= C(0.03924+0.0287u) 8.16
PAf o

A

and

Vo = V) =271 (0,.0392 + 0.02874). ©.17)

¥
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To calculate the rotations of the equivalent column, the Saint-Venant stiffness in
formula (5.27) should first be replaced by the warping stiffness by making use of
formula (3.19). The resulting expression can then be combined with formula (8.2) of the
warping stiffness which contains the fundamental torsional frequency measured on
the building. Some rearrangement then results in the rotation as

plzl= 1 T {{|+M[W5h%—l]+[l+%—f—:}kﬁ

I FI-
k" pAf i coshk 2 ©.18)
- et . -t
| sinb(k — %) _ sinh & +“E—:,n:‘-:rsh.lc H—‘+;:[H—i— — |&.
H H 2 2 k7 6
Maximum rotation develops at z=0:
. TI'?"I:M*“ {1+ pcoshk ) JH_B tanh k
EpAffit| kK coshk S kT ok (8.19)
+l+£_gJ_
2 3 K

The rotation of the equivalent column can be calculated in a much simpler manner
when the torsional resistance of the bracing system is dominated by the warping
stiffness and the effect of the Saint-Venant torsional stiffness is negligible. If this
condition is satisfied, as is the case in most practical structural engineering applications,
then formula (5.31) can be used. After carrying out the necessary modifications of
formula (8.2) of the torsional stiffness (k — 0), and making some rearrangement, the
formula for the rotations of the equivalent column is obtained as

0.3136m_ ¢!
@z) = ﬁT’pJ:{E' + uZ, ). (8.20)
Ja@lp

Maximum rotation develops at the top of the equivalent column:

mr,]r;
Pue =PUH) =35 (0.0392+0.0287p ). (8.21)

L
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Formulae (8.18) to (8.21) cannot be used when the warping stiffness of the equivalent
column is zero. In such cases the rotation can be calculated by combining formulae
(5.29) and (8.4a):

M7 z H
P L P TLLN Y | 8:22)
Piz) mH*fﬁpAf;[ 2 M Tl ]
Maximum rotation develops at z=0:
i =4pr}=—mi"—[]+1—H]. (8.23)
- 32i pAf,y 3

8.3.2 Concentrated force at top level; single-storey buildings

The horizontal displacements of the equivalent column under a concentrated force are
given by formulae (5.75a) and (5.75b). After substituting expressions (8.3) for the
lateral stiffnesses, the horizontal displacements are obtained as

3F, |'/ g 7
i = T . ~ T e
= fiap |20 6H° (8.24)
and
iF, 4 ’
L{?]= T '\-:ll rir T z 3 | (8.25)
an’fiAp"| 207 6H
where
Fy, Fy  are the horizontal forces in the principal directions,
P is the mass density per unit area defined by formula (3.68).
Maximum displacements develop at the top of the equivalent column:
= _ Fy
Uy, = () = an’fiap’ (8.26)

and
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. F,
v =pH)=—F—F.
max M?_.frfﬂﬂ 8.27)

The rotations of the equivalent column are obtained by combining formulae (5.77),
(3.19)and (8.4):

Mok +3) kz . kr K
(2l=—"——F—| — —sinh—+ {cosh— = 1ltanh & | 8.28
P = ap :'I:_f:[H ] H J 429

Maximum rotation develops at z=H:

P, = P{H ) =

M _(k+3) [I_lﬂnhk] 629)

Ar’k EA;}'!ﬁ_f‘f k

The above formulae for the rotations simplify when the Saint-Venant stiffness is
negligibly small. The combination of formulae (5.79a) and (8.4) (with k=0) results in

Maximum rotation develops at the top of the equivalent column:

M. al 13
Plz)=— =1 [ ¥ = =3 ] (8.30)
drti f Ap | ZHT  6H
Formulae (8.29) to (8.31) cannot be used when the warping stiffness of the equivalent

M
=g (H) = —t . 8.31
Proax = PLH ) 411:'5;_#';.-'1-.& (8.31)

column is zero. In such cases, the rotation is obtained by substituting formula (8.4a)
for GJ in formula (5.79c):
M.z

Plz)=- = F?in}; Ap (8:32)

Maximum rotation develops at the top of the equivalent column:

M

‘pnul q?f .] 4.’: !‘.;fv_ﬂp

(8.33)
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8.3.3 Deformations of the building

The rotation of the building is identical to the rotation of the equivalent column. When
the displacements of the building are calculated, however, in addition to the displacements
of the equivalent column, the additional displacements due to the rotation of the building
also have to be taken into account—as described in section 5.3.



Equivalent wall for frameworks;
Buckling analysis of planar structures

The structural types covered in this chapter include frameworks on pinned and fixed
supports, with or without cross-bracing, in-filled frameworks, shear walls and coupled
shear walls. The simple procedures and closed-form solutions produced here make it
possible for the structural designer to carry out planar stability checks on multistorey,
multibay structures in minutes. In addition, a simple procedure is given for the
establishment of an equivalent wall for frameworks and coupled shear walls. In using
the equivalent wall, the frameworks and coupled shear walls can be included in the
bracing system, the equivalent column introduced in Chapter 2 can be set up and the
3-dimensional global analyses presented in the previous chapters can be carried out.

9.1INTRODUCTION

There are basically two ways to produce the critical load of frameworks and coupled
shear walls. Structural designers can rely on commercially available computer programs
based on the ‘exact’ method or they can use approximate methods. Both approaches
have their advantages and disadvantages.

Well-established methods have been developed for the calculation of stresses,
deformations and frequencies in frameworks and coupled shear walls and a number of
computer packages are available for the exact analysis. These computer procedures
are now standard items in design offices. The routine application of these programs
has also proved their reliability and accuracy.

Partly because of the large size of the structures and partly because of the sometimes
ill-conditioned stiffness matrixes, the situation regarding the stability analysis is
somewhat different. The stability analysis of multistorey, multibay frameworks and
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coupled shear walls is a formidable task and the larger the structure, the more complicated
the solution becomes. The complexity of the problem and the great number of input
and output data needed for the analysis of large structures often make it difficult to get
a clear picture of the behaviour and to achieve optimum structural solution. The
reliability of some computer programs is also questionable in certain stiffness regions.
Even sophisticated FE procedures may have difficulties in determining the critical
load. The LUSAS “User Manual’ [1995] warns that the solution is not without its
problems and convergence problems might emerge in the iterative procedure. Indeed,
the warning was found to be justified when the accuracy analysis of the methods
presented in this chapter was carried out.

Some excellent approximate procedures have been developed. However, they are
either still too complicated for hand calculations or their range of applicability is limited
[Stevens, 1967; Wood, 1974 and 1975; Horne, 1975; Council, 1978a and 1978b; MacLeod
and Marshall, 1983; Lightfoot, McPharlin and Le Messurier, 1979; Wood and Marshall
1983; MacLeod, 1990]. It isa common ‘feature’ of these approximate methods that their
limitations have not been fully investigated and very little information has been
published about their accuracy.

The main objective of this chapter is to produce simple, descriptive, albeit
approximate, closed-form solutions for the stability analysis of frameworks and
coupled shear walls and to introduce an equivalent wall which can be used for the 3-
dimensional global stability analysis. It is also the intention of this chapter to establish
simple models for the stability analysis, which offer a clear picture of the behaviour
and show clearly the effects of the most representative geometrical and stiffness
characteristics.

The formulae and procedure presented here are based on the application of the
continuum method and the summation theorems of civil engineering. By generalizing
Asztalos’ [1972] method and using the continuum model, a simple procedure was
developed and closed-form solutions were given for the approximate stability analysis
of frameworks and coupled shear walls of rectangular network [Zalka and Armer, 1992].
The method was further developed by Kollar [1986] who also demonstrated that
different planer bracing elements could be treated in a unified manner by using a model
that is based on a sandwich column with thin or thick faces. He also indicated that the
accuracy of the continuum model could be further improved. The results of the latest
developments [Zalka, 1998b] with the improved formulae are presented in this chapter.
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9.2 CHARACTERISTIC DEFORMATIONS, STIFFNESSES AND PART
CRITICAL LOADS

A great number of material, geometrical and stiffness characteristics should be
considered when the critical load is calculated. As it is not possible to take
everything into consideration, the question emerges what to include and what to
neglect when the mathematical and physical models of the structure are
established.

All the important characteristics must be taken into consideration; otherwise the
results are not accurate enough. To decide which characteristics are important and
which are not, it is necessary to know their contribution to the resistance of the
structure. It is also important to know the contribution of the different characteristics
if the performance of the structure is to be improved. One way to achieve this is the
establishment of the characteristic deformations and, as deformations and stiffnesses
are in close relationship, the related stiffnesses. A part critical load can then be attached
to each type of stiffness. Finally, using these part critical loads, the overall critical load
of the structure can be easily produced.

The establishment of the continuum model, the derivation of the governing
differential equations and comprehensive numerical analyses show that the deformation
of a framework or a system of coupled shear walls can be superimposed using three
different types of deformation: the full-height bending deformation of the individual
columns/walls (Fig. 9.1/a), the full-height bending deformation of the structure as
whole unit (Fig. 9.1/b) and the shear deformation of the structure (Fig. 9.1/c) [Zalka,
1992]. A characteristic stiffness can be attached to each type of deformation, which
then leads to the corresponding part critical load. The overall critical load is finally
obtained by combining these part critical loads.

The structure can utilize its bending stiffness in two ways. The columns may develop
full-height buckling and the role of the (relatively flexible) beams is restricted to
connecting the columns (Fig. 9.1/a). The structure behaves as if it was a set of columns
and overall buckling is characterized by the buckling of the columns of height H,
having a bending stiffness of

EI "r-: = ZEI .|"|r-\..|' ¥ (9.1)
I

where E_; and I ; are the modulus of elasticity and the second moment of area of the ith
column and n stands for the number of columns. (The full-height bending of the
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individual columns is sometimes called ‘local” bending as I is calculated with respect
to the local centroidal axis of the ith column, marked with | in Fig. 9.6/a.)

Assuming fixed support for the columns, the bending critical load which is associated
with the local bending stiffness, is obtained using Timoshenko’s classical formula
[Timoshenko and Gere, 1961] for columns under uniformly distributed vertical load as

."".r_. _ [} Hﬂ';i-";a 'L'.- I.- (9.2)

for structures under uniformly distributed floor load and as

[
o |

o= 9.3

' 4H" ©3)

for structures under concentrated top load, where H is the height of the structure and
r, is a reduction factor whose role is discussed later on and whose values are given in
Table 3.1in section 3.1.1.

The effect of the full-height bending buckling of the individual columns on the
overall critical load is normally not significant. However, this effect does contribute to
the overall behaviour and in certain cases, for example when frameworks have relatively
stiff columns or when coupled shear walls have wide walls and relatively weak lintels,
the contribution can be considerable.

Fig. 9.1 Characteristic deformations. a) Full-height bending of the individual columns,
b) full-height bending of the framework as a whole, c) shear deformation.

A structure may develop full-height bending in a different manner. The bending
deformation of the framework may be characterized by the bending of the framework as
a whole structural unit when the columns act as longitudinal fibres (in tension and
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compression) and the role of the (relatively stiff) beams is to transfer shear so as to
make the columns work together in this fashion (Fig. 9.1/b). The bending stiffness
associated with this bending deformation is defined by

El, =% E A (9.4)
1

The term “global’ bending is also used to describe the full-height bending of the
framework as a whole unit as 1, the “global’ second moment of area of the cross-
sections of the columns, is calculated with respect to their ‘global’ centroidal axis
(marked with g in Fig. 9.6/a):

I,=% A (9.5)
I

In the above formulae, t; is the distance of the ith column from the centroid of the
cross-sections and A is the cross-sectional area of the ith column.

The bending critical load which is associated with the full-height bending of the
structure as a whole unit is obtained from

_TBITRE,

N = . (9.6)
K H.‘
for structures under uniformly distributed floor load and from
Tl
F, =—=d (9.7)
4H"

for structures under concentrated top load. Due to the nature of the full-height bending
of the whole framework when the columns act as longitudinal fibres of a solid column,
the type of the supports of the columns—fixed or pinned—is not important; the only
task of the supports is to prevent vertical movements. It follows that formulae (9.6) and
(9.7) are equally valid for frameworks on fixed and also on pinned supports.

Reduction factor r,in formulae (9.2) and (9.6) allows for the fact that the actual load of
the structure consists of concentrated forces on floor levels and is not uniformly
distributed over the height as is assumed for the derivation of the original formulae for



Characteristic deformations 197

buckling. The continuous load is obtained by distributing the concentrated forces
downwards (cf. Figs 3.1 and 9.4) resulting in a more favourable load distribution. The effect

of this unconservative manoeuvre can be accounted for by applying Dunkerley’s summation
theorem (cf. section 3.1.1) which leads to the introduction of the reduction factor

i
Cm+1.588" (9.8)

L4

This phenomenon is similar to the one discussed in section 3.1.1 and values for the
reduction factor r, are given there, in Table 3.1, as a function of the number of
storeys n.

The full-height bending of the whole structure normally plays an important
role in the behaviour and it has a significant effect on the value of the overall
critical load.

The shear stiffness which, by definition, also represents the shear critical load, is
linked to the shear deformation of the structure. The shear deformation is characterized
by lateral sway which is mainly resisted by the stiffening effect of the beams (Fig. 9.1/
c; Fig. 9.2/a). The shear deformation and shear stiffness are associated by two
phenomena: full-height sway (due to the stiffening effect of the beams over the height
of the framework) and storey-height sway (because the stiffening effect is only
concentrated on storey levels). Consequently, the corresponding shear critical load
originates from two sources and its value is obtained in two steps.

First, in assuming that the stiffening effect of the beams is continuously
distributed over the height and there is no additional sway between the beams
(Fig. 9.2/b), the part critical load which is associated with this full-height shear
deformation is obtained as

ek T,
.E- =2 pa"pa
=23, %

(9.9)

F

where E,, 1,; and I, are the modulus of elasticity, the second moment of area and the
length of the ith beam and h is the storey height.

Second, in assuming that the structure only develops sway between the storey
levels, a storey-height section of the structure is investigated. Assuming frameworks
on fixed supports, each storey behaves in the same way (Fig. 9.2/c) and the part critical
load which characterizes this storey-height shear deformation is obtained as
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2
"atE T
K = z— o (9.10)
! h
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Fig. 9.2 Shear deformations. a) Total shear deformation, b) full-height (continuous)
shear, c) storey-height shear.

According to the Foppl-Papkovich theorem [Tarnai, 1999], the two part critical loads
can be combined and the shear critical load of the structure is obtained as

-
| 1 K
K=|—+—| =K,——. 9-11
[.ﬁ.r n:x] TK, +K, (e-11)
Formula (9.11) is of general validity. In the special case when all the columns, beams
and bays are identical, respectively, i.e. with =1, I_;=Ic, I, ;=I, and E, ;=E_;=E_; formula

(9.11) assumes the form

12Enf
A== ’
[ e | (9.11a)
T on-1
where
1
A=A (©11b)
Iy
)

For single-bay frameworks (n=2), formula (9.11a) simplifies to
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24El

R ————
Jr?[g + 11] (1c)

b

It is important to note that the value of the shear critical load does not depend on the
distribution of the vertical load, and neither on the height of the structure. The type of
support of the structure may only indirectly affect the value of the shear stiffness
(through the storey-height shear stiffness).

It is noted here that the terms ‘global’ shear stiffness and ‘local’ shear stiffness are
also used for the full-height and storey-height shear stiffnesses as the associated
shear deformations affect the whole structure and the storey-height part of the whole
structure, respectively.

Theoretical investigations [Hegediis and Kollar, 1987] and accuracy analyses [Zalka
and Armer, 1992] show that the three types of deformation do not always influence the
value of the critical load by the same ‘weight’ and cannot even develop at the same
time in certain stiffness regions. This can be taken into account by using combination
factor r which is defined as the ratio of the storey-height shear stiffness to the sum of
the storey-height and full-height shear stiffnesses:

F= L . (9.12)
K, +K, '
Using the part critical loads associated with the full-height bending of the individual
columns, the full-height bending of the framework as a whole and the shear deformation
and some modifiers, it is possible to produce simple closed-form solutions for the
critical load of regular frameworks and coupled shear walls on different types of support,
with different structural arrangements and under different vertical loads. These formulae

are presented in the following sections.

9.3 FRAMEWORKS ON FIXED SUPPORTS

During buckling, frameworks on fixed supports normally develop a deformation which
is the combination of the three characteristic types of deformation (Fig. 9.3).

Three simple methods will be shown for the analysis in the following sections.
They represent three totally different approaches but they have one thing in common:
each method is based on the use of the three part critical loads N;, N, and K and the
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critical load is obtained by the combination of the part critical loads. The methods are
described in detail in this section in relation to frameworks on fixed supports, and then
in the following sections they will be applied to frameworks on pinned supports,
frameworks with cross-bracing, infilled frameworks and coupled shear walls.

o
A S &
H " _'.LI

Fig. 9.3 Frameworks on fixed supports.

9.3.1 The application of summation theorems

Once the part critical loads are available, for example for frameworks under uniformly
distributed load, the repeated application of the Foppl-Papkovich theorem and the
Southwell theorem [Tarnai, 1999] results in a very simple formula for the critical load. In
considering the full-height bending of the structure as a whole unit and its shear
deformation, it is first assumed that the structure is stiffened against full-height bending
asawhole, then against developing shear deformation. The reciprocal summation of the
corresponding critical loads leads to the critical load of a framework with both full-height
bending and shear stiffnesses. However, the individual columns of the framework may
also develop full-height bending. The effect of this phenomenon can be taken into

account by applying the Southwell theorem: the critical load which belongs to the full-



Frameworks on fixed supports 201

height buckling of the individual columns (N,) and the combined critical load of the full-

height buckling as a whole (N,) and shear critical load (K) have to be added up:

1
N =N + el
or = ¥ [.-"'."_ K ] 9.13)

To make formula (9.13) more easily comparable to other formulae to be introduced later,
it is rearranged to

N, + K +NKIN,
L+ KIN,

N

(=4

(9.133)

This formula can also be used for the calculation of the critical load of frameworks
under concentrated top load: F, and F, have to be substituted for N, and N,

9.3.2 The continuum model

Although the continuum model was originally developed for the stress analysis of
proportional frameworks [Csonka, 1956; 1965a; 1965b] (cf. section 4.5), it has been
shown that its application to the stability analysis of regular frameworks results in
reliable elastic critical loads [Kollar, 1986; Zalka, 1998b].

The continuum model is obtained by cutting the beams at the contraflexure points
and then combining the individual columns of the framework to form an equivalent
column. The stiffening effect of the beams is taken into account by applying
concentrated bending moments to the columns at floor levels, which are then
uniformly distributed, leading to the shear stiffness of the model. In a similar manner,
the uniformly distributed load on the beams is first replaced by concentrated forces
at floor levels, then these forces are uniformly distributed over the height of the
column (Fig. 9.4).

The equilibrium of an elementary section of the equivalent column leads to the
governing differential equation

¢

e l""lr{ :_:' - -ﬁ-l r
y ok —y | =0,
[ rEL ] (9.14)
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where N(z)=qz is the vertical load of the structure at z and q is the intensity of the
uniformly distributed vertical load. Reduction factor r, is given by formula (9.8) and in
Table 3.1. The relationship between the intensity of the uniformly distributed load on
the beams (p) and the intensity of the uniformly distributed vertical load (q) is

I
'E'=_P

: 9.15
H (9.15)

where L is the total width of the framework and n is the number of storeys.

=
1l
=
&
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a)
Fig. 9.4 Origination of the continuum model for frameworks on fixed supports.
a) Framework, b) replacement of beam-load, c) distribution of load over the
height, d) cutting through the beams, e) equivalent column.

The governing differential equation is accompanied by the boundary conditions

¥(0)=0, (9.16a)
Y(H)=0, (9.16b)
y"(0)=0, (9.16¢)
y"(H)=0 (9.16d)

in the coordinate system whose origin is fixed to the top of the equivalent column
(Fig. 9.4/e).
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The model directly takes into consideration the full-height bending of the individual
columns and the shear deformation of the framework while the full-height bending of
the structure as a whole is incorporated into the model and into the formulae afterwards.
The solution of the eigenvalue problem defined by equation (9.14) leads to

" rlia— N, + K +rNEKIN,
N = N

7 (9.17)
§ 1+ KIN,

where N, N, K'and r are the part critical loads and the combination factor, as introduced
in section 9.2 and defined by formulae (9.2), (9.6), (9.11) and (9.12).

Table 9.1 Critical load parameter « for frameworks on fixed supports

B o B ¢ |B| « B o
0.0000 | 1.0000 | 0.05 | 1.1487 | 2 | 5.624 80 106.44
0.0005 | 1.0015 | 0.06 | 1.1782 | 3 | 7.427 90 118.38

0.001 | 1.0030 | 0.07 | 1.2075 | 4 | 9.100 100 130.25
0.002 | 1.0060 | 0.08 | 1.2367 | 5 [ 10.697 200 246.24
0.003 | 1.0090 | 0.09 | 1.2659 [ 6 | 12.241 300 359.51
0.004 | 1.0120 | 0.10 | 1.2949 | 7 [ 13.749 400 471.29
0.005 | 1.0150 | 0.20 | 1.5798 | 8 [ 15.227 500 582.06
0.006 | 1.0180 | 0.30 | 1.8556 | 9 | 16.682 1000 1127.5
0.007 | 1.0210 { 040 | 2.1226 | 10 | 18.118 2000 2199.1
0.008 | 1.0240 | 0.50 | 2.3817 | 20 | 31.820 5000 5360.5
0.009 | 1.0270 | 0.60 | 2.6333 | 30 | 44.862 10000 10567
0.010 | 1.0300 j 0.70 | 2.8780 | 40 | 57.545 100000 102579
0.020 | 1.0598 | 0.80 | 3.1163 | 50 | 69.991 | 1000000 | 1011864
0.030 | 1.0896 | 0.90 | 3.3488 | 60 | 82.265 | 2000000 | 2018802
0.040 | 1.1192 | 1.00 | 3.5758 | 70 | 94.405 | >2000000 B+1

The critical load parameter o (the eigenvalue of the problem) in formula (9.17) is given
in Fig. 9.5 and in Table 9.1 as a function of stiffness parameter

f=—. (9.18)

The solution of eigenvalue problem (9.14) is demonstrated in Appendix B in
detail.
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Fig. 9.5 Critical load parameters o. and o, for fixed and pinned frameworks.

The solution is obtained in a similar—but much simpler—way when the framework is
subjected to concentrated load at the top of the structure:

_rF 4 K+ rFKIF,
"~ 1+KIF,

(9.19)

or

where K, F,and F, are the shear critical load, the full-height bending buckling load of
the individual columns and the full-height bending buckling load of the structure as a
whole, respectively, and r is the combination factor, given in section 9.2.

9.3.3 The sandwich model

The sandwich model [Plantema, 1961; Allen, 1969] offers a different approach to the
problem. The faces of the sandwich column represent the columns of the framework
(with its ‘local’ and “‘global’ bending stiffnesses) and the connecting media represents
the beams (with their shear stiffness) (Fig. 9.6/a/b).

According to this approach, the framework is analysed using an equivalent sandwich
column with either thick or thin faces. The model with thin faces will be used here. This
model takes into consideration the ‘global’ bending and shear stiffnesses but neglects
the ‘local’ bending stiffness of the framework. This approximation is in line with
frameworks on pinned supports as, because of the pinned supports, the individual
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columns of the framework cannot ‘utilize’ their own bending stiffness. As a rule, the
approximation is also justified with frameworks on fixed supports as the bending
stiffness of the individual columns is normally insignificant compared to the ‘global’
bending stiffness in structural engineering practice and therefore can be ignored as a
conservative approximation. However, if for some reason it is necessary to take into
consideration the ‘local’ bending stiffness of the columns or/and if the distribution of
the load is different from the uniformly distributed case, a more sophisticated (and
more complicated) method can be used which was developed by Hegediis and Kollar
[1984] for the buckling analysis of sandwich columns with thick faces subjected to
axial load of arbitrary distribution.
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Fig. 9.6 Origination and analysis of the sandwich model. a) Frame, b) sandwich,
¢) buckled shape, d) elementary section.

The governing differential equation of the problem is obtained by considering the
equilibrium of an elementary section of the sandwich column (Fig. 9.6/c/d) which is
characterized by the ‘global’ bending stiffness and the shear stiffness of the system
[Zalka and Armer, 1992]:

F

E bt r

}"""%{3}*’"+ )+ pq.a (¥ +z")=0. (9.20)

In the governing differential equation q represents the intensity of the uniformly
distributed vertical load, E_|, is the “global’ bending stiffness of the columns, r, is the
modifier as defined by formula (9.8) and given in Table 3.1 and K is the shear stiffness
of the system.
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The governing differential equation is supplemented by the boundary
conditions

y(0)=0, (9.21a)

yaa-42y-o, (9.21b)
K

y”(O)—%y’(()) =0, 9.21¢)

0 2(] ”
y (0)—;y ®=0, (9.21d)

which express that the lateral translation equals zero at the top of the column, the
tangent to the equivalent column at the bottom of the column is parallel to axis z, the
bending moments vanish at the top of the column and the shear forces are also zero at
the top of the column, in the coordinate system whose origin is fixed at the top of the
equivalent column (Fig. 9.6/c).
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Fig. 9.7 Critical load parameter o.

The eigenvalue problem defined by the governing differential equation (9.20) and
boundary conditions (9.21a) to (9.21d) is unique, inasmuch as the eigenvalue appears
both in the differential equation and in the boundary conditions. As a rule, problems of
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this kind are difficult to handle and the situation is made worse by the fact that in
certain stiffness regions the eigenvalues are calculated from ill-conditioned matrixes.
Accidentally, this is also the case with some of the eigenvalues originating from the
continuum model (and from discrete models).

Table 9.2 Critical load parameter ¢ for sandwich columns

Bs o Bs Os Bs O Bs Os

0.0 | 1.0000 | 2.0 | 0.4005 | 40 | 0.2230 20 0.04884
0.1 | 1.0000 | 2.1 | 0.3852 | 4.1 0.2181 25 0.03926
0.2 | 1.0000 | 2.2 | 03711 | 4.2 0.2135 30 0.03282
03 ] 1.0000 | 2.3 | 0.3579 | 4.3 0.2090 35 0.02819
04 1 09972 | 24 | 03457 | 44 0.2047 40 0.02471
0.5 109325 | 25| 03342 | 45 0.2006 45 0.02199
0.6 | 0.8663 | 2.6 | 03235 | 5.0 0.1824 50 0.01981
0.7 { 0.8051 | 27 | 03134 | 5.5 0.1672 55 0.01803
0.8 | 0.7501 | 2.8 | 0.3039 | 6.0 0.1543 60 0.01654
09 | 0.7011 | 29 | 0.2950 | 6.5 0.1433 65 0.01527
1.0 | 0.6575 | 3.0 | 0.2866 { 7.0 | 0.1337 70 0.01419
1.1 | 0.6186 | 3.1 | 0.2787 | 7.5 0.1253 80 0.01243
1.2 |} 0.5838 | 3.2 | 0.2711 | 8.0 0.1179 90 0.01105
1.3 1 05526 | 3.3 | 0.2640 | 8.5 0.1114 100 0.00995
14 ] 05243 | 34 | 0.2572 | 9.0 0.1055 200 0.00499
1.5 | 0.4988 | 3.5 | 0.2508 10 | 0.09544 300 0.00333
1.6 | 0.4755 | 3.6 | 0.2447 12 | 0.08015 400 0.00250
1.7 | 0.4543 | 3.7 | 0.2389 14 | 0.06908 500 0.00200
1.8 1 04349 | 3.8 | 0.2333 16 | 0.06069 1000 0.00100
1.9 | 04170 | 3.9 | 0.2280 | 18 | 0.05413 [ >1000 | 1/(1+fs)

The generalized power series procedure (demonstrated in Appendix B), however, also
used for the analysis of the continuum model, can easily handle eigenvalues in the
boundary conditions. The flexibility of the procedure also makes it possible to deal
with convergence problems in a relatively simple and effective way. The procedure can
be manually controlled and closely monitored. When the convergence process becomes
slow or/and unstable in a certain stiffness region, the characteristics of the iteration
procedure can be adjusted and the accuracy and reliability of the procedure improved.
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This may slow the procedure, but once an ill-conditioned stiffness region is covered in
such a manner, the results can be tabulated and made available for future use.

The solution of eigenvalue problem (9.20) using the technique outlined above
leads to a very simple formula and the critical load of frameworks subjected to a
uniformly distributed floor load is obtained from

N,=0K, (9.22)

where K is the shear stiffness defined by formula (9.11). Critical load parameter a, is
given in Fig. 9.7 and in Table 9.2 as a function of stiffness ratio B, defined by

fB; = v (9.23)

where N, is the part critical load characterizing the bending buckling of the framework
asawhole, as defined by formula (9.6).

When the framework is subjected to concentrated forces at the top of the structure,
the sandwich model leads to

T = K_
“ “VLKIF, (9.24)

In this formula F is the part critical load characterizing the bending buckling of the
framework as a whole, as given by formula (9.7).

9.3.4 Design formulae

The importance of the elastic critical load in design practice has been recognized and
means by which elastic instability are considered have been presented [Stevens, 1983].
As any investigation dealing with instability in practice needs the elastic critical load
(among other characteristics), simple formulae based on the models introduced above
are given in this section for design application.

Theoretical and accuracy analyses show that both the continuum and the sandwich
models can be used for practical structural design. For frameworks subjected to
uniformly distributed load on the beams, each method has stiffness regions where its
accuracy is better than that of the other method. As both the continuum and sandwich
models approach the same problem from a different direction, it seems to be sensible to



Frameworks on fixed supports 209

combine the two relevant formulae. Indeed, a detailed accuracy analysis [Zalka, 1998b]
shows that by combining the two formulae the error range can be narrowed, resulting

in more accurate critical loads. The combination is carried out in two steps.

First, formula (9.22) is supplemented by the term rN,. This step, based on
Southwell’s summation theorem, makes it possible to take into consideration
approximately the ‘local’ bending deformations of the columns in the sandwich
model. Second, the modified formula is combined with formula (9.17) resulting in
the formula

N (= B 20800 Ko v i)

N,
' 201+ fi)

(9.25)

for the calculation of the critical load.

Critical load parameters ocand o are given in Table 9.1 and Table 9.2 as a function of
Band B, defined by formulae (9.18) and (9.23), respectively. The part critical loads N,
and K are given by formulae (9.2) and (9.11). Combination factor r is calculated using
formula (9.12).

As for concentrate forces on top floor level, the continuum solution is slightly more
accurate than the sandwich solution and therefore the continuum formula

B rE{l+K/F )+ K
T 1+ KIF

ir

(9.26)

is advocated for the calculation of the critical load.

Theoretically, the structure is in stable equilibrium if the value of the critical load is
greater than the total vertical load, i.e. if, for uniformly distributed load on the beams,
the inequality

= <l 9.27)

holds, where N is the total vertical load measured at ground floor level.

It is sometimes necessary to consider the simultaneous effect of the two load
systems: concentrated load on top of the structure and uniformly distributed load on
floor levels. Dunkerley’s reciprocal theorem can be applied in such cases and formula
(9.27) can be extended:
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FMa 927
EooON_ (©:272)

T

To achieve adequate safety in practice, however, it is necessary for the critical load to
exceed the total vertical load by a certain margin. The required level of safety in
practice is discussed in detail in [Stevens, 1967; MacLeod and Zalka, 1996] and it is
only mentioned here that if the criterion

LN Py 620

or "ler

is fulfilled, then the structure is stable enough with the necessary lateral stiffness to be
considered as a bracing element in a building.

9.4 FRAMEWORKS ON PINNED SUPPORTS

There are cases when fixed supports on ground floor level cannot be constructed or
the rigid connection between the superstructure and the substructure is not favourable
for some reason. In such cases, frameworks on pinned supports are used, with or
without ground floor beams (Fig. 9.8).
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Fig. 9.8 Frameworks on pinned supports. a) Without ground floor beams, b) with
ground floor beams.
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Both the continuum model and the sandwich model introduced in section 9.3 for
frameworks on fixed supports can be used for the analysis. When the continuum
model is used, differential equation (9.14) still holds but with the boundary
conditions

y(0)=0, (9.292)
y'(0)=0, (9.29b)
y'(H)=0, (9.29¢)

177 7’ K _

The solution of the eigenvalue problem results in critical load parameter c,, whose
values are given in Fig. 9.5 and in Table 9.3, as a function of stiffness ratio f:

f=—. (9.30)

Table 9.3 Critical load parameter ¢, for frameworks on pinned supports

B ap B o B 0 B 0
0.0000 | 0.0000 { 0.05 | 0.0987 2 3.060 80 90.33
0.0005 | 0.0010 | 0.06 | 0.1182 3 4.359 90 101.13

0.001 0.0020 | 0.07 | 0.1375 4 5.616 100 111.91
0.002 0.0040 | 0.08 | 0.1568 5 6.847 200 218.61
0.003 0.0060 | 0.09 | 0.1760 6 8.061 300 324.21
0.004 0.0080 | 0.10 | 0.1950 7 9.261 400 429.18
0.005 0.0100 | 0.20 | 0.3811 8 10.451 500 533.75
0.006 0.0120 | 0.30 | 0.5596 9 11.633 600 638.01
0.007 0.0140 | 0.40 | 0.7316 | 10 | 12.808 800 845.88
0.008 0.0160 | 0.50 | 0.8981 | 20 | 24.303 1000 1053.1
0.009 0.0180 | 0.60 | 1.0598 | 30 | 35.545 5000 5153.0
0.010 0.0200 | 0.70 | 1.2174 | 40 | 46.646 10000 10242
0.020 0.0398 | 0.80 | 1.3715 | 50 | 57.655 100000 101113
0.030 0.0595 | 090 | 1.5226 | 60 | 68.595 200000 201764
0.040 0.0792 | 1.00 | 1.6709 | 70 | 79.482 | >200000 B
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9.4.1 Frameworks without ground floor beams

The behaviour of pinned frameworks without ground floor beams (Fig. 9.8/a) is
somewhat different from that of fixed frameworks. First, the individual columns cannot
develop full-height buckling because, due to the pinned supports, they are not stable
in themselves. Second, because of the pinned supports and the lack of ground floor
beams, these structures are more sensitive to storey-height shear at ground floor level
as the columns of the first storey region tend to develop sway buckling. If these
differences are taken into account when the part critical loads are established, the
procedure presented for frameworks on fixed supports can be applied and similar
formulae can be created for the critical load.

When the storey-height shear deformation was investigated with frameworks on
fixed supports, it turned out that any storey could be the object of the investigation as
each storey behaved in the same way (Fig. 9.2/c). The situation with frameworks on
pinned supports is different as the first storey section is the most vulnerable to storey-
height shear (Fig. 9.9). Due to the pinned lower support on the ground floor level, the
critical load which characterizes storey-height shear is defined by

LN &F 2 I
K, = ZT (9.31)

z’."J ,s{'; .{H

Fig. 9.9 Storey-height shear deformation of frameworks on pinned supports without
ground floor beams.

The formula for the critical load associated with full-height shear [formula (9.9)] is
unchanged and the shear critical load is computed combining formulae (9.9) and
(9.31) as
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K,

K=K, ——.
g H! +ﬂ._| (9.31a)

When the framework is under UDL on floor levels (Fig. 9.8/a), the formula for the
critical load is obtained in a way similar to that of frameworks on fixed supports and the
combination of the continuum solution and the sandwich solution leads to

N, - B+ Kl v, +o i)

N
. 201+ Bs)

(9.32)

where K, N, and r are defined by formulae (9.31a), (9.2) and (9.12), respectively. Critical
load parameters «, and o are given in Tables 9.3 and 9.2 as a function of stiffness
ratios Sand 3, defined by formulae (9.18) and (9.23).

Both the continuum model and the sandwich model lead to the same formula for the
critical loads of frameworks subjected to concentrated load on top of the structure:

K

M — 9.33
o I+ KIF, (9-33)

9.4.2 Frameworks with ground floor beams

When the framework is subjected to UDL on the beams (Fig. 9.8/b), the procedure
described in section 9.3.4 is applied and the critical load is obtained as a combination
of the results which belong to the two models. To this end, the term

rN, (1-1), (9.34)
which approximately takes into consideration the stiffening effect of the ground floor

beams, is added to the sandwich solution. The combination of the two formulae then
results in the critical load for the uniformly distributed load as

N, __f_'-"".-l']‘“'ff- B+ B, =B, =)+ K{l+ax, +ur.::',,|'3,,.,1l 0.35)
’ 2f|+,|'3_.,.}
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where K, N, and r are defined by formulae (9.11), (9.2) and (9.12), respectively. Critical
load parameters ¢, and o are given in Tables 9.3 and 9.3 as a function of stiffness
ratios Sand f3;, defined by formulae (9.18) and (9.23).

It should be borne in mind when the full-height bending critical loads N, and N, are
calculated that with frameworks with ground floor beams the uniformly distributed
axial load on the equivalent column does not represent an approximation and therefore
there is no need to reduce the part critical loads, i.e. r,=1.0 should be used in formulae
(9.2) and (9.6).

For frameworks under concentrated top load, both the continuum model and the
sandwich model result in the same formula for the critical load:

K

. —
1Y KIF, (9.36)

In formula (9.36) F, is the full-height bending critical load defined by
formula (9.7).

9.5 FRAMEWORKS WITH GROUND FLOOR COLUMNS OF
DIFFERENT HEIGHT

It is a practical case that the height of the columns on ground floor level is different
from those above the first floor level. In most cases, they are higher than the ones on
the other storey levels (Fig. 9.10/a/b/c) and therefore they create a more unfavourable
situation, as far as stability is concerned.
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Fig. 9.10 Frameworks with ground floor columns of different height.
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Such frameworks are non-regular but their behaviour only differs from the
corresponding regular ones in storey-height shear buckling. Because of the ‘softer’
first storey region, local failure would occur through the buckling of the ground floor
columns. It follows that the formulae given for the critical load can still be used if the
formula for the storey-height shear critical load is modified. In assuming frameworks
with higher columns on ground floor level, the storey-height shear critical load
should be computed from

2
o Ec,r"’c,i
K=Y, ©0.37)
|

with

*=f (9.38)

for the framework in Fig. 9.10/a and with

h*=h (9.39)

for the frameworks in Figs 9.10/b and 9.10/c. In the above formulae j; marks the height
of the first storey columns.

The critical load is then obtained by applying the corresponding formulae given for
the critical load in the previous sections.

It should be borne in mind that, because of the higher first storey columns,
an approximation is made on the nature of the applied load, which may result
in a slightly overestimated critical load for frameworks with higher first storey
columns. This unconservative effect can be approximately compensated for
by using a reduction factor », which belongs to a framework one storey lower
than the actual one.

This case underlines again the warning that one should be very cautious with the
application of the continuum method to non-regular structures [Hegedu?s, 1987].
Both the nature and the extent of the deviation from the regular case should be carefully
examined. Even after establishing the differences, the structural engineer may have to
face a situation when neither the magnitude nor the sign of the error is known and the
reliability of the method may be questionable.
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9.6 ANALYSIS OF COUPLED SHEAR WALLS BY THE FRAME
MODEL

Coupled shear walls can be regarded as special frameworks where walls (instead of
columns) are connected with beams or lintels (Fig. 9.11). However, there are two basic
differences between coupled shear walls and frameworks.

1) The two end-sections of the beams connecting the walls cannot develop bending
because the walls, whose stiffness is practically infinitely great, do not let them. The
centroidal axes of these sections are characterized by straight lines (Fig. 9.11/b). (This
is also the case with frameworks but because of the relatively short sections in the
case of frameworks, this effect is negligible and is normally not taken into account.)

2) As arule, the depth of the cross-section of the beams is relatively great and the
beams are relatively short and therefore their shear deformation should be taken into
account.
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Fig. 9.11 Coupled shear walls. a) Typical arrangement, b) deformation of a beam with
stiff end-sections.

Bearing in mind the above differences, the equations and formulae derived for the
stability analysis of frameworks can be used for the stability analysis of coupled shear
walls if certain modifications are made. Both differences only affect the full-height
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shear stiffness and the necessary modifications can be built into formula (9.9), which
then assumes the form:

="'|':u.t,.,.,,|{ll"|” + (I, IT,,}'} 040
Eyd, ' '
I ! ST Manlil)
LGy
where

G,,; is the modulus of elasticity in shear of the beams,

A,; is the cross-sectional area of the beams,

I;  is the distance between the ith and (i+1)th walls,

s;  1s the width of the ith wall,

p is a constant whose value depends on the shape of the cross-
section of the beams (p = 1.2 for rectangular cross-sections).

With the modified full-height shear critical load, the formula for the modified shear
critical load is obtained as with frameworks:
. . K,
e KT
K s H; +K, ' (9.41)

where K, is the storey-height shear critical load:

B N
K, =ET 9.42)

The formulae derived for the critical loads of frameworks on fixed supports can now be
used. When the coupled shear walls are subjected to UDL on the floor levels, the
critical load is obtained from
v =N ra- i 2fs)e K (say vogfis) (043)
200+ ;)

Combination factor r in formula (9.43) is now given by

W (9.44)
K +K,

where g is the modified full-height shear critical load [formula (9.40)].
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The part critical load N, characterizing the full-height buckling of the individual walls in
formula (9.43) is defined by formula (9.2).
Parameter «is given in Fig. 9.5 and in Table 9.1 as a function of stiffness ratio 3

f=— (9.45)

Values for parameter a are given in Table 9.2 and in Fig. 9.7 as a function of stiffness
ratio

By =—. (9.453)

When the coupled shear walls are subjected to concentrated load on the top floor
level, the critical load is obtained from

CFR(+KIF)+ K
- 1+KUF,

(9.46)

T

The full-height bending part critical loads (FI) and (F,) in formula (9.46) are defined by
formulae (9.3) and (9.7), respectively.

It is noted here that slightly different terminology is used in design practice for
frameworks and for coupled shear walls. The distance between the axes of the columns
(1,) is normally used with frameworks; on the other hand, the distance between the wall
sections (1I;) is used in the case of coupled shear walls. In spite of the similarity
between the two cases, this is why both sets of formulae are given, using the
corresponding terminology.

9.7 FRAMEWORKS WITH CROSS-BRACING

Frameworks with cross-bracing have a long history in civil engineering practice in
different areas: offshore structures, transmission towers, building frames, roofs,
grandstands, etc. Laced and other types of built-up columns, mainly used in steel
structures, represent another area of application. When frameworks with cross-
bracing are used in multistorey industrial and commercial building structures, their
main task usually is to provide the structure with sufficient stiffness to resist
lateral loads. Cross-bracing systems in structural engineering are becoming popular
because of their economic use of material and the speed of construction.
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In parallel with their widespread use for providing multistorey buildings with
adequate lateral stiffness, considerable attention has been paid to developing
methods for the structural analysis of cross-bracing systems. As the stress
analysis can be performed using conventional procedures and commercially
available computer packages, new research has centred on the stability analysis
[DeWolf and Pelliccione, 1979; Wang and Boresi, 1992; Vafai, Estekanchi and
Mofid, 1995]. Two characteristic ways of instability have been identified: the
storey-height buckling of members in compression and the full-height buckling
of the whole structure. Experimental results have been documented and
theoretical solutions have been given for evaluating the effective length of
compression braces, used for storey-height buckling analysis [Stoman, 1988 and
1989; Thevendran and Wang, 1993]. However, although most frameworks with
cross-bracing become unstable through full-height buckling, only few papers
have been devoted to the full-height buckling analysis and they have only dealt
with concentrated end forces [Gjelsvik, 1990 and 1991], which is mainly of
theoretical interest.

The aim of this section is to present simple closed-form solutions for the full-
height buckling analysis of multistorey, multibay frameworks under both
concentrated top load and UDL on floor levels.

The behaviour of frameworks with cross-bracing is similar to those without
cross-bracing, inasmuch as it can be characterized by the same basic types of
deformation (and the corresponding stiffnesses). It follows that the procedures
introduced for sway frameworks of rectangular network in the previous sections
can be used with some modifications. The deformation of frameworks with cross-
bracing is normally dominated by the full-height bending of the structure as a
whole, which is modified by shear deformation. As the effect of the full-height
bending deformation of the individual columns is insignificant in practical cases,
the sandwich model with thin faces will be applied for the analysis. The sandwich
approach results in a very simple solution with good accuracy.

The full-height bending behaviour of frameworks as a whole with and without
cross-bracing is the same and therefore formulae (9.6) and (9.7) for the full-
height bending critical load can be readily used. It is the shear deformation and
the shear stiffness (and the corresponding shear critical load) which are
different due to the cross-bracing, and these characteristics will be determined
in the next section.
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9.7.1 Shear stiffness and shear critical load

The shear stiffness characterizing the shear deformation of the framework represents
the effect of the beams and the cross-bracing and its value depends on their geometrical
arrangement and stiffness characteristics. Values of the shear stiffness can be obtained
by analysing the shear deformation of a typical one-storey section of the structure.

Based on the analysis of a one-storey section of a one-bay framework (Fig. 9.12),
the angular displacement is given by

o
y=— (9.47)
h
or by
o
" (9.48)
¥ K
where
O  is the lateral displacement (storey drift),
h s the storey height,
Q  is the shear force,
K  is the shear stiffness.
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Fig. 9.12 Shear deformation of a one-storey section.

Combining formulae (9.47) and (9.48), the shear stiffness can be obtained
from

K=#?. (9.49)
&

Knowing the lateral displacement of different types of cross-bracing, the shear stiffness
can be determined using formula (9.49).
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The lateral displacement of the single cross-bracing shown in Fig. 9.13/a, for example,
consists of two parts [Timoshenko and Gere, 1961]. Due to the lengthening of the
diagonal bar, a lateral displacement of

0, = i (9.50)
AE |

=

develops, where

d  is the length of the diagonal bar,

A, is the cross-sectional area of the diagonal bar,
E, is the modulus of elasticity of the diagonal bar,
I 1is the bay of the framework.

The corresponding shear stiffness is obtained by using formula (9.49):

]

Rl
K;,=AE;—. (9.51)
d -
The shortening of the horizontal bar results in a lateral displacement of
o
g, = . 9.52
! "qﬁ EII ( )
where
Ay, is the cross-sectional area of the horizontal bar,
E, is the modulus of elasticity of the horizontal bar.
Formula (9.49) gives the corresponding shear stiffness as
. . h
K, =AE, T (9.53)

The two part stiffnesses can be combined by using the Foppl-Papkovich summation
theorem [Tarnai, 1999], resulting in the exact value of the shear stiffness:

(1 1Y d* roY
K= —+— = 3 + . (9.54)
K, K, ALERE AER
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With double cross-bracing (Fig. 9.13/b), one diagonal is in tension and the other is in
compression while the horizontal bar does not take part in the transmission of the
shear force. The system is equivalent to the one which has no horizontal bar (Fig. 9.13/
¢) and the lateral displacement is given as

1
8, = L (9.55)
2AE L
Formula (9.49) yields the shear stiffness as
. hi*
K = .ﬁ.da = E."tﬁ. Ed -{}1 : (956)

The situation is similar when there is only one set of continuous diagonals with no
horizontal bars (Fig. 9.13/d) and the shear stiffness is obtained from

hi*
K=AE, —v (9.57)
A, Ap
lh 9 Ay d
A An
—— —
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Fig. 9.13 Different types of cross-bracing. a) Single, b)—c) double, d) continuous,
e)—f) K-bracing, g) knee-bracing.

Similar formulae can be derived for other cross-bracing arrangements with known
storey drift. Simple formulae for the storey drift of cross-bracings with different
geometrical arrangements have been presented, for example, by Stafford Smith and
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Coull [1991]. Based on the storey drift, the shear stiffness for the K-bracing system
shown in Fig. 9.13/e can be expressed as

3 |
K= 2.-_; 7+ 'I . (9.58)
AE P 4AEh

The situation with the cross-bracing in Fig. 9.13/f is somewhat different as the bending
of the horizontal bar also affects the shear stiffness:

o mo hil=2my |
ST TR (959)

K= s+ —
2AE mh 2AER 124 E

where I, is the second moment of area of the horizontal bar.
Finally, the shear stiffness of the knee-braced frame in Fig. 9.13/g is
obtained from

oo d* +!—?m+ wm® Y
=\ T o —+3 : (960)
AER(I-2my  AEHR 31.E[

The above formulae for the shear stiffness assume one-bay frameworks. For
multibay frameworks, the shear stiffness is obtained by adding up the shear
stiffnesses of each bay:

E=% K, (9.61)

i~
|
where n is the number of columns and K; refers to the shear stiffness of the ith bay.
By definition, the shear stiffness of the framework also represents the shear
critical load of the structure. As with frameworks without cross-bracing, the formulae
for the shear critical load show that the value of the shear critical load does not

depend on the distribution of the vertical load nor on the height and type of the
support of the structure.
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9.7.2 Critical loads

Once the shear critical load is known, the critical load for frameworks with cross-
bracing can be calculated using either the continuum model or the sandwich model.
According to the results of a detailed accuracy analysis, the formulae resulting from
the application of the sandwich model are of sufficient accuracy and they are also very
simple.

When the framework is subjected to uniformly distributed load on floor levels, the
critical load is obtained from

N,=0K, (9.62)

where K represents the shear critical load, as given in section 9.7.1 for different types
of cross-bracing. Values for critical load parameter o are given in Fig. 9.7 and in Table
9.2 as a function of stiffness ratio

K
fs = N (9.62a)

The full-height bending critical load N is to be calculated using formula (9.6).
When the structure is subjected to concentrated load on top, the formula for the
critical load is

K

Fp = .
« T3 KIF, (963)

where F is the full-height bending critical load defined by formula (9.7).

It should be borne in mind that the procedure presented in this section yields the
full-height critical load of the framework and the possibility of the storey-height buckling
of a compression member should also be considered in the analysis.

Although it is difficult to determine which structure develops storey-height and
which full-height buckling, based on the investigation of hundreds of structures, a
simple criterion has been established which can be used to indicate the nature of
buckling.

The investigation showed that, assuming geometrical and stiffness characteristics
normally used in practice, the “slender’ frameworks (i.e. those much higher than wider)
tended to develop full-height buckling. All structures that fulfilled the criterion
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M=—=4 (9.64)

developed full-height buckling. In formula (9.64), H and W are the total height and
width of the framework, respectively.

As the height/width or “‘global slenderness’ ratio of the framework decreases, the
structure is more susceptible to storey-height buckling. Indeed, most structures with
1 < 4 became unstable because one element in compression (normally on the ground
floor level) failed.

Criterion (9.64) is met by the majority of framed structures in practice as the general
height/width ratio for plane frame structures seems to be in the range of 5to 9 [Schueller,
1977]. It should be noted that criterion (9.64) was established empirically using data of
an accuracy analysis where the structures had a bay/storey-height ratio of 1 and
therefore can only be used as an indicator.

9.7.3 Structures with global regularity

The above formulae for the critical loads of frameworks with cross-bracing assume
regular structures whose geometrical and stiffness characteristics are identical at each
floor level. However, numerical investigations have shown that regularity can be
interpreted in a broader sense.

aj b} c) dj

Fig. 9.14 24-storey frameworks with “‘global’ regularity.
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Strictly speaking, none of the 24-storey structures in Fig. 9.14 is regular. Still, the
approximate formulae give satisfactory results for the critical loads: the deviation from
the ‘exact’ critical loads is less than 7% for frameworks on pinned and fixed supports,
subjected to concentrated top load or uniformly distributed load on the floors. This
follows from the fact that these bracing types have ‘global’ regularity, i.e. they are
regular in 3-storey units.

Worked examples and a detailed accuracy analysis regarding frameworks with cross-
bracing are available in [Zalka, 1998a and 1999].

9.8 INFILLED FRAMEWORKS

As pointed out in Chapter 8, the lateral and torsional stiffnesses of real buildings can
be far greater than those predicted by theoretical models. The reason behind this
discrepancy may be that most theoretical models rely on a skeleton of the building,
involving the primary load bearing elements, and neglect the effects of the secondary
structural elements. The most important contributors in this area are frameworks filled
with masonry walls.

The theory of the behaviour of infilled frameworks is well documented and a number
of publications are available dealing with different structural aspects [Polyakov, 1956;
Mainstone and Weeks, 1972; Stafford Smith and Coull, 1991; Madan et al., 1997]. The
objective of this section is to introduce a simple procedure for the calculation of the
critical load of infilled frameworks.
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Fig. 9.15 Model for in-filled frameworks. a) Two-bay in-filled frame, b) equivalent
diagonal ‘bars’ in compression, c) size of diagonal bar, d) model for the analysis.

Research shows that when an infilled framework is subjected to external loads, the
most important contribution of the masonry structure in a storey-high panel can be
represented by a diagonal strip (Fig. 9.15/b) in compression. This section can be
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modelled by a diagonal ‘bar’ whose cross-sectional area is

A=th,, (9.65)
where the width of the diagonal strip (Fig. 9.15/c) can be approximated by

b,=0.15d, (9.66)

where

d  is the length of the diagonal bar,
t is the thickness of the masonry wall.

This leads to a framework with single bracing as a possible model for the analysis (Fig.
15/d). Frameworks with different types of cross-bracing are investigated in section 9.7
and the procedure presented there can be readily applied to infilled frameworks.

Accordingly, the critical load of infilled frameworks can be calculated
from

N, =aK, (9.67)

where K is the shear critical load:

n-| i !
H’ — 2 flrl — n IrI . (968)
| Ay BT AER

In formula (9.68)

d; is the length of the diagonal bar in the ith bay of the framework,

I;  is the width of the ith bay,

Agy; is the cross-sectional area of the diagonal bar in the ith bay
[formula 9.65)],

Ay is the cross-sectional area of the beam of the frame in the ith bay,

E; is the modulus of elasticity of the diagonal bar,

E, is the modulus of elasticity of the horizontal bar,

h  is the storey height,

n  is the number of columns of the framework.
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The modulus of elasticity of the diagonal bar (E,) refers to the material of the masonry
structure; for masonry, its value normally varies between 1000 N/mm?2and 4000 N/mm2,

Values for critical load parameter ¢ are given in Fig. 9.7 and in Table 9.2 as a
function of stiffness ratio

A, = _‘.‘"._ (9.69)
N,
In formula (9.69)
_ TEITrE X, (9.70)
¥ HJ

is the full-height bending critical load, where

H s the height of the infilled framework,

ry  is the reduction factor whose values are given in Table 3.1,

E. is the modulus of elasticity of the columns of the framework,

I,  is global second moment of area of the framework [formula (9.5)].

9.9 EQUIVALENT WALL FOR 3-DIMENSIONAL ANALYSIS

The stability, frequency and global stress analyses of bracing systems consisting of
bracing cores, shear walls and frameworks/coupled shear walls can be considerably
simplified, if the frameworks/coupled shear walls are replaced by equivalent solid
walls. The cores and (real and equivalent) walls can be combined to form a single
cantilever whose 3-dimensional analysis leads to the simple closed-form solutions
presented in Chapters 3 and 5.

The replacement of the frames/coupled shear walls by equivalent walls can be
based on making the critical load of the framework/coupled shear walls equal to that
of the equivalent wall. In making use of the critical load of a framework/coupled
shear walls (N,)—and assuming UDL on the floor levels—the thickness of the
equivalent wall (t*) can be derived from

_TRITrECL

'“"I.'.r =1 I||' wall — 2
12H-

9.71)

which leads to
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where

N, is the critical load of the frame/coupled shear walls,

H,L,E are the height, width and the modulus of elasticity of the
equivalent wall (identical to the height, width and the
modulus of elasticity of the framework/coupled shear walls),

rs reduction factor (whose values are given in Table 3.1).

When an equivalent wall is incorporated into the bracing system of shear walls and
cores developing predominantly bending type deformation, the accuracy and reliability
of the 3-dimensional analysis basically depends on how well the equivalent wall “fits
in’ the bracing system, as far as deformations are concerned, i.e. to what extent the
characteristic deformation of the equivalent wall conforms to the deformation of the
bracing system.

As far as the overall deformation of a bracing system consisting of shear walls and
cores and frameworks and coupled shear walls is concerned, the bracing system falls
into two categories. Consequently, two possibilities should be considered.

1) The characteristic deformation of the equivalent wall (representing a framework
or coupled shear walls) is of bending type. In this case, conformity is ensured as
both the shear walls and cores and the equivalent wall develop bending-type
deformation.—The 3-dimensional analysis can be safely used as there is no interaction
among the members of the bracing system which would change the basic 3-
dimensional behaviour (based on sway in bending and torsion in warping as well as
their combination) assumed for the derivation of the governing differential equations
of the 3-dimensional analysis.

2) The characteristic deformation of the equivalent wall is of shear type. In this
case, the bracing system develops a combination of bending and shear type
deformation.—The 3-dimensional analysis results in approximate solutions. The degree
of approximation depends on to what extent the overall deformation of the bracing
system defers from bending type deformation.

When a decision is made which of the above categories a bracing system belongs
to, it is important to know what type of deformation the elements of the system develop.
The following guidelines (and the comparative analysis given in section 9.10) help to
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categorize the bracing elements.

 Bracing elements which normally develop predominantly bending type deformation
are: shear walls, cores, coupled shear walls with relatively slender lintels, frameworks
with cross-bracing (with H/W>4), frameworks on fixed supports (with H/W>4),
infilled frameworks (with H/\W>4).

» Bracing elements which tend to develop predominantly shear type deformation
are: frameworks on pinned supports, coupled shear walls with relatively strong
lintels, wide frameworks (with H/W<4).

As the most effective bracing elements are shear walls, cores and frameworks with
cross-bracing, most bracing systems fall in Category 1 and fulfil the basic conditions
for the 3-dimensional analysis.

When shear walls and cores are supplemented by frameworks developing shear
deformations (Category 2), the contribution of the frameworks is normally very small
compared to that of the shear walls and cores. Because of their relatively small
contribution, they can either be ignored in the analysis (as a conservative
approximation) or if they are incorporated into the bracing system as equivalent walls,
they do not normally alter the bending type deformation of the shear walls and cores
significantly and consequently the level of accuracy of the analysis is only slightly
reduced.

In certain cases all (or most of) the elements of the bracing system develop shear
deformation. The 3-dimensional analysis can still be applied but the following
considerations have to be taken into account. The analysis can be safely used only
for doubly symmetrical cases when the basic buckling modes do not couple. The
results for unsymmetrical cases are only approximate and have to be treated with
caution.

9.10 SHEARWALLS

Of all the possible bracing elements, shear walls represent the simplest problem, as far
as the calculation of the critical load is concerned. When the load is a concentrated
force at top floor level, the formula for the critical load is
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mlEl
=—, (9.73)
4H

F

ir

and when the shear wall is subjected to uniformly distributed normal load at every
floor level, the critical load is obtained from

N = T.EAT:; El 1 ©.74)
HE
where
E is the modulus of elasticity,
1 is the second moment of area of the shear wall,
H is the height of the shear wall (Fig. 9.16),
T is a reduction factor whose values are given in Table 3.1 in

section 3.1.1.

In Fig. 9.16, t and L mark the thickness and the width of the shear wall.
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9.11 SYMMETRICAL CROSS-WALL SYSTEM BUILDINGS
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Fig. 9.16 Shear wall.

A set of parallel shear walls, coupled shear walls and frameworks represents a typical
building system. In the symmetrical case when the centre of the bracing system of a
building and that of the applied vertical load coincide, which is often the case with
cross-wall system buildings, stability failure may occur in three different ways. The
system can develop sway buckling in both principal planes and pure torsional
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buckling. Sway buckling is investigated in this section and torsional buckling is
covered in section 3.1. Figure 9.17 shows the layout of such a cross-wall system
building, where

L, B are the plan length and breadth of the building,
§ is the distance between the bracing elements,
m is the number of bracing elements in the building.
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Fig. 9.17 Cross-wall system building.

Southwell’s summation theorem makes it possible to determine the critical load of
symmetric cross-wall systems in a very simple manner. The floor slabs make the bracing
elements (frameworks, shear walls and coupled shear walls) develop sway buckling
together and, according to Southwell’s summation theorem, the sum of the critical
loads of the bracing elements is a lower bound to the critical load of the whole system.
Formulae

F=%F,, (9.75)

and

N =¥ N, (9.76)

give the total critical load of cross-wall system buildings subjected to concentrated
forces at top floor level and uniformly distributed load at floor levels. Parameter min
formulae (9.75) and (9.76) is the number of the frameworks/shear walls/coupled shear
walls bracing the building and F; and N,,; are the critical loads of the individual
elements. Simple formulae for their computation are given in sections 9.3t0 9.8.
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The building shown in Fig. 9.17 may not be stable in direction x. Stability in this
direction should also be ensured. This can be done by perpendicular (coupled) shear
walls, frameworks or by cores. In the first case, and if the system is symmetrical, a
stability analysis similar to the one just presented, can be carried out. In the general
case, when the system is not symmetrical, combined sway-torsional buckling has to be
investigated, as described in section 3.1. Even if the system is doubly symmetrical, the
possibility of pure torsional buckling has to be considered. This investigation can also
be carried out according to the procedure presented in section 3.1.

9.12 PLANAR BRACING ELEMENTS: ACOMPARISON

Different structural elements (shear walls, coupled shear walls, frameworks with single
or double bracing, in-filled frames, frameworks on fixed supports, framework on pinned
supports with or without ground floor beams) can be used for bracing purposes with
different efficiency. The best way to compare them, as far as their efficiency is concerned,
is to compare their critical loads.

i) | ) dj a)

Fig. 9.18 One-bay (3.5 m wide) structures for comparison. a) Shear wall, b) coupled
shear walls, ¢) framework with double bracing, d) framework with single bracing,

e) in-filled frame, f) framework on fixed supports, g) framework on pinned supports
with ground floor beam, h) framework on pinned supports without ground floor beam.

This section presents the results of such an exercise involving two sets of structures.
The one-bay and two-bay structures have the same overall size (total height and
width), respectively. The total height of the structures in both groups varies from 4
storeys to 99 storeys. The storey height is 3 m. The modulus of elasticity is 3x10* N/
mm? for the reinforced concrete shear walls and the columns and beams of the
frameworks, 3x10® N/mm? for the masonry in the infilled frames and 2x10% N/mm? for the
steel cross-bracing. The reinforced concrete elements and the masonry in the infilled
framework have a thickness of 0.3 m. The cross-section of the cross-bracing in all
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cases is 0.25x0.015=0.00375 m2,

The total width (external size) of the structures in the one-bay group (Fig. 9.18) is 3.5
m. The width of the wall sections in the coupled shear walls is 1.2 m, the depth and
length of the beams are 1.0 m and 1.1m, respectively. The depths of the columns and
the beams of the frameworks are 0.5 m and 0.3 m, respectively.

The total width of the structures in the two-bay group (Fig. 9.19) is 6.3 m. The width
of the wall sections in the coupled shear walls is 1.0 m, the depth and length of the
beams are 1.5 mand 1.65 m, respectively. The depths of the columns and the beams of
the frameworks are 0.3 m and 0.5 m, respectively.
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Fig. 9.19 Two-bay (6.3 m wide) structures for comparison. a) Shear wall, b) coupled
shear walls, c) framework with double bracing, d) framework with single bracing,

e) in-filled frame, f) framework on fixed supports, g) framework on pinned supports
with ground floor beams, h) framework on pinned supports without ground floor
beams.

The results of the analysis (the critical loads in MN, calculated using the formulae
given in this chapter for structures subjected to uniformly distributed vertical
load) are given in Tables 9.4 and 9.5, where the abbreviations used in the first
column are:

SW:  Shear wall,

CSW: Coupled shear walls,

FDX: Framework with double cross-bracing,
FSX: Framework with single cross-bracing,
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IFF: Infilled framework,

FF:  Framework on fixed supports,

PFG: Framework on pinned supports with ground floor beams,
PF:  Framework on pinned supports without ground floor beams.

Table 9.4 Critical loads for one-bay structures

Storeys | 4 | 8 | 12| 16 | 20 | 24 | 28 | 40 | 60 | 99
SW 1253 | 365 | 172 | 99.6 | 64.9 | 45.6 | 33.8 [ 16.8 | 7.58 | 2.81
CSW | 864 | 317|157 |92.5]60.7 | 429 |31.8 158 |7.10|2.63
FDX 433 | 189 {98.5|59.3 | 39.4 | 282 | 20.9 | 10.6 | 4.76 | 1.77
FSX 242 | 154 |88.5(55.7 | 37.8 | 272 | 20.4 | 104 | 473 | 1.77

IFF 188 | 139 [83.9(53.9|37.0|26.8|202|10.3|4.73|1.76
FF 412 |31.1(27.0(24.2 206|173 | 144 | 8.79 | 448 | 1.77
PFG 29.3 |125.8123.8(222|19.6]16.6 | 139 | 855(4.38|1.74
PF 203 [18.7|17.6| 16.6 | 155|135} 11.7 | 7.60 | 4.08 | 1.68

The thick line in the tables separates shear and bending type behaviour. The structures
on the left-hand side of the thick separator develop predominantly shear and those on
the right-hand side predominantly bending type deformation.

Table 9.5 Critical loads for two-bay structures

Storeys 4 8 12 16 | 20 | 24 | 28 | 40 | 60 | 99

Sw 7306 | 2129 | 1002 | 580 | 378 | 266 | 197 | 98.2  44.2 | 16.4
CSW 1779 | 972 | 556 | 350 | 238 | 171 | 129 | 65.5 | 29.9 | 11.1
FDX 942 | 438 | 232 | 141 [94.0 669 | 50.0| 252|114 |4.24
FSX 501 | 349 | 206 | 131 | 89.6 | 64.7|48.7|24.9 | 11.4 | 4.23

IFF 386 | 311 | 194 | 126 | 87.3 | 634 | 48.0|24.7 | 11.3 | 4.23
FF 552 | 521 | 494 | 46.6 | 41.6 | 35.7130.3 [ 19.0 | 9.97 | 4.04
PFG 53.6 | 51.5 | 49.1 | 46.6 (424 |36.4]31.0|19.4 | 10.1 | 4.09
PF 157 1155 [ 152 1149|146 | 142 | 13.8 | 11.6 | 7.49 | 3.55

It is the low-rise—medium-rise region where the performance of the different types of
structure really differs. A shear wall developing bending deformation has by orders of
magnitude greater critical load and is by orders of magnitude more effective a bracing
element than a framework of the same height and width developing shear deformation.
As the height—and the height/width ratio—of the structures increase, the difference
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in performance becomes smaller and smaller. Eventually all structures develop bending
deformation and although a shear wall always remains the most effective bracing
structure, its advantage over the frameworks is significantly reduced while the
performance of the different types of framework—regardless of the type—is practically
identical.

9.13 SUPPLEMENTARY REMARKS

The results of detailed accuracy analyses involving hundreds of frameworks and
coupled shear walls demonstrate that the accuracy of methods is acceptable for
checking the stability of practical structural engineering structures [Zalka, 1998a and
1998b]. A short summary of the result of the accuracy analyses is given in this section.

The approximate formulae tend to result in conservative critical loads. The most
accurate critical loads were obtained for frameworks with cross-bracing, which are also
the most effective and economic structures favoured for bracing purposes. The error
range was between—2% and 8% (for the maximum unconservative and conservative
critical load).

Good, conservative approximations were obtained for the critical loads of frameworks
on fixed supports. The error of most critical loads was between 0% and 10% and the
maximum error was 19%.

The method for coupled shear walls resulted in acceptable estimates for the critical
loads which were normally up to 15% greater than those obtained from the finite
element analysis. The error range widened to—6% and 23% (for the maximum
unconservative and conservative critical load) in some cases.

The least accurate critical loads were obtained for frameworks on pinned supports.
The error of the approximate formulae was between 0% and 20% in most practical
cases. In some cases, however, the error range widened to—3% and 39% (for the
maximum unconservative and conservative critical load). As frameworks on pinned
supports are rarely used for bracing purposes, critical loads of this level of accuracy
still offer good indication as to the overall suitability of the framework in a multistorey
building.

It has to be noted that the lateral and torsional stiffness of building structures are
normally provided by shear walls and cores and the contribution of the frameworks is
small compared to that of the shear walls and cores and therefore the accuracy of their
critical loads is of secondary importance.
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The finite element methods which are considered ‘exact’ occasionally produce
unreliable results. In some cases, some FE results indicated greater critical loads for
higher frameworks than for lower frameworks, when all the other characteristics of the
frameworks were the same. In other cases, unconservative errors in the region of 150—
250% were experienced. However, it should be mentioned that the stiffness
characteristics in such cases assumed extreme values. The problems were probably
caused by the ill-conditioned stiffness matrix. These cases underline the importance of
having alternative procedures available to check suspicious looking results.

It is worth mentioning that some well-publicized commercially available FE
procedures had difficulties with the stability analysis in certain stiffness regions when
the system was too large. Incorrect load factors were obtained for different 12-storey
shear walls with two rows of opening. The situation is made more difficult (and more
dangerous) by the fact that with complex structures like coupled shear walls it is
sometimes difficult even to realize that the results are not reliable, especially, when the
results are only ‘slightly’ incorrect. With the 12-storey structures investigated, the
incorrect buckling shape was a warning sign. However, when the buckling shape looks
reasonable, it is very difficult indeed to find out that the critical load may not be
correct. This also shows how important it is to know the characteristic types of
deformation and the buckled shape to be expected from the structure.

The results obtained by using the methods given in this chapter also have to be
carefully evaluated, especially when the method is applied to non-regular structures.
Both the nature and the extent of the deviation from the regular case should be carefully
examined. Even after establishing the differences, the structural designer may have to
face a situation when neither the magnitude nor the sign of the error is known.

Finally, it is mentioned here that detailed stability analysis of frameworks is given
by Appeltauer and Kollar [1999] and the theoretical background to the application of
the sandwich theory to the stability analysis of building structures (including
frameworks) is given by Hegedu?s and Kollar [1999)].
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Test results and accuracy analysis

To demonstrate the accuracy of the methods developed for the stress, stability and
frequency analyses—and to learn more about 3-dimensional behaviour—a series of
tests on small-scale models of 10-storey buildings (Fig. 10.1) was carried out at the
Building Research Establishment*. It was also the aim of the tests to examine the effect
of storey-high columns on the global lateral and torsional stiffness of multistorey
structures.

Comparisons were also made with the results of similar approximate methods. This
chapter gives a short summary of the results of the tests and the comparisons. The
details of the tests are available in separate publications [Zalka and White, 1992 and
1993]. The accuracy of planar procedures is discussed in section 9.11.

10.1 DESCRIPTION OF THE MODELS

The floor slabs of the models were made of fibre boards. The vertical load bearing
elements were represented by 96 copolymer columns at each storey, arranged in a
rectangular network with a space of 200 mm in both directions. A relatively great
number of columns was chosen to make their contribution to the lateral and torsional
stiffnesses of the model noticeable. The size of the layout was 2200 mm in direction x
and 1400 mm in direction y. Each storey height was 150mm and the total height of the
model was 1500 mm. The lateral and torsional stiffnesses were provided by a combination
of U-shaped and L-shaped perspex cores and shear walls.

A circular bending test involving 50 specimens was carried out to establish the
modulus of elasticity of the cores and shear walls. The modulus of elasticity was found
to be E=3150 N/mm?. The shear modulus assumed the value G=1312.5 N/mm?,

Two bracing system arrangements were constructed to enable the analysis of planar
(Model “M1’) and torsional (Model “M2”) behaviour.

* Figures 10.1, 10.2, 10.9, 10.10 and 10.13 are reproduced by permission of BRE.
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Fig. 10.2 Columns of storey height. a) Fixed, b) pinned.
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Both arrangements were constructed using fixed (Fig. 10.2/a) and ‘pinned’ (Fig.
10.2/b) columns. It should be pointed out that the columns described as “pinned’
did not represent columns with perfect pinned ends. Due to limitations in
manufacturing the joints, there was some friction between the end sections of the
columns and the rubber *O’ ring housed in the floor adapters. This friction prevented
the end of the columns from developing totally free rotation and caused some
increase in stiffness.

The models were first subjected to concentrated horizontal loading at different
locations. The load was applied by using a simple pulley mechanism attached to the
top floor of the model (Fig. 10.1). Load increments of approximately 5 N were chosen.
Instruments were mounted onto a rigid dexion reference framework which spanned
two sides over the full height of the model. The lateral displacements of the model were
measured in directions x and y (parallel with the sides of the models). When the
experimental values were compared to the theoretical values, the formulae given in
section 5.6 for concentrated top loading were used.

After the horizontal loading exercise, the models were tested for stability and finally
their dynamic performance was investigated.

The models with both bracing system arrangements and with both sets of columns
were subjected to a series of loads but only the most characteristic cases are reported
here. The following notation is used in the text and in the figures:

Fm Model with Fixed columns; results from measurements

Ft Model with Fixed columns; theoretical results

Pm Model with Pinned columns; results from measurements
Pt Model with Pinned columns; theoretical results

F, Concentrated force in direction y, at location shown

e, Translation in direction y, at location shown

F, Concentrated force in direction x, at location shown

e Translation in direction x, at location shown

C Centroid: geometrical centre of ground plan

Or, Location of shear centre O of the model with fixed columns,
according to measurements

Or Location of shear centre O of the model with fixed columns,
according to theoretical formulae

Op, Location of shear centre O of the model with pinned columns,
according to measurements

Op, Location of shear centre O of the model with pinned columns,
according to theoretical formulae

. Shear centre



Horizontal load on Model ‘M1’ 241

10.2 HORIZONTAL LOAD ON MODEL ‘M1’

Model ‘M1’ was nearly symmetrical, as far as the stiffnesses were concerned (Fig.
10.3); the shear centre of the bracing system and the geometrical centre of the plan of
the building nearly coincided.

The model was first subjected to a series of concentrated horizontal forces at
top floor level and the location of the shear centre was established. The theoretical
formulae (2.1) and (2.2) in Chapter 2 gave very good predictions for the location of
the shear centre. The distance between the theoretical and measured shear centres
was 80 mm (6% related to the width of the model) with the model with pinned
columns (O, and Oy,,), and 40 mm (3%) with the model with fixed columns (O, and
Ok, inFig. 10.3).
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Fig. 10.3 Bracing system arrangement for model ‘M1°.

It is interesting to note that the location of the shear centre hardly changed when the
pinned columns were replaced by fixed columns. This follows from the fact that the
bracing system (without the columns) had a shear centre which situated very near the
centroid and the columns in their doubly symmetrical arrangement did not change the
situation.
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Load [N]

Fmi FL Pm Pt Load[MN] Fm R Pm P
T T

i) 2 4 B a o 12 14

Translation [mm] Translation [mm]

a

Fig. 10.4 Translations of model ‘M1” under horizontal force F,. a) Translations e,,
b) translations e,.

The models were then subjected to concentrated horizontal forces at different corners.
Figure 10.4 shows the results of the theoretical and experimental values of the
translations on top floor level in directions x and y, under concentrated force F,. The
measurements show good agreement with the theoretical values for the model with
fixed columns (Fm—Ft).

The situation was similar when the model was subjected to a horizontal force in
direction x (Fig. 10.5).
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Fig. 10.5 Translations of model ‘M1’ under horizontal force F,. a) Translations e,,
b) translations e,.

For the model with pinned columns, the measurements show consistently smaller
translations than the theoretical values. As mentioned in section 10.1, the reason for
this deviation is attributed to the fact that the rotation of the pinned joints was restricted
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by some friction due to manufacturing limitations. This phenomenon with the same
tendency was observed with all the models with pinned columns.

10.3HORIZONTAL LOAD ON MODEL ‘M2’

With the second arrangement (‘M2’ in Fig. 10.6), the distribution of the stiffnesses of
the bracing system was unsymmetrical and the centroid and the shear centre were
well apart. When the model was constructed using pinned columns, the shear centre
situated near the U-core. The distance between the theoretical and measured shear
centres (O, and O,,) was 150 mm (7% related to the corresponding width of the
model).

Due to the *stabilizing” effect of the fixed columns, i.e. a doubly symmetrical system
of columns was added to the unsymmetrical system of bracing elements, the shear
centre moved closer to the centroid of the layout but the model still remained fairly
unsymmetrical which was the requirement regarding this arrangement.
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Fig. 10.6 Bracing system arrangement for model ‘M2’.

Again, the theoretical predictions for the location of the shear centre were very good,;
the difference between the experimental and theoretical values (O, and O,) was only
65 mm (4%). Once again, the greater, but still acceptable, difference with the pinned
model can be attributed to the friction in the ‘pinned’ joints. Following the loading
sequence, aimed at the determination of the location of the shear centre, the models
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were subjected to horizontal forces at the corner points in both direction x and direction
y. The horizontal translations were measured at several locations over the height of the
model in directiony and in direction x.
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Fig. 10.7 Translations of model ‘M2’ under horizontal force F,. a) Translations e,,
b) translations e,.

Figures 10.7 and 10.8 show the theoretical and experimental values of top level
translations. Because of the unsymmetrical nature of the bracing system, the rotation
around the shear centre played a greater role in developing translations, compared to
Model ‘M1’ presented in the previous section.

The results were similar to those obtained for model ‘M1’ as far as accuracy
was concerned: good agreement between the measurements (Fm) and the
theoretical values (Ft) for the fixed model and, due to the friction in the ‘pinned’
joints, slightly overestimated theoretical values (Pt) for the model with pinned
columns.
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Fig. 10.8 Translations of model ‘M2’ under horizontal force F,. a) Translations e,,
b) translations e,
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10.4 COMPARATIVE ANALY SIS OF THE FORMULAE FOR
HORIZONTAL LOAD

All known approximate methods developed for the stress analysis of bracing systems
developing unsymmetrical bending and torsion use one or two or all three of the
following assumptions. They either assume uniformly distributed horizontal load
and/or neglect the effect of the Saint-Venant torsional stiffness on the load share on
the individual bracing elements and/or neglect the product of inertia of the bracing
system. As the method presented in Chapter 5 does not use any of these assumptions
and therefore can be considered as the generalization of such simpler methods, the
analysis of some special cases offers excellent opportunities for comparison. Some
of these special cases are: uniformly distributed horizontal load (4=0); the case when
the effect of the Saint-Venant stiffness is neglected, i.e. when 17,=1.0 and 1,~=1.0
hold; and the case when /,,=0 holds (zero product of inertia).

Two more special cases can be considered for comparison. When the external
load passes through the shear centre and the bracing system only develops
unsymmetrical bending, the formulae presented in the thesis simplify and become
identical to Tarnai’s [1996] formulae given in matrix form for unsymmetrical bending.
Another special case, when the bracing system under uniformly distributed horizontal
load (u=0) only develops mixed torsion, leads to Vlasov’s formula [1940] for the
rotation of beam-columns under uniformly distributed torque.

Szmodits [1975], using a technique similar to the one applied here, but assuming
©=0, n,=1.0 and n,~1.0 as mentioned above, and Kollar and Poth [1994], relying on
static considerations, derived closed-form solutions for the uniformly distributed
load case. Both sources were also used for the numerical analysis. The relevant
formulae showed good agreement.

The formulae for load distribution were also checked and found in line with those
presented by Beck and Schifer [1969], Konig and Liphardt [1990] and MacLeod
[1990], assuming =0, 1,,=0 and /,, =0.

Worked examples [Stiller, 1965; Beck and Schéfer, 1969; Rosman, 1967] were also
used for comparing the load share on the bracing elements under concentrated top
load and uniformly distributed horizontal load. The deviation of the results was less
than 5%.
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10.5DYNAMIC TESTS

Dynamic tests were also carried out on the models. Only a summary of the results is
given here; the detailed description of the tests and the results are available in separate
publications [Boughton, 1994; Zalka, 1994b].

The formulae and tables presented in section 3.2 gave

=0.79 Hz

for the fundamental frequency of Model ‘M2’ with pinned columns.

A series of tests was carried out using a small vibrator on top of the model (Fig.
10.9). The vibrator was linked to a computer which monitored the behaviour and
evaluated the measurements. The fundamental frequency of the model with pinned
columns was measured to be

f=0.78 Hz

which is 1% smaller than the theoretical value.
When the pinned columns were replaced by fixed ones, the formulae in section 3.2
predicted

f=1.96 Hz

for the fundamental frequency. According to the experimental measurements, the
fundamental frequency was

f=1.61Hz

which was 18% smaller than the theoretical value.

Lateral vibrations were coupled with pure torsional vibrations in both cases. When
the behaviour of the model with fixed columns was investigated, the effect of the
columns on the global stiffness of the model was taken into account using approximate
formula (2.17) derived in section 2.2.

The effect of the compressive forces on the frequencies was neglected in the
theoretical analysis.
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Fig. 10.9 Dynamic tests: model ‘M2’ and the vibrator.
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10.6 STABILITYTESTS

Theoretical research into the stability of structures has resulted in new design methods
and a considerable amount of information but the calibration and verification of the
methods have been progressing in a much slower pace. Due to the formidable task,
even when tests are carried out, they concentrate on individual structural elements
[Croll and Walker, 1972; Barbero and Tomblin, 1993] or they use a small-scale part of a
complex structure (a framework/coupled shear walls) [Szittner, 1979] as opposed to the
whole structure. To fill this gap, a series of tests was carried out on the small-scale
models shown in the previous sections. A summary of the results is given below;
details of the tests are available in a research report [Zalka and White, 1992].

The models were subjected to two types of vertical load. In all cases they had to
carry their own weight, which was a uniformly distributed load on each floor with an
intensity of g=0.08 kN/m2, In addition to this dead weight, the models were subjected
to a vertical load on the top level. This load was placed on the top floor in increments
and was distributed across the whole floor area by a small steel frame and two wooden
slabs (Fig. 10.10). The term critical concentrated load in this section refers to this
load.

Characteristic deformations were measured during the loading process and the
load-deflection and load-rotation diagrams were produced. Based on the diagrams,
the Southwell Plot [Croll and Walker, 1972] was then produced, with deformations
along the vertical axis and the deformation-load ratio along the horizontal axis. The
critical load of the structure was finally established as the slope of the linearized
relationship (Fig. 10.12). The simultaneous presence of the uniformly distributed
dead weight and the concentrated top load was taken into account by the Dunkerley
summation theorem.
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Fig. 10.10 Stability tests: loading and failure mode.
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10.6.1 Model ‘M1’
The procedure presented in section 3.1 yielded
V,=3.13kN

for the critical concentrated load of Model “‘M1’ with pinned columns.

Both the theoretical investigations and the behaviour of the model during the tests
showed that the buckling mode of this arrangement was that of sway buckling in plane
yz. Accordingly, the translations in direction y on top floor level were used for the
Southwell Plot. The vertical concentrated top load was increased in ten increments
from 0.2 kN to 1.5 kN. The Southwell Plot resulted in the value of the critical concentrated
load as

V,=3.03kN.

The model proved to be much stronger when the pinned columns were replaced by
fixed ones but the characteristic buckling mode did not change: the model developed
sway buckling in plane yz, which was practically not coupled with the other two basic
modes. In this case, the vertical concentrated load was increased to 2.5 kN. The
theoretical prediction and the Southwell Plot—which showed some uncertainty in
evaluation—put the value of the critical concentrated load in the region of 13 kN—14
kN. This corresponds to a fourfold increase in the value of the critical load—and in the
value of the lateral stiffness of the model—compared to the corresponding values with
the model with pinned columns. Figure 10.11 shows the buckled shapes where PC
refers to the model with pinned and FC to the model with fixed columns.
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Fig. 10.11 Buckled shape of model ‘M1’.
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10.6.2 Model ‘M2’

In accordance with the theoretical predictions, this model was very sensitive to torsion.
This was also reflected in the value of the critical concentrated load which, using the
procedure presented in section 3.1, was obtained as

V,=1.32kN

for the model with pinned columns. This value was much smaller than the critical
concentrated load of Model ‘M1’.

The tests demonstrated that the characteristic deformation was rotation around the
shear centre, which was slightly coupled with sway in direction y. The value of the
vertical load distributed on the top floor level was increased in nine increments from
0.2 kN to 1.3 kN. The translations of the corner points of the models were monitored
and the measurements were also used to produce the rotations of the model (Fig.
10.12/a). Based on the rotations and the ratio of the rotations to the vertical load, the
Southwell Plot was produced (Fig. 10.12/b). The critical concentrated load was obtained
as the slope of the experimental line:

V,=2.69kN.

The failure mode of the model was torsional buckling as shown in Fig. 10.10.

Two reasons may explain the significant difference between the theoretical and
experimental results. As a stabilizing factor, the friction in the joints of the pinned
columns played a greater role in contributing to the resistance of the model when the
model developed torsion. This friction not only increased the lateral and torsional
stiffnesses (and the corresponding critical loads) but also changed the location of
the shear centre in such a way that the distance between the shear centre and the
geometrical centre became shorter. This phenomenon reduced the effect of torsion
which also led to a greater global critical load. The evaluation of the loading procedure
later revealed that with increasing rotations the top floor slab developed warping
and slightly detached itself from the load distributing wooden slab. In this way, the
load which was assumed to be uniformly distributed over the top floor lost its
uniform nature and some load concentration occurred near the shear centre. This
also increased the critical load.
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Fig. 10.12 Stability of model “M2’. a) Load-rotation relationship, b) Southwell Plot.

When the pinned columns were replaced by fixed ones, the behaviour of the model
was similar but, due to the *healthy” contribution of the columns (greater stiffness and
less eccentric load), the value of the critical load increased significantly. It was not
possible to load this model up to failure, but the test results, the Southwell Plot and the
theoretical investigations indicated that the critical concentrated load of the model
was 12.9 kN. This represented a 2.0-fold and a 1.6-fold increase in the lateral stiffnesses
in directions y and x, respectively, a 1.8-fold increase in the torsional stiffness and a
5.3-fold increase in the warping stiffness. Because of the more favourable mode
coupling, due to the reduced eccentricity, the global critical load increased 6.2-fold,
compared to the pinned case.

10.6.3 Deformation of the bracing elements

Both models ‘M1’ and ‘M2’ with both pinned and fixed columns behaved as the
theoretical formulae predicted. The nature of the behaviour was not affected by the
end conditions of the columns: The system with fixed columns and with pinned
columns developed the same type of deformations. The nearly symmetrical system
‘M1’ developed lateral buckling in direction y (Fig. 10.11). Model ‘M2’ with pinned
columns was loaded up to failure. The characteristic mode was torsion (Fig. 10.10).
The structure lost stability when the two L-shaped cores marked with ‘1’ and ‘2’ in
Fig. 10.6 broke between the ground floor and the first floor levels. These two bracing
elements were the furthest from the shear centre and were subjected to the greatest
deformations. The U-shaped core near the shear centre (marked with ‘5’ in Fig. 10.6)
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developed considerable warping deformation at the bottom of the model (Fig. 10.13).
The warping spread to the next two storeys then died away. The two shear walls
marked with *3” and ‘4’ in Fig. 10.6 developed slight warping in the first and second
storey region. After dismantling the model, these shear walls fully recovered from

the deformations.

Fig. 10.13 Deformation of U-core.
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Evaluation; design guidelines

The techniques and methods presented in the book make it possible to carry out the
global stress, stability and frequency (seismic) analyses of the bracing system of
building structures. They are potentially useful both at the concept design stage and
for final analysis. They can be used for

» checking of structural adequacy,

»  assessing the suitability of structural layouts,
» verifying the results of other methods,

» evaluating computer packages,

» facilitating theoretical research,

» developing new techniques and procedures.

In addition to global analysis, the closed-form formulae and design diagrams can
also be used for the sizing of the elements of the bracing system and for the structural
design of individual beam-columns. The formulae presented for the stability analysis
are directly applicable to the analysis of columns with thin-walled cross-sections,
subjected to unsymmetrical bending and torsion (cf. section 3.1.6). The formulae derived
for the stress and frequency analyses need some modifications before they can be
applied to individual elements.

The techniques are simple and facilitate ‘on the back of the envelope’ calculations;
the results are reliable, albeit approximate.

Based on the qualitative and quantitative analyses of the methods, the objective of
this chapter is to group the most important information together by types of behaviour
and to provide the structural engineer with design guidelines.
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11.1 SPATIAL BEHAVIOUR

The single most important conclusion is that torsion plays a crucial role in 3-dimensional
structural behaviour and by reducing torsion the overall performance and the
effectiveness of the bracing system can be greatly improved. Both the nature (Saint-
Venant or warping) and the extent of torsion are important. This is equally true when
the effects of horizontal loading are analysed (when the deformation of the building
and the stresses in the bracing elements are calculated) and also when the effects of
the vertical load are considered (when the main objectives of the analysis are to
determine the global critical load and the fundamental frequency).

The stability and the dynamic behaviour are characterized by very similar phenomena
and it is not surprising that very similar guidelines have to be followed in the design
procedure. These guidelines can also be applied to the stress analysis with taking into
account the different nature of the load.

11.2 STABILITY ANALYSIS

Global stability and the value of the sway-torsional critical load basically
depend on

» the values of the basic critical loads which belong to the basic (sway and pure
torsional) modes and
» the coupling of the basic modes.

The sway critical loads are controlled by very simple relationships: their value is in
direct proportion to the bending stiffness of the bracing system and in inverse
proportion to the square of the height of the building. The situation with the pure
torsional critical load is somewhat different. Its value is in direct proportion to the
warping stiffness of the bracing system and in inverse proportion to the height of
the building. (The effect of the Saint-Venant torsional stiffness is normally small.)
However, in addition to these relationships, the torsional critical load also depends
on horizontal geometrical characteristics of the building. The greater the size of the
building and the greater the distance between the shear centre and the centre of the
vertical load, the smaller the critical load. The latter characteristic also affects the
coupling of the basic modes: the greater the distance between the shear centre and
the centre of the vertical load, the more ‘dangerous’ the coupling is. Coupling always



256 Evaluation; design guidelines

reduces the value of the critical load: the reduction can be as much as 141%. In
summarizing, the most important characteristics controlling the behaviour of the
bracing system for stability are

« the lateral stiffnesses characterized by the second moments of area I,

« the torsional stiffness, whose value is normally dominated by warping constant I,

« the distance between the shear centre of the bracing system and the centre of the
vertical load. (The centre of the vertical load coincides with the geometrical centre
of the plan of the building for uniformly distributed load.)

The most effective ways to increase the value of the global critical load (and
consequently to improve the performance of the bracing system for stability) are

 to increase the lateral stiffnesses (preferably in a balanced way in both principal
directions),

 toincrease the value of the warping constant. This can be most efficiently achieved
by placing the bracing elements as far from the shear centre as possible in such a
way that the perpendicular distance between the plane in which the bending stiffness
of the element acts and the shear centre is maximum,

 to reduce the distance between the shear centre of the bracing system and the
centre of the vertical load (the geometrical centre of the plan of the building for
uniformly distributed load), optimally to zero.

11.3 FREQUENCY ANALYSIS
The value of the fundamental frequency basically depends on

« the values of the basic natural frequencies which belong to the basic (lateral and
pure torsional) modes and
* the coupling of the basic modes.

The value of the frequencies for all three basic types of vibration (lateral and pure
torsional) vibrations is in inverse proportion to the square root of the weight of the
structure.

In addition to weight, lateral vibrations are defined by the lateral stiffnesses and the
height of the building. The value of the lateral frequencies increases proportionally to
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the square root of the lateral stiffness and decreases in inverse proportion to the
square of the height.

The value of the pure torsional (uncoupled) frequency is in proportion to the root
of the warping stiffness of the bracing system and in inverse proportion to the
square of the height of the building. The effect of the Saint-Venant torsional stiffness
is normally small. The value of the pure torsional frequency is also influenced by
horizontal characteristics of the building. Its value decreases as the size of the
ground plan and the eccentricity of the mass of the building (the distance between
the shear centre and the centre of the mass) increase. The coupling of the basic
mode always reduces the value of the fundamental frequency. The extent of coupling
depends on the “‘eccentricity’ of the mass: the more eccentric the mass, the greater
the coupling of the basic modes.

The most important characteristics controlling the natural frequencies of the bracing
system are

* the lateral stiffnesses characterized by the second moments of area I, and I,,

* the torsional stiffness, whose value is normally dominated by warping constant I ,,

« the distance between the shear centre of the bracing system and the centre of the
mass of the building. (The centre of the mass coincides with the geometrical centre
of the plan of the building for uniformly distributed mass),

 the weight of the building.

The most effective ways to increase the value of the fundamental frequency (and
consequently to improve the dynamic performance of the bracing system) are

 toincrease the lateral stiffnesses stiffnesses (preferably in a balanced way in both
principal directions),

 toincrease the value of the warping constant. This can be most efficiently achieved
by placing the bracing elements as far from the shear centre as possible in such a
way that the perpendicular distance between the plane in which the bending stiffness
of the element acts and the shear centre is maximum,

 to reduce the distance between the shear centre of the bracing system and the
centre of the mass (the geometrical centre of the plan of the building for uniformly
distributed mass), optimally to zero,

 to reduce the weight of the building.
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11.4 STRESSESAND DEFORMATIONS

The guidelines given above for achieving optimum stability and dynamic performance
can also be used in the stress analysis: by increasing the overall performance of the
bracing system the global deformations of the building and the maximum stresses in
the bracing elements can be reduced.

The evaluation of the equations and formulae leads to the following observations.
The most important characteristics of the behaviour of the bracing system are

» the lateral stiffnesses characterized by the second moments of area I, and I,,

* the torsional stiffness (normally dominated by warping constant 1 ),

 the eccentricity of the load, i.e. the perpendicular distance between the shear centre
of the bracing system and the line of action of the external load.

The most effective ways to reduce the global deformations and to improve the
performance of the bracing system under horizontal load are

* toincrease the lateral stiffnesses (preferably in a balanced way when 1, and I, are
proportional to the external load in the relevant direction),

* to increase the value of the warping constant (I ). This can be most efficiently
achieved by placing the bracing elements as far from the shear centre as possible in
such a way that the perpendicular distance between the plane in which the bending
stiffness of the element acts and the shear centre is maximum,

 to reduce the eccentricity of the load, i.e. to reduce the distance between the shear
centre of the bracing system and the geometrical centre of the plan of the building
(through which the external load passes).

When designing for torsion, the following points should be considered.

 In addition to the bending and torsional stiffnesses, the load share on the bracing
elements, due to torsion, also depends on the ratio of the Saint-Venant torsional stiffness
and the warping stiffness of the bracing system. This ratio can be best characterized
using the nondimensional torsion parameter k.
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» In the range O<k<eo, the value of the maximum shear force in the bracing
elements, due to torsion, is always greater than the value which belongs to
k=0 (the case when the Saint-Venant stiffness is zero or is neglected). The
maximum difference is 23% at k=2.8. It follows that the assumption k=0 (openly
or tacitly made by most analytical methods) always represents an
unconservative approximation.

» For dominant Saint-Venant stiffness (GJ), due to the rotation of the bracing
system under horizontal load, the elements of the bracing system only develop
shear forces near their support and the value of the bending moments decreases
with increasing GJ.

» With increasing the value of k (from zero), the value of the maximum bending
moments in the bracing elements, due to torsion, is first greater then smaller than
the value which belongs to k=0. The maximum increase is 5.4% at k=1.35, then the
value of the maximum bending moment tends to zero. Consequently, the assumption
k=0 represents a slightly unconservative approximation in the region 0<k<2.35,
then the approximation is increasingly conservative for 2.35<k<ee.

It is interesting to note that with increasing Saint-Venant stiffness, ‘activities’ (load,
shear force, rotation) over the height of the bracing elements tend to limit to the
vicinity of the bottom. This shows striking similarities to the planar buckling of
cantilevers developing bending and shear deformations as well as to the torsional
buckling of cantilevers.

11.5 STRUCTURAL PERFORMANCE OF THE BRACING SYSTEM

The performance of the bracing system is best monitored by using the global critical
load ratio (the ratio of the applied vertical load and the global critical load). The critical
load ratio is a sensitive indicator which can be calculated in minutes.

The global critical load ratio—by definition—is in a direct relationship with the
(global) safety of the structure: it indicates the ‘level’ of safety. In addition, the
comparison of different global critical load ratios belonging to different bracing system
arrangements also gives useful information regarding the change in the value of the
fundamental frequency and the maximum global deformations of the building. Thus
monitoring the most important characteristics of the bracing system, an optimum
structural layout can be achieved in a fast and simple manner, simultaneously leading
to maximum safety and economy.
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The single most important conclusion is that torsion plays a crucial role in structural
behaviour and by reducing torsion the overall performance and the level of global
safety can be greatly improved.

It is interesting to note that the application of the same guidelines (cf. sections 11.2,
11.3 and 11.4) leads to optimum performance regarding stability, global deformations,
stresses and dynamic behaviour.

11.6 STABILITY OF PLANAR STRUCTURES

The analysis of the planar structures considered for the investigation in Chapter 9
(frameworks on fixed and pinned support and with or without single or double cross
bracing, infilled frames, shear walls and coupled shear walls) shows that they all can be
characterized by four types of deformation: full-height ‘local’ bending of the individual
columns, full-height ‘global’ bending of the framework as a whole, full-height
(continuous) shear deformation and storey-height shear deformation (Figs 9.1 and
9.2). These deformations can be characterized by the corresponding stiffnesses. The
critical load of these structures is obtained by combining the part critical loads which
are associated with the four types of deformations. It is therefore important to analyse
the buckled shape. The form of the buckled shape depends on a number of
characteristics and also varies as the height of the structure increases.

11.6.1 Low-rise to medium-rise (4-25-storey) structures

The global shear stiffness of the framework, which is basically determined by the
bending stiffness of the beams, normally has a major contribution to the overall stability
of the framework.

With frameworks on fixed supports and frameworks on pinned supports with ground
floor beams, subjected to concentrated forces on top of the columns, the buckled
shape is normally dominated by the global bending stiffness, the effect of the shear
stiffness is important and the local bending stiffness is negligible (Fig. 11.1).

When frameworks on fixed supports and frameworks on pinned supports with
ground floor beams are subjected to UDL on the beams, the effect of the shear stiffness
is dominant (Fig. 11.2).
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Fig. 11.1 Frameworks under concentrated top load.

When the frameworks have pinned supports which are not connected with beams,
buckling failure develops through the horizontal sway of the ground floor columns in

most cases (Fig. 11.3).
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Fig. 11.2 Frameworks under UDL on the beams.

This, from the point of view of the framework as a whole, is considered to be local shear
deformation. This local shear deformation is closely associated with the lateral stiffness
of the ground floor columns, which basically determines the critical load of the
framework.

Frameworks with (single or double) cross-bracing on fixed or pinned supports,
under both concentrated top load and UDL on the beams, develop predominantly full-
height bending deformation (as shown in Fig. 11.4 where the double curvature bending
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of the bars between the nodes is not shown). The nature of the support (fixed of
pinned) does not effect the behaviour (and the value of the critical load).
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Fig. 11.3 Frameworks on pinned supports without ground floor beams.

The critical load—and the safety of a framework—can be increased as follows. First,
the role of the four types of deformation and the contribution of the corresponding
stiffnesses to the overall critical load (dominant/important/negligible) have to be
established. Then, after identifying the key type of deformation and the main weakness
of the system, the corresponding stiffness has to be increased which leads to a greater
overall critical load. The critical load can be recalculated in minutes with the new

stiffnesses.
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Fig. 11.4 Frameworks with single cross-bracing.
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With coupled shear walls, of the four characteristic deformations, global bending and
global shear deformations—and the corresponding stiffnesses/part critical loads—
play an important role. Local bending deformation—and the corresponding stiffness/
part critical load—normally have a minor effect on the overall critical load. (This
contribution, however, can become significant with coupled shear walls with relatively
wide walls.) The effect of local shear deformation, i.e. sway between the floor levels is
normally negligible.

11.6.2 Tall (over 25-storey) structures

As the height of the frameworks and coupled shear walls increases, the effect of the
full-height “‘global’ bending deformation of the structure becomes more and more
important. Sooner or later the buckled shape of every planer structure is dominated by
the full-height ‘global’ bending deformation. This point is illustrated in section 9.10
where the behaviour of 4 to 99 storey structures is investigated. According to Table 9.4
in section 9.10, each of the one-bay structures develops predominantly full-height
‘global’ bending deformation over the height of 24 storeys.

11.6.3 Structural performance of planar bracing elements

It goes without saying that solid shear walls represent the most effective type of
bracing. Apart from some very rare occasions, they develop full-height bending
deformation.

At the other end of the scale are frameworks on fixed and pinned supports,
particularly on pinned supports without ground floor beams. Their buckled shape is
normally dominated by local shear type deformation and the ‘contribution’ of the
shear deformation reduces the critical load significantly for low and medium-rise
frameworks. The performance of frameworks improves dramatically when the bays are
“filled in’, by either (single or double) cross-bracing or by masonry panels.

It is interesting to note that the nature of the support structure (fixed/pinned)
hardly influences the performance of infilled frameworks and frameworks with cross
bracing as they normally develop full-height bending deformation.

Coupled shear walls represent a transition between frameworks and solid shear
walls and their effectiveness largely depends on the relative stiffnesses of the wall-
sections and connecting beams.
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Fig. 11.5 One-bay bracing elements.

Figures 11.5 and 11.6 shows the critical loads of the one-bay and two-bay
structures that were investigated in section 9.10. Details are given in Tables 9.4
and 9.5. The evaluation of the data in the tables and the figure leads to the
following observations.

The structures can be divided into two categories. The structures in the first category
are best described as structures with “wall-like’ behaviour. Shear walls, couples shear
walls, frameworks with cross-bracing and infilled frameworks belong to this group.
The structures here develop basically bending type deformation and they are fairly
effective as bracing elements in a bracing system.

The behaviour of the structures in the second category can be characterized as
‘frame-like’ behaviour. Frameworks on fixed and on pinned supports, with or without
ground floor beams, are in this group. They develop predominantly shear type
deformation—until they reach a certain height—and their critical loads are much smaller
than those of the ‘wall-like’ structures of the same height and width.

The difference between the two groups becomes smaller as the height of the
structures increases. The behaviour of the structures in the “frame-like” group is less
and less dominated by shear type deformation and eventually all structures in the
second group develop predominantly bending type deformation.
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The values of the critical loads show that, especially for low-rise and medium-
rise structures, there are huge differences between the structures in the two
categories. The structures in the *wall-like’ category are much more efficient as
bracing elements.
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Fig. 11.6 Two-bay bracing elements.
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Cross-sectional characteristics for
bracing elements

The geometrical and stiffness characteristics needed for the stress, stability and
frequency analyses are given below for a collection of common bracing elements.
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Fig. A5 Sign convention for the product of inertia. a) Positive, b) negative.

The sign of the product of inertia I, depends on the relative position of the section in
relation to the coordinate axes. The sign convention is given in Fig. A5.
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CIRCULAR SECTIONS

Solid circular section

Fig. A9 Solid circular section.
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Open circular section
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Fig. A11 Open circular section.

PERFORATED CORE

The formulae given for O-sections above can be applied to perforated cores. In using
auniform continuous medium, an equivalent thickness can be introduced for*the wall
section with the openings [Steinle and Hahn, 1988]. Parameters ¢* and f,, in the
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formulae below stand for the equivalent thickness when the medium replaces the
whole wall section of width b and the section of lintels of width w, respectively.
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Fig. A12 Perforated core. a) Cross-section and elevation of perforated core, b) cross-section
with full-width equivalent medium, c) cross-section with equivalent medium of width w.
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The generalized power series method for
eigenvalue problems

The solution of most of the problems discussed in this book is straightforward and
details of the solution are not given. However, some of the stability problems are
difficult to solve and even when a solution is found, there may be numerical difficulties
due to the ill-conditioned eigenvalue problem. The power series method, generalized
for such problems, is presented here and, as an example, is applied to produce the
solution of the governing differential equation of the stability problem of frameworks
on fixed supports. Other eigenvalue problems, including those of frameworks on pinned
supports [equations (9.14) and (9.29)], sandwich columns with thin faces [equations
(9.20) and (9.21)] and the pure torsional buckling of cantilevers [equations (3.10) and
(3.4) to (3.7)] can be solved in a very similar manner. Further details and the application
to 3-dimensional problems are available elsewhere [Zalka, 1992 and 1993].

The governing differential equation of the continuum model of frameworks on fixed
supports is given in section 9.3.2 as

Fd

"|-'”"+ I"l' [:.] - j|. _"_.r = [._ll (Bl)
rEdL

where

N(z) = gz is the total vertical load,

q is the intensity of the uniformly distributed load (the eiger
value of the problem),

K is the shear stiffness,

E.. is the local bending stiffness,

T is a modifier whose values are given in Table 3.1.
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The origin of the coordinate system is fixed at the top of the equivalent column (Fig.
9.4/e) and the boundary conditions for frameworks on fixed supports are given in this
coordinate system as follows.
The lateral translation is zero at the top of the column:
y(0)=0. (B2a)
The tangent to the equivalent column at the bottom of the column is parallel to axis z:
y’(H)=0. (B2b)
No bending moment develops at the top of the column:
y”(0)=0. (B2c)
The sum of the shear forces at the bottom of the column assumes zero value:
y”’(H)=0. (B2d)
The order of differential equation (B1) can be reduced by one. After integrating the

differential equation once, making use of boundary condition (B2d) and introducing
the non-dimensional quantities

qH : i "
=—""—=_—= (B3)
TR3TrE L, N,
and
= KH? _ i
TI8IEL N, ®4)
the equation can be rewritten as
7837, TBIT .
L ﬁt?._T—L._L'l F=10. (B5)

Boundary conditions (B2a), (B2b) and (B2c) complement the above differential equation.
The solution is found in the power series
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=0

where c, denotes coefficients yet unknown. The derivatives of the solution
function are

V=g 4207+ 40, 500 L= El.i:-r.'i:_‘l ' (B7a)
V=20, 43 20,244 32" 45 de 4= Y kik-Te Y, (BM)
k=2

Y= 20,443 20,245 4 30,7 4= B k(k =1k =2, 2" (BTO)

k=3

After substituting the derivatives into differential equation (B5), the equation

32e, #4332z 4543007 +6-5-dg’ 4.

7.837 7837 » | 1.837 3

+— 2 T2+ ooz + (B8)
7.837 T.R3T T.837 T.E3IT
B =S Pl - fles’ — S P - =0

is obtained. This equation can only hold if the sum of the coefficients of each power of
z equals zero. This condition, for z2 for example, leads to

7.837

'."'E"I-']'
5-d-3c, +——02c, —
I’E

i, = (B9)

or, in general form, to

T7.837 ?HT?

Kk =1k = 2)e, + = 5tk = 3)e s - (B10)

i 1=
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Rearranging equation (B10) results in a recursion formula for the unknown coefficients
fork=3:

TR3TF 7837aik - 3)
TRk —DHE

Thk—ik—H (B11)

iy
The initial values needed for the calculation are obtained from boundary conditions
(B2a) and (B2c), after making use of the power series and its derivatives, as
c;=0, (B12a)
¢=0. (B12b)

Boundary condition (B2b), yet unused, leads to the equation

fiBay=c + ¥ ke, =0, (B13)
k=3

Polynomial f(j3,c) only vanishes when the eigenvalues of the problem (e, o, ... ), i.€.
the critical loads, are substituted for « (Fig. B1). It follows that the smallest root of
polynomial f(B,c) yields the first eigenvalue of the problem, which is of practical
importance, being the smallest critical load of the structure.

T

i
ﬂ EY
—
mc-:.\"“'-h-._.-ﬂ""-'-.’u ot

Fig. B1 Polynomial with eigenvalues o, o.,, o, 0.

The original eigenvalue problem (B1) has been transformed into a simple problem of
finding the smallest root of a polynomial; this is a much simpler task than the original
problem, as finding the smallest root of a polynomial is a routine exercise. The procedure
can be easily monitored and when problems related to slow convergence due to ill-
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conditioned stiffness parameters emerge, the parameters governing the solution can
be adjusted to achieve reliable results. Once a specific stiffness region is covered, the
eigenvalues can be tabulated for future use.

It should be noted here that coefficient c, appears in each term of c,, and
consequently in each term of equation (B13), so that its value does not affect the value
of the eigenvalue. For this reason, any suitable value for c,, for example c,=1, can be
used for the actual calculation of the eigenvalue. Similarly, powers of H appear both in
the formula of ¢, (in the denominator) and in the formula of f(3,¢) (in the numerator) in
the same manner, so that the value of H does not affect the eigenvalue either. Again, a
suitable value, e.g. H=1 can be used for the calculation of the eigenvalue.

The determination of the smallest root is made easier as the shape of the polynomial
is known: due to the physical nature of the problem—only structures with non-negative
geometrical and stiffness characteristics are dealt with—the polynomial assumes a
positive value at o=0 (Fig. B1). It is also helpful that a lower bound is known to the
smallest eigenvalue: Southwell’s summation theorem results in a conservative estimate
of the exact eigenvalue. The Southwell solution

a=1+p (B14)

can conveniently be used as a starting value in the iteration process for the solution of
equation (B13) (Fig. B1).

After solving equation (B13) representing the original eigenvalue problem (B1) for
different stiffness ratios 8 and making use of formula (B3), the eigenvalues of the
continuum model are obtained. These values are tabulated in Table 9.1 in section 9.3.2.

The procedure outlined above can be applied to any type of eigenvalue problem—
it was used to solve all of the stability problems in Chapters 3 and 9. It can also be used
for solving eigenvalue problems which have the eigenvalue in the boundary conditions,
e.g. as is the case with the sandwich model in section 9.3.3. Furthermore, the procedure
can even be applied to 3-dimensional eigenvalue problems.



Appendix C

Mode coupling parameter x

Table C1 Mode coupling parameter K fort,=0.0
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Table C1 Continued. Mode coupling parameterx for t,=0.0
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Table C2 Mode coupling parameterx fort,=0.1
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Table C2 Continued. Mode coupling parameter xfort,=0.1

o

=)

rpmi), 2

|"j=‘:|.*

|"1=‘:|.L:I'

|'"|=|:|‘.H-

P'|=|.

|"1=2

|I‘|=:'|

F|=d-

r=5

=10

Ty

0.8

0,967
0967
0967
R
0967
R
0967
0o6T
0967
0067
0967

(oa7
(065
0959
(LG50
0937
0.ox2
50
(LR85
0865
844
0.822

OB6T
(0.962
00T
(ors
0EDT
(LEGG
0813
(LRI
076D
0739
(710

0967
0956
Q.ox7
(LEET
KRR
(.E01
0759
Ly |
(LGRS
(asd
(623

0.967
0,042
(L850
R R
0.780
0,732
QLGEE
0,645
al4
(L5R3
.554

(0967
0, B9
QLEXT
076
071
(bt
62Xl
OSHT
0554
0525
049

0500
0,455
0482
464
Q443
0423
Qa2
0,353
0363
03449
(0.1313

0.333
0,332
0.327
0,320
0311
0,301
0,291
0,280
0270
0,260
0.250

0250
0,249
0,247
0243
(238
(232
(XM
0.XH0
213
0T
(300

0,200
0200
1,195
0159
0,193
0,189
0,185
018l
0176
0171
0167

Ch 1)
100
(100

(hORE
.07
1.0t
0045

0,042
0.091

LRI
Q.1
02

04
0.5
.
0.7
(K
05
1140

OB
AU
h L
EEE Y
(e
ERL LY
(S
ALY
R
ERULY
L

0
0,908
0.5Hk5
0.9
08594
0.285
0,873
0260
1,544
0.827
0,809

ALY
RN
kLU
0.887
0265
0.846
0E1e
0. 791
0,762
0,733
0,706

ALY
09
0.ER9
(853
0829
0.7%]
0.753
an?
0,683
0,651
0.621

ALY
(LEYE
(EGH
L.y
0773
Txr
0686
(LedT
0613
0582
0.553

ALY
(LR
ne17
0,7
0.708
(1,662
0.622
11,586
0,554
0,525
0.499

0500
(445
(AR2
Ch464
(443
(422
.40
.3483
0365
1,345
0.333

0.353
0,332
0327
0,320
0311
0,201
0201
2R
(2T
(260
(250

0250
245
0,247
0,243
0,238
0,232
0.2246
0,220
0213
0,207
0.200)

(L2040
0,200
U108
0. 106
0193
(L 1EG
O 1RS
(1K1
0176
0171
0167

0,106
0, 100
{1,106
0.099
0,098
0,097
LR
0,085
00
Q.02
Qoo

0l
02
03
(k4
0.5
0.&
07
0.8
0.9
1.0

(L6544
654
(1654
0.654
(.654
0.654
1.654
0654
01.654
0654
01.654

0,654
0.654
f.654
0654
0,654
(.653
0.653
0653
(La32
Quasl
(LSl

0,654
0654
0.654
0.654
0,653
652
0651
(LG40
0647
(i3
(L61E

0,654
0,654
0.654
0.653
.652
{650
0.646
(641
(0.633
(a2
(602

0.654
01.654
0.653
1,652
0,649
1,644
0.635
0.620
0,508
0573
0,545

0.654
1,654
0.652
1,649
0643
0624
(LG0H
ATT
0548
0521
(4G

05040
11,295
0.482
01,463
0.443
0,422
0402
11.AK3
0.365
0,348
0.333

0313
(332
03x7
0,330
031l
00,3031
0,200
11,2800
0270
0,260
0.250

0250
0,249
0247
0,243
L2385
0,232
(XM
(M)
0213
030
R

R
(3. hiuh
0,194
0,15
0,193
0,189
0,185
0181
0176
a7l
0167

LERTC]
ALY
AL
ELLY
g
0.0 7

[ 0Fk5
(.0
0,052
0.0 1

0.0
0l
nz2
0.3
0.4
0.5
0.6
0.7
0.8
0.4
1.0

2,405
0405
(0.405
0495
0405
Q40%
(405
(45
(495
A%
0AGS

(A5
(L
(495
(455
0495
00.4%5
0,495
01,4595
0.495
0,495
0,495

(. A05
495
0495
EEER
0495
(1. 4%5
0.4%5
0,295
1,494
0,494
1,459%

0405
(45
0A%5
(h445
0495
(1. 4%5
0.4%4
0,494
11,4594
0,293
0,492

0405
LS
(A05
LA
0495
(h4id
(A%
0493
(1492
0.4%]
11,483

405
(445
(L
[h4%5
L
[1.4%4
0.4%3
0.49]
1,454
0484
0,476

0495
D4t
(ATH
(hA6]
(A4 ]
0421
(1401
0382
01,364
0.348
0,333

0333
0332
0327
0,320
0311
0201
(200
(2RO
02T
0250
0250

0250
0.24%
0.247
0,243
0,238
0,232
0,226
0.220
0213
.20
1,200

(L2040
0.200
L19%
0. 106
0. 1o3
15D
(183
(1RL
176
17l
16T

0. 1063
0. 100
A2, 10HF

URGE:
0097
0,090
Quons
(.00
Lo

o001 |

(.0
0.1
02

(hd
0.5
(16
0.7
0.4

1.0




Mode coupling parameter K 287

Table C2 Continued. Mode coupling parameterk for t,=0.1
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Table C3 Mode coupling parameter xfor t,=0.2
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Table C3 Continued. Mode coupling parameter x for t,=0.2
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Table C3 Continued. Mode coupling parameter xfor t,=0.2
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Table C4 Mode coupling parameter xfort,=0.3
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Table C4 Continued. Mode coupling parameter xfort,=0.3
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Table C4 Continued. Mode coupling parameter x for t,= 0.3
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Table C5 Mode coupling parameter x fort,=0.4
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0Tl
076

761

0LESG
(.853
(LR
(.82
&3
003
(0TT1
0747
0T
(G0
(LETE

0.856
(.850
(833
0,800
(. TRO
0,749
(TR
LGET
(AT
(uGM)
(LE03

0.856
844
0815
0777
0737
0.608
(662
0628
0,507
(L5689
0,542

(LES6
0829
(.78
0,731
(LaRS
0644
(uelrT
0574
544
0516
(442

L5000
0,405
481
0462
0442
0421

(.38
0,364
0,347
(.332

0333
0.332
0327
0.320
1311
0.301
10,290

0265
0,259

0,250

0250
0.249
0248
0,243
(U238
0232
0226
0220
0213
0205
(2040

0,200
0,203
0198
0,15
0,193
0.189
1.185
0180
0176
0171

0,167

R
ALY
(100
ELLY
g
00T
Chrss
(.05
(.04
(.02
[ 0KF]

0.0
ol
0.2
0.3
0.4
0.5

07
LR
R
L0
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Table C5 Continued. Mode coupling parameter xfor t,=0.4

ra | =l | r=0.2 r=04 /=006 /=08 /=l | /=2 | =3 | =g | =5 (=00 1

(0787 | OUTET | 0.787 (0787 | OU7ET [OU7ET | 0500 0333 | 0L250) 0200 | O 100 | 0.0
0787 | 0786 (0785 | 0,783 (0,780 | 00773 (0,495 |0.332 (00249 | 0,200 (0,000 | 0.1
OUTET | OCTRS | QU779 (0773 | 0762 (U742 | 04800 0327 | (24T (0,198 | 00100 | 0.2
OFET| OOTRO {770 | 0757 [0.736 |00T04 | 0.461 | 0320 (0243 0196 (00099 0.3
OTETI 0TS | 0730 [ QU737 | 006 [ Ouit | QL0 0.3 10| QU2AE (0,193 | (009E (0.4
O | OUTET | LT6% | 0U745 | 0714 [ 0.675 (00630 (04204 0.300| 00232 (0,189 | 00097 |0.5
OVTETOLT6L | 00720 [ L6ED | Qo {OC906 [ 0039010, 2000 | U206 [0 185 | 00096 0.6
OCTRT) 0753 | 0711 (0664 | U614 |0.565 | 0.380)0.279 | 00230 | 0U180 | (L0985 10,7
CTET 0743 | (602 | 0630 | 0USEG (0837|0363 | 02659 0L 3 (00176 | 000k | 0.8
OCTET) 0932 | 0673 | ual4 | U560 | 0511 | 00344 | 0,259 | 00206 | 0171 0u092 | 0.9
OUTET 0721 ) D654 | 0SS ) 0535 [0ART [ OU330 0. 249 |0 200 O 16T 00 | 1,0
CUT14) 0714 | 00714 | OCTE4 | OCT 1A (0071 | OUSO0 | 0333 0, 2500 (0,200 0. 100 0.0
4] 004 | 713 [ TIZ | T | 0.708 | 0404 | 0,332 | 0,249 | 0200 0. 100 0.1
0TI 0TS U710 | OC70T | OCTOL (CoeGe] | QuAB0 0327 00247 (O, 10E | 0,100 0.2
D14 0700 | 0705 | (bl | OUGHES | 0657 | 460 | 0.319 | 0.243 | 0196 | 0050 0.3
0.714) 0.708 | 0698 | (UGBS | Oufas 00630 | (e 30 O3 T0 0,238 (00193 | 0,098 | 0.4
o714 | 0704 | 0oedd | 0ue70 | 00644 0,610 (418 (0,300 0,232 (00189 (0.097 |05
0714 0.699 | 0679 | 00653 | 00620 (0581 | 0C30R | QU200 0226 | 00 LRS | 0.0506 | (.6
0.714 | 0694 | 0667 | (0634 (0,595 0,554 (0379|0279 (0,219 0,180 | 0.085 | 0.7
0.714) 0,688 [ 0.654 [ 0614 | 0571|0528 | 0362 | 0269|0203 | 0076 | 0.094 | (L8
0714 ) DLas1 | 0640 | 0.5%4 | 0,548 | 0,504 | 0,345 | 0259 | 0.206 | 0.171 | 0.092 | 0.9
0704 D673 [ 0625 | 0574 | 0526 (0482 [ 03300 ) O 240 0L 200 0,167 [ (.08 | 1.0
0,556 (LES6 [ DLA56 [ 0.556 | 0556 (00556 | 05000 00332 0U2S0 | 0,200 | O 1000 | oo
0556 0L556 | 0,555 | 0,555 (0,555 | 0,555 (0,492 | 00332 (0,249 0,200 (0,100 | 0.1
0,556 U555 [ 0.555 [ 0554 | 0553 (QUSST {0474 0327 | QU247 (0,198 | 0100 | 0.2
0556 (L5535 | 0553 | 0,552 (0,549 | 00546 {0,453 |0.319 (00243 0,196 (00099 | 0.3
0,556 | (L5354 [ 0552 [0.549 | 0545 |0U538 | 0432 10310 (U238 | 00193 | (L09E 0.4
1.5)0.556| 0553 | 0.549 | 0,545 (0,538 (0529 (0,412 |0.299 00232 [0.189 | 00097 |0.5
0556 0552 10547 [ 0540 | 0530 (0CSUT 0395 028G | 0o (0185 [ 0ua 0.6
0.556| 0550 | 0.543 | 00534 (00520 | 00503 (0,375 0,278 (021910180 | 0095 0.7
(L5560 (L5494 0,539 (0527 | 0510 (048R | 0U358 ) 0.268 | 00213 | QLI 76 | 0u0sd 0.5
0556 [ 05477 | OUS35 [ OUS10 | QU498 00473 0342 | 0,258 | 00006 | 0.0 71 00092 | 0.9
(L5560 0.545 | (L530 (0510 | 485 | 0457 | 0328 0.249 |0 1% | OU166 | 0081 | 1.0
(odd ) a4 | O | Ot | O {0040 | Quaddad | U333 0020500 Q0200 0, 1000 0.0
Ol | 0,443 | (443 | O3 | 043 | 0,443 | 004410331 |0.249 | 0,200 0. 100 0.1
o (043 | 03 | Qa3 | Ou4a3 (00442 | O34 (0,32600,287 | 00 T9E (0,100 0.2
Oudddd [ 0,443 [ (h443 | 0447 | 0442 [0.441 | 0423 (0318 0,243 (0196 | 0.099 | (0.3
(hA44 (0443 | 0442 | 042 | O |0.439 | Ol (0,309 0,238 |0, 1492 (0,098 | 0.4
2 100444 0,443 | 0,442 | (0440 | 0,439 | D.436 (0305 (0208 | 0.232 [0 189 (0097 |05
04434 (0442 | 0441 | 0439 | 0,436 | 0433 03T [02EE 0,225 | 0,184 (0,096 | (L6
(1,444 | 0,442 | 0,440 [ 0437 | 0434 | 0429|0364 |02TT | 020900180 | (L0895 |07
D444 | Dad ] | 0439 | 0,435 (08300 | 0424 (0350|0267 (0.212)0.175 |0.094 |08
Q284 g ] [ 03T [ 0433 | 0426 (DA LS (0336 | 0C260 | 0206 071 | (U092 o
0444 | D440 [ 0.436 | 0,430 ] 0.422 [0.411]0.322 {0248 [0.199] 0. 166 (0,091 {1.0
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Table C5 Continued. Mode coupling parameter xfor t,=0.4

ry | =l =2 | =0 e =006 p=08 | fel | 52 | 6ed | ned | e=h |e=10] 5

QST 00|00 (O30 (0300 (0300 0300 300 O 250 O 2000 | Ch L0
00 03 (3 10300 (0300 POSI 0300 (O3 DD 245 10, 200 ) T 1080 0, ]
QAT Ocant [ Ou3it [0S0 (0300 031010310 0306 0,246 {00198 (o100 0.2
O30 030 | O3EN (O30 (0300 f0310 (0310 Qo0 0242 0196 | Dol 0,3
QAT U301 (Oousin [0S0 [ 0300 | 003100 0305 | 0o 0237 [0, 192 (00088 | A
G000 0300 (O30 | 0300 [ 0300 O30k O, 30 [0 2RG [ 0250 (008G | 08T |0LS
A sin (O30 | 0300 | 0300 | 0.309 | 00305 | 0,278 | 0,224 [ LR [Ou08G |G
O30 [ 0300 [ 0300 [ 0310 | O b 10,309 00302 | 0.265 | 0218 (OO LBO(0u09S |07
30T 0UE0n | 300 [ 0300 | 000 (0,308 | 0020 (0,260 0,211 |00l TS | (uiad |08
310300 | 0300 | O30 | O 08 (0307 (0205 (0250 (0005 |OU1T1 0082 | D
CC3 [ 0U510 | OU3 00 | 00 | O0E |0 306 | O0rs0 0,243 (00198 [ (o L66 (0091 ) 1.0

OUX3R [ 0,235 [0.238 | 0238 | 0U238 00238 | 0C23E | 0,238 (0,238 (200 (0,100 000
0238 0238 | 0238 | 0238 | OU23E [OU238 (U238 0238 | 0237 (00195 (0100 ]
(UIAR [ 0.23% [ 0.238 | 0238 | 0U238 | 0238 |0UZ3E | 0,238 (00236 (00198 |0.100 (0.2
0238|0238 | 0238 [ 0238 | U238 |0VX3IR (0U238 | 0.237 (0232|0195 | 0,099 0.5
(UZAR [ 0.23% [ 0238 | 0238 | 0238 | 0238 |0.238 | 0.237 (0228 (00192 | 0.098 (04
4 D28} L23E | 0238 | OC23K | QU238 (V23R | Q23T 0236 ) (o224 |0, EE (0,087 (.5
0238 0.238 | 00238 | 0.238 | 00238 (0238|0237 (0234 | 0218 (0.184 | 0.086 | .6
0238 00238 | 00238 | (U238 | 0.238 |0.238[0.236 |0.233 (213 (0,079 | 0.085 0.7
0238 0238 | 0238 (0238 (0238 (02370236 (00231 (0207 00174 | 0,054 1 0.3
0.238) 00238 | 0208 (0238 | 0,237 |0.237 0235 (02228 | 0.200 {0,170 (ROS2 0.9
0,235 | 00238 | 00238 | 0238 | 0.237 |0.237 | 0.234 (0050 0,105 (0,165 | 00051 ) 1.0

0,093 (U193 (00193 | 0,193 | 0093 (0,093 0,193 (0093 | 00193 (0,193 | 0100 | 0.0
0193 0% | Qo193 | 00193 | 0,193 | 0093|0093 (00193 (0,193 (0,192 | 0,100 | 0.1
0193 | 00093 (00193 | 00193 | 0,193 |0 093 | 0,093 {00193 (092 (0.9 |0 100 0.2
0195 ) OU 193 | Oured (0193 | 00193 (O T30 193 (U192 (O 192 | 0,189 | (i i3
0193 [ 0.193 (0193 | 0U193 | 00193 (009300193 (00092 (0,092 (0,186 | 0098 | 0.4
510093 [ 0u0e [ Ou1eE 019 | 00193 (01930192 | Go L9 | I9D | OV TES (0T 0.5
0193 | 0093 [ QU193 (0093 | 0,193 | 0095 0,192 00192 |0, 1900, 180 (L0906 | 0.6
CL193 [ 0,095 (00093 [ 00193 | 00193 | 00193 (00192 [0u091 (0,089 0,176 | (095 | 0.7
0193 | 0193 (0093 | 0,093 | 0193 |0,092 00192 [0upe 0188 {0,172 | 0,054 | 0.8
G193 [ 0,193 (00193 [ 00193 | 00192 0,192 00192 (0L 190 0,086 |0, 167 (0092 0.9
O3 {0,093 {0,093 [ 0,092 | 00192 (0192 00192 (001900183 [0 163 (0091 1.0

OU0R | 0.098 [ 0.098 | 0098 | 0U0NE | 0,098 | D00RE | U098 | 0,095 (00058 [ 00098 | 0.0
Q0GR | 0,098 [ 0098 [ 0098 | DU09E | 0,098 [0U09E | 0.098 | 0,098 | U0EE | 0098 (0]
OO0 | 0,098 (0098 | 0098 | 0L09E | 0008 | DU0EE | 0,098 | 0,008 (D009E (0098 (0.2
(U0 | 0.098 | 0,098 | COdd | O0E | O009E | Du00R (QUODE | 0.0 | 0UE | 0,097 003
OU0R | 0,095 [0.098 | 0098 | 0L09E | 00DS9E | UGG | 0,098 | 0,098 ((009E (0097 |04
10 [ OU008 | 0098 | 00 | oS | Ou0DR 0008 | Qoo | U098 |0U0aE | U00E (0,096 U3
OUOGE | 0,008 [ 0098 | OU0SE | 0098 | 00096 | D005 {0,099 (0,096 ((009E (0,095 (006
098 | 0098 [ 0,098 | 009E | OU0RE [D00SE | QU0GE (0,095 | 0L0SE (0098 0,094 |07
0098 | 0SS | 0088 | U088 | 00098 | 00096 (0098 | 0.098 | 0.0 [DU09E | 0,097 | (L8
098 | 0098 | 0.098 | 0098 | DU09E (U | OUDGE (0,083 | (L0RE (U098 0,091 |09
0008 | 0 | 0083 | 00098 | 0098 | 00098 | U098 | 0.098 | 00 (00088 | 0,050] 1.0
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Table C6 Mode coupling parameter xfor t,=0.5

rz | =l | n=02 sl p=llo | n=08] /=1 | /=2 | /=3 | /=3 | f=5 [ n=10] 5

D TR (000 | 00 | 1000 | 1000 0,500 0,333 (00250 (0,200 0. 106 0.0
D000 0998 (0993 | 00986 | (00T |00 0,455 (0,332 (0245 0,200 0, 103 0.1
OO QU890 ) 0975 | 0950 | 0905 (00833 |82 0327 (00047 (O 1os | 00100 0.2
000 0979 (0945 | 0900 | OUBA3 (0,705 (0464 00,320 | 0,243 (00196 | 0.099 (0.3
OO0 063 | 0915 | 0856 | OTET 00714 | Do | 0300 (0238 (00103 | 0.8 | 0.
O | OO0 0.945 | 0880 [ 0808 | 0736 0667 0423|0300 (0,232 | 0,189 | 0.097 |05
1000 | 0,925 [0.845 | 0.766 | 0,692 0,625 | 0402 [ 0.291 [0.226 (00185 | 0.096 | 0uh
D000 0903 (0810 0.726 | 0,652 |(0,588 | (U383 0,280 (0,220 (0 18] [0.095 (07
LOOEH| OUEED | 0776 | 00639 [ 0616 0556 | 0365 | 0270000213 (000 T | 000 | OuR
D000 OUEST | 0744 | 00656 | 0584 JO.526 | 00340 0,260 0,207 (01T 1 000892 |00
1O 0833 (0,714 | 0,625 | 0,556 | 0,500 0,333 [ 0.250 | 0.200 [0 167 [0.091 [ 1.0
(L5945 [ 00545 (0,945 | 0,945 | 0,945 | 0,945 | 00500 [ 0333 [ 0,250 | 0.200 [0, 100 | 0D
0945 00043 (0.940 | 0934 | 0932 (0,385 | 00495 (0,332 | 0,249 {0,300 0,100 | 0.1
Q945 | (VOET | 0926 (0907 | 0873 0816 | 0482 QU327 (0247 |00198 | U100 |02
0945 | 0028 [ 0.904 [ 0.569 (0820 (0,756 | (h463 (03200243 [0, 196 (0.009 (33
08450 916 (OETT | 0828 | 0.769 | 0704 0443 [0L3 01 (0,235 0,193 (U098 | 0.4
QZP0945 ] 0901 | OB48 | D787 (0722 100658 | 00422 QU300 (0,232 0,189 | (0087 0.5
0945 | (ER4 [ OURTT | 0748 | 0,681 | 0618 |[0.4032 (00200 [0.226 {0,185 (00096 0.6
0045 ) 0EGG | OLTRG (70D | Ousdd (USSR 0382 (00RO [ Q22000, 181 | (0095 |07
0945 BT | QU756 | 0677 | 0,609 | 0551|0365 (00260 (0,213 (0,176 (00094 (0.8
0,045 0EZT | 0727 (0646 | DLSTE | (VS22 10,348 | 00259 (00206 | 0071 | 000692 0.9
0,945 | (LRG| CT00 | GGET | LSS0 ) 0407 0333 [0S0 | QU200 0,167 | (o091 f 1.0
(LER0| (LERD | (LERD | (URED | 0880 | DLBSO0| 0500 (00333 (0.250 {0,200 | 0100 | 0.0
O.RE0| 0BT ) 0LETT [ QLETI | 0LEGE | (EAG | 0,495 10332 (00249 ) 0,200 0, 100 | 0,1
0LBR0 | DATS | (B6T | (U854 | 0B31 |0L790| 0481 (0327 (0247 (0195 | 010002
QLEED| 0868 | OES] | QUBZS | QUTRE |OCTAT 0462 (0320 | 00243 10,196 | 000 0,5
(LRRO [ 0859 | (LR3T | QU793 | 0L745 (00650 | 0.442 (0,311 (00238 (00193 | 0098 (0.4
04 | OLBED [ 0848 | uBOT | U730 L OUT04 | Oued T QA2 ) | 0,300 |0V (0,189 | 0087 (0.5
(LERO ( 0L35 [ 0.TE3 | U725 | 0U666 | 00600 | 04010 {0,290 (00326 (00185 | 0.05%6 (0.6
DERD| 0821 | 0757 | 00693 | 00631 (0575 03K |0.280 | 0220 | Ou 180 0,095 |07
OLBRO | O.R05 [ (LT3 | (o662 | 0U59 | 0,545 |0.364 |0.269 (0213 (00176 | 0.094 (08
(RRD | O.789 | 0706 | 0633 | 0T (0517 (00347 (0,250 (0,206 |01 T1 10092 0D
OLBRO[0.773 [ 0681 | Ooeée | 0,544 (0,493 [(.332 | 0.250 (0,200 [0 167 [0.091 | 1.0
CLROR [ 0,09 [ OLROS | OLB0RY | OLBORY | 0,806 | 0U500 | 0,333 (0,250 00300 | 0100|000
QB0 0B08 [ OB07 | 0UB0S [ OVRDT |07 0u495 00,352 (0,245 0300 0, 100 1
(LRI QUE06 | OV [ U792 [ 0UTTR [OUTS3 | OuA R0 (0UR2T 0247 |0 1SR | L 100|002
CLB0 | QUBON | OO [ 0UT93 | 0748 |0T10 |Ouds] (00320 0,243 |00 196 | 0099 |03
(LR OUTRS | 0776 (0,749 | 0714 | 00670 | Dudad QU310 0238 | 00193 | U098 (0.4
0.6 | 0809 | OLTET [ 0759 [0.923 | 0680 | 0,632 | 0,419 0,300 0,232 | 0,189 (0,097 (0.5
(LE0S OUTTE | 0740 [ 00696 | 0647 (0507 | 00300 (U200 [ 0226 | 00185 | (u0ks | L6
OO | QU768 (0720 | 0687 | 0,616 |0.566 (0380 (00279 (0.2 19 0,180 | 00095 0.7
DLE09 ) CTET | 0700 [ 0.642 | DSET | OUS3T 10,363 | 00269 (0203 10,176 | 000k | 0.8
0809 (0744 [ 06T | 0616 | 0.560 | 0511|0346 (00259 (0,206 (0.1 71 | 00082 | 0.9
OE09] 0732 | (L6SE [ 0592 | 0535 | OGAET | 0331 | 00249 (0,200 0,167 [ 0081 | 1.0
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Table C6 Continued. Mode coupling parameter x for t,= 0.5

J'|=|:"

r|=fl.1

F|={:|.I1-

n=la

ri=hE

=l

=2

r=3

=4

=5

r=11

04

0736
(.71
073
0,726
0736
0.7 36
0736
0,736
0.736
0,736
0.736

0.736
0.736
0,734
0.731
0.727
7
0716
0710
00702
(.65
(LG8

0716
0715
0731
0724
715
0704
(et
0677
(A2
(646
(La2a

0,736
0,734
0,726
0714
11,695
D680
00660
0.639
0.617
0,506
0.575

0,736
0,732
0.71s
0,699
0,675
0.640
0,623
0.597
0,572
0.548
01,525

0.736
0727
0,705
0675
0.644
LR D B
0,552
0554
527
0.503
[T

(.50}
0.4%4
0474
0,460
.43
0418
0,344
0379
0,361
0.345
0,330

0.333
0332
0327
0319
AL
0,300
0,290
0279
0,269
0250
(L2409

01,250
0.249
0247
0.243
0,238
0,252
0,226
0.219
0,213
0206
01,2003

(1300
0. 00
(h198
0.1
Ch 143
. 185
(L1485
0180
(L1776
171
0167

LRI
ERILT
.10

R
QuoeT
LT
Qu0ns
uirad
0092
T |

La6T
0.66T
0.66T
0667
(.66T
0,667
0667
0,667
0.667
0667
0.667

o6
Ol
L%
(6t
(el
0658
655
(U650
(645
(i
(el

(66T
(666
NSRS
(.60
a5
0647
(639
0629
R R
607
(505

0,667
0.665
0,661
0.654
0,644
0.632
0618
0,603
0.587
0570
{1,553

0,667
0654
0,657
0645
0,630
0612
01.593
0.572
0.552
0.531
0,512

667
0662
0,650
0632
610
0.586
0562
0,538
0515
0403
(472

0, 5000
0,454
1,478
0.458
0,436
0416
0,35
0377
0360
0344
0,329

0,353
0.332
0327
0319
(310
(200
[ 2RG
0.xre
(268
0258
(244

0,250
0.249
0,247
0.243
0,238
0,232
0,226
0219
0213
02046
01, 20H)

{1, 20K
0200
0.1%%
0. 1%
0.193
0.18%
0.185
0,180
0176
0171
0.166

0. 11H)

1.5

0523
0,523
0523
0,523
0523
0,523
0523
0,523
0523
0,523
0.523

0513
0.523
0.5x3
0522
0522
0521
0520
0.518
0517
L5153
0513

(.523
0.523
(522
0521
(530
0518
(515
0512
(508
0505
(5K

01,523
0.523
0,522
0520
0517
0513
0,509
0.504
0408
0.40]
484

1,523
0.523
01,521
0518
0513
0.508
0,50
0,403
0484
0,474
0463

(L5213
0.522
0s19
0515
(U508
0,500
L4
0479
QAGT
0454

01,5000
0,487
0,467
0446
0,425
0405
0,357
0370
0.354
0,338
0.324

031313
0132
0326
0218

0,250
0,249
0247
0.243
0238
0.232
0.226
0219
0212
0206
0199

0,203
02040
0,198
0,196
0,193
0,189
0,153
0180
0176
0171
0. 1656

0423
0423
(423
D423
0423
0423
0423
Q423
0423
0423
0423

043
0423
(42X
0422
(b2
0422
(421
0421
0420
(A2
0419

(dX3
0423
L
42
4z
0421
(40
R
0418
(416
0415

0423
0423
(0422
0422
04z]
Q419
D418
Q416
0414
412
409

0423
0423
0422
0421
Q420
Q418
0415
Q413
0410
0406
0401

(4x3
422
L
(40
(418
0416
0412
(AR
(40
0398
03492

0423
0421
0Al5
0406
0,395
0.382
0,369
(.355
0342
(320
0317

(280
0249
0247
0242
(3T
0231
(Lx2s
(218
0212
(305
o199

01,2040
0200
0,195
0196
a2
0189
0,185
Q1RO
0175
01Tl
0. 166
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Table C6 Continued. Mode coupling parameter x for t,= 0.5

| =l =l =g e=le =08 =l | =2 | f=3 | r=d | =5 n=10] 1

0300 0L300 (0300 [ O 301§ 300 (0300 Q0300 | 0,300 002500 0,200 0, 100 0.0
0.3 | 0300 0300 f 0300 | o300 0300 (U300 | 0300 G280 0200 | 0,100 0.1
O30 (0300 {0300 | G301 | 300 | 0301|0300 0,297 | 0246 0198 | 0,100 (0.2
0,300 | 0300 | 300 | 0300 | 0300 0300 (U200 0,202 100241 |0, 195 {0080 (.3
0300 (0,300 [ 0.300 | 0300 | M0 | 0,300 0298 | 0,286 | 0,236 0192 | 0,093 (0.4
3 |0300 [ 0300 | 0300 | 0300 | OC00 | O 3000 | (R0 [0 270 00230 OLTRE | 00097 (LS
03000 (0,300 003000 | C300 | O 300 | 0,290 | 0UF0 | 0,272 | 0,223 | 0,184 | 0.096 | (L6
0300 | 0300 | 0300 | O 300 | 0300 | 00250 U200k (0,264 | 0306 (0, 1RO ) 0,085 [ 0.7
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Table C7 Mode coupling parameter k for t,=0.6
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Table C7 Continued. Mode coupling parameter xfor t,=0.6
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Table C7 Continued. Mode coupling parameter k for t,= 0.6
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Table C8 Mode coupling parameter xfort,=0.7
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Table C8 Continued. Mode coupling parameter x for t,=0.7
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Table C8 Continued. Mode coupling parameter k for t,=0.7
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Table C9 Mode coupling parameter x fort,=0.8
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Table C9 Continued. Mode coupling parameter x for t,=0.8

r | n=l =02 nsid  rslG | n=008 | n=l | f=2 | =3 | nsd | s | nel] o
0ala| 0ala |06l [ 0616 | 0616 D16 (0500 0,333 | 02500 0,200 0, 100300
Oel6| 0616 | 061G [ 0615 | 00614 10613 | 0u402 | 0,332 (00245 [ O 200 0,100 0.1
0616|0615 | 0614 [ 0611 | 0060E (0603 (D474 | 0.326 (0247 |0.198 | 0,100 (0.2
OblG| 0604 | 0610 | eS| 0500 [0SR0 04352 | 0.315 [0.243 00106 | 000 (0,3
(LaT6| 0Ua12 | 0605 | 0597 | 0586 (0571 (0430 0,309 0,238 | 0,193 | 0063 (0,4
0.8 (061G | OUG09 | 0599 [ 0587 | 0572 10552 | Oud 10| 0,200 (0,232 | 0.1 RS | 00097 (0.5
(16| uala | 0,592 | 0,576 | 0.556 |0.53] (003000288 |[0.225 | 00185 | 0.0 (0.6
OG0 | OUG02 | 0584 [ 0563 | 0530 0511 (0372|0277 |02 1% O 1RO 008 |0.7
0.6816| 0598 | 0570 [ 0,550 ) 0,522 10,492 |0.355|0.267 (0212 (0176 0094 |08
0616|0503 | 0566 [ 0536 | 0.505 10473 0330|0257 (00206 | 0.1 7100002 (0.9
016 | 0588 | 0,556 | 0,522 | 0488 10,455 (00325 (0,248 |0,199 | 00166 | 0091 [ 1.0
0,556 0,556 | 0,556 [ 0,556 | 0.556 0556 |0.500 | 0.333 |0.250 00200 0, 100 0.0
0.556| 0,555 | 0.555 [ 0.555 | 0.554 [0.554 | Q4RO L0UE3 D (00245 [ 00200 00100 | D01
(1,556 0555 | 0,554 | (1553 | 0551 (0,548 (0468 [ 0,326 ) 0.247 | 0019 | 0,106 0,2
0.556| 0,554 | 0552 [ 0549 | 0.545 JO539 0448 |03 1TE 10243 [ (0196 | 0,099 0.3
(L5566 ] (U553 | 0,549 | (1,544 [ 0.537 [0.528 (0424 [ 0308 | 0237 | 00192 | 0,098 (0.4
1 0556 0551 | 0.545 | 0537 [0.527 | 0515 (G404 | 0208 10,232 [ 0L L&D 0007 0.5
0556 (U549 ) 0540 | 0530 | 0516 | 0,500 (URES (00287 | 0,225 |00 1ES | 0,08 [ (L6
0556|0546 | 0535 [ 0.52] | 0.504 | 0485 |036T 0276 0219 (0 LEO | 0095 0.7
0556 0544 | 0520 | 0512 | 00492 |0.46%9 [ (L3S [0.266 0212|001 TS 0.0 [ (L8
0.556| 0,540 | 0522 [ 0502 | 04T | 0454 | 0336|0256 | 02068 (01T 0092 |09
(.556] 0537 | 0515 | 0,490 [ 0465 | 0,439 (00322 (0,247 | 0,099 0166|0091 (1.0
0,442 | (udd2 | 0,442 [ (1,442 [ 0,442 | 0,242 (00500 [ 333 | 0,250 o300 |0, 100 {000
0442 | 0442 | 0442 [ 0442 | 0442 | 0442 (03T [0U33E | 00249 [ O 300 | D100 | 0oL
0,442 | 0442 | 0,442 [ (1,441 [ 0,440 | 0,280 (0425 (0,325 | 0,246 00 198 | 0,100 0.2
0442 D442 | 048] [ 0840 | 0439 | 0437 (0 10 (030G [ 0.242 100195 | 0,009 (2
042 ) Dodd | | 0840 [ 0438 | 0,436 (0433 100305 | 00305 | 0,237 10092 | 0.098 (04
ILEJ0E42 | 44 ] | 0438 (0436 | 0432 0428|0380 | 00204 | 0231 [0 18R [ 0.0097 |08
CLA2 | o | OLA3T [ CLA33 [ 0,828 (0,422 (00365 (00284 | 0,224 |0, 184 | 0.0 | Tk
0442 | D430 | 0435 [ 0420 | 0423 (0416 | 033002730218 |00 RO 0095 (7
Odd2 | D438 | 0432 | 0426 | 0818|0408 | 0337 [ 0u202 0200 075 |00 (s
0442 | 0437 | 0430 | 0421 | 0812 | D400 | 0324 | 0L253 [ 0,204 100170 | 0002 (D
0442 | 0435 | 0427 [ 0417 [ 008 |0,392 |03 01 {0244 [ 0198 10, 166 [ 0.090 [ 1.0
0365 | 0365 | 0365 [ 0.365 [ (U365 0,365 [(.365 (0323 | (0250000, 2000 | (O, 100 { 0.0
0365 | 0.365 | 0.365 | 0365 | 0365 |0.305 | 0.30% | 0U320 (00240 [0, 199 0,100 |01
0,365 | U365 | 0,565 [ 0,365 | 0365 |0.365 0361 |30 00246 (0,198 | 0,100 0.2
Q365 ) 0365 | 0365 | 0364 | 00364 |0.363 0356 | 00300 0u24 2 [ 0,195 | 00099 0.3
0365 0365 | 05604 (0364 | 0363 (0362 0350|0025 00236 (0,192 | 00098 0.4
2 0365] 0365 | 03064 | 0363 | 0360 (0360 00,342 | 0CZRE | 00230 | 0188 1 000erT 0.5
0365 0064 | ORA3 (0360 [ OUB50 |OU3ST 0333 (00278 | (0223 | 0,184 |00 | 0.G
0.365) 00364 0362 {00360 | OURST [0V 0,324 [ 0268 | (U2 160179 | (ks (0,7
0,365 0363 | 0361 [ 0358 | 0355 (0350|0315 | 0258 | 0C2 00| 00175 | 0o | 0.8
(U365 0o6d | OU3e0) | OU356 [ OUES2 [ 0u347 (00305 (0249 | 00s03 10,0170 | 002 | 0.9
0365 00362 | 00359 | 0354 | 0U340 00343 | 0,206 | 024800 | 0 19T [ O, 1AS |00 | 1.0




308 Appendix C
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Table C10 Continued. Mode coupling parameter x for t,=0.9
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Table C10 Continued. Mode coupling parameter x fort,=0.9
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Table C11 Mode coupling parameter x for t,= 1.0
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Table C11 Continued. Mode coupling parameter xfort,=1.0
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Table C11 Continued. Mode coupling parameter x for t,=1.0
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