TIME-HISTORY RESPONSE OF BUILDINGS WITH UNUSUAL CONFIGURALIONS

by
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. SYNOPSTS

Many buildings are of such size or slendermess, oOr have such unusual
configurations, that they are different than the idealized models used in
earthquake research and as a basis for code development. Moreover, many
structures such as those in nuclear power plants present great risks in
the event of earthquake failure. The building-code design approach in
such cases is inapplicable and inadequate. However, it is feasible in
. today's state of experience and knowledge, and with the aid of the large
- capacity computer, to compute the response of any building configuration
to the time-history of real or artificially generated earthquske motions.
Data from such analyses are presented for school buildings, multistory
setback,buildings, and a nuclear power plant building.

.GLOSSARY OF TERMS

Q
[

base shear coefficient

‘ cf_, = tov}erfbése shear coefficient
D = plan dimension of the building, L
E = dynamic modulus of elasticity, FL"2
G = aynamic shear modulus, FL =
H = height of building, L
,Kg, = lateral foundation shear spring stiffness, L
Ks = vertlical foundation spring stiffness, FL -3 ”
K, = lateral foundation side spring stiffness, FL -t
L = longitudinal plan dimension of diaphragm, L
N = number of storles in building
P = story above which setback occurs
Ti N th mode natural period, T
v, V]3 = base shear, F
V'I‘ -~ = tower-base shear, FA
W = welght of entire building, F
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= weight of tower, F

'4,_32

= +transverse plan dimension of diaphragm

¢ = degree of setback, dimensionless

kxi = stiffness in the ith stor{, FL-l

kxﬁ - = a constant stiffness, FL N

Akx = incremental stiffness, FL

n ‘= & constant mass,.FL'lT2

my = value of the ith lumped mass, FL 1T2

P = P/N, level of setback, dimensionless
Ypr Vi Qw = modal deformatiohs as shown in Figure 2
Superscripts | ' Units

M = meter F = force T = time

T - = ton, metric: , L =

length

INTRODUCTION .
There are many bulldings with external configurations that are quite
" different from idealized rectangular shapes in plan and in elevation.
Examples would include L or U-shaped floor plans, and buildings with set-
_backs in one or both elevations -- perhaps symmetrical and perhaps not
symmetrical about the vertical axis. = Many buildings have roof level ap-
pendages in the form of penthouses or towers. There are also rectangular
shapes 1n plan or elevation that are so slender that traditional design
concepts and normal code requirements may not be appropriate as a sole
basis for design. Industrial installations such as nuclear power plant
buildings may depart radicelly from the ordinary concept of symmetrical
buildings with typical floor plans, and in addition may present such risks
that ordinary design approaches to earthquake resistance are wholly inap-
plicable and inadequate. Unusual geometric shapes may hdve no resemblance
.to the shapes of buildings considered in research efforts and as a guilde
for earthquske code requirements. :

Although it is desirable tc avold asymmetric shapes when possible,
especially if these lead to coupled modes, this can not always be done.
~It is essential in such cases -- and in fact for all unusual shapes or
configurations and all important structures from the risk viewpoint --
to employ dynamic analysis rather than depend upon code methods that may
. not treat the problem properly or'realistlcally Theory, with computer
- aid for labor and time saving, is adequate today to analyze models of any
structure -- no matter how odd or complex -~ for any real or designed
‘"gground motion, no matter how complex. The problem, however, is twofold--
. to create a representative model of the structure, and to keep the overall
*;o‘eratlon,on a practicable level of time, cost and refinement. These
'matters are not eas1ly resolved and . require a pr0per balance of advanced
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theory, computer technology and a sound knowledge of real structures and
of dynamics, together with sound engineering judgment. Results of the
analyses of some structures with unusual configurations will be presented
to illustrate the response of such structures. Detailed procedures are
beyond the scope of this paper.

A SLENDER SCHOOL BUILDING

Even one-story buildings can present unusual configurations and
problems in earthquake analysls. School buildings tend to be long and
narrow. If permanent transverse walls are used between classrooms, or
other rooms, the roof diaphragm spans are short and the diaphragm span-
to-depth ratios are small. Such roof systems are generally strong and
rigid and have short natural périods of vibration. (1)(2)(3) In such
cases, the popular design assumption that the diasphragms are infinitely
rigid in their own planes may be satisfactory. However,. there is a
tendency toward movable partitions rather than permanent walls, and also
toward open spaces and a great deal of glass in the side walls. In some
“‘cases, interior partitions even though not movable, may be non-structural
and may not be connected to the disphragm system, The result is a struc-
tural system that may be termed an open staple, or a flat upside~down U
consisting -~ for latersl resistance -~ of two end walls connected by a
long, slender roof diaphragm., The small columns or posts in the side
walls carry vertical loads but usually offer essentially no resistance
to lateral forces. The diaphragms may have span~-to-depth ratios of 3, b
or more,and this system may have dangerous response to earthquake motion.

The top story of one such building designed to seismic standsrds
suffered end wall damage in the 1952 Kern County earthquake. (%) Although
some poor workmanship was blamed for the damage, dynamic phenomena --
not covered by the bullding codes -~ seems to have been an even greater
factor. Four models of this type of structure were subjected to three
different earthquake excitations. '

Idealized Models. Tigure 1 illustrates idealized models of one-story
buildings, or of the top stories of 2 or 3-story school buildings. The-
columns between the end walls are assumed to offer no lateral resistance
and are therefore not shown. However, the diaphragms have adequate verti-
cal support. The two end walls provide the entire vertical plane trans-.
verse resistance. Model No. 1 has the same roof dimensions as the school
building that suffered end wall damage in the 1952 earthqueke. (4) The
roof weights in kips are Th2, 558, 371 and 186 for Models 1 to 4 respec-
~tively. The following properties are common to all four models:

End wall gross area '3130 in2
" " effective shear area 2610 in®
W% poment of inertia 31.5 x :L‘O‘sin)+ h
" " polar moment of inertia 31.52 x 106inu
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Diaphragm gross area k 1970 in2

" effective shear area 1640 ine
" moment of inertia 66.2 x 1061nu
Tributary weight of each end wall 34.5 kips

Modulus of elasticity, wall and roof = 2 x 103 kip/in2

The models were assumed to have full continuity between the walls and
the roof system, and the base of each wall was assumed to be fixed. No
other restraints were imposed., Shear, flexure and torsion were considered
in the analysis. There must be geometric compatibility between the end
rotation of the digphragm in lateral flexure and the torsional rotation at
the top of each wall. It is to be noted that the gross translation of the
dlaphragm is a result of its translational shear and flexure, torsional
freedom in the end wells, and shear and flexure in the walls, Earthquake
motion was applied parallel to the end walls., Figure 2 shows the funda-
mentel mode shape and the lumped-mass model. This composite system was
. analyzed as a series of lumped masses for natural periods of vibration and
mode shapes and was then subjected to the recorded earthquake acceleration
time history of three earthquakes. Damping was taken at 5% of critical
and the response was assumed to be elastic.

Table I shows the natural periods of vlibration and the ratio of the
translation of the midspan of the roof to the translation of the top of an
end wall in the first mode. For Model No. 1, the maximum deformation in
the first mode (at the center of the roof) is 14.7 times the translational
deformation of the wall tops, This indicates that the diaphragm, often
assumed to be rigid in design, is actually s dominant part of the dynamic
system. The 0.1l75 sec fundamental mode period for this model is less than
the measured period of 0.25 sec for the school building referred to above.
The second mode period of 0.084 sec compares to a measured period of 0,10
sec. The differences are due to two basic factors -~ the real bullding
has two stories rather than one and therefore more wall deformation, and
the assumed modulus of elasticity and isotropic material behavior for the
model -are no doubt in error. Moreover, the long roof overhang may not be
fully effective as assumed for the model. :

~ Earthquake Reaponse. All four models, with assumed damping at 5% of
critical, were subjected to the recorded (digitized) earthqueke motion of
three earthquakes: the first 15 seconds of Taft 1952, N69°W component;
-the first 5 seconds of El Centro 1940, N-S component; the first 6 seconds
of San Francisco 1957, Golden Gete Park record, S89QE component. It is
believed that the portions of the records used account for most of the
severe motion. However, slightly greater response would be expected if
- the entire records had been employed, especially for El Centro.

; Figure 3 shows the elastic response acceleration for the 1umped mass

~at the midspan of the diaphragm under the three different earthquakes and

~ for the four models with diaphragm span ratios, L/Y, of 1.0k, 2.11, 3.18
and 4.22. The tremendous increase in response acceleration with increas-
hr&gm span is obvious for ratios greater than 2. Although normal
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code design coefficients might be adequate for span ratios. of 1 or P,

- they are inadequate for all three eerthquakes in the I./Y range of 3 to }
and more, unless much ductility can be mobilized. However, because o
great deal of shear response 1s involved it is doubtfTul if much ductility E
is generally available. These midspan response accelerations are the
maxima for the models; thus the midspan corresponds, in this repgard, to
the top of a tall building where maximum accelerations usually occur.

Figure 4 shows the base shear coefficients, applicable at the base
of each end wall to all tributary weight above that point, to meet the
"earthquake demands. Torsional shear effects are not included in these
coefficients. The El Centro values are all well above code coefficlents,
and increase rapidly above an L/Y ratio of 3. The Taft and San Francisco
earthquake demands are considerably less than for Il Centro.

Figure 5 shows the maximum unit shear stresses at the top of each
end wall under the actual earthquake exposure, for the four diaphragm
slenderness ratios. The total gross area of the wall was used. The
effect of the rotation of the walls due to the end slopes of the diaphragm
_spens has been included in all cases, although shown separately only for
the El Centro earthquake. Unit stresses in ‘earthquakes obv1ously increase .
with the dlaphragm span ratios.

It appears not only that real earthquake forces are greater than code
requirements but alsoc that normal static design procedures are inadequate
- for building configuratiens such as represented by Models 1 and 2 with
diaphragm ratios in the order of 3 and 4, or greater. The use of interior

structural walls or frames wouwld reduce these ratios and materially de-
crease seismic risk in school. buildings. "If these walls or frames can not
be provided for any reason, dynamic design is indicated or else improved
code provisions are needed for buildings of this type and configuration.
Tt is understood that based upon this study improved design practices and
code provisions are in process for California school buildings. -

SHEAR BUILDINGS WITH ”E“BACKS

A highrise building with one or more setbacks (Figure 6) is another
configuration presenting special problems. American codes (5) (11) have
special provisions for computing seismic design forces for such buildings.
If the setback at a given level in a building is significant, one may
expect stress concentration at the setback level when the building is
subjected to ground motion. The codes try to deal with this problem by
specifying the alternative of treating the tower portion of the building
as & separate structure. The separate tower concept, however, does not
take into account the fact that the ground wmotion is modified greatly by .
the base portion of the building before it affects the tower. The tower
is subjected to an essentially harmonic forced vibration instead of the
nearly random motion of the ground. Another problem may arise if the set-
back is asymmetric. The torsional and translational vibrations of a i
building with unsymmetric setback will, in general, be coupled This may
cause severe tor81onal vibrations in the building. ' :
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A study of the effect of setbacks, both symmetric and unsymmetric,
on the Yresponse of tall buildings to earthquake ground motion has been
made and presented elsewhere. (6) Some of the results obtained in that
study for the case of bulldings with symmetric’ setback are presented
herein. The following assumptions are made in the analysis: the masses
are lumped at floor levels; the stiffness is linear elastic; and the
damping is linear viscous. Besides these usual assumptions, it is assumed
that the stiffness of the building is of the close coupled type; i.e., the
shear force acting in a story is independent of the deformations in other
storles. 'This is a shear building with rigid floor systems. (7)

; An N—story building with a setback above the ptB story is shown in
Figure 6. The setback is symmetric about the x-axis, and it is assumed.
that the motion of the building along this axis is uncoupled from torsion
or translation in the y-direction, The following distribution of the
mass, ‘my , and the story stiffness, kxi , over the height of the bullding
is assumed:

In the base portion (1 < 1 < P):

m = m
i
ke, = kx! o+ Ak_x.(P-i+l)+cAk.x (N P+1) (1)

In the tower portion (P +1 < i <N):

m = cm
i

kx, = cuor) + c.fkx . (N - 1) , (2)
In equations (1) and (2) kx} , Akx and m are constents. These dis-
tributions are shown graphically in Figure 7. The masses have a constant

“value in each part of the structure: in the base portion and m, in the
tower portion. Then from the above equations
¢ = m/m ; | | (3)

¢ 18 termed the degree of setback. One may also define p ='P/N as the
level of setback. These two quantities are then the parameters of the
setback. The range of both parameters 1s given by 1 > c,p > 0. However,
it should be noted that p.can take on only a few discrete values within
this range.

In eqpations (1) and (2) kx} (c.kx) 1s the constant part in the
story stiffness and Akx (c. Akx) 18 the increment in stiffness per story
in the base (tower) portion of the structure. The degree of setback, c,
is assumed to have roughly the same effect on story stiffness as on the
mass. The ratio Akx kxnewas taken equal to 1/3; the ratio kx!/m vas.
chosen equal to 580 sec™< to obtailn & period of approximstely 1 second
for a 10~-story uniform (1.e., ¢ = 1) building to satisfy the code formula

= 0, 1N. _
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Results of the modal analysis and response computations for l5-story
bulldings with varying levels and degrees of setback having the ldealized
properties described above were obtained. Due to lack of space the equa-
tions of motion and the procedure for their solution will not be discussed
here. Reference mey be made to structural dynamic textbooks, e.g., refer-
ence (8). The effect of setback on the natural periods is shown in Figure
8. Note that the values ¢ =1, p = 0 and p = 1 each represent a uniform
building, The fundamental period 1s seen to be decreasing with decreasing
¢ for all levels of setback. The decrease seems to increase as the set-
?ack levsel 1s shifted from either end (i.e., p =0or 1) towards midheight .

p =05 '

Time-histories of various responses of the same lS-story buildings to
the N-S component of EL Centro 1940 records and the N6GOW component of
Taft 1952 records were computed and, among othér things, the maximum values
of base shears, V, , and shears at the base of tower, V, , were obtained. "
Four modes were considered in the response computations, with damping
values of 4% of critical damping in the first two modes and 6% in the third
and fourth modes. Only the first 15 seconds of the ground motion records
were used as input since computations for a few selected cases using the
entire records showed all the maximum responses occurring well within the -
first 15 seconds :

. The ratios of maximum base shear coefficient Cp to the maximum base
shear coefficient of the uniform building, Cp (¢ = 1), are plotted in
Filgure 9, - Similarly the ratios of the tower-base shear coefficlents
(CT = VpWp , where WT is the weight of the tower) to the shear coefficient
at the corresponding level in the uniform building, Cp (¢ = 1), are plotted
in Figure 10. For the purpose of comparison similar ratios computed from
the values obtained from the code specifications (5) are also plotted in
these figures. It should be ndted that the reason for comparing the ratios
of the shear coefficients, instead of their actual values, is to measure
the relative effectiveness of the code provisions for buildings with set-
back. The actual values of the code shear coefficients are much smaller
than the corresponding computed response values, as would be expected. .

The striking feature of Filgure 9 is the difference between the Taft
and the El Centro curves. The El Centro responses indicste, in general,
an increase in the base shear coefficlent as the tower size decreases
relative to the size of the base portion (i.e., as.c decreases), for all
levels of setback. The Taft responses indicate, in general, very little
change and even a slight decrease. The code curve falls somewhere between
the Taft and the E1 Centro curves. The effect of setback on the base
shear coefflcient is thus apparently strongly dependent on the character-
istics of the ground motion which may be roughly represented by its re-
sponse spectrum. These characteristics may be significantly influenced
by the local geologic conditions. However, until such relations can:be
well established and incorporated into code provisions, the proper. alter~;
‘native seems to be more accurate computations of seismic design forces.

instead of a straightforward application of code specifications. More
than one earthqueke is often desirable in analysia to provide for various
possible ground motions.
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The Taft and El Centro curves in Figure 10 show a more mutually
consistent effect of decreasing c on the tower-base shear coefficient,

. viz,, they increase as the tower size decreases relative to the base
8ize. -A comparable effect 1s seen in the code wvalues when the setback’
level is below the midheight (p < 0.5) of the building. However, when
the setback is agbove the midheight level, the increase provided by the
code speclifications is significantly less than that observed in the
computed response values. This situation can possibly be improved by
introducing proper scale factors in the code formula for the computation
of tower-base shear coefficients.

‘ The setback building results reported herein were obtained by one
of the authors (6) at the University of Michigan, Ann Axbor, partially
under & research project sponsored by the National Science Foundation.
The author gratefully acknowledges the guidance and encouragement pro-
vided by Professor G. V Berg during the course of that work.

NUCLEAR POWER PLA.NT BUILDING

The type of structure represented by a reactor building is, gener-
ally speaking, not adequately covered .in any building code. This type of
building is often a massive reinforced concrete structure consisting of
six or seven floors with a steel braced structure at the top. Such struc-
tures are built on a single concrete foundation mat and are so rigid that
the effect of soil-structure mterac*bion cannot be neglected nor can other
dynamic influences.

'F:Lgure 11 is a section through a typical reactor building. This
building 1s roughly square in plan, For the dynamic analysis of this
- bullding an equivelent multi-mass mathematical model, shown in Figure 12,
is constructed to approximate the system., Masses are lumped at each
floor level except that the top story steel frame is represented by an
equivalen‘b milti-mess system. Fach story level mass represents the mass .
of concrete and equipment at each floor and the tributary mass of the
concrete and equipment between adjacent floors. The top story messes are
similarly developed but include the tributary mass of the walls, frame,
bridge crane, and the mechanicel equipment of the top story. The average
area and moment of inertia of the concrete between floors is used to de-
. termine the stiffness characteristics betveen masses. The stiffness of
the top steel story is determined by calculating the force—deﬂection
lationship of the steel bracing. - ; ;

. The soil—-atructure interaction of the reactor building, whether
: Ufoun&ed. on rock or s0il, may have a considerable effect on the response
- of the structure. For this reason it is necessary to include in the
effect of the foundation material. Eguivalent springs may be
oduced as indicated in Figure 12. The stiffness of these springs is
ed from equations developed for the case of a rigid plate on a
inite elastic half-space. (9)(10) The stiffness of the springs
1ese equations has been checked using elastic finite element
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-methods of analysis. Although excellent agreement was found in the
cases checked, the finite element method offers advantages; in fact,

it 1s expected that it will soon be feasible to model the entire soil-
structure system using finite element techniques. In order to apply
the elastic half-space equations, or use the finite element methods,

it 1s first necessary to obtain the elastic properties of the foundation
material. This is done by appropriate field and laboratory tests.

The effect of rocking and translation of the foundation is coupled
with and greatly influences the response of the significant modes of
vibration. Thus the effect of the flexibility of the foundation can not
be treated as an independent mode, as has been done in many cases,

‘When the mathematical model, the building properties and the founda-
tion springs are determined, computer programs based on known procedures
can be used to determine the stiffness and mass matrices, natural periods
and mode shapes, and various responses (time-histories and maximum :
values). The details of the procedures will not be discussed here due to
lack of space and since these are available elsewhere, '

The first three natural mode periods of the model of Figure 12 are
glven in Table II for two different sets of foundation springs. One set
(case 1) of foundation springs represents the actual soil conditions and
are shown in Figure 12. The other set (case 2) represents a much stiffer
~ poil, resulting in foundation spring stiffnesses that are roughly twelve
times greater than those showm in Figure 12, The results show that the
soll conditions have a significant effect on the natural mode periods and
thus also affect the building responses to earthquake ground motion.

The responses of the mathematical model of the reactor building to
the N69OW component of the Taft 1952 earthquake records were computed
using five percent of critical damping in each of the lowest three modes.
The maximm velues of the shear, overturning moment, and acceleration
~ responses are shown in Figures 13 through 15. The maximmm value of the
various responses at different levels do not necessarily occur at the
same time. For the purpose of comparison, the shear forces and overturn-
ing moments obtained by the application of Uniform Building Code (9) are
also shown in two of the figures for K = 1.33 and Z = 1.0. The rigorously
computed fundamental mode period of 0.34 sec was used in these computa=
tions. The code formula would lead to a fundamental period of about 0.8
sec for this unusual structure, as compared to the 0.34-sec value which
includes the effects of ground flexibility. Had the 0.8-sec value been
used in the code shear equations, the design values would have been
further reduced below those computed for response to the real earthquake
motion, , :

There are some excellent references (8)(12)(13) on various phases

of the computation procedures involved in multi-mass analyses. However,
the detailed refinements and the coordination of the many disciplines
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required for massive time-history analyses are complex and important.
In the nuclear power plant analysis outlined herein, many participated
including Messrs, Haupt, Husain, Jain, Solanki, and Soleymani, with .
B. J. Keith supervising. '

CONCLUSION

The earthquake response analyses of unususl bulldings -- whether
“unusual" refers to geometry, to size, to shape, to asymmetry, and/or
to risk and the consequences of failure -~ can now be, and should be,
accomplished by time-~history or other realistic methods. The degree
‘of relisbility is limited mainly by the ability to model properly real
structures and soil-structure systems, and probable ground motion at
any given site., Generally, the design values obtained from normal
seismic code provisions applied to unusual structures, are much less
than those obtained from specific response analyses. The record of
great differences between ordinary code.values and spparent resal values
in severe earthquskes (based upon time-history analysis) continues to
grow. At the same time, the list of damages to, or failures of,
buildings designed to ordinary code values by ordinary static procedures
is growing. It is essential for unusual configurations -- and desirable
‘for all configurations -« to reconcile analysis and design procedures
with the reaml earthquake problem and its probabllistic aspects.
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Table I - Natural Periods and Relative Model Deformations

Model L Ty Tp T3 » yh/y
number Y sec sec sec W
1 - b,22 0.175 0.084 0.054 4.7
2 3.18  0.119  0.060  0.039 8.5
3 2.1 0.076  0.040 0.026 b7
L 1.0k 0.042 0.022 0.0l 2.4

Table II - Natural Mode Periods,
Nuclear Power Plant

Mode - Natural Periods, sec
Case 1 - Case 2

1 0.3kk  0.220
0.191 0.160
3 0.108 ~0.058




