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STEADY STATE VIBRATION TESTS OF A 

SIX-STOREY REINFORCED CONCRETE BUILDING 

A, M. Re ay* gnd R. Shepherd** 

Synopsis 

five modes of vibration of a six-storey 
reinforced concrete building were excited by 
steady-state resonance testing. Good correl­
ation between predicted and measured frequencies 
was obtained. 

In the lateral translation tests, two 
translation modes and the vibration of the roof 
as a free-free beam were excited. Damping 
measured in the fundamental mode was k.1% 
critical and the average contribution of found­
ation compliance to the top«storey deflection 
was 32%. Damping in the second translation mode 
was 6*6% ana of the free-free beam vibration, 
3.6%. 

The first torsional mode of the building 
was excited, and for an eight-fold increase in 
exci tation force, the natural frequency reduced 
by 1 . 2%, indicating a slight degree of non-
linearity in t he response, Damping in thi s 
mode was 6 . 9 % , no change be ing noted for the 
eight-fold force increase, 

In the longitudinal direction, two modes 
were excited, the first torsional mode and the 
first 1ongi tudinal translation mode. Propertie s 
of the former were similar to those determined 
from the torsional response test. Damping in 
the translati on mode was 1 0 , 1 % and the founda­
tion compliance contributed 2k% of the top-
storey d e f l e c t i o n 0 

Introduction 

The importance of accurate predi cti on of 
the dynamic elastic characteristics of a pro-
posed building is well recognised by designers 
in earthquake prone a r e a s ^ * ' . Nevertheless the 
idealisations by which a prototype building is 
transformed into a model amenable to mathemat­
ical analysis are rarely questioned despite the 
availability of relatively few studie s of the 
correlation between predi cted and measured 
dynamic properties of full scale structure s. 
Consequently the opportunity to Investigate the 
steady state small amplitude vibration response 
of tall buildings in Chri stchurch has re suited 
in several such structure s be ing tested. • In 
thi s paper trie investigation carried out in the 
six-storey Zoology building at the University 
of Canterbury is described and tne correlation 
between measured and predicted behaviour is 
presented. 

The buiIdi ng is Inherently rigid since 
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this solut i on was con sidered by the de signers, 
the New Zealand Mini stry of W o r k s , to be the 
most economical and suitable for a science 
buiIding of the proposed height. 

When te sted the structure of the building 
was complete, and most of the upper floor 
partition walls and ceiling panels had been 
erected. Benches and cupboards, while not 
generally installed, were stored in the rooms. 
The two lifts were installed but were not 
operational. Stairs at both ends of the build­
ing were complete . 

The principal vibration tests, extending 
over a two-month period, were de signed to 
determine the normal mode propertie s of the 
strueture, including the consideration of the 
effect s of a varying excitation force on the 
re sponse. Soil foundat ion interation was 
measured and the damping characteristies of the 
whole building were determined. 

The Structure 

The Zoology Building is a six-storey rein-
forced concrete frame and shear wall structure 
with a penthouse on the roof at the north end 
containing the lift machinery and heating and 
ventilating plant. The building is part of a 
science complex and is 1inked to the remainder 
of the complex by an elevated steel-framed 
corridor located on the north end at the first-
floor level. The corridor struc ture is self-
supporting and connected to the Zoology BuiId­
ing by a siiding bolted joint, to ensure that 
the dynamic re sponse of this buiIding is not 
modified by a rigid connection to another 
structure. 

A general view of the building is shown 
in Figure 1 and the overall dimensions and 
standard structural details of the fraraes, 
w a l 1 s , floors and foundat ions are pre sented in 
Figure 2 . 

The principal vertical load supporting 
element s are the frame s, spaced at 9 * - 0 M 

centres, the transverse shear walls taking 
only the vertical load of the f rame s they 
replace. The lateral loading in the transver se 
(east-west) direction Is re si sted primarily by 
the two major transverse shear walls towards 
the ends of the structure, the load being 
distributed by in-plane beam act ion of the 
floor slabs. The central shear wall extends 
only from the foundations to the first-floor 
level, and the frames, although more numerous, 
are many time s more flexible than the shear 
walls and contribute very little to the total 
lateral stiffness. Lateral loading in the 
longitudinal (north-south) direct ion is 
resisted by the exterior w a l 1 system shown in 



Figure 2 . 

The reinforced concrete frames contain 
columns 2 7 inches deep and 1 5 inche s wide at 
foundat ion level and 2k inches deep and 1 3 inches 
wide from the ground floor to roof level. The 
columns are integrated with the exterior wall and 
are reinforced with an average of 1 . 8 percent of 
deformed mild steel bars. Beams, 30 inches deep 
and 12 inches wide, were cast with the floor slab 
to form " T " beams of ^0 feet span. In g e n e r a l , 
the beams are reinforced with three 1 inch and 
three l\ inch deformed bars at the columns and 
six 1 inch deformed bars at mid span. The trans­
verse shear walls and exterior w a l 1 s are nomin­
ally re inforced with addi t i onal trimmer bar s 
around all openings. 

Se condary re inf orced concrete w a l 1 s , such 
as those completing the lift shaft against shear 
w a l 1 3 and several minor walls extending only 
over one storey, were isolated from the floors 
and other structural walls by the provi sion of 
soft packings at the junctions, together with 
d o w e 1 bars embedded in slack fit socke t s. 

Cast in si tu re inf orced concrete stairs are 
provided at each end of the structure. In 
bo th cases the f 1ight s are cast clear of shear 
walls and are de signed to span f rom landing to 
floor slabs, ensuring that the stress pat tern 
in the shear w a l 1 s will not be affected by the 
stair f 1 i g h t s . 

A l 1 suspended slab floors are 5 i inch thick 
reinforced concrete. The main roof is of 
similar construct ion to the floors but ha s a 
structural thickness of only k\ inches, with 2 
inch precast paving slabs over the exposed roof 
area to protect the waterproofing membrane. 
The ground-floor slab, 6 inche s thick and 
nominally reinforced with steel me sh, is cas t 
on consolidated shingle fill. 

A l 1 major structural element s are of cast 
insitu concrete, the only precast element s 
being the exposed aggregate exterior facing 
panels (which were used as permanent s h u t t e r i n g ) , 
the precast facing columns at each end of the 
building and minor architectural iterns such as 
the stair treads and solar screens. 

The average twenty-eight day compre ssion 
strength of the concrete in the shear walls and 
frame s was 5 , 5 5 0 p.s.i. with a range of value s 
from k, 8 0 0 to 6 , ? 0 0 p . s . i . as determined from 
standard cylinder compre ssion tests. 

The strip footing foundation system 
extends seven feet below natural ground level 
to a layer of loose sandy gravel. This loose 
sandy gravel is hundreds of feet thick with 
occasional thin 1 a y e r s of sand and is a typical 
section of the fluvial, marine and e stuarine 
depo sit s of the Canterbury Plains. 

Bearing pre ssure s based on the area of 
strip footings were calculated as k kips/sq.ft 
at the time of testings 

Vibration Exciter and Measuring Equipment 

A unidirectional sinusoidal vibration 
exciter utilising counter balanced mas se s 
rotat ing about a horizontal axis was used to 
shake the building. 

Di splacement met ers were used to measure 
the horizontal and vertical motion of the 
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building, the signals from the se instruments 
being re corded simultaneously on an o sci 1 1ogram. 

Details of the exciter and meters have 
be en publi shed p r e v i o u s l y ( 2 ) , 

Testing Procedure 

Prelimi nary tests we re undertaken to 
determine approximate normal mode properties to 
the Zoology BuiIding. The vibration exciter was 
located centrally on the roof of the Zoology 
Building with the axis of the machine paral 1el 
to the 1ongi tudinal axi s of the building. The 
exciter was run steadily through a frequency 
range of 2 to 1 3 cycles per second, and the 
ampli tude re sponse at three point s along the 
roof (the centre and north and south ends) was 
cont inuou sly re corded. Approx imate normal mode 
shape s and frequenci e s were derived from the se 
re suit s and we re used as a ba si s for the pos­
itioning of the exciter in the subsequent tests. 

The principal tests on the Zoology Building 
were divided into three series, each being 
designed to emphasise a part icular response 
characteristic of the building by the selected 
location and orientation of the exciter for 
that series. The three series determined the 
re sponse of the s trueture in lateral transla­
tion, longitudinal translation and torsion. 

The procedure u sed for each of these series 
involved, initially, determining the di splacement 
re sponse of the roof, f ourth, and second floors 
horizontally, and the ground, horizontally and 
vertically, on line with the centre of action 
of the exciter. Displacements were recorded at 
close intervals throughout the frequency range 
applicable to the series under consideration, 
displacement re sponse curve s were plotted and 
natural frequencie s of the various mode s excited 
were determined. The normal mode shape s of 
the se mode s we re then de termined by re cording 
the response at points throughout the structure 
to excitation at a minimum of five frequencies 
close to the natural frequency of each mode. 
Four di splacement me ters, three hori zontal and 
one vertical, were used to determine the mode 
shape s, whilst the fourth hori zontal meter was 
used to repeatedly record the response of the 
roof at the exciter, as a check on the response 
of the structure over the period of the test 
series. 

The arrangement of the equi pment for the se 
tests required five operator s. The vibration 
exciter, associated control and frequency 
measuring sy st em were operat ed from wi thin a 
tent on the roof. The oscilloscript recorders 
were installed in the ground floor 1aboratory 
at the south end, the test being controlled from 
thi s 1ocat ion. In addition, three separat e 
locations of the three mobile hori zontal di s ­
placement meters required the constant attend­
ance of personnel at each instrument to adjust 
the instrument s as neces sary. The vertical 
di splacement meter was always positioned wi th 
one of the hor i zontal di splacement meters 
enabling the one operator to control both, and 
the f ourth horizontal di splacement meter and 
associated dynamic strain bridge was operated 
by the technician controlling the vibration 
exciter. 

Communication between the five personnel 
was by field telephones 1 inked by wire s run in 
conjunct ion wi th the coaxial cables and power 
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these curves is the same. 

The experimental and theoretical mode 
shapes for the first lateral translation mode 
are shown in Figure k* The theoretical mode 
shape and frequency were derived using the 
stiffness matrix, matrix iteration approach^ ^ , 
both a rigid and a f l e x i b l e 1 ^ ^ base condition 
being considered. It can be seen that the 
structure Is deforming principally as a shear 
building would, together with a base rotation 
and translation due to the flexible foundation 
conditions,. The experimental mode shape com­
pare s well with the predicted mode shape which 
includes the flexible base condition, with the 
exception of the effects of in-plane floor and 
roof flexibility, which significantly modify 
the response around the centre of the building. 
The theoretical fundamental mode frequency is 
slightly higher than the experimental mode 
frequency due to the additional restraint In 
the theoretical analysis provided by rigid 
floors. Basing the structure on a rigid found­
ation would increase the theoretical funda­
mental frequency to 3 * 5 2 c.p.s., an Increase of 
1 6 . 5 $ . 

The second lateral translation mode Is 
plotted In Figure 5* The experimental mode 
shape, recorded at an excitation frequency of 
1 1 . 3 ^ c.p.s. j was modified not only by the 
flexibility of the floor slabs, as in the case 
of the first translation mode, but also by the 
response of the floor and roof slabs vibrating 
as free-free b e a m s , the natural frequency of 
this in-plane vibration being 9*^3 c.p.s . 
Experimental values for the frequency and 
damping of the interacting modes of the free-
free beam vibration and the second translation 
moder were determined by utilising a response 
separation technique The theoretical 
second translation mode frequency of 1 0 , 7 c.p.s. 
is significantly less than the experimental 
frequency of 1 1 . 3 ^ c.p.s. particularly if the 
additional degree of freedom associated with 
the in-plane floor flexibility is considered. 
The principal reason for the difference is 
that the relative degree of foundation trans­
lation was many times as great for the theoret­
ically determined mode shape as for the mode 
shape determined in the field. Theoretical 
values of the foundation flexibility used In 
the prediction of the normal mode properties 
were derived from the mode shape and frequency 
of the first translation mode, the effect of 
the inertia of the soil mass associated with 
the motion being included In the coefficients 
describing the foundation flexibility, or, 
more correctly, pseudo-foundation flexibility. 
The effect of the soil inertia on the pseudo-
foundation flexibility depends on. both the 
size of the in-phase soil mass, and the freq­
uency of the m o t i o n , and thus the accuracy of 
modelling the foundation flexibility for one 
normal mode on properties derived from another 
depends on the effect of the soli Inertia in 
relation to the actual soil stiffness, and on 
the shape of the particular mode. 

The mode in which the floor and roof 
vibrate as a free-free beam is shown in Figure 
6. The natural frequency of 9*5 c.p.s. com­
pares well with the theoretical frequency of 
9 . 3 c . p . 5 . derived from the expression for the 
natural frequency f of a uniform free-free 
be a m ' ° ' , namely: 

0 „ A /"£l~ 
f = 3 . 5o . I — o 

V M L 

cables between the displacement pick-up stations 
and the osci.lloscri.pt recorders. The telephone 
system was used principally for instructions 
concerning the location of displacement meters 
and speed of the vibration exciter between the 
four satellite operators and the test controller 
operating the oscilloscript recorders. 

The procedure adopted when recording a 
set of displacements at a particular frequency 
involved waiting until the exciter was running 
steadily at this frequency for at least one 
m i n u t e | and then recording four to eight 
oscillations from the five displacement pick 
ups and the timing pulse from the exciter 
simultaneously on the oscilloscripts. The 
period of the exciter was recorded beside these 
displacements together with the amplifier sett­
ings and the temperature of each displacement 
pick-up. 

All testing was restricted to late evening 
or early morning to avoid conflicting with the 
contractors and to ensure that the voltage of 
the power supply remained steady. Calm weather 
conditions were a requirement of the testing and 
these were generally only obtainable at night 
or early morning. 

Lateral Translation of the Zoology Building 

The vibration exciter was located over the 
centre of the frame on the line of Shear Wall 
2 for the lateral translation test series. 

Displacement response of the roof, fifth, 
third, second, £irst and ground floors from 
2 c.p.s. to 1 ? c.p.s. are shown in Figure 3• 
The vertical displacement amplitude was measured 
6 inches inside the face of the exterior con­
crete wall on the north side. The displacement 
amplitude of vibration is plotted In units of 
an Inch, with a force level standard of 1 , 0 0 0 
c.p.s. That is, the displacement is that due 
to an excitation force equal to the force 
generated by the exciter at 1 , 0 0 0 c.p.s. The 
true nature of the excitation force is such 
that it Increases with the square of the 
frequency of the vibration exciter, whereas 
the amplitude response curve should relate the 
displacement at a constant amplitude of 
excitation force. The principle of expressing 
the displacement amplitude in terms of the 
equivalent amplitude due to a force generated 
by the exciter at 1 , 0 0 0 c.p.s, enables the 
majority of the results to be plotted without 
further factoring, and expresses the displace­
ment amplitude as a function of a constant 
excitation force and varying excitation 
frequency. This method of presentation of 
displacement response curves is used throughout 
this study. 

Referring again, to Figure 3s it can be 
seen that the first and second translation 
m o d e s were excited. The first mode of the 
roof slab vibrating as a free-free beam, was 
also excited, the natural frequency of the 
roof being close to that of the second trans­
lation m o d e . The first translation mode 
frequency was 3 * 0 i c.p.s. and the second 1 1 . 3 ^ 
c.p.s., the ratio of these two mode frequencies 
being 3•8, as compared with the ratio of 3 - 0 
for a uniform shear building. This high ratio 
is probably due in part to the soil-foundat1 on 
interaction. For all levels in the s t r u c t u r e } 

the first translation mode response curves 
peak at the same frequency, and the form of all 

http://osci.lloscri.pt
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where M - total mass of floor slab 

L = length of floor slab 
I - second moment of area of floor slab 
E = Young's modulu s 

The formula was appli ed to a floor slab 
stiffened at the edge s by exterior wall panels 0 

Addi tional tests were undertaken to de termine 
the effect of the po si t ion of the two pas senger 
lifts on the response in the first t ran slat ion 
mode » Ampli tude re sponse curves were determined 
for a frequency range of 2 . 0 to 5•0 c.p.s. for 
response of the north end and middle of the 
roof, with both the lifts at the bottom and top 
of the lift shaft, but no di f ference, e i the r in 
natural frequency and more particularly in the 
damping, could be discerned within the accuracy 
of the results. 

Throughout the lateral t ran slat ion test 
series, one hori zontal di splacement me ter was 
maintained on the roof to monitor continuously 
the displacement at this point so that any 
change in the re sponse characteri sties of the 
structure could be determined. Unlike some 
reported steady vibration tests ( ? ) . no change 
was observed in the response considering both 
the effect of a long period of vibrat ion on the 
structure and the effect of re cording the 
re sponse at an increasing or de creasing f re­
quency of excitation. H o w e v e r , the force 
amplitude used in the reported tests in which 
vari at ions were noted was generally greater 
than tho se used by the author s. 

Torsion of the Zoology Building 

The exciter was positioned 9 feet to the 
south of shear w a l 1 3 5 centrally across the 
roof, wi tn the axis of the exciter along the 
north-south direction. 

Initially, the response of the roof at 
both the middle and south ends, and the north 
end of the third f 1 1 or was determined for 
eccentric we ight moment s of 1 2 . 5 and 100 ft.lbs, 
the results be ing pre sent ed in Figure 7• 

The effect of the eight-fold force increase 
(from 2 7 0 lbs to 2 1 5 0 lbs) on the first torsion­
al mode is clearly indicated in the re sponse 
curve s for the di splacement of the roof at the 
north end. The natural frequency of this mode 
is reduced by 1 . 1 % under the higher loading 
condi t ion, which repr esent s a decrease in the 
stiff ne ss of the building of 2 . 2 % o No change 
in the damping characteri sties were detect ed. 
The decrease in stiff ness wi th increasing force 
represent s a siight degree of n o n - 1 i n e a r i t y and 
is typical of the softening spring character­
istic of many structure s. 

The recorded re sponse of the roof, third 
and ground floor at the nor th end f or an 
eccentric weight moment of 1 2 . 5 ft•lbs is 
plot ted in Figure 8 . B o t h the first trans­
lation and first torsional modes were excited. 
The two m o d e s , having close natural f requencie s, 
interfered to a significant extent necessitat­
ing separation by the technique previously 
ment ione d ( 5 ) , in order to determine the normal 
mode f requencies and damping values c The 
re sponse separation technique was applied to 
the re sponse curve s recorded at both ends of 
the roof, similar values of damping and 
re sponse being determined from each of the 
curves. 

The the ore t i cal and experimental mode 
shape s of the first t ors i onal mode are presented 
in Figure 9• The natural frequency of the first 
torsional mode of the rigid based structure was 
k. 9 c.p.s., whi ch is 1 9 % higher than the natural 
frequency of the equivalent structure on a 
flexible base of if, 1 1 c . p 0 s . , the f oundat 1 on 
flex ibility coef f icient s of the theoretical 
model be ing de t ermined from the first trans-
1at ional mode shape. Experime nt al and theoret­
ical mode frequencie s (flexible base) are in 
close agreement and whi 1st the actual structure 
would be more f 1exible due to the in-plane floor 
flexibili ty, this would be compe n sated for by 
an increase in the stiff ness due to the torsion­
al rigidi ty of the structure, an effect whi ch 
was neglec ted in the theore t i cal analy si s. 
The recorded horizontal and vertical f oundat ion 
di spla cement s were, on the average, s imilar 
to those predi cted by the theore tical analys i s. 
Difference s could be expected due to the 
differing pre s sure di stributions on the soil 
between that of the first torsional mode and 
tha t of the first translation m o d e , from whi ch 
the theore t ical propert ie s were derived. 
Torsional stiffne ss of the struc ture w i l 1 also 
reduce the rotational re sponse of the founda­
tions if the rotation at one end is opposite to 
that at the other end of the building. 

Longitudinal Translation of the Zoology Building 

The exciter was located centrally at the 
south end of the st ructure, wi th the reaction 
arms connected to the clamp over the parapet 
at thi s end and the axis of the exciter in the 
east-we st direction. A f requency range from 
2 . 8 c , p 0 S o to 7•0 c.p.s. wi th an eccentric 
we ight moment of 1 2 . 5 ft.lbs. was used initially 
to excite the building. The displacement of 
the roof, fourth, second and ground floors is 
shown in Figure 1 0. It can be seen from this 
graph that there is an appreciable re sponse 
from the first torsional mode at k.15 c.p.s., 
indicating a degree of asymmetry about the 
longitudinal axi s of the building and f ounda-
tion system. The first 1ongitudinal transla­
tion re sponse was excited at ^« 9 3 c.p.s., a 
frequency close to that of the fir st torsional 
mode which re suited in considerable interference 
be tween the se two mode s. Both mode s we re 
recorded with the axis of the di splacement 
meters in the north-south direction but differ-
ent relative magnitudes of these two modes were 
recorded at the various levels due to the 
po sit ioning of the di splacement meters at vary­
ing di stance s from the 1ongi tudinal axis of 
the building. Thi s re suited in variations in 
the re corded re sponse of the first tor sional 
mode . 

A l 1 four hori zontal re spon se curves of 
Figure 10 were separated using the method 
developed for thi s purpose ( -5) . A compari son 
of the derived propert ie s of the equivalent 
simple resonators presented in Table 1 indicates 
that the results of the four re sponse curve s 
are consistent, even though there were marked 
variations in the proportion of the torsional 
response recorded. Also, the average values 
of the natural f requency of k. 1$ c. p<> s. and 
6 . 8% damping of the s imple resonator repre­
senting the first torsi onal mode compare well 
with the value s of k. ik c.p.s. and 6 . 9 % damping 
determined by separating the first translation 
and first torsi onal mode responses from the 
torsional re sponse of the structure. 
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The the ore t i cal and experimental mode 

shapes of the first longitudinal mode are 
plot ted in Figure 1 1 . The foundation flexibil-
1ty of the theoretical solution was derived 
from the experimental mode shape of the f ir st 
longi tudinal mode. Close agreement exists 
between the di splaced shape s, both indicating 
deformat ions typical of a shear type building. 
A di screpancy of 6 % be tween the theore tical and 
experiment al natural frequencies is reasonable 
considering the assumptions made in determining 
the 1 at eral flexibility matrix of the exterior 
walled f rame s. The soil def ormations contrib­
uted 2 7 % of the roof deflection, \k% being due 
to ba se translation and 1 3 % due to base 
rotation. 

The movement detected on the elevated 
corridor connected to the Zoology BuiIding 
was less than 1 0 % of that recorded at the 
first floor level, validat ing the as sumption 
that the Zoology Building was structurally 
isolated from the remainder of the complex. 

Damping of the Zoology Building 

The values of damping of the various mode s 
of the Zoology Building as determined from the 
response curves are listed in Table 2. Also 
listed are the re sonant f requency and the 
excitation force amplitude at resonance. 

The variation in excitation force wi thin 
the range of the se tests appears to have little , 
or no significant effect on the level of the 
damping on the structure. 

The second translation mode has 5 0 % more 
d a m p i n g than the f ir st translat ion mode e 

Considering the damping to consist of both 
" a b s o l u t e " and "relative" dashpots assists in 
the formulation of an explanation for this 
v a r i a t i o n . If the damping is of a purely 
v iscous type and consi st s entirely of relative 
dashpot s (dashpots connecting adj acent floors 
o n l y ) , the amount of damping in the second mode 
would be several time s that of the fir st m o d e , 
whilst if the damping consisted entirely of 
absolute dashpot s (dashpot s connecting floors 
to the base o n l y ) , a m a r k e d reducti on of the 
d a m p i n g in the second mode would be expected. 
T h u s , the 5 0 % increase in damping indicate s 
ttiat both types are probably present. Another 
consideration is that there will also be some 
coulomb type damping pre sent and by definition 
this damping is independent of frequency. 

The first longi tudinal mode has a part-
icularly high damping at 1 0 % critical and there 
are several possible explanations for this high 
value o Firstly, the exterior walls were cast 
against the precast p a n e 1 s with a layer of 
bi tumen on the panels preventing bond, the 
p a n e l s being fixed by several dowel bars so 
m o v e m e n t between the wall and the se panels 
could re suit in highe r damping in the long­
itudinal direction. This would not, however, 
be expected to cause large increases in damp­
ing due to the small degree of deformation 
expected in the wall. Secondly, friction in 
the sliding bolted connection to the elevated 
pa ssageway could have contributed to the damp­
ing. A large pha se difference between the 
mo ti on at the first floor of the building and 
the motion of the passageway was recorded but 
wi th the amplitude of the pas sageway vibrations 
b e i n g less than 1 0 % of that of the first floor 
of the structure, the friction force s at the 

joint would be small. Thirdly, the damping due 
to soil-foundation interaction should be takon 
into account. Vibration energy is dissipated 
within the foundat ion m edium by conversion of 
the kinetic energy into heat energy, a s is t ho 
case generally within the struc ture of the • 
ouiIding, and also by radiation of energy waves 
into the surrounding medium, Thi s latter form 
of energy di s sipat ion is dependen t on the 
length of the structure in relation to the 
natural wave 1 e n g t h of the soil, and would be 
expected to be particularly significant in a 
1 o n g structure with a high degree of soil-
foundation in teraction 0 Thu s, dampi ng from 
this source may be expected to increase when 
the longitudinal motion of a structure, such as 
the Zoology Building, is considered in relation 
to the transverse motion, the re being a rat i o 
of 1 e n g t h to width of five to one in the case 
examined. 

Foundat ion compliance is probably re spon-
sible for the generally high levels of damping 
re corded in thi s test of the Zoology BuiIdi ng 
in relation to those in Reference 7 (which were 
gene rally around 2 % f or a similar struc ture) 
except that foundation compliance was negligible 
in thi s earlier investigatio n c It is also 
significant that the vibration of the roof slab 
as a free-free beam contains the least response 
contribution from soil-foundat ion interaction 
and is also damped to the least extent of all 
the normal modes recorded for the Zoology 
Building. 

Theoretical Analysis—Particular Considerations 

As stated pre viously, the theore t ical mode 
shapes and f requencies were derived us ing the 
stif f ne ss m a t r i x , matrix iteration approach, 
( 3 and k). 

Part icular aspects of the theore t i cal anal-
yses are described in thi s section. 

The re s i stance to transverse late ral forces 
is provided by the frame s and shear walis. 
Be ing structurally isolated, the concrete w a l 1 s 
of the lift shaft contributed only m a s s and not 
lateral re si stance to the building• In consid­
ering the she ar walls, walls 1 and 3 were 
treated as identical with differing base flex­
ibilities where as wall 2 was neglected as it 
terminated at fi rst-floor level. 

The re s i stance to the longitudinal lateral 
loads is provided by the pierced shear walls 
forming the exterior facing of the building. 
The lateral flexibility matrix for the se w a l 1 s 
was derived as de scribed above f or a walled 
frame with a modification to the joint size 0 

M u t o ' s ' ^ derivation of joint size is based 
on a walled frame of constant m e m b e r thi ckne ss, 
whereas columns of the walled frames of the 
Zoology Buildi ng have flange s . To compensate 
for the varia ti on in thickne ss the clear beam 
length was increased by only one-e ighth of the 
depth at each end and the clear column length 
made identical to the centre 1 i n e lengths 

The pre cast concrete f acing p a n e l s on 
the se frame s were considered as monoli thic 
wi th them, havi ng been used as permanent f orm-
work, The mas s of the building was det ermined 
from the dead we ight of the structure including 
the facing p a n e l s and roof paving s l a b s , and 
a live load of 20 lbs/sq.ft to include the 

weightof the furniture, parti t ions and ceiling 



and floor finishes* The mass of the plant and 
lift machinery was included in the mass of the 
roof. 

The building was idealised as an eight-
storey lumped mass system, the underside of 
the foundations being represented as. storey 
level 1 and the concrete roof as storey level 
8 . The bo 1 1 oin stor e y in the ideal i s ed building 
represented the tran slat ional f 1 o x i b i 1 i ty of 
the founda t i on m a t e r i a l 0 Floors and roof 
elements of the structure were normally consid­
ered to be rigid in their own plane-
Foundation Compliance 

A significant a s p e c t of the lateral load 
characteristics of the b u i 1 ding tested is the 
flexibility provided by the ground. Thi s is 
summari sed in Table 3• 

The rotation of the base of the structure 
was determined from the vertical displacements 
re corded on each side or on each end of the 
building and f 1 e x ibili ty coefficients, relating 
mome n t s and forces with rotations and displace­
ments respectively are presented in Table k. 

The variations in flexibility were not 
unexpected. Since interior shear walis are 
associated with a larger proportion of the 
foundation area than end ones, the interior 
ones are likely to appear to have stiffer 
foundations. Also soil stiffness w i 1 1 vary 
with the extent of over excavation (wit.h the 
associated consequent increased volume of site 
concrete ) and also the effects of the dewater­
ing pro ce s s. The translat ional stiffness w i 1 1 
also r e f 1 e c t the degree of compacti on and 
nature of the backfill used. 

If it is as sumed that the f oundat i on of 
a structure is rigid and that the normal vert­
ical soil reaction at any point under the base 
is proportional to the de f 1 e ct ion at thi s 
p o i n t , the applied moment and the rotation of 
the base are r e l a t e d ^ ) by 

M = C . 1 . 6 

r r 

where M = applied m o m e n t 
C r = coeffici ent of elastic non­

uniform compre ssion 
I = second moment of area of base 
<f> = base rotation 

Similarly the applied lateral force and dis­
p l a c e m e n t s of the base are related by 

where F = applied lateral load 
= coef f i cie n t of elastic uniform 

shear 
A = area of base 
S = lateral base di splacement 
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The appropriat e foundat ion coefficients 
d e r i v e d from the testing of the Zoology build­
ing are list ed in Table 5 ° 

CLOSURE 

It is evident that the dynamic propertie s of 
bu i l d i n g s such as the one tested can be pre-

dieted with reasonable certainty, within the 
lower region of the elastic stress-strain curve, 
provided that satisfactory allowances for 
foundation compiiance are included. 

The unusual feature of the dynamic charact­
eristics of the Zoology building is the propor­
tionately large contribution to the lateral 
displacement provided by ground flexibility,, 
Undoubtedly the results obtained are consistent 
with the combinat ion of a relat i voly stiff 
structure on a f airly flexible foundation bu t 
very few previous invest igators have established 
that f oundat ion compliance can contri but e so 
great a proportion of the total momen t of a 
dynami cally 1 o a d e d bu tiding. 
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TABLE 1 

RESPONSE SEPARATION RESULTS - L O N G I T U D I N A L R E S P O N S E 

First T o r s i o n a l Mode First Longi tudinal Mod 

Response 
Curve 

N a t u r a l 
F r e q u e n c y 

Damping Natural 
Frequency 

Damping 

c.p.s• % e c v • c.p.s. % e . v. 

Roof k.07 7 * 5 k*93 1O0 9 

kth Floor k. 2 1 6. 1 k.99 10 • 6 

2nd Floor k. 18 6 . 5 9 . 5 

Grd Floor k0 2 1 7o 1 k*9® 9 - 5 

Average k. 167 6 , 8 5 4 . 9 3 5 1 0 . 125 

T A B L E 2 

SUMMARY OF E X P E R I M E N T A L R E S U L T S 

Mode Resonant 
Frequency 
c.p.s. 

Force at 
Re sonance 

lbs 

D a m p i n g 

% e. v. 

1 s t T r a n s l a t i o n 3 . 0 1 ikO k. 1 

2 nd Tran slat ion 11.3k 1 , 960 6 . 6 

1 s t T o r s i o n a l k. Ik 26k 6 , 9 

1 s t L o n g i t u d i n a l k.93 3 7 5 1 0 . 1 

Roof Slab 9^5 1 ,380 3 . 6 
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TABLE 3 

FOUNDATION COMPLIANCE EFFECT 

Fundamental Mode A v e r a g e component in Roof Deflection 
due to Foundat ion Compliance 

Rotation Translation Total 
% % * 

E - ¥ 2 ? 5 3 2 

N - S 10 2h 

TABLE k 

BASE FLEXIBILITIES - FOR FUNDAMENTAL MODE 

Direction Element Translational 
Base Flexibil­

ity 
ins/lb x 10 ' 

Rotational 
Base Flexibility 

radians/lb.in x 10 

E - ¥ S.¥. 1 0 . 2 ^ 5 1 . 3 6 

E S.¥. 3 0 . 100 1 . 0 8 

E - ¥ ¥hole 
Structure 

0 . 0 7 2 o 9 6 2 5 

N - s W h o l e 
Structure 

0 . 0 7 0 0 . 1 0 2 

TABLE 5 

ELASTIC FOUNDATION COEFFICIENTS 

Direct i on 
lbs/in^ 

C 
r 

l b s / i n ^ 

E - ¥ - 30 0 670 

N - S 2^5 500 



F I G . 1 U N I V E R S I T Y OF CANTERBURY ZOOLOGY B U I L D I N G 

shear wall 1 shear wall 2 

*Tp «s 
i a- •jr"T_ 

-P_1 r_ ^ 
precast facing pane) 

TYPICAL SHEAR WALL 
FLANGE DETAIL 

FOUNDATION PLAN 

assumed North 

. H i 

• 3 E 

(12") 

frames at 9 - O'cc. IS'-S" 5-4' 13'-6" 

S H E A R WALL 3 

Shear Wall 1 similar from 
Level F to Level R 

TYPICAL FRAME 

F I G . 2 Z O O L O G Y B U I L D I N G - S T R U C T U R A L L A Y O U T 



1st Translation mode 
(3.01 ejus.) 



^ z ^ Z O O L O G Y ^ B U i L D i N G - S E C O N D T R A N S I ATlON M n n F 

o 

ROOF VIBRATIMG AS A F R P F - F P F C P C . „ 

• 6 ~ Z O O L O G Y RUILDING - TRANSLATION P F ^ n m c c 



1st Translation mode 
(3.01 cp.s.) 

2 3 4 5 
FREQUENCY (c.psJ 

F I G . 7 — - ZOOLOGY BUILDING — T O R S I O N A L RESPONSE, 

16 

14 i — 7 

A 1st Translation mode 
1 (3.01 cps.) 

12 
2 — J \ \ 

\ 1 Roof (middle) H 
10 \ \ 2 Roof (north) H 

M 3 3rd Floor (north) H 

8 
U \ T2.5 ft.lb. eccentric 
L \ \ weight moment 

6 

1st Torsional mode 

4 

2 

0 
2 3 4 5 

FREQUENCY (cps) 

F I G . 8 ZOOLOGY BUILDING — T O R S I O N A L R E S P O N S E . 

o 
01 





• D e f l e c t i o n d u e t o 

F I R S T M O D E E X P E R I M E N T A L FIRST M O D E THEORETICAL 

FIG.11 — ZOOLOGY BUILDING LONGITUDINAL MODE SHAFE 


