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CHAPTER I. INTRODUCTION

1.1 Statement of the Problem

The fact that most major buildings are one of a kind imposes N
certain limitations on the structural design process but as seen by some
also bestows certain advantages on the Structural Engineer.

It is normal practice in those areas of engineering where large
production runs are made, for example in the aircraft or automotive
industries, to incorporate testing of prototypes in the design
process. Since the Structural Engineer is not likely to repeat a
particular building, he generally feels that it is unecessary to even
consider how his structure actually performs. Indeed a request to
investigate its performance may plant the seeds of doubt about his
competence in the mind of the building owner., Most Structural
Engineers, for no good scientific reason, have implicit faith in their
designs, particularly in recent years when large computer programs for
structural analysis have become available to the profession.

In the days when structural systems were designed by slide rule or
desk calculator, the design of a multistoried building was very much an
art and the designer was fully aware of both the Tack of precision and
the lack of accuracy in his work. Accordingly, he combined his
calculations with what he knew to be traditionally good practice and
used his art to produce a finished design. Now many structural systems
are designed with the aid of elaborate computer programs. These

programs can produce results which are mathematically very precise but



they probably describe the actual performance of the structure no more
accurately than the more traditional methods, since they can be no more
accurate than the information fed into the program. Unfortunately, the
Engineers using the programs often do not have sufficient experience or
information about the performance of actual buildings to feed the "
computer the proper input. Unless the program is supplied with
appropriate descriptions of the properties of all elements comprising
the structural system, the output, however precise, cannot represent
actual conditions. The very precision of computer output can lull
Structural Engineers into a false éense of accuracy, and they may be
tempted to reduce the factors of safety accordingly.

Clearly if buildings of the future are to be safe and efficient a

knowledge of the accuracy of current analytical procadures is required.

1.2 Current State of Knowledge

Typical of the current structural analysis programs available to
the building designer are general purpose three dimensional programs
such as STRUDL, STRESS, and TABS., These programs are reasonably
sophisticated and are certainly elaborate but, as they are normally
used, they neglect all parts of buildings that are considered non-
structural, Also they generally assume that each member is fully
effective. These shortcomings of the programs could be alleviated
somewhat by the programmer for there is some limited information

available to enable these factors to be taken into account.



Traditionally the partitions used as infilling for frames and
external cladding have been neglected in analysis because including them
complicates an already complex problem, Further, it was considered that
ignoring any contribution they might have made to the stiffness of the ..
structure was conservative, Over the last thirty years a few papers
have appeared indicating serious concern about this neglected portion of
the structural systems. As long ago as 1961 Holmes (1) presented a
technique for utilizing a notional equivalent strut to replace the
effect of infill walls on steel frames, The next year Smith (2) adapted
Holmes' work to infill partitions and frames constructed from various
materials, and in 1971 Mallick and Garg (3) improved upon the previous
publications concerning the effects of infill partitions, by presenting
a technique for evaluating the effects of openings such as doors and
windows in the infill walls. Each of these techniques was developed and
then evaluated through experimental model techniques.

In 1972 Blume (4) performed full-scale tests on two identical four
story buildings. He used several different types of materials as
infilling for the frames., He showed the effects of each of these
materials on the dynamic characteristics of the structure. Blume is one
of the few researchers who have performed tests on full=scale buildings.

Gjelsvik (5), in 1974, presented an analysis of steel frames with
concrete infill partitions. He analyzed the interaction between the
steel frame and the precast concrete panel walls used for infill. His
work shows that the strength and rigidity imparted by the infill wall

are indeed important to proper analysis of a structural system.



E1-Dakhakhni (6,7) in the mid-70's accepted the importance of the
contribution of exterior curtain walls or cladding and interior
partitions to the structural system and incorporated them in an
analysis. .

Oppenheim (8) in the early 70's published a number of papers on the
effects of c¢ladding on the behavior of tall structures. He states that
cladding not only stiffens structures but also can induce high axial
forces as a result of changing deflection modes.

Traditionally designers in analysing flat plate buildings have
intuitively assumed that only a portion of the slab width will act as a
beam element with the columns in frame action. Xhan and Sbarounis (9)
examined this brobTem in 1964 and reported an approximation based on a
theoretical study for the equivalent effective width of slab to be used
as a beam, Their results are available in the form of charts and tables
so that if the width-to-span ratio is known for the slab, then the
effective width can be easily calculated.

Much has been published on the analysis of shear wall structures
starting in the 1940°'s. Coull and Smith (10) have presented a good
review of research in this area. Much of this theory is included in
presently available computer programs‘used in structural design and
analysis.

Shear walls are traditionally assumed to be highly efficient ways
of providing lateral stiffness and at the same time forming elevator
cores and external c¢ladding, Even though these walls often form
essentially thin walled members the literature appears not to contain

any indication that shear lag might reduce their effective stiffness.



Although rarely used, procedures are available for evaluating the
actual lateral and torsional stiffness characteristics of buildings by
determining natural frequencies and mode shapes. Starting in the late
1950's Hudson at the California Institute of Technology developed an
eccentric mass vibrator system to evaluate the dynamic characteristics
of structures using a resonance technique. In general this type of
testing system has a number of advantages. Building rescnance permits a
high response for a low load, the system is easily controilable, and
mode shapes can be measured accurately with relatively few devices such
as accelerometers.

As data recording techniques improved another method of evaluating
building characteristics which had been used as long ago as the 1930's,
hecame attractive., This method simply uses ambient vibrations induced
by wind and earth tremors, but the response of the building has to be
recorded over a long period of time for statistically meaningful
results, This method also requires a large number of accelerometers to
remain in place during the observation period, and elaborate spectral
analysis equipment is required to evaluate the data. Williams (11)
reviewed the above methods and several others such as using the reaction
from the force produced by rhythmical motion of one or more human
bodies, that produced by sudden release of a cable with a known force in
it which had been attached to the structure, and that produced by the
explosive reactions from rocket engines. Each of these later methods

lacks the controilability of the eccentric-mass vibrator system.



There has been considerable interest in recent years in the use of
formal system identification procedures. Baruh (12) provides a good
introduction to these procedures. In general these procedures require
the identification of large numbers of natural frequencies and mode
shapes (eigenvalues and eigenvectors). The approach is principally a
mathematical one where an accurate stiffness matrix is sought with
little regard to what might physically generate that stiffness matrix.
While such methods appear theoretically attractive, it seems not to have
been possible to apply them successfully to real building structures
since suitable information on higher modes is not available.

When a full set of eigenvectors and eigenvalues is not availavble
it is necessary to make an initial estimate of the parameters by some
means and use iterative procedures to improve the initial estimates,
based on the observed dynamic characteristics of the structure. As
Baruh pointed out, this will lead to errors in the higher eigenvalues
and eigenvectors. However, for buildings this is of little consequence
since they are rarely excited in their higher modes because the spectra
of natural loadings, such as wind and earthquakes, contain 1ittle energy
at higher frequencies.

Goodno and Will (13) in 1978 carried out just this sort of
iterative procedure, adjusting an initial estimate of natural frequency
to a more accurate value by incorporating cladding-structure interaction
effects after the initial trial was completed. The following year,
Will, Goodno, and Saurer (14) reported further theoretical justification

for the adjustments that had been made to account for cladding



effects. However only frequencies were matched without regard to mode

shapes.

1.3 Scope and Purpose of this Study o

Although rarely of a quantitative nature the information contained
in the Titerature clearly indicates that one might expect that actual
building performance would differ significantly from that assumed in‘
design, Effects of partitions, cladding and so forth are likely to
effect principally the lateral and torsional resistance of the structure
which is of particular importance in assessing the ability of buildings
to resist wind and earthquake loads.

In this thesis use will be made of some of the few published
measurements of the lateral and torsional dynamic characteristic¢s of
buildings to establish accurate analytical models of the structures,

Recognizing the difficulty inherent in the application of a full
system identification approach, the lateral and torsional stiffness
characteristics of the buildings will be determined using observed data
on their actual fundamental mode shapes and frequencies. Initial
estimates of characteristics will be obtained using a TABS-77 program.
Improvements will then be made in the analytical models by incorporating
'non-structural' elements or by reducing the efficiency of certain
members until the fundametal mode shapes and frequencies are matched,
Implications of incorrect modelling at the design stage will then be

investigated for both static and dynamic lateral loadings,



The buildings to be studied which are all medium rise and made of

reinforced concrete,are as follows:

A dormitory building in which the flat slab floors form the
framing between the shear walls and c¢olumns and extensive
blockwork partitions are present,

An office building with ribbed floors and flat slab floors,
beams framing between shear walls and columns and a few
blockwork partitions are present.

An office building with similiar ribbed and flat slab floors as
in type 2, but with extensive, elaborate, shear-wall cores and
no partitions.

A university building of the tube-in-tube type with extensive
partitions and stiff cladding between closely-spaced exterior
columns.

A 1/4-scale model of a precast Iarge-bane1 apartment building,
consisting entirely of shear walls and floors with no beams,

cotumns, partitions, or cladding.



CHAPTER II. THEORETICAL CONSIDERATIONS

Several requirements had to be met by any technique used for
analysis of the medium rise concrete structures chosen for study. The _
only practical approach was to use an existing computer program that was
capable of meeting the requirements. The selected program had to be
able to predict natural frequencies and mode shapes for each structure,
and perform both Tateral static load analysis and dynamic response
analysis. In addition, the selected program had to have sufficient
capacity to cope with the buildings under investigation, must have been
tested in practice through use in the Structural Engineering profession,
must be modern and current, and must, of course, be available. TABS-77

was selected for use but this does not mean that some other program

might not have been equally suitable.

2.1 The TABS-77 Program

According to the TABS-77 program manual developed by Wilson, Dovey,
and Habibullah (15) at the University of California in Berkeley, many
different programs exist for the analysis of three dimensional
buildings, and each of them have some strong points and some weak
points., TABS-77 was developed to take advantage of the better features
of some of these programs and to avoid most of the difficulties
encountered in using other derivative programs. It was also specially

formulated for standard frame and shear-wall buildings.
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TABS-77 utilizes matrix theory for three dimensional linear
analysis of building systems. This procedure and program analyses both
frame and shear wall structures subjected to both static and earthquake
loadings. The program assumes the structure can be idealized as a .
system of independent frame and shear wall elements, interconnected by
floors which act as diaphragms rigid in their own planes. Bending,
axjal, and shearing deformations are included for each column but axial
deformations are neglected for beam elements. TABS-77 does not enforce
compatibility with regard to joint displacements at joints which are
common to more than one frame, Thus axial deformations in columns
common to frames in two directions will not be the same in both frames;
however for design purposes, these column axial forces may be added
directly to give reasonable results. The formulation includes finite
column and beam widths. The program permits consideration of
nonsymmetric buildings which have frames and shear walls located
arbitrariiy in plan.

0f principal interest in matching observed data was the ability of
the program to evaluate three dimensional mode shapes and frequencies.
Static lateral loading is possible in two directions either together or
one at a time, Lateral earthquake loadings in any direction can be
specified as time-dependent ground accelerations.

Since this section reviews some of the theoretical background of
the TABS-77 program and reference {15) is basic for this task,
information from Wilson, Dovey, and Habibullah is used freely throughout

the remainder of this section,
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The TABS-77 program computes the stiffness of each individual
structural element comprising a frame, and then, in order to combine the
frame lateral stiffness matrices into a complete structure lateral
stiffness matrix, each of the frame stiffnesses is transformed to a .
common displacement coordinate system which is commonly called the
global system. The TABS-77 program utilizes two horizontal translations
and one rotation for each story for the global system. The origins of
the global displacement coordinates for each story are chosen so that
the mass matrix required for dynamic analysis is a diagonal matrix which

simplifies the eigenvalue solution, The structure's Tateral stiffness

is assembled by the addition of components from all frames so that

For dynamic analysis the mass of each story is assumed to be Tumped
at each floor level, The equilibrium equations for a structure,

including dynamic effects, may be written in the following form:

=
-3
+
155
1~
-+

K= p(t) (2.1)

mass matrix

1l

where M
C = damping
K = stiffness matrix
P(t) = applied load vector, which may be time varying
r = displacement vector of deformation relative to support

motion
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£y = absolute acceleration vector

r.and r, are related in the following fashion

=V, +r (2.2)

where vg is the vector of pseudo-static displacements due to support

movement. Also

sy et (2.3)

The vibration mode shapes represent the solution of the undamped

free vibration problem given by

‘e

Mr+Kr=0 (2.4)

The eigenvalue problem to be solved is written as

1=

g =wt My (2.5)

where

19~
1]

mode shapes

1€
it

circular natural frequencies

The mode shapes are normalized such that

(2.6)

-3
1=
=4

i
—

then also
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o' K¢ =u? (2.7)

Also, it is assumed that the damping matrix C is of a form that is
uncoupled by the mode shapes; specifically it is assumed that

ol €4 =20 (2.8)

50 that ¢ represents the damping of the mtN mode.
The actual displacements, r, are now expressed as a linear

combination of the mode shapes.

2, (t)
Z,(t)
= .2
r= gy ¢, 03 -cv ¢yl : (2.9)
i.e. r=¢ 124
also r=¢ 2
and  r=g 2
where Z,(t) represents the response of the mt mode.

The above equations describe the method of attack used by TABS-77

in solving the eigenvalue problem. The program computes periods and
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elevation and plan mode shapes. It also calculates the displacement of
each frame and evaluates member forces for both static and earthguake

loadings.

2.2 Forced Vibration Tests by Eccentric Mass Vibrators

Although the acquisition of full-scale data was not included in
this project, it is considered appropriate to include a description of
the general methods used to acquire the data, All data used were
acquired using eccentric mass vibrators and accelerometers.

A good description of forced vibrations as induced by eccentric
mass vibrators was given by Jeary and Sparks (16) in 1979. They state
that early vibrator tests were conducted by using single-rotating-mass
vibrators, These early researchers relied on the resonances of the
tested structures to produce essentially unidirectional responses. For
more complex structures the single mass vibrators were unsatisfactory
and later tests utilized vibrators with two counter-rotating masses
which provided sinusoidally varying unidirectional forces. These two
mass vibrators overcame the problem of exciting modes in all directions
at the same time which was inherent in the single mass vibrator.

Jeary and Sparks outline the normal procedure for performing a
vibrator test. The vibrator is attached to the structure at a suitably
high position near the top of the structure. The force from the
vibrator is transmitted to the building through its mounting. Testing
takes on two distinct aspects. First the investigator searches for

resonant frequencies and then detailed measurements are made at
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appropriate points so that mode shape can be determined. This sequence
is commonly followed for each resonance in turn.

As stated in reference (16) the search for resonant fregquencies is
initiated by starting the vibrator and setting it to some low frequency,
less than the lowest expected resonance frequency but high enough for
the vibrator to generate sufficient force for the structure's response
to be detected by the monitoring’accelerometers. The frequency
generated is incrementally increased, and the accelerometers placed
strateqgically around the structure, note the maximum responses.

Next a detailed investigation is made of the mode shape in a given
direction, This involves setting the vibrator to a resonant frequency
and placing an accelerometer at various locations in turn, to permit a
comparison to be made of its response with that of a reference
accelerometer placed near the top of the building.

When sufficient data has been collected for each mode shape, the
vibrator is stopped suddenly, and the decay of the oscillation is noted
for the estimation of the structural damping.

For optimum results there should be no wind while these fests are
being conducted. Any wind excitation can introduce undesired response.

According to Jeary and Sparks the results of such testing as is
described above can be interpreted on the basis of assuming that the
response in each mode is given by the solution to.the following
differential equation.

F

+ Mm2f.2%. = - (2.10)
r

f.X

X +4m;r rAp
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where X is the modal response,
f _ is the modal frequency,
M_ is the modal mass,

z_. is the modal damping,

and F is the modal force,

A solution to equation (2.10) in the frequency domain is

Xr(f) = ]HF(F)l Fr(f) (2.11)
where
1 f f 1/2
AT = M 1L - (5212 ¢ (2 ()] | (2.12)
r r r
At resonance, in the vibrator tests; the force is sinusoidal and is
applied at the frequency, f., with a modal amplitude of F.. The maximum

modal displacement response, Xr’ is given by

~

N FP
XI‘ = —2——2—— (2.13)
8l;rn fr‘ Mr

with a maximum acceleration response of
O (2.14)

Equation (2.14) can be used to determine the modal mass of the structure
and from it, using the following relationship, the modal stiffness can

be determined:
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= 2¢ 2
Kp = dn2f 2M (2.15)

It should be observed that if the maximum acceleration response
equation, equation (2.14), is used to compute modal mass, then the
frequencies in different directions should be well separated, and there‘
should be no coupling between the modes in the various directions, since.
modal interference can occur. When this happens excitation in one mode
might causes some excitation in the other modes. In addition, if the
level of excitation induced by the vibrators is Tow, extraneous
excitation resulting from ambient wind or other extrinsic sources may
induce intolerable errors. Further, measurements of damping are subject
to considerable error.

In many instances it is advantageous to estimate the mass
distribution from structural drawings and use equation (2.16) below for

the calculation of modal mass.

m(Z)¢ 2(Z)dZ (2.16)

=
m
o—x

where m(Z} is the mass per unit height of the building.

When this equation is utilized the only experimental measurements
required are the resonant frequencies along with the corresponding

relative accelerations of the floors which provide the mode shapes.
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2.3 Matching Procedure

The general procedure followed in matching experimental results
with the TABS-77 analytical model was to input mass distribution and
stiffness parameters in the analytical model. Mass distribution may bq&
well estimated from the structural drawings while stiffness parameters
are subject to engineering interpretation. Thus the mass input was held
constant and the analytical model was changed by modifying the stiffness
parameters. In general the first analytical model was constructed using
traditional idealizations for the stiffness parameters. If the
resulting model did not closely match the experimental results, then the
stiffness parameters were varied in a logical manner and in accordance
with theoretical guidelines until not only the frequencies but also the
mode shapes were closely matched for each of the structures included in

this study.



CHAPTER III. THE RESIDENTIAL NAUTICAL COLLEGE

3.1 Building Location and Geometry

The Residential Nautical College {(R. N. C.) building in Plymouth, .
England, is & dormitory building in which the flat slab floors form the
framing between the shear walls and columns. This is an example of a
medium-rise concrete building containing extensive blockwork
partitions. This eleven story structure is used as accomodation for
students. It is situated on the side of a small hill and it is
relatively exposed to the wind. On one side only it is faced by some
quite tall structures, one of which is about two-thirds the height of
the R. N. C.

The R. N. C. is rectangular in section. Figures 3.1, 3.2, and 3.3
show a typical floor plan and two elevations. Figure 3.1 shows that the
main shear walls occur at the ends of the structure in the shape of a
‘T', and that the elevator shaft is positioned so that it is offset from
both the x and y axes. The remainder of the structure is of column and
slab construction. In Figure 3.1, column rows A and D are the outside
rows with each column 0.3 m by 0.3 m, The interior columns in row B are
0.6 m by 0.3 m while those in row C are 0.45 m by 0.23 m. The floor
stab is 0.175 m thick and all floor slabs are of this same thickness.

This building is founded on shillet (a local term used to describe
weathered shale), and the column foundations are individual spread

footings.

19
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3.2 Partitions and cladding

The R. N. C. structure has many internal partitions. Its light
outside cladding is connected to the floor slabs., This is indicated in
Figure 3.2 and 3.3, -
Figure 3.4 shows the tocation of the infill walls contained in row

B, and the transverse partition walis. All partitions have a thickness

of 0.2 m.

3.3 Experimental Procedure

For the R, N, C. building, a small contra-rotating mass vibrator
was used for test purposes. The technique described in section 2.2 was
applied to obtain the dynamic characteristics of the structure. The
position of the vibrator on the building was determined by an available
open space on the top floor near the center of the building., This
central Tocation coupled with wind conditions existing at the time of
the test prevented excitation in torsional modes. The details of this

test and the experimental results are given by Jeary and Sparks (16).

3.4 Structural Analysis of the R, N. C. Building

In this section some designer idealizations are postulated and the
results of a TABS-77 analysis for each idealizations are presented.
Then modifications to the input parameters are made in an attempt to
match the predicted and observed natural frequencies and mode shapes., A
parametric study is then made to give an indication of the importance of
each parameter, Following that, some analyses are presented indicating

the significance of variations from the correct model.
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3.4.1 Traditional Structural System Idealization

Traditionally the structural designer would idealize the structural
system of the R, N, C, building as some variation of a 'bare frame'
system, A bare frame structural idealization is defined as one that -
considers only those structural elements such as beams, columns,
portions of slabs and shear walls which in this case are designed to

resist lateral loads.

3.4.1,1 Designer Idealizations

Consideration will be given to the structural system in 1) the x
{longintudinal) direction and 2) the y (transverse) direction. In the x
direction one possibie idealization i1s to consider the building to be a
series of parallel frames along the column rows. Recommended values for
an effective slab width to be included in each frame are given by Khan
(9). This will be referred to idealization type AX. Type AX
idealization is shown in Figure 3.5 indicating the effective slab widths
used.

Another and perhaps better designer idealization would be to
include the two end shear walls intc frame Tine B rather than assuming
the shear walls to be a separate and independent column row as was done
in the type AX. This idealization is referred to as type BX and is
shown in Figure 3.6.

In the y direction it is assumed that the traditional designer
would idealize the system as a series of parallel frames acting

independently of each other with the two end walls each assumed to be



39.37

AX Structural Idealization for the Residential Nautical College.

Figure 3.5,
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single columns, Again, the effective stab widths were calculated in
accordance with Kahn's recommendations (9). This idealization is shown

in Figure 3.7.

3.4.1.2 Experimental Results vs. bare Frame Predictions
Table 3.1 shows the experimental values determined for the natural
frequencies of the R, N. C. building along with the predicted values for
the bare frame idealizations. The comparisons, which will be discussed

later, are obhvious.

TABLE 3,1 Measured and Predicted Fundamental Frequencies

Type of Direction Frequency
Analysis Hz
experimental X 1.97
Y 1.33
AX X 0.9
BX X 1.0%
AY y 1.04

Natural frequency comparisons are useful but this is not the only
comparison that can be made. Enough measurements were made by Jeary and
Sparks (16) and sufficient deflections were calculated using TABS-77 to
determine the mode shapes. Deflection measurements and calculations
were normalized so that comparisons between the various idealizations
could be made. The deflection at any level, §, was divided by the

deflection at the top, Sh' The building elevation is also normalized.
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If the elevation of each floor is z and the total height to the top of
the structure is h, the normalized elevation is z/h.

The normalized plots in Figure 3.8 show the mode shape obtained
from expérimenta] measurements and those computed using the “-
idealizations of type AX and BX. The measured mode shape indicates that
shear deformation is dominant, and this is due to relative motion
between the floors. This is typical of the way framing action affects
mode shape. However, the mode shapes produced by TABS-77 for both AX
and BX types of idealization are more or less straight lines, This is
an indication of interaction of the shear walls with the frame. This
results from the fact that the frame tends to reduce the Tateral
deflection of the shear wall at the top while the shear wall lends
lateral support to the frame near the base.

In the x direction the agreement between actual and predicted mode
shapes leaves something to be desired, but in the y direction there is
reasonable agreement betweeen measured and predicted mode shapes. The
normalized plots for the y direction are shown in Figure 3.9.

The agreement between experimental and predicted shapes is an
indication that the idealizaiton in the y direction and the method of
calculation is valid for this case.

Considering the measured experimental results and comparing them
with the predictions based on the bare frame idealizations, the

following comments can be made:
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1. The bare frame idealization badly underestimates the natural
frequency of the R, N. C. building. The actual natural
frequency in the x direction is twice the predicted value.

Thus the actual stiffness is about four times the predicted

‘p.‘

stiffness in this direction. In the y direction the
predictions are better but still not good for the actual
frequency is 1.3 times the predicted value,

2.  The predicted mode shape is equally important to the frequency
prediction. In the x direction, very poor agreement with the
measured values was obtained. In the y direction the agreement

is considered to be reasonably good.

3.4.,2 Modifications to the Bare Frame Models

The next ohvious step was to try to add extra stiffness to the
building in a reasonable way, since the stiffness was underestimated in
all models and directions analysed. In addition, alterations had to be
made in the x direction so that the mode shape prediction more closely
match the actual mode shape. The literature search discussed in detail
in Chapter 1 showed that there have been only two significant and
comprehensive papers addressing this problem within the last decade.
These papers are the one by Smith (2) and the one by Mallick (3). Other
references exist but they are prior to these two papers and appropriate

parts of the prior papers have been integrated into those by Smith and

by Mallick.
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Smith recommends that the effects of infill walls in a frame be
approximated by adding to the frame idealization an equivalent strut
wherever the infiil wall appears. He also gives appropriate formulae so
that the equivalent strut can be sized. This would add lateral “
stiffness to the frame. Thus, adding equivalent struts at infill wall
sites was selected as the first modification to the bare frame model,
The bare frame idealizations AX and BX were affected by this
modification and these new idealizations are referred to as types AX1
and BX1.

Mallick recommends that openings in infill walls should affect the
sizing of the equivalent struts determined in accordance with Smith's
recommendations. Mallick presents charts which determine the reductions
in sizing to account for the opening effects.

The results of the first modification using the full diagonal
struts yielded an excellent match with the measured frequency in the x
direction, If Mallick's recommendations were to be applied as he has
made them, it would obviously lower the predicted frequency. Therefore,
an examination of the real building with infill walls stacked
continuously from the bottom floor to the roof suggested that the floor
slabs under the infill walls were not free to bend and this should have
some important influence on stiffness distribution and should increase
the overall lateral stiffness. Accordingly, Mallick's recommendations
were used with the added modification of taking the floor slab acting in
frame line B as being effectively infinitely stiff. Thus, the second

modification is a refinement of the first modification so that openings
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in infill walls can be accomodated along with the increased stiffness in
the slab resulting from the influence of the infill walls. These new

idealiations are referred to as types AX2 and BX2.

3.4,2.,1 Experimental Results vs. Modified Frames AX1 and AX2

Figures 3.10 shows the idealization for type AX1l, and Figure 3.11
shows the idealization for type AX2. The first modification sized the
equivalent struts in acordance with Smith's recommendation, and the
second medification reduced the equivalent strut width in accordance
with Mallick's recommendations, in this case to 30% of the original
value., The slab along frame B was assumed to be infinitely stiff.

Table 3.2 shows the results of TABS-77 predictions with these
idealizations. A glance at Table 3.2 shows that both modifications for
types AX1 and AX2 resulted in excellent pradictions for the frequency
for they are identical to the measured values. As far as frequencies
are concerned, both modifications are vast improvements over the bare

frame or AX idealization.
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TABLE 3.2 Measured and Predicted Fundamental Natural Fregquencies

Type of Direction Frequency
Analysis Hz .
experiment X 1.97
AX X 0.9
AX1 X 1.97
AX2 X 1.97

Figure 3.12 compares the actual measured mode shape with the mode
shapes predicted by TABS-77 for frames AX1 and AX2. It can be seen that
the second modification, AX2, yields a better mode shape than does AX1
but neither matches the observed shape well, The mode shapes is an
indication of the distribution of the lateral stiffness over the height
of the building, which affects the distribution of internal forces
resulting from lateral loads. Thus it is most important to predict mode
shape as closely as possible. Prediction of frequency alone is not an

adequate test of an analytical model,.

3.4,2.2 Experimental Results vs. Modified Frames BX1l and BX2
Figure 3.13 shows the jdeatization for type BX1, and Figure 3.14
shows the idealization for type BXZ, Modifications were made in exactly

the same way as with AX1 and AX2.
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Table 3.3 shows the results of the TABS-77 frequency predictions
for types BX1 and BXZ along with the bare frame prediction for BX and
the measured value. Both modifications produced excellent predictions
for the frequency when compared to the measured value, and both are vast

o

improvements over the BX idealization,

TABLE 3.3 Measured and Predicted Fundamental Frequencies

Type of Direction Frequency
Analysis Hz

experiment X 1.97

BX X 1.05

BX1 X 2.08

BX2 X 1.97

Figure 3.15 presents a comparison of the predicted mode shapes for
BX1 and BX2 along with the measured mode shape. The BX1 mode shape is
not a close fit for the measured mode shape while the BX2 curve
approaches the actual curve very c?osély.

If an idealization predicts both frequency and mode shape very
closely, then this is a strong indication that the idealizatio is a
proper one. It can reasonably be assumed that the idealizations
resulting in type BX2 are very close to being correct, especially since
only modifications that any engineer might reasonably elect have been

made.
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It 1s interesting to note that for this building four different
idealizations have accurately predicted the fundamental longitudinal

frequency but only one has also matched the actual mode shape.

3.4.2.3 Experimental Results vs. Modified Transverse Frames
The bare frame idealization in the ftransverse or y direction

underestimated the natural frequency in that direction by 30 per cent
but predicted the mode shape closely. Therefore it was decided to add
extra stiffness by taking into account the effect of the partition walls
shown in Figure 3.4, These partition walls were added to the bare frame
jdealization by modelling them each as a single column in its
appropriate position. This was the only modification made in the y
direction. This yielded a perfect match for the frequency prediction,
and a slight improvement in the mode shape prediction, The mode shape

curves are shown in Figure 3.16.

3.4.3 Parametric Studies

The BX2 idealization appears to predict the characteristics of the
building well. However it is interesting to see how sensitive the
R, N. C. building is to the various parameters involved in evaluating
the BX2 idealization. A;cording]y, several parametric studies were
performed and the results are included in this section. The parameters
studied were floor stiffress and equivalent strut size. Each was
changed through a reasonable range on each side of the value used in BX2

while the other parameter was kept constant at the BX2 value.



45

—~0————0c— MEASURED
ook e AY
0 AV

o8t
o7+
0R2] o
QS5 .

z/h
o4~

02+

Ol

o) 1 | ! L L L ! ! ! !
0 Q.l 2 03 Q04 05 08 07 Q&8 Q3 10

S/ 3n

Figure 3,16. Y Mode Shapes for the Residential Nautical College.



46

First, the floor stiffness along frame Tines A, O, and C was
changed by varying the effective floor widths while keeping the
equivalent strut size, constant at the BXZ2 idealization value. The
results for this study are shown in Table 3.4 and Figure 3.,17. 1In the .
table and graph S is the varying stiffness and S, is the value of the
stiffness used in the BX2 idealization. In Table 3.4 and in tables in
the parametric study sections throughout this and subsequent chapters,
experimental values of frequency are shown enclosed in a box for ease of
comparison.

Both the table and the graph show that the R, N, C. building is not
sensitive to changes in the stiffness parameter used in frame lines A,
D, and C. WNatural frequency and modal mass change hardly at all as the
stiffness is varied. Since modal mass does not vary much it is
reasonable to conclude that mode shape does not vary appreciably. The
graph of normalized frequency vs. normalized stiffness is a very flat
curve indeed. It appears that any reasonablie value for the widths in
frame lines A, D, and C would be adequate for structural design.

Secondly, all parameters except the depth of the diagonal elements
approximating the effects of the infill walls were kept constant at the
BX2 idealization and the diagonal depths were varied over a reasonable
range, The results of this study are shown in Table 3.5 and Figqure
3,18, The table and the figure both indicate that the R, N. C. building
natural frequency computations are quite sensitive to the selection of
effective strut depth. The curve of Figure 3.18 shows that the change

in frequency is rapid with small changes in size of the diagonal element
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Table 3.4, Parametric Study of Effective Floor Slab
Widths in the Residential Nautical College,
X Direction

S/S, Frequency (Hz) Modal Mass (Kg)
0.46 1.96 i 1469237
0.61 1.97 1469237
0.94 98 1472806
1.00 (2.00) 1472806
1.30 .0 1472806
1.53 2.03 1472806
2.30 2.04 1472806
25
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Figure 3.17. Frequency vs. Normalized Stiffness for Parametric
Study of Effective Floor Slab Widths in the
Residential Nautical College, X Direction.
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Table 3.5. Parametric Study of Equivalent
Diagonal Elements in the Residential
Nautical College, X Direction

30

2.5

2.0

S/S0 Frequency (Hz) Modal Mass (Kg)
0.C0 1.53 - 1600000
0.05 1.74 1480000
0.17 1.83 1476387
0.40 9 1476387
1.00 *m 1472806
2.40 . 1465682
5.18 2.26 1462140
9.2 2.36 1455083
15 2.45 1444619
32 2.62 1430828
38 2.66 1424000

|lli1illrl1

1.5
[
Lo—111111L1lL1.|1|11;lr;|1|!s111L111L14;1J
0 5 10 15 20 25 30 35 40
Srsq

Figure 3,18,

Frequency vs, Normalized Stiffness for Parametric
Study of Equivalent Diagonal Elements in the
Residential Nautical College, X Direction.
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in the neighborhood of the BX2 idealization. When the strut size
becomes very much Targer, then its relative stiffness effect is
diminished and the curve tends to flatten out somewhat. Again, it is
noted that the logical modifications contained in type BX2 appears to be
the correct approach for it predicts the experimental measurements for
this building.

Table 3.5 shows that the modal mass is also quite sensitive to
changes in effective strut depth, This sensitivity is not obvious for
all of the values are large. One must look at the differences in values
rather than ratios of values. To emphasize the effects of these
seemingly meager differences Figure 3.19 is presented. This figure
contains plots of each mode shape corresponding to each value of the
diagonal depth used to compute these modal mass values. The
significance of the mode shape has already been presented; thus Figure
3.19 emphasizes the significance of small changes in modal mass values.

Thirdly, the BX2 idealization was maintained everywhere in the
structure except the stiffness of the floor along frame line B was
varied from a lower limit that was taken as one-half the equivalent
width recommended by Khan (9) to infinity as was assumed for the BX2
idealization. The results are shown in Table 3.6 and Figure 3.20.
Table 3.6 shows that small values of equivalent floor width along frame
1ine B can have a significant effect on the predicted natural frequency
of the R. N. C. building when compared to the measured value. However,
the predicted frequency slowly increases with rather rapid increases in

stiffness. When the stiffness becomes a large value the frequency
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3.6. Parametric Study of Effective Floor Slab
Width Along Frame B in the Residential Nautical
College, X Direction

5/5, Frequency {Hz) Modal Mass (Kg)
0.50 1.58 1312113
0.76 1.60 1318146
1.00 1.62 1324220
1.25 1.64 1333411
2.70 1.71 1371147
69.4 1.86 1451589
125 : 1483589
1250 (2.00) 1479981
12500 ~00 1472806

2.5~
r..
e
20}
10—
o5
oLl .| [ ' 1. 7
05 10 10 100 1,000 10,000
S/SO
Figure 3,20. Frequency vs. Normalized Stiffness for Parametric Study

of Effective Floor Slab Width Along Frame B in the
Residential Nautical College, X Direction,
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approaches the measured value, Figure 3.20 shows the relationship
between floor stiffness and frequency.

Table 3.6 also shows that modal mass is sensitive to this
parameter; as the floor along frame line B gets stiffer, the modal mass
increases so that ultimately the mode shape becomes typical of frame )
action,

There is only one parameter that may be varied in the y direction
for the R. N. C. building. This is the effective slab width in that
direction. In setting up the parametric study in the y direction the
effective slab widths were each determined in accordance with Khan's (9)
recommendations, Then each of the effective slab widths in frame lines
1 through 10 were varied by the same percentage and an analysis was made
for each of these different sets of slab widths. The results of this
study are shown in Table 3.7 and Figure 3.21. Both the table and the

figure show that both natural frequency in this direction and modal mass

are almost totally insensitive to this parameter,

3.4.4 Significance of Proper Modelling

The structural analysis that has been presented so far for the
R. N. C. buiiding has shown that there are several models or
idealizations which will result in an adequate calculation of the
natural frequency for this building. As stated in chapter I, one must
be careful not to infer that simply because the correct frequency of a
structure has been determined, then the correct stiffness distribution

is known since the simple relationship between frequency and stiffness
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Table 3.7. Parametric Study of Effectice Floor
Slab Widths in the Residential Nautical College,
Y Direction

S/SO Freguency (Hz) Modal Mass (Kg)
0.44 1.27 : 1174498
0.59 1.28 1180296
0.74 30 1182240
1.00 (.32 1181070
1.16 . 1100740
1.38 1.36 1120470
2.13 1.40 1198002
2.0
;“ p
T <L
~ |
5 F
z —
u | >
2
0 .
& 1.0 -
w n
Q55—
O—A_l;iLlllllLJl'illL!_Llll!JLI
) 05 1.0 15 20 2.5
S/SO

Figure 3.21. Frequency vs. Normalized Stiffness for Parametric
Study of Effective Floor Siab Widths in the
Residential Nautical College. Y Direction.
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determines only the overall stiffness. The designer must know the
stiffness distribution before he can make an adequate analysis of a

trial design., The stiffness distribution is manifest in the mode

shape. Each of the models postulated in this analysis yielded different.
mode shapes with type BX2 most nearly predicting the actual mode

shape. In order to evaluate the significance of mode shapes (and at the
same time frequency predictions) and thus the significance of proper
modelling for the designer, a study was made of the response of the
building to both lateral static and dynamic loadings for each model.

For the static loading a typical distribution of wind load as
indicated in Table 3.8 was applied in the x and y directions. In Table
3.8 the column headed "Normalized Wind Load" expresses each of these
values as a proportion of the largest value. The distribution was in
accordance with reference (17).

For the dynamic Toad a low intensity earthquake which is assumed
would nét exceed the elastic 1imit of the structure was applied in turn
along the x and y axes. For this purpose the ground accelerations
proportional to those associated with the 1940 E1 Centro earthquake were
used in conjunction with the measured values of damping.

For this portion of the study of the R. M. C. building only a few
structural elements were chosen for analysis. Other elements could have
been chosen but it is believed that the three chosen are reasonably
typical for this building and should therefore yield representative

results.
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TABLE 3.8 NORMALIZED WIND LOAD FOR THE RESIDENTIAL NAUTICAL COLLEGE

Level Load Ratio
12 0.51
11 1.00
10 0.95

9 0.90
8 0.87
7 0.81
6 .76
5 0.69
4 0.63
3 0.58
2 0.49
1 0.71
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For loadings in the x direction, columns B3 and along with the
shear wall at one end were chosen. These elements are encircled on
Figure 3.22. For the y direction loadings, only column B3 was analysed.

The results of the analysis of the three elements in the x
direction and the one element in the y direction are shown in the
remgining tabies in this chapter. These‘tabTes illustrate the
discrepancies brought about by choosing models that neglect the effects
of the partitions, and show the effects on these members of choosing
models on the basis of frequency matching only. Considered together
they are an indication of the errors introduced by improper modelling.

Each of the tables show the results in dimensionless form with the
results for the most accurate BX2 model compared to the results
calculated by other mode]s.‘ As stated previocusly, the AX and BX hode1s
are referred to as bare frames, and the AX1 and BX1 models are called

modified frames,

3.4.4.1 Llateral Static Loading

Tables 3.9 through 3.11 compare the BX2 model to the bare frame
models for static lateral loading in the x direction. Table 3.9 shows
that column D3 is unaffected by the type of assumption made about the
interaction between column line B and the shear walls, When line B is
stiffened by the partitions it absorbs l1cad from line D so that the
forces are reduced by as much as 10 times.

Table 3.10 shows that for column 1ine B connection to the shear

walls greatly increases the loads and the moments due to interaction.
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Elements Chosen for the Analysis of the Residential Nautical College,

Figure 3.22.



TABLE 3.9 RESULTS OF ANALYSES IN DIMENSIONLESS FORM FOR

LEVEL

—
O

—
N W STTON ~00 OO

BUILDING: R. N. C.

ELEMENT: COLUMN D3

LOADING: WIND

DIRECTION:
BOTTOM MOMENT TOP MOMENT AXTAL FORCE SHEAR FORCE
BX2 BX?2 BX2 Bx2 BX2 BX2 BX2 BX2
AX BX AX BX AX BX AX BX
0,12 0.11 0.1 0.10 C.14 0.22 0.07 0.07
0.13 0.13 0.12 0.13 0.20 0.28 0.09 0.09
0.12 0.11 0.10 0,11 0.10 0.20 0.14 0.15
0.15 0.16 ¢.14 0.16 0.14 0.33 0.12 0.14
0.13 0.16 0.12 0,15 0.25 0.33 0.10 0.14
0.16 0.21 0.15 0,21 0.77 0.70 0.15 0.20
0.1%5 0.21 0.15 0.21 0.33 0.18 0.14 0.21
0.17 0.27 0.18 0,27 0.14 0.12 0.14 0.21
0.18 0.29 0.19 0.29 0.08 0.12 0.19 0.30
0.20 0.31 0.21 0,33 0.10 0.20 0.22 0.33
0.24 0.38 0.29 0.45 0.16 0.07 0.26 0.44
0.36 0.47 0.50 0.60 0.25 0.40 0.32 0.50
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Although some of the load is carried by the diagonal bracing of the
partitions, the extra load attracted to that column line exceeds the
relief provided by the partitions, and there are very high increases in
the forces and moments as compared to the design assumption BX. The
maximum ratio for this comparison is 29. However, the loads actually
drop in comparison to design assumption AX because in this assumption
the column Tine stood alone and would have carried more load than in BX
where the shear walls provided some relief,

Table 3.11 shows that the BX2 model, which is the best model
analysed and takes into account the effect of the partitions, yielded
Tower moments and shear forces in the shear wall than did the bare frame
models. Tﬁe tabulation shows that the axial force is very small when
the shear wall is assumed to act independently of column line B, and
there was little change in axial force in that shear wall when the shear
walls were assumed to act with frame line B (type BX model).

Tables 3.12 through 3.15 are also concerned with lateral static
loading in the x direction, and these tables compare the best model BX2
with the modified frame models AX1 and BX1l. These modified frames
matched the observed frequency but not the mode shape.

Table 3.12 shows that the moments and forces calculated by the
modified frame models for column D3 are not very different from those
predicted by the better BX2 model. Further, study will show that each
of the models is equally good.

Table 3,13 shows that for column B3 the moments and shear forces

predicted by the BX model are higher than those calculated using AX1 and



60

TABLE 3,10 RESULTS OF ANALYSES IN DIMENSTONLESS FORM FOR

LEVEL

— =
— PN

+—
PR RO~ 0 WO

BOTT

BY2
AX

0.62
0.79
0.76
0.78
0.80
0.81
0.83
0.85
0.88
0.92
0.93
0.67

BUILDING:
ELEMENT:
LOADING:

DIRECTION:

OM MOMENT

BX2
BX

2.23
3.50
3.72
4.16
4.61
5.00
5.26
5.37
5.75
4.90
4.52
1.14

R. N. C.

COLUMN B3

WIND

X
TOP MOMENT AXIAL FORCE SHEAR FORCE
BX2 BX2 BX2 BX2 BX2 BX2
AX BX AX BX AX BX
0.44 1.20 0.12 0.20 0.51 1.53
0.70 2.70 0.04 0.07 0.74 3.25
0.62 2.41 1.32 2.17 0.68 2.90
0.65 3.12 1.18 2.00 0.72 3.54
0.69 3.75 1.06 1.75 0.74 4,27
0.74 4.67 0.92 1.51 0.77 4.90
0.79 6.00 0.71 1.24 0.80 5.54
0.86 7.81 0.53 0.88 0.85 6.70
0.96 11.5 0.26 0.43 0.92 7.88
1.14 23.5 0.06 0.09 1.01 8.00
1.60 28.6 0.48 0.77 1.15 11,0
3.50 6,12 1.02 1.67 1.13 3.60
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RESULTS OF ANALYSES IN DIMENSIONLESS FORM FOR

TABLE 3.11
BUILDING:
ELEMENT:
LOADING:
DIRECTION:
LEVEL  BOTTOM MOMENT
BX2 BX2
- BX
12 0.19  -~0.43
11 0.04 0.15
10 0.10 0.57
9 0.09 0.78
8 0.06 0.32
7 -0.003  0.004
6  -0.40 0.10
5 0.38 0.15
4 0.23  -0.20
3 0.21  -0.25
2 0.24  -0.34
1 0.38 0.54

R. N. C,

END SHEAR WALL

WIND

X
TOP MOMENT AXIAL FORCE SHEAR FORCE
BX2 BX2 BX2 BX2 BX2 BX2
Iy BX AX BX AX BX
2.64 -12.30 2.16  1.33 0.10 0.20
0,33 0.69 4.20 16.0 0.92 0.25
0.22 0.48 62.0 1.60 0.87 0.40
0.32 0.67 82.5 1.03 0.83 0.50
.37 0.79 95.9 0.84 2.18 0.50
0.47 0.9 111.0 0.76 1.51 0.50
0.72 1.28 128.0 0.71 1.21 0.50
0.76  2.37 141.0 0.68 1.01 0.50
0.89 -0.94 154.0 0.67 0.87 0.50
0.26 -0.86 170.0 0.66 0.77 0.52
0.06 -0.14 188.0 0.66 0.73 0.58
0.11 -0.21 213.0 0.67 0.82 0.79
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TABLE 3,12 RESULTS OF ANALYSES IN DIMENSIONLESS FORM FOR

BUILDING: R, N. C,
ELEMENT: COLUMN D3
LOADING: WIND
DIRECTION: X

LEVEL  BOTTOM MOMENT TOP MOMENT AXTAL FORCE SHEAR FORCE  *©

BX2 BX?2 BX?2 BX?2 BX2 BX2 BX2 BX?2
AX1 BXT XT  BXT AXT BXT AXT BXT

0.50 0.77 0.40 0.65 1.00 1.00 0.34 0.45
0.67 0.72 0.67 0.72 1.00 1.00 0.50 0.50
0.50 0.70 0.50 0.70 1.00 1.00 0.67 0.89
0.75 0.95 0.75 0.95 1.00 1.00 0.67 0.80
0.75 0.84 0.75 0.84 1.00 1.00 0.67 0.73
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.00 1.00 1.00  1.00 1.00 1.00 1.00 1.00
1.25 1.21 1.256 1.21 1.00 1.00 1.00 1.00
1.25 1.20 1.25  1.20 0.50 1.00 1.33 1.23
1.25 1.21 1.25 1.25 0.67 1.00 1.33 1.33
1.67 1.30 1.67 1.40 1,00 1.00 2.00 1.37
1.53 1.17 3.00 1.34 1.60 1.00 1.42 1.10

e
D L) P OT Y OO DD DN
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TABLE 3.13 RESULTS OF ANALYSES IN DIMENSIONLESS FORM FOR

BUILDING: R. N. C.
ELEMENT: COLUMN B3
LOADING: WIND
DIRECTION: X

LEVEL  BOTTOM MOMENT TOP MOMENT AXIAL FORCE SHEAR FORCE

BX2 BX2 BX?2 BX2 BX2 BX2 BX2 BX2

AXT  BXT AT BT AT BXI AT  BXT
12 1.07 17.0 1.86 120,0 0.098 5.20 1.20 42.0
11 1.75 51.0 1.75 14.0 0,022 2.0 1.73 24.0
10 1.86 66.0 1.87 102.0 0.41 1.16 1.77 145.0
g 2.17 192.0 2.09 30.0 0.30 3.14 2.17 73.0
8 2.60 200.0 2.50 38.0 0.23 8.30 2.61 77.0
7 2.91 25.0 2.91 41.0  0.17 2.06 3.00 58.0
6 3.43 102.0 3.30 43.0 0.12 1,17 3.38 64.0
5 3.73 65.0 3.90 57.0 0.08 0.73 3.72 60.0
4 4.18 51.0 4.60 75.0 0.03 0,34 4.43 60.0
3 4.65 27.0 5.47 93.0 0.007 0.08 5.14 42.0
2 5.37 37.0 7.16  191.0 0.06 0.81 6.10 93.0
1 2.88 2.67 8,16 245,0 0,12 1.33 4,12 5.26
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BX1l. These models predict moments and shear forces that are very much
less than they apparently should be. This underestimation is much more
pronounced in type BX1. Also AX1l and BX1l do not vary from the more
correct values by some common amount; they often yield considerably
different values. The axial forces in column B3 are in general
overestimated by models AX1 and BX1.

Table 3.14 shows that for the shear wall the modified frame
predictions are erratic when compared to the more correct BX2
computation., Not only are there wide variations in numerical values but
the signs or directions of the forces and moments change in an erratic
fashion. Perhaps the complexity of the interactions between the various
components of the structure can explain this type of discrepancy. No
general pattern of variation can be easily identified.

Table 3.15 shows the result of the only column studied for lateral
static loading in the y direction., Column B3 was chosen as a typical
member for loading in the y direction., Study of Table 3,15 shows that
when the partitions are added in the modified frame model, the moments
and forces are carried somewhat by the partitions and thus the values
for the column are reduced from those of the bare frame model by about

30 percent.

3.4,4,2 Dynamic Loading
For dynamic or earthquake loading, calculations were made using the
TABS-77 program, and the results are shown in dimensionless form in
Tables 3.16 through 3.22. The results are similar but not identical to

those obtained for lateral static loading,



TABLE 3.14 RESULTS OF ANALYSES IN DIMENSIONLESS FORM FOR

LEVEL

=MW~ 00D

BUILDING:
ELEMENT:
LOADING:
DIRECTION:
BOTTOM MOMENT
BX2 BX2
AT  BXT
69.0 9,90
0.60 -0.25
1.24 -1.00
1.28 -0.78
1.07 -0.33
1.40 0.009
1.80 0.28
1.50 0.50
1.41 0.73
1.50 1.04
1.70 1.30
1.82 1.40

R. N. C.

END SHEAR WALL

WIND

X
TOP MOMENT
BX2 BX2
AT BXT
74.0 0.30

258.0 0.73
2,94 0.91
3.81 1.00
5.10 1.06
8.30 1.09
36.2 1.14
10.63 1,22
3.65 1.34
1.60 1.52
0.36 2.30
0.73 1.24

65

AXTAL FORCE

BX2
AT

88.0
320.0
370.0
330.0
422.0
518.0
620.0
721.0
822.0
923.0

1115.0
1066.0

SHEAR FORCE

BX2 BX2 BX2

BX1 AX1 BX1

0.14 25.0  -0.27
0.23 3.07 0.41
0.30 8.60 0,31
0.36 24.5 0.51
0.41 14.1 0.62
0.47 11.1 0.70
0.53 10.1 0.78
0.58 8.90 0.87
0.63 7.70 1.00
0.70 7.73 1.17
0.7% 5.18 1.37
0.80 2.63 1.43
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TABLE 3.15 RESULTS OF ANALYSES IN DIMENSIONLESS FORM FOR

BUILDING: R, N, C.
ELEMENT: COLUMN B3
LOADING: WIND
DIRECTION: Y

LEVEL  BOTTOM MOMENT TOP MOMENT AXIAL FORCE SHEAR FORCE

A1 AY1 AY1 AY1

AY NG AY NG

12 0.69 0.69 0.65 0.68
11 0.68 0.68 0.64 0.68
10 0.68 0.68 0.63 0.65
9 0.66 0.65 0.63 0.65
8 0.64 0.64 0.53 0.64
7 0.64 0.64 0.63 0.64
6 0.62 0.62 0.63 0.62
5 0.60 0.60 0.63 0.62
4 0.50 0.59 0.62 0.60
3 0.57 0.57 0.65 0.59
2 0.56 0.56 0.66 0.57
1 0.48 0.52 0.67 0.54



TABLE 3,16 RESULTS OF ANALYSES IN DIMENSIONLESS FORM FOR

LEVEL

12
11

=N W R

BUILDING:
ELEMENT:
LOADING:

DIRECTION:

BOTTOM MOMENT

BX2
A

0.17
0.21
0.20
0.21
0.29
0.27
0.30
0.32
0.35
0.38
0.43

' 0.67

BX2
BX

0.13
0.17
0.16
0.18
0.21
0.24
0.28
0.31
0.64
0.40
0.47
0.68
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R. N. C.

COLUMN D3

EARTHQUAKE

X
TOP MOMENT
BX2 BX2
A BXT
0.18 0.14
0.21 0.17
0.20 0.17
0.22 0.19
0.25 0.22
0.28 0.26
0.31 0,29
.33 0.33
0.36  0.73
0.40 0.43

“0.47 0.51
0.80 0.78

AXTAL FORCE

SHEAR FORCE

- BX2 BX2 BX2 BX2
AX BX AX BX
0.39 0.33 0.17 0.14
0.33 0.35 0.21 0.17
0.33 0.38 0.20 0.16
0.37 0.55 0.22 0.19
0.37 0.90 0.25 0.22
0.35 0.40 0.27 0.25
0.10 0.11 0.30 0.28
0.13 0.13 0.33 0.32
0.18 0.17 0.35 0.68
0.27 0.20 0.38 0.41
0.37 0.30 0.45 0.49
0.43 0.42 0.72 0.71
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TABLE 3.17 RESULTS OF ANALYSES IN DIMENSIONLESS FORM FOR

LEVEL

N WA~ 00

BUILDING:
ELEMENT:
LOADING:

DIRECTION:

BOTTOM MOMENT

BX2

0.94
1.20
1.17
1.27
1.37
1.45
1.54
1.61
1.61
1.61
1.57
1.10

BX2
BT

2.87
4.27
4.18
4.60
4.95
5.30
5.67
6.00
6.24
5.91
5.68
1.38

SHEAR FORCE

R. N. C.

COLUMN B3

EARTHQUAKE

X
TOP MOMENT AXTAL FORCE
BX2 BX2 BXx2 BX2 BX2
A BX AX BX AX
0.68 1.48 0.47 0.40 0.80
1,13 3.31 0.50 0.52 1.16
1.06 3.04 2,40 2.53 1.11
1.18  3.96 2.09 2.24 1.23
1.28 5.00 1.89 3.86 1.34
1.47 6.39 1.64 1.76 1.43
1.53 7.63 1.32 1.41 1.54
1.61 9.57 0.92 0.98 1.60
1.72 13.4 0.48 0.50 1.67
1.96 25.7 0.22 0.23 1.77
2.51 24.7 0.90 0.95 1.94
5.75 6.39 1.82 1.91 1,85

BX2
BX

1.95
3.73
3.51
4.25
4,98
5.86
6.92
8.16
g.71
0.1
3.2
3.4

.

1
1
8
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TABLE 3.18 -RESULTS OF ANALYSES IN DIMENSIONLESS FORM FOR

BUILDING: R. N, C.
ELEMENT: END SHEAR WALL
LOADING: EARTHQUAKE
DIRECTION: X

LEVEL  BOTTOM MOMENT TOP MOMENT AXTAL FORCE SHEAR FORCE ™

Bx2 BX2 BXx2 BX2 BX?2 BX2 BX2
IvE B 'ye A BX AX BX

12 0.31 0.47 5.40 52.3  0.91 0.11 0.18
11 0.08 0.18 0.61 83.0 0.99 1.24 1.09
10 0.17 0.47 0.40 112,0 0.92 0.77 0.33
0.15 0.45 0.52 137.0  0.79 1.34 0.46
0.12 0.22 0.53 164.0 0.74 1.54 0.53
0.18 0.19 0.58 193.0 0.73 1.71 0.58
0.25 0.18 0.68 221.0 0.47 1.92 0.64
0.27 0.20 0.71 250.0  0.76 1.70 0.63
0.35 0.26 0.50 280.0 0.78 1.42 0.60
0.40 0.34 0.31 313.0 0.81 1.20 0.61
0.42 0.44 0.07 348.0 0.85 1.14 0.68
0.63 0.65 0.20 380.0 0.88 1.33 0.92

[ee]
>=<
ro

><|

LI T I

* . . . .

O W OO 0w

OO EHOOCOODO K W
L]

W MO MNWW O oo

OO DO W= OO~



70

TABLE 3.19 RESULTS OF ANALYSES IN DIMENSIONLESS FORM FOR

BUILDING: R. N. C.
ELEMENT: COLUMN D3
LOADING: EARTHQUAKE
DIRECTION: X

LEVEL  BOTTOM MOMENT TOP MOMENT AXTAL FORCE SHEAR FORCE N

BX2 X2 B2 BX2
AX1 AX1 AX1 AX1
12 0.23 0.24 .84 0.23
11 0.28 0.32 1.67 0.29
10 0.32 0.37 1.24 0.33
9 0.37 0.41 1.67 0.38
8 0.44 0.48 3.00 0.46
7 0.52 0.55 0.70 0.54
6 0.62 0.65 0.20 0.64
5 G.75 0.77 0.27 0.74
4 0.83 0.88 0.38 0.84
3 .95 1.00 0.56 0.98
2 1.09 1.18 0.75 1.13
1 1.42 1.57 1.00 1.48
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TABLE 3.20 RESULTS OF ANALYSES IN DIMENSIONLESS FORM FOR

BUILDING: R. N, C.
ELEMENT: COLUMN B3
LOADING: EARTHQUAKE
DIRECTION: X

.

LEVEL  BOTTOM MOMENT TOP MOMENT AXIAL FORCE SHEAR FORCE
BX?2 BX2 BX?2 BX2 BX?2 BX2 BX2 BX2
AT BXT AXT  BXT AXT BXT AT BXT
12 0.84 24.0 0.63 16.8 0.07 21.0 0.72 72.0
11 1.10 14.4 1.20  11.2 0.09 14.0 1.14 13.0
10 1.33 70.6 1.35  39.5 0.53 0.27 1.34 69.6
9 1.60 85.8 1.568 25,4 0.25 0.78 1.58 54.8
8 1.86 102.0 1.87 36.9 0.17 1.2 1.86 73.8
7 2.14 86.5 2.19 43.0 0.13 2.57 2.16 66.3
6 2.46 68.8 2.56 59.2 0.09 1.68 2.52 66.0
5 2.79 48.0 2.92  79.5 0.06 0.81 2.85 62.0
4 3.07 37.2 3.37 110.0 0.028 0.30 3.21 63.0
3 3.37 21.6 4.03 151.0 0.013 .11  3.67 43.0
2 3.62 24.1 5.10 45.0 0.05 0.42 4,26 102.0
1 2.20 - 2.23  6.88  30.0 0.10 1.16  3.34 4.80



TABLE 3.21
BUILDING:
ELEMENT:
LOADING:
DIRECTION:
LEVEL  BOTTOM MOMENT
BX2 BX2
AXT BXL
12 1.40 2.82
11 0.25  0.12
10 1.28  0.48
9 1.14  0.49
8 0.97  0.29
7 0.85 0.3l
6 0.67  0.33
5 0.66  0.40
4 0.78  0.54
3 0.96  0.74
2 1.13  0.45
1 1.35 1.12

R. N. C.
END SHEAR WALL

72

EARTHQUAKE

X

TOP MOMENT

BX2
AXT

15.0
2.84
1.30
3.79
3.91
4.80
3.11
1.88
1.21
0.70
0.16
0.53

BX2
BXT

0.22
0.53
0.83
0.75
0.78
0.84
0.90
1.02
1.19
1.58
1.40
0.88

RESULTS OF ANALYSES IN DIMENSIONLESS FORM FOR

AXIAL FORCE

SHEAR FORCE

BX2 BX2 BX2 BX2
AX1 BX1 AX1 BX1
69.0 0.14 0.52 0.10
110.0  0.18 1.00 0.29
157.0  0.23 0.90 0.27
200.0 0.26 3.0 0.38
248.0  0.30 6.93 0.45
300.0 0.33 6.29 0.51
353.0 0.37 6.14 0.57
409.0 0,41 5.51 0.65
467.0 0.45 5.00 0.75
532.0  0.4¢ 4.47 0.89
600.0 0.53 3.67 1.06
660.0  0.57 2.18 1.20
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If the tabulations for each of the structural members are compared
between static loading and dynamic loading in the x direction it can be
noted that while the ratios are different, the trends are quite
similar. Thus the general comments made for the static loading are
applicable to the dynamic loading also. It is to be expected that the |
ratios for dynamic loading will be different from those for static
loading for the nature of dynamic loading is different from the nature
of static loading. Static wind Toading is not dependent on the dynamic
characteristics of the structure whereas dynamic earthquake loading is
dependent on mode shape, frequency, and damping. In an earthquake the
force generated at each floor level is proportional to the acceleration
at each floor level, and this, in turn, is a function of the
displacement of each floor and this is manifest in the mode shape, The
influence of frequency and damping are shown in the frequency response
spectrum for specified values of damping in a single degree of freedom
system subjected to the earthquake.

If the initial design assumption underestimates the natural
frequency and the spectrum increases with frequency then the design
Yoads would underestimate the actual ones. If the spectrum decreases
with frequency then the reverse would be true. Figure 3.23 shows the
frequency response spectrum for the ET Centro earthquake in the form of
the peak acceleration for a single degree of freedom system with 1 per
cent damping. The response at the design frequency, 1 Hz, as is
computed by the bare frame model, is about 50 per cent less than at the

measured frequency 1.99 Hz. Thus an underestimate of the natural
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frequency in this frequency region results in an underestimate of the
peak earthquake load.

For the x direction each table shows the ratic of the BX2 model to
some other postulated mode., The BX2 model produced more or less a
straight line mode shape. Thus, in the x direction, close agreement inw
values of ratios between the static and dynamic results is not to be
expected.

In the y direction the models produced mode shapes that agreed
guite closely, and thus the static and dynamic loadings should produce

reasonably close values. Study of Table 3.22 indicates that this is

indeed the case.

3.5 <Concluding Comments

An overview of the analysis of the Residential Nautical College
‘building indicates that stiffening of one row of columns by adding
infill partition walls attracts loading to that line of columns. This
can increase the bending moment in the ¢olumns several times over that
which is computed if the stiffening effect of the infill partitions is
negliected. This.cou1d possibly seriously alter the factor of safety for
this building.

It is disturbing to note that if an illogical design assumption is
made, i.e. that the shear walls and coTumn 1ine B are independent (type
AX) a simple bare frame analysis would yield much more accurate loads

than would a more logical bare frame analysis (type BX).
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TABLE 3.22 RESULTS OF ANALYSES IN DIMENSIONLESS FORM FOR

BUILDING: R. N. C.
ELEMENT: COLUMN B3
LOADING: EARTHQUAKE
DIRECTION: Y

LEVEL BOTTOM MOMENT TOP MOMENT AXTAL FORCE SHEAR FORCE

AYl AY1l AY1 AY1

I\ A RY Y
12 0.64 0.64 0.59 0.64
11 0.63 0.63 0.58 0.63
10 0.63 0.63 0.58 0.63
9 0.62 0.62 0.58 0.61
8 0.60 0.59 0.58 0.59
7 0.57 0.56 0.58 0.56
6 0.54 0.54 0.58 0.54
5 0.52 0.52 0.59 0.52
4 0.50 0.50 0.59 0.50
3 0.49 0.48 0.60 0.48
2 0.47 0.47 0.60 0.47
1 0.44 0.43 0.61 0.44
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The results also indicate that a poorly conducted vibration test in
which mode shapes were not obtained or used could result in highly
erroneous assumptions of load distributions, sometimes far worse than
would have been assumed had the test not been carried out.

It is noted that the models presented for the R. N. C. building
represent different exampe of structural member interaction. For
example, when end shear walls are included in frame line 8, a different
interaction from that obtained when they are omitted is observed. This
means that the reversed moments put into the shear walls by the floors
are intensified when end shear walls are integrated into frame Tine B.
This changes the mode of deformation of the entire building. If, in
addition, the effects of the partitions are included, then the mode
shape for the structure changes further to the pronounced shear shape of
the measured mode shape.

The ratios shown in the tables indicate that in some instances the
more correct model will yield design values that are several orders of
magnitude larger than the traditional model would provide. This does
not necessarily mean that the structural member is underdesigned by this
factor for different models could well provide a critical design value
at some other level in the structure which would have a different
ratio, This study deals only with estimation of lateral loads. Design
is based upon a critical combination of vertical dead and 1live loads
plus the effects of lateral Toads. Therefore lateral Toads that are
orders of magnitude different from the design lateral loads affect the

factor of safety by an amount depending upon the original design



78

assumptions of the contributions of lateral loads as compared to the
remaining contributing loads. Since the exact design details are not
known in this case no estimate of the safety of the structure can be

based on this study alone.



CHAPTER IV, THE BRITISH RAIL BUILDING

4.1 Building Location and Geometry

The British Rail (B. R.) building in Plymouth, England, is sited in.
a small valley and is used as general office accomodation. The building
is rectangular in section with a large raft type foundation, It is 42 m
high and is comprised of eleven stories above ground. Figures 4,1, 4.2,
and 4.3 show a typical floor plan and two elevations. Like the
Residential Nautical College building studied in Chapter III, the B. R.
building is a medium-rise conc¢rete building. But while the R. N. C.
buiiding is a flat slab type of construction the B. R. building has
ribbed floors and beams,

The plan view shown in Figure 4,1 portrays three elevator cores and
three pairs of shear walls. One pair of elevator cores is near one end
of the rectangle and the remaining core is close to the other end of the
building. Two pairs of shear walls are external, and the remaining pair
is near the