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PREFACE 

This study documents the second phase of a research programme undertaken 
by BRANZ to prepare design information for occupant-induced floor 
vibrations. Vibration tests were conducted on heavy floor systems (those 
constructed with a concrete slab or concrete topping) to obtain their 
damping and frequency parameters. 
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AUDIENCE 

This report is intended for structural engineers, architects, floor 
manufacturers, floor designers and building managers. Other workers in the 
field of engineering research may also find this work useful. 

NOTE 

The work reported here includes the assessment of some named proprietary 
systems. 

The results obtained relate only to the sample tested, and not to any 
other item of the same or similar description. BRANZ does not necessarily 
test all brands or types available within a class of items tested and 
exclusion of any brand or type is not to be taken as any reflection on it. 

Further, the listing of trade or brand names does not represent 
endorsement of any named product nor imply that it is better or worse than 
any other product of its type. A laboratory test may not be exactly 
representative of the performance of the item in general use. 

This work was carried out for specific research purposes, and may not have 
assessed all aspects of the products named which would be relevant in any 
specific use. For this reason, BRANZ disclaims all liability for any loss 
or other deficit, following use of the named products, which is claimed to 
be caused by reliance on the results published here. 
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ABSTRACT 

This work follows on from earlier work which was a literature survey of 
design methods for floors subjected to occupant-induced vibrations. 
Although design methods were recommended, dynamic parameters (damping, 
frequency) obtained from tests carried out overseas may not be suitable 
for New Zealand. This report describes tests to quantify dynamic 
parameters of New Zealand heavy floors so that recommended design methods 
can be used. In this report heavy floors are those constructed with a 
concrete topping or concrete slab. 

also excited with a modular-tuned 
rib floors, a mechanical impactor 
drops (1. e. , the "standard heel 
fundamental frequency of floors 
calculated, and there was not a 

Human heel drop was used to excite all tested floors. Some floors were 
impulse hammer. In two of the precast 
calibrated to simulate standard heel 
drop" impactor) was used. Measured 

was significantly higher than those 
good agreement between measured and 

calculated peak accelerations. Impulsive response design methods appeared 
suitable for New Zealand application. Consideration of resonant response 
resulting from walking is generally not warranted in New Zealand because 
of the higher inherent stiffness of New Zealand floors. 
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DYNAMIC CHARACTERISTICS OF NEW ZEALAND HEAVY FLOORS 

1 . 0  INTRODUCTION 

Currently in New Zealand, there are few reported cases of floors with 
problems caused by occupant-induced vibrations. Traditional design 
procedures that limit the static stiffness of floors have been adequate in 
preventing troublesome floor vibrations (due to the weight of the floor 
and supporting structure). New Zealand Standard NZS 4203:1984 Code of 
Practice for General Structural Design and Design Loadings for Buildings 
(SANZ, 1984) recommends limiting the vertical static deflection of floors, 
under the design live load, to 0.4% of the span. However, current 
practices within the New Zealand construction industry are following 
overseas trends to minimise costs by greater utilisation of long span and 
lighter weight floors using higher strength materials. These floors are 
more flexible and may lead to an increase in the number of vibration 
problems. 

Sole use of the static stiffness criterion is inadequate for such floors. 
In the previous phase of this project (Lim, 1991) a number of design 
methods were recommended for both light and heavy-weight floors. Light- 
weight floors are those constructed using a timber deck and having timber, 
steel, or composite steel-timber or composite-wood supporting joists. It 
was also suggested that dynamic parameter (damping, frequency) values 
obtained from overseas tests may not be suitable for New Zealand floors. 

The main objective of the current work was to conduct vibration tests on 
heavy floors (those constructed with a concrete topping or concrete slab) 
to obtain their dynamic parameters, enabling application of the 
recommended design methods. Other objectives were to study the effects 
that partitions had on the damping of the floors and to compare the 
various design methods. 

2 . 0  EXPERIMENTAL RESULTS 

2 . 1  Description of Floors 

A number of New Zealand heavy floor systems were tested in situ between 
March and June 1990. 

Apart from the "Dycore" floor system, all floors had a ceiling and 
mechanical equipment installed. Floors that were occupied were also 
carpeted. Partitions were constructed mostly of lined timber framing. 
Partitions extended at least to ceiling height and were fixed to the floor 
as well as "return wallsn. Some partitions may have been attached to the 
ceiling framing members also. 

Figures l(a)-l(i) show the floor plans and sections through some of the 
floors tested. The types of floor systems studied were: 

(a) In situ slab 

The two-way slab was 114 mm thick and cast in place. It was supported by 
concrete encased steel frames at 5.4 and 8.1 m centres. Concrete encased 



secondary s t e e l  beams were p o s i t i o n e d  a t  t h e  midspan of t h e  8 . 1  m beams, 
reducing s l a b  p a n e l s  t o  c e n t r e l i n e  dimensions of 4.05x5.4 m .  One 
unoccupied bu t  p a r t i t i o n e d  f l o o r  was s t u d i e d .  Another f l o o r  s t u d i e d  had 
smal l e r  secondary beams and was unoccupied and u n p a r t i t i o n e d .  

( b  ) P r e c a s t  "Unispan" 

Each p r e c a s t  "Unispan" u n i t  w a s  75 mm t h i c k  by 1 . 2  m wide and suppor ted  by 
r e i n f o r c e d  c o n c r e t e  f rames .  The f l o o r  a r e a s  of t h e  two l o c a t i o n s  t e s t e d  
were 6.0x6.5 m and 4.55x5.3 m .  An i n  s i t u  conc re t e  topping  of 70  mm was 
c a s t  over t h e  Unispan. Both f l o o r  a r e a s  were unoccupied and cons ide red  t o  
be u n p a r t i t i o n e d ,  even though ad j acen t  a r e a s  were occupied and 
p a r t i t i o n e d .  

P r e c a s t  r i b  

Four r e i n f o r c e d  concrete-framed b u i l d i n g s  w i t h  S t a h l t o n  p r e c a s t  r i b  f l o o r  
systems were i n v e s t i g a t e d .  T e s t s  were done on a  10.05 m span of t h e  f i r s t  
b u i l d i n g .  P r e c a s t  r i b  wi th  a n  o v e r a l l  depth of 3 0 0  mm ( 2 0 0  mm r i b  d e p t h )  
w a s  used.  The f l o o r  was p a r t i t i o n e d  bu t  unoccupied. 

The second b u i l d i n g  had a  c l e a r  f l o o r  span of 6 . 4  m and was suppor ted  by a 
r i b  of 1 6 0  mm dep th .  T e s t s  were conducted a t  t h e  same p lan  p o s i t i o n  on 
two d i f f e r e n t  f l o o r  l e v e l s .  One f l o o r  was unoccupied and u n p a r t i t i o n e d ;  
t h e  o t h e r  was occupied and p a r t i t i o n e d .  

Two l o c a t i o n s  of one f l o o r  were t e s t e d  i n  both of t h e  l a s t  two b u i l d i n g s .  
A t  t h e  t ime of t e s t i n g ,  t h e  f l o o r  of an 8  m span b u i l d i n g  was p a r t i a l l y  
completed w i t h  workmen working on t h e  f l o o r .  Th i s  f l o o r  had been 
p a r t i t i o n e d .  The f l o o r  of t h e  o t h e r  bu i l d ing ,  which was p a r t i t i o n e d  and 
occupied had a  span of 8 .4  m .  P r e c a s t  r i b s  w i t h  an o v e r a l l  dep th  of 250 rum 
(150 mm r i b  d e p t h )  were used.  The  8.4 m span b u i l d i n g  had on ly  two spans ,  
i . e . ,  a  b u i l d i n g  width  of about  1 7  m .  

( d  ) Composite s t e e l - c o n c r e t e  

Secondary s t e e l  beams (310UB40), w i t h  a  span of 8 .6  m and a t  2 .5  m c e n t r e s  
supported t h e  0.75 mm High S t r e n g t h  "Hibond" t r a y  deck.  primary s t e e l  
g i r d e r s  (36OUB51), w i t h  a  7 . 2  m span,  supported t h e  secondary beams. The 
i n  s i t u  conc re t e  was 6 5  and 1 2 0  mm t h i c k ,  a t  t h e  c r e s t  and t rough  of t h e  
t r a y  deck s e c t i o n ,  r e s p e c t i v e l y .  T e s t s  were conducted a t  t h e  same p lan  
p o s i t i o n  of two d i f f e r e n t  f l o o r  l e v e l s ,  two t e s t  l o c a t i o n s  pe r  f l o o r .  One 
f l o o r  was u n p a r t i t i o n e d  and unoccupied; t h e  o t h e r  was p a r t i t i o n e d  and 
occupied.  

( e l  P r e c a s t  "Dycore" 

P r e c a s t  Dycore, 2 0 0  mrn t h i c k  by 1 2 0 0  mm wide, wi th  a 1 0 0  mm t h i c k  i n  s i t u  
conc re t e  topping was used t o  span 8 .4  m .  P r e c a s t  c o n c r e t e  beams (800 mm 
deep x 6 0 0  mm wide)  and c a s t  i n  s i t u  r e i n f o r c e d  c o n c r e t e  columns ( 5 0 0  mm 
square  a t  8.4 m c e n t r e s  both  ways) supported t h e  Dycore u n i t s .  The f l o o r  
was an empty c a r p a r k .  



( f )  Precast  double t e e s  

P r e c a s t  cropped double t e e  u n i t s  understood t o  have suppl ied  by 
S t r e s s c r e t e ;  450 mm deep and wi th  a  65 mm conc re t e  topping,  were used t o  
span 1 4 . 9  m .  These were supported by r e i n f o r c e d  conc re t e  frames and shear  
w a l l s .  The f l o o r  was p a r t i t i o n e d  and occupied.  

2.2 Test Procedure 

The f l o o r s  were impacted p r imar i ly  wi th  human "hee l  drop" and a  "modular- 
tuned hammer" ( P C B  P iezo t ron ic s  Incorpora ted ,  1989) .  I n  some ins t ances ,  a 
" s t anda rd  h e e l  drop" impactor was used.  

I n  t h e  h e e l  drop t e s t ,  a  78 kg person r a i s e d  h i s  h e e l s  by about 50 mm, 
s h i f t e d  h i s  body weight o n t o  h i s  h e e l s ,  then  dropped h i s  h e e l s ;  thereby  
impacting t h e  f l o o r .  Three hee l  drops  were imparted a t  each t e s t  l o c a t i o n .  

Comparative t e s t s  were done by t h e  same person i n  t h e  l a b o r a t o r y  on a 1 0 0  
kN l o a d c e l l  ( s e n s i t i v i t y  of 1 Volt/lO k N ) .  The average peak f o r c e  measured 
was 1.80 kN ( c f .  2 . 7 2  kN f o r  t h e  s t a n d a r d ) ,  and t h e  average impulse a f t e r  
50 m s  was 48 N s  ( c f .  68 N s ) .  These were 6 6  and 71% r e s p e c t i v e l y  of t h e  
s imula ted  s t a n d a r d  h e e l  drop der ived  by Lenzen and Murray ( 1 9 6 9 ) .  

I n  t h e  hammer impact t e s t ,  a  person impacted t h e  f l o o r  using a  5  kg 
modular-tuned hammer w i t h  a  f o r c e  t r a n s d u c e r  ( s e n s i t i v i t y  of 0 . 2 2  
Volts/kN) i n s t a l l e d .  Where used, t h e  hammer was h i t  t h r e e  t imes a t  each 
l o c a t i o n .  

Modal t u n i n g  i s  used f o r  t h e  fo l lowing t h r e e  reasons:  

( a )  it e l i m i n a t e s  spur ious  responses i n  t h e  frequency spectrum r e s u l t i n g  
i n  a  n e a r l y  f l a t  spectrum over a wide frequency range,  i. e . ,  a 
s i n g l e  impact i s  capable of e x c i t i n g  a l l  resonances w i t h i n  t h a t  
f requency band; 

(b) it reduces  double h i t s  of  t h e  hammer; 

( c )  and it e l i m i n a t e s  hammer resonance from t h e  t e s t  r e s u l t s .  

The main  d isadvantage  of t h e  hammer impact t e s t  i s  t h a t  it h a s  t h e  
a d d i t i o n a l  weight of t h e  person impacting t h e  f l o o r .  The f o r c e  input  a l s o  
v a r i e s  by t h e  amount of f o r c e  exe r t ed  on t h e  hammer. 

The " s t a n d a r d  h e e l  drop" impactor ( F i g u r e  2a ) ,  was f a b r i c a t e d  using t h e  
s p e c i f i c a t i o n  of Murray ( 1 9 9 0 ) .  The impactor was c a l i b r a t e d  t o  s imula te  
t h e  peak f o r c e  and impulse of t h e  s t anda rd  h e e l  drop.  The impactor was 
t r i g g e r e d  by us ing  a l i g h t  s t i c k  t o  prop t h e  impactor,  then removing t h e  
s t i c k  by p u l l i n g  an a t t ached  s t r i n g .  The s t r i n g ,  which was a minimum of 3 - 

m long,  prevented  a d d i t i o n a l  weight (o f  t h e  person c o n t r o l l i n g  t h e  
impactor)  be ing  added t o  t h e  po in t  of f l o o r  e x c i t a t i o n .  The peak f o r c e  and 
impulse r e s u l t i n g  from t h e  "s tandard  h e e l  drop" impactor was a l s o  measured 
i n  t h e  l a b o r a t o r y .  The average peak f o r c e  of 40 t e s t s  was 3 . 0 6  kN ( c f .  
2 . 7 2  kN) and t h e  average impulse a t  50 m s  was 75 N s  ( c f .  68 N s ) .  Three 
" s tandard  h e e l  dropn impacts were imparted on t h e  t e s t  l o c a t i o n s  of t h e  
8 .0  and 8.4 m span p r e c a s t  r i b  f l o o r  system. 



An integrated-circuit piezoelectric accelerometer (PCB Piezotronics 
Incorporated, 1989) was positioned adjacent to the point of impact, to 
measure the vertical acceleration at the midspan of each floor. In some 
instances, the accelerometer measured the acceleration of the floor when 
the impact was applied at an adjacent bay or at a supporting beam. The 
accelerometer (with a built-in amplifier), has a sensitivity of 1.143 
Volts/g, where g is the acceleration due to gravity. In carpeted floors, 
the accelerometer was screwed to a rigid aluminium block with pins on its 
underside and the pins protruded through the carpet to the top of the 
floor. The accelerometer sat directly on not-carpeted floors. 

Output signals from the accelerometer and modular-tuned hammer were low- 
pass filtered at 50 Hz before data were recorded on an IBM compatible 
personal computer (Figure 2b). Data were collected using a waveform 
scroller board controlled under "CODAS " (Dataq Instruments, 1988) 
software. The floor response as measured by the accelerometer was also 
displayed in "real-time" on the computer. Data were collected at 250 
samples/s per channel. 

Depending on the author's perception, each floor was "rated" either 
"Satisfactory" (S) or "Noticeable" (N) in response to a person walking on 
the floor. A "Noticeable" rating meant that vibrations were either 
"Borderline" or "Unsatisfactory". Rating the floor was done to compare the 
author's perception with the response predicted using the design methods 
described in section 3.2. In occupied floors the rating given by the 
author was similar to that felt by occupants of floors. This subjective 
method, however imprecise, was the best available at the time. Because of 
this subjectivity, however, the "Unsatisfactory" rating was not used. Note 
that the accelerometer was not sensitive enough to record walking 
acceleration levels. 

2.3 Data Analysis and Results 

Signal analysis of the data was carried out using the "DADiSP" (DSP 
Development Corporation, 1987 ) software. Peak accelerations from heel 
drops and hammer impacts, and peak force of the hammer, were determined 
directly from the signals of the floor response (Figure 2c, '2d). 

A Fast Fourier Transform (FFT) of each signal was performed using 512 
samples (Figure 2e). Zeros were added at the end of the signal if the 
actual sample length was less than 512 points. If energy leakage needed to 
be reduced b.efore the FFT operation the signal was multiplied with the 
" Hanning" window, described by Blackman and Tukey (1959). At 250 
samples/s, a resolution error of approximately 0.5 Hz (1.e. , 250/5 12 ) 
resulted. The "DADiSP" fourier transform of data produces a "real" and 
"imaginary" component for each data point. Because "DADiSP" plots only the 
"real" part, and stores the "imaginary" value of the amplitude, actual 
acceleration amplitude of each signal of the FFT operation was obtained by 
performing the square root of the sums of squares of the "real" and the 
"imaginary" values. The fundamental natural frequency and the damping of 
each floor was obtained by using this modified FFT plot. 

Two methods were used to obtain the floor damping (as a % of the critical 
damping). Firstly, damping was evaluated in the time domain from the decay 
of the acceleration response curve (Figures 2c and 2d), (Chui and Smith 
(1986) ) .  

. . . . . . . . . .  [la] 



where a. = peak a c c e l e r a t i o n  a m p l i t u d e  of t h e  f i r s t  peak and 
= a c c e l e r a t i o n  ampl i tude  of t h e  n t h  an  peak.  

n  = number of c y c l e s  

The  second method was t h e  "half-power bandwidth" method i n  t h e  f r equency  
domain. T h i s  i s  i l l u s t r a t e d  i n  F i g u r e  2e where t h e  damping, (Chui  and 
Smith ( 1 9 8 8 b ) ) .  

Peak  d i s p l a c e m e n t  of each s i g n a l  was o b t a i n e d  by per forming  an i n v e r s e  
FFT. The s i g n a l  was f i l t e r e d  a t  2 .5  t i m e s  t h e  measured fundamenta l  n a t u r a l  
f r e q u e n c y ,  and d i v i d e d  by 4 b e f o r e  per forming t h e  i n v e r s e  FFT o p e r a t i o n  
( R a i n e r ,  1 9 8 6 ) .  

T a b l e  1 summarises t y p e s  of f l o o r  c o n s t r u c t i o n  and t h e  a v e r a g e  f r equency  
and damping of t h e  t h r e e  s i g n a l s  a t  each  t e s t  l o c a t i o n .  A t  each  l o c a t i o n  
and f o r  each  t y p e  of impact ,  t h e  maximum "peak a c c e l e r a t i o n "  and "peak 
d i s p l a c e m e n t "  of t h e  t h r e e  s i g n a l s  ( r a t h e r  t h a n  t h e  a v e r a g e )  were p l o t t e d .  
Note t h a t  maximum "peak d i s p l a c e m e n t "  was d e r i v e d  from t h e  s i g n a l  t h a t  
produced t h e  maximum "peak a c c e l e r a t i o n " ,  i . e . ,  t h e  maximum "peak 
d i s p l a c e m e n t "  was never  r e c o r d e d  from one s i g n a l  and t h e  maximum "peak 
a c c e l e r a t i o n "  from a n o t h e r .  

3 . 0  CALCULATION PHASE 

3 . 1  Dynamic P r o p e r t i e s  of  F l o o r s  

The p a r a m e t e r s  a f f e c t i n g  d i s c o m f o r t  f e l t  by peop le  on v i b r a t i n g  f l o o r s  a r e  
f r e q u e n c y ,  peak a c c e l e r a t i o n ,  peak d i s p l a c e m e n t ,  and damping. CSA ( 1 9 8 4 ) .  

3 . 1 . 1  Frequency 

For  i s o t r o p i c  f l o o r s  s imply s u p p o r t e d  on f o u r  edges ,  t h e  fundamenta l  
n a t u r a l  f r e q u e n c y  ( f  ) may be de te rmined  from, 

. . . . . . . . . .  [ 2 ]  CSA (1984)  

The fundamenta l  n a t u r a l  f r equency  ( f o )  of one-way f l o o r s  can be 
approx imated  by 

. . . . . . . . . .  [ 3 ]  CSA (1984)  

The f l o o r  f r e q u e n c y  ( f )  i n  one-way f l o o r  sys tems s u p p o r t e d  on f l e x i b l e  
s t e e l  g i r d e r s  can be approximated by Dunker ly ' s  fo rmula ,  

. . . . . . . . . .  [ 4 ]  CSA (1984)  



where f is found from equation 3 and 
0 

g = acceleration due to gravity = 9810 mm/s ; 
K' = 1.57 for simply supported beams, 

= 0.56 for cantilevered beams, 
= 2.45 for fixed/pinned support, 
= 3.56 for floors fixed at both ends, 
= can be obtained from Figure 3, for two or three spans continuous 
beams with unequal spans; 

I = the uncracked transformed moment of inertia of the floor section 
based on a Tee-beam model (mm ) ;  

D* = Et 2 ( -  p2)j C 
E = 200000 Mpa for steel, 

= 30340 Mpa for concrete assuming a density of 2400 kg/m ; 
W = the dead load plus 10% of live load, supported by the floor in N; 
t = the concrete thickness or the equivalent concrete thickness in m; C 
p = concrete's poisson ratio = 0.3; 
L and B are the span and width of the floor in mm for equation [2], and 
in m for equation [ 3 ] ;  

3 M = the mass of the floor system in kg/m ; 
f = fundamental frequency of the supporting girder. g 

Murray (1989) recommended that 10-25% of the design live load be included 
in the weight when calculating the fundamental frequency while Wyatt 
(1989) recommended only 10%. (Transient vibration in offices is most 
noticeable when the floors are lightly loaded). The value of 10% was used 
when applying the design methods in this report. 

A superimposed dead load of 0.4 kPa was included in the calculations of 
fundamental frequency to take into account the weight of carpets, 
ceilings, mechanical equipments, partitions, facade cladding and 
furniture. A dead load of 0.25 kPa was assumed for the supporting beams in 
floors in which the supporting beams participated in the floor response, 
such as the composite steel-concrete floor. Calculation of the fundamental 
frequency of the floors tested is shown in Appendix A. 

3.1.2 Peak acceleration 

An approximation of peak acceleration (ao, in %g) from heel drop impact 
for floors with spans greater than 7 m, and frequency less than 10 Hz is 
given by Canadians Standards Association ((CSA), 1984) as, 

where W = the weight of floor plus 10% live load, in kPa; 
L = the span of the beam in m; 
B1 = width of the equivalent beam in m = 40 tc, where tc is the 

equivalent concrete thickness in floors on rigid supports. 

The CSA method should not be used if either the floor span or fundamental 
frequency is outside the above limitations. 

3.1.3 Peak Displacement 

The initial/peak displacement of a floor system due to a heel-drop impact 
is given by Murray (1989) as, 



C l i f t o n  (1989)  p r o v i d e s  a n  a l t e r n a t i v e  e x p r e s s i o n  f o r  N e f f  f o r  a l l  
secondary  beam s p a c i n g s :  

where A, = i n i t i a l  d i s p l a c e m e n t  of t h e  f l o o r  system due t o  h e e l  d rop ;  
A o t  = i n i t i a l  d i s p l a c e m e n t  of a s i n g l e  t e e  beam due t o  h e e l  d r o p  

impact  
= DLF ds ;  

DLF = dynamic l o a d  f a c t o r  from Tab le  5 ;  
d S = s t a t i c  d e f l e c t i o n  due  t o  a 2 . 6 7  kN f o r c e ;  
*e f f  = number of e f f e c t i v e  t e e  beams; 
s = secondary  beam s p a c i n g  g r e a t e r  t h a n  7 5 0  mm.  Murray p rov ided  

a n  a l t e r n a t i v e  e x p r e s s i o n  t o  o b t a i n  N e f f  f o r  s l e s s  t h a n  
7 5 0  mm ( E ,  I ,  L,  t d e f i n e d  as a b o v e ) .  

3 . 1 . 4  Estimated damping 

From Murray 's  ( 1989 ) recommendations,  a f i n i s h e d  f l o o r  w i t h  c e i l i n g s  and 
d u c t s  would have a minimum damping of 4 %  ( 2 %  f o r  t h e  b a r e  f l o o r ,  and 1% 
each from c e i l i n g  and d u c t s ) .  P a r t i t i o n s  a t t a c h e d  t o  t h e  f l o o r  system and 
which a r e  spaced  n o t  more t h a n  f i v e  secondary f l o o r  beams ( o r  t h e  
e f f e c t i v e  f l o o r  w i d t h ) ,  would add a f u r t h e r  10-20% damping. Appendix G 
(CSA,  1984) recommends damping v a l u e s  of 3 ,  6 and 1 2 %  f o r  b a r e  composi te  
f l o o r s ,  f i n i s h e d  f l o o r s  w i t h  c e i l i n g s  and d u c t s ,  and f o r  f i n i s h e d  f l o o r s  
w i t h  p a r t i t i o n s ,  r e s p e c t i v e l y .  

A l l en  ( 1 9 9 0 )  no ted  t h a t  t h e  measured damping v a l u e s  o b t a i n e d  from h e e l  
d r o p  impact i n c l u d e  components f o r  geomet r ic  d i s p e r s i o n  and v i s c o u s  
damping. The geomet r i c  component of damping does  n o t  p r o v i d e  a means of 
energy  d i s s i p a t i o n  under  r e s o n a n t  r e s p o n s e ,  and hence does  n o t  reduce  t h e  
annoyance p o t e n t i a l  of v i b r a t i o n s .  A f t e r  modal a n a l y s i s ,  h e  f u r t h e r  no ted  
t h a t  t h i s  component was h a l f  of t h e  t o t a l  damping e s t i m a t e d  from h e e l  d r o p  
measurements.  T h e r e f o r e ,  when c o n s i d e r i n g  r e s o n a n t  r e s p o n s e  i n  f l o o r s ,  he 
recommends damping v a l u e s  of 1 .5% f o r  b a r e  f l o o r s ;  3 %  f o r  f i n i s h e d  f l o o r s  
w i t h  c e i l i n g s ,  ductwork and mechanica l  f i t t i n g s ;  and 4.5% f o r  f i n i s h e d  
f l o o r s  w i t h  f u l l - h e i g h t  p a r t i t i o n s .  Wyatt (1989)  a l s o  recommended t h e  same 
damping v a l u e s  when c o n s i d e r i n g  r e s o n a n t  r e sponse .  

The c o n t r a d i c t o r y  damping v a l u e s ,  g i v e n  i n  t h e  l a s t  two p a r a g r a p h s ,  cou ld  
a r i s e  because  t h e  Murray and CSA v a l u e s  a r e  f o r  t r a n s i e n t  o r  impuls ive  
r e s p o n s e s ,  whereas t h e  A l l e n  and Wyatt v a l u e s  a r e  f o r  r e s o n a n t  r e s p o n s e  
problems.  Damping v a l u e s  used i n  c a l c u l a t i o n s  i n  t h i s  r e p o r t  were 1.5%, 
3 . 0 %  and 4 . 5 %  when c o n s i d e r i n g  r e s o n a n t  r e sponse  as mentioned by Al l en  
( 1 9 9 0 ) ;  and 2 . O % ,  4 . 0 %  and 6 . 0 %  when c o n s i d e r i n g  impuls ive  r e s p o n s e  f o r  a 
b a r e  f l o o r  based  on Murray ' s  (1989)  recommendations; a f i n i s h e d  f l o o r  w i t h  
c e i l i n g  a n d  d u c t s ,  and w i t h  p a r t i t i o n s  i n s t a l l e d  r e s p e c t i v e l y .  

Tab le  2 compares t h e  c a l c u l a t e d  and measured v a l u e s  of t h e  f l o o r  systems 
under  human h e e l  d r o p  and from t h e  " s t a n d a r d  h e e l  drop"  impac tor .  

3 . 2  A p p l i c a t i o n  of Design Methods 

S i n c e  a l l  b u t  one of t h e  f l o o r s  i n v e s t i g a t e d  were i n  o f f i c e  b u i l d i n g s ,  
o n l y  t h e  r e s p o n s e  t o  walk ing  v i b r a t i o n s  w a s  e v a l u a t e d .  The Dycore car- 



parking floor was assumed to be under office occupancy so a comparison 
could be made with the other floor systems. 

Wyatt's (1989) design methods for assessing the likely vibrational 
behaviour of floors in steel framed buildings both to impulsive and 
resonant response were only applied for the composite-steel concrete floor 
situation. 

Floors rated satisfactory when evaluated using any design method are not 
necessarily satisfactory under in-senrice conditions. Rather, the design 
methods are aimed to check potential vibration problems, and remedial 
measures (including those described by Lim 1991) should be taken. 

3.2.1 Impulsive response 

Appendix G of CAN3-S16.1-M84 (CSA, 1984) outlines an empirical design 
method for assessing the required damping in floors. The dashed lines in 
Figure 4 relate to acceleration limits obtained from heel impact tests, 
and are used as semi-empirical criteria for evaluating the response of a 
floor to transient walking vibrations. The solid line in Figure 4 is the 
recommended acceleration limit for continuous vibrations. The greater the 
damping values the greater the acceleration limits the floor can have 
under walking vibrations. 

Fundamental frequency and peak acceleration from heel drop impact were 
computed for each floor. Using these two parameters, a point was plotted 
in Figure 4 to obtain the required damping. The floor was considered to be 
satisfactory when the estimated floor damping was greater than that 
required from the graph. This method was only applied to floors with a 
fundamental frequency of less than 10 Hz, since equation [S] is only 
applicable to such floors. 

Murray (1989) formulated an empirical method from tests conducted on 
composite steel-concrete floors. The method is valid for damping between 
4-6% critical, and conservative for damping greater than 6%. Murray (1990) 
has extended. the method to precast concrete floors and found it to be 
satisfactory. His criterion is very conservative for floors with a 
fundamental frequency greater than 10 Hz. The method proposes that a floor 
system will be satisfactory if the estimated damping, 

To evaluate if vibration problems exist in floors with the fundamental 
frequency greater than 7 Hz, Wyatt (1989) derived the following design 
method. The response factor, R, is: 

where M = dead load plus 10% live load in kg/m2; 

B2 = the lesser of the secondary floor beam spacing or 40 tc where 
tc is the equivalent concrete thickness in m; 

L = span in m. For continuous construction, L is the larger of the 
span under consideration or of an adjacent span. 



3.2.2 Resonant response 

Wyatt (1989) also presented a method for assessing the response to the 
harmonic resonant component of walking for floors with fundamental 
frequency less than 7 Hz. The response factor, R, is: 

where C = the fourier component factor = 0.4 if f is betwezn 3 and 4 Hz, 0 
= 1.4-0.25f if f is between 4 and 4.8 Hz, 

0 0 
= 0.2 if f is greater than 4.8 Hz; 0 

S and Leff are the effective floor width and span (in m) respectively. The 
way of estimating these values using Wyatt's Method is shown in Table 6. 

The limiting response factor (R), was derived in conjunction with BS 6472 
(British Standards Institution, 1984). R should not exceed 4, 8 and 12 for 
a "special office", "general office" and "busy office", respectively. 

Allen (1990) developed an expression for a design that counters against 
harmonic resonance problems resulting from walking: 

D = 
where W = 

P = 
- 

am - 

Damping 
weight of floor (kN); 
weight of a person = 0.7 kN; 
limiting acceleration, which Allen obtained from IS0 2631 
(International Standards Organisation (ISO), 1989); 
0.5. This reduction factor takes into consideration two 
elements: that full steady-state resonance is not achieved, 
and it also accounts for a person walking along a beam rather 
than just moving up and down at midspan; 
dynamic load factor of the n harmonic. 

The dynamic load factors of walking are given as: 
= 0.5 for the first harmonic frequency of 1.5-2.5 Hz; 
= 0.2 for the second harmonic frequency of 3.5-5.5 Hz; 
= 0.1 for the third harmonic frequency of 5-7 Hz; 
= 0.05 for the fourth harmonic frequency of 7-10 Hz. 

The minimum values of DW recommended for satisfactory performance of the 
floor are 28, 14, 7 I and 3 . 5  for the first, second, third and fourth 
harmonics of walking respectively. 

The width of a floor on rigid supports is given by Allen (1990), 

where D and D are the flexural rigidity per unit width perpendicular to Y X the span and along the beam directions. 

Table 3 summarises application of these design methods usina - calculated or 
estimated values. The in situ slab and Unispan floor were not tabulated 
because they were outside the scope of the design methods. The 6.4 m span 
precast rib floor which has a span less than the proposed minimum 
applicable to equation 5, was included for comparison with the others 
since the fundamental frequency was determined to be within the critical 
range outside the span limitation of equation 5. 



Appendix B shows t h e  a p p l i c a t i o n  of t h e  d e s i g n  methods t o  t h e  8 .4  m span 
p r e c a s t  r i b  f l o o r ,  and Appendix C shows t h e  d e s i g n  methods a p p l i c a t i o n  t o  
t h e  composi te  s t e e l - c o n c r e t e  f l o o r ,  u s i n g  c a l c u l a t e d  o r  e s t i m a t e d  v a l u e s .  

4 . 0  DISCUSSION 

4 . 1  Frequency 

There  w a s  no s i g n i f i c a n t  d i f f e r e n c e  between t h e  measured fundamenta l  
f r equency  of f l o o r s  o b t a i n e d  from t h e  h e e l  d rop ,  hammer impact ,  o r  
standard h e e l  d r o p  ( w i t h i n  1 . 5  Hz, Table 1) .  

C a l c u l a t e d  fundamental  f r equency  of t h e  beam i n  t h e  i n  s i t u  s lab  f l o o r  
w i t h  s m a l l e r  secondary  beams, was s m a l l e r  t h a n  t h e  fundamental  f r equency  
of t h e  s l a b  and governed t h e  r e s p o n s e  of t h e  o v e r a l l  f l o o r  system. 

Fundamental f r equency  of t h e  Unispan f l o o r  4.55x5.30 m was c a l c u l a t e d  
assuming s imple  s u p p o r t s  on f o u r  s i d e s .  T h i s  was because a t h i r d  s i d e  was 
suppor t ed  by a r e i n f o r c e d  c o n c r e t e  s h e a r  w a l l .  The c a l c u l a t e d  f r e q u e n c y  
u s i n g  t h i s  assumption was v e r y  c l o s e  t o  t h a t  measured. 

The measured f r equency  of t h e  Hibond composi te  s t e e l - c o n c r e t e  f l o o r  was 
c l o s e r  t o  t h a t  of t h e  secondary beam t h a n  t o  e i t h e r  t h e  f requency  of t h e  
pr imary  g i r d e r  o r  two-way a c t i o n  (Table 2 ) .  T h i s  i n d i c a t e s  t h a t  f l o o r  
r e s p o n s e  i s  governed by t h e  secondary  beam. Non-composite a c t i o n  between 
t h e  p r imary  g i r d e r  and t h e  s l a b  was assumed i n  t h e  c a l c u l a t i o n ;  t h i s  
t u r n e d  o u t  t o  be  v e r y  c o n s e r v a t i v e .  C l i f t o n  (1989)  recommends t h a t  s h o r t  
l e n g t h s  of secondary  beam s e c t i o n  can  be p l a c e d  on t o p  of t h e  p r imary  
g i r d e r  and connec ted  t o  b o t h  t h e  s l ab  and t h e  g i r d e r  t o  ach ieve  composi te  
a c t i o n .  When composi te  a c t i o n  of t h e  p r imary  g i r d e r  i s  achieved,  it is.  
u n l i k e l y  t h a t  t h e  pr imary  g i r d e r  would govern  t h e  r e sponse  of t h e  f l o o r  
system,  as t h e  f requency  of t h e  p r imary  g i r d e r  would be i n c r e a s e d  
c o n s i d e r a b l y .  S i m i l a r l y ,  r e sponse  of  t h e  two-way a c t i o n  cou ld  be  i g n o r e d  
because  t h e  f r equency  of t h e  two-way system (which i s  d e ~ e n d e n t  - on t h e  
f r equency  of t h e  pr imary  g i r d e r )  would be  i n c r e a s e d  c o r r e s p o n d i n g l y  a l s o .  
I n  p e r i m e t e r  g i r d e r s ,  t h e  f requency  would be  c o n s i d e r a b l y  g r e a t e r  t h rough  
c o n t r i b u t i o n  of a s p a n d r e l / c l a d d i n g  system, p a r t i c u l a r l y  where t h e r e  i s  
f u l l - h e i g h t  p a r t i t i o n  benea th  o r  above t h e  g i r d e r .  

F i e l d  t e s t s  i n d i c a t e d  t h a t  a c t u a l  fundamenta l  f r equency  of each of t h e  
f l o o r s  t e s t e d  w a s  s i g n i f i c a n t l y  h i g h e r  t h a n  t h o s e  c a l c u l a t e d ,  w i t h  t h e  
e x c e p t i o n  of t h e  i n  s i t u  s l a b  and Unispan f l o o r s  where two-way a c t i o n  h a s  
been assumed i n  t h e  c a l c u l a t i o n s  ( T a b l e  2 ) .  It w a s  i n i t i a l l y  thought  t h a t  
t h a t  t h e  fundamenta l  f requency  of each  of t h e  f l o o r s  o b t a i n e d  u s i n g  t h e  
FFT a n a l y s i s  t e c h n i q u e  was t h e  second mode r e s p o n s e  of t h e  f l o o r s .  There  
have been i n s t a n c e s  o v e r s e a s  where t h i s  h a s  been observed ,  p a r t i c u l a r l y  
f o r  v e r y  s t i f f  f l o o r s .  However, i n  t h i s  s t u d y  t h e r e  a r e  two r e a s o n s  why 
t h i s  assumpt ion  i s  n o t  c o r r e c t .  F i r s t l y  , a l e s s  a c c u r a t e  method of 
d e t e r m i n i n g  t h e  fundamental  f r equency  of each s i g n a l  was o b t a i n e d  by 
c a l c u l a t i n g  t h e  number of c y c l e s  d i v i d e d  by t h e  t ime  e l a p s e d  f o r  each  
s i g n a l .  T h i s  method y i e l d e d  r e s u l t s  similar t o  t h a t  o b t a i n e d  from t h e  FFT. 
Secondly,  s imi l a r  f i e l d  t e s t s  t h a t  assumed s imple  s u p p o r t  c o n d i t i o n s  
c a r r i e d  by o t h e r  workers  on New Zealand f l o o r s  (Wood, 1 9 9 0 ;  Burns and 
Yong, 1 9 9 0 )  gave similar r e s u l t s  t o  t h o s e  observed  h e r e .  The h i g h e r  a c t u a l  
measured f r equency  compared t o  t h e  c a l c u l a t e d  v a l u e s  w a s  a t t r i b u t e d  t o  t h e  
a c t u a l  f l o o r  s t i f f n e s s  be ing  s i g n i f i c a n t l y  g r e a t e r  t h a n  t h a t  assumed i n  
t h e  c a l c u l a t i o n .  



In the calculations (except for those for the in situ slab and Unispan 
floors) it was assumed that floors possessed only one-way action. In 
reality, each precast unit is tied to its adjacent unit through the in 
situ concrete topping. Depending on bay width and thickness of the 
concrete topping, some two-way action will occur. Theoretically, the 
fundamental frequency of continuous beams with equal spans is equal to the 
fundamental frequency of a simply supported beam (Rogers, 1959) . In 
practice, a continuous beam, regardless of whether the spans are equal or 
not, will not exhibit simply supported conditions. The floor or beam 
actually has a more rigid support condition and this will result in a 
higher fundamental frequency than suggested by theory. We recommend that 
support conditions be considered thoroughly when calculating the 
fundamental frequency of bearns/floors in one-way systems. Full-fixity at 
the support should be considered only where appropriate. The fully built- 
in condition shall be assumed only when the designer is confident that it 
can be achieved in the construction. It is unlikely that the fully built- 
in condition can be achieved at end spans of a building supported by 
perimeter spandrel beams. This is because spandrel beams (particularly of 
steel framed construction) would not possess sufficient torsional 
stiffness. 

Stiffness contributions from non-structural components, such as full- 
height partitions and facade cladding, were also not included in the 
calculations. A further parameter influencing the stiffness of the floors, 
which indirectly influenced the calculated frequencies of concrete floors 
is the concrete modulus of elasticity (E). A 20% allowance for increase in 
the concrete modulus of elasticity of in-service condition (Bull, 1990) in 
relation to the 28-day value was assumed in the calculations. However, the 
derived E value of 30340 MPa is still low compared to Wyatt's (1989) 
recommended value of 38000 MPa for normal weight concrete. Moreover, the E 
value used in the frequency calculation assumed concrete with a 28-day 
compression strength of 25 MPa. In reality, the precast concrete floor 
units would have been constructed using concrete with a 28-day compression 
strength of about 40 MPa. Thus it seems reasonable to use the area- 
weighted concrete modulus of elasticity for calculating fundamental 
frequency of precast concrete floors. This increases the E value by 30% 
(fundamental frequency by 14%) for concrete floors, if the area of precast 
concrete floor element is equal to the area of the topping (i.e., 
(40+25)/2 divided by 25). 

4 . 2  Peak Acceleration and Peak Displacement 

For the floors that were within the scope of equation [ 5 ] ,  the measured 
peak accelerations of the heel drop impact were generally different from 
those calculated (Table 2). The variations were thought to be a result of 
the following opposing factors. 

Firstly, as well as the fundamental mode, the acceleration signals 
contained components of higher modes of vibration. This produced a higher 
peak acceleration than if the fundamental mode alone was present. Low-pass 
filtering of the signal, at a frequency of twice the calculated 
fundamental frequency, would reduce but not remove such effects 
completely. Secondly, although the person producing the heel drop weighed 



78 kg, the resulting peak force and impulse were substantially smaller 
than those of the simulated standard heel drop. 

Although there were some variations between peak accelerations of the 
floors obtained from the human heel drop and the "standard heel drop" 
impactor, these variations were not significant. Both these types of 
impacts could therefore be considered to be useful test methods. On the 
other hand, peak accelerations of the floors obtained from using the 
impulse hammer ranged from 3.8 to 19.7% g. This was because the impulse 
hammer could not impart consistent force levels to the floor, reducing its 
potential for obtaining useful results. In some instances, the 
displacement obtained from the hammer impact was less than the heel drop 
impact, even though the acceleration produced by the hammer was 
significantly greater than that of heel drop impact. This could be because 
the floor response from the impulse hammer did not represent a sinusoidal 
function. 

The peak displacements shown in Table 2 were not measured directly, but 
rather determined through manipulation of the acceleration response 
signals in the frequency domain. Generally, however, the measured peak 
displacements were small, and of the same order of magnitude as those 
calculated. 

4 . 3  Damping 

In theory, damping values estimated using the "half-power bandwidth" 
method in the frequency domain and the "logarithmic decayt1 method in the 
time domain should be the same. However, the measured values were 
generally quite different (Table 1). The main difficulty in estimating 
floor damping using the "logarithmic decay" method was that the signals 
did not show a smooth exponential decay. The increase in acceleration 
(Figures 2c, 2d) after the second and third peaks was due to the 
simultaneously occurring higher modes of floor vibration. Secondly, the 
floor damping varied, depending on which cycles of the signal were 
considered. Thus, the damping estimated in the time domain has not been 
considered and the damping obtained in the frequency domain has been taken 
as the representative floor damping. 

Generally, the damping measured from the hammer impact excitation was 
different to that derived from the heel drop and was not used. The 
variation was attributed to the additional weight of the person conducting 
the impact, the weight of the hammer and the inconsistency in force levels 
imparted by the hammer. 

Only damping from heel drop impacts conducted adjacent to the 
accelerometer have been included in the following analysis. Damping of 
unpartitioned floors ranged from 3.7-8.2% critical, with an average of 
6.3% and a standard deviation of 1.9%. Damping of the Unispan floor system 
(12.2% and 12.8%) has not been considered because although test areas were 
unpartitioned, areas adj acent to the test areas were partitioned, and 
could have increased the damping available. 

Damping of partitioned floors ranged from 7.7-17.1% critical, with an 
average of 12.6% and a standard deviation of 3.3%. 



Whether the floor was partitioned or not, and where the test was conducted 
in relation to the partitions affected the damping. There were 
insufficient data to determine if damping is affected by the type of floor 
system. Table 1 shows that the floors which were partitioned had higher 
damping than those that were not (3.7% compared to 16.4% critical for the 
6.40 m span rib floor; average of 6.7% compared to 14.9% critical for the 
composite steel-concrete floor). The measured damping was significantly 
higher where the test location was adjacent to a partition (within a 
distance of 1 m), than a test location remote from a partition. This is 
supported by Murray (1989), who observed that partitions must be attached 
to the floor system and spaced closer than every five secondary floor 
beams for floor systems to achieve his recommended damping. For example, 
the higher damping of location 2 (compared to location 1) of the 8.0 m 
span precast rib floor was because it was near the corner of a partitioned 
room (16.8% cf. 11.0%). Location 1 was at midspan of the floor and 
parallel to one partition only. The results of Burns and Yong (1990) 
indicated an average damping of 11.6% (cf. 11.0%) for location 1 compared 
to 13.1% (cf. 16.8%) for location 2. Burns and Yong obtained damping 
values using the decay method. 

The wide range of measured damping in both unpartitioned and partitioned 
floors also indicates that damping cannot be easily quantified. Since 
damping varied with floor location, in situ tests to measure floor damping 
should be carried out in at least four locations distributed throughout 
the floor. The average of these damping values would provide a better 
representation of overall damping than values from one or two test 
locations in each floor. This is why these tests do not give actual 
damping of the floors, but instead provide more of a guideline. 

If indeed the viscous component of damping was considered to be 50% of the 
measured floor damping when considering resonant response (Allen, 1990), a 
finished floor with mechanical fittings and a ceiling would have a damping 
of 0.5 x 6.3 = 3.1% critical. Similarly, the viscous damping would be 0.5 
x 12.6% = 6.3% for a partitioned floor. These values are slightly greater 
than the 3.0% and 4.5% damping values recommended at the corresponding 
stages of construction (Allen, 1990; Wyatt, 1989). It is recommended that 
3.0% and 6 .O% be adopted for the above two stages of construction for New 
Zealand heavy floors when considering resonant response. These damping 
values are also recommended when considering transient response, not only 
because this avoids confusion, but also because damping is location 
dependant. 

The 6.0% damping for partitioned floor applies only to partitions that 
extend to at least ceiling height, are fixed to at least three locations 
(e.g . to the floor and two return walls), and are spaced no more than 4 m 
apart. The partition spacing of 4 m was derived from the test floors where 
it was observed that generally this maximum spacing was used. For 
partition floors that do not fulfil these requirements, a damping of 4.5% 
should be assumed. 

4.4 Different Design Methods 

4.4.1 Using calculated/estimated values 

Both resonant response design methods (Wyatt, 1989; Allen, 1990) evaluated 
the composite steel-concrete floor as being "Unsatisfactory" (Appendix 



C . 2 )  u s i n g  e s t i m a t e d  v a l u e s .  However, harmonic  r e s o n a n t  r e s p o n s e  can be  
i g n o r e d  i n  New Zea land  f l o o r s  because  of  t h e i r  i n h e r a n t  s t i f f n e s s .  T h i s  
l e a d s  t o  a h i g h e r  f undamen ta l  f r e q u e n c y ,  n e g a t i n g  t h e  " U n s a t i s f a c t o r y "  
r e s p o n s e  p r e d i c t e d  by t h e  A l l e n  method.  S i m i l a r l y ,  b e c a u s e  t h e  f o u r i e r  
component f a c t o r  C ( s e e  eqn .  1 0 )  d e c r e a s e s  c o n s i d e r a b l y  w i t h  h i g h e r  
f r e q u e n c y ,  a n  " U n s a t i s f a c t o r y "  r e s p o n s e  as  p r e d i c t e d  by W y a t t ' s  method can 
be  i g n o r e d  as w e l l .  

Apply ing  t h e  i m p u l s i v e  r e s p o n s e  d e s i g n  methods (CSA, 1984;  Murray, 1989)  
w i t h  an e s t i m a t e d  damping of 6 . 0 %  i n  t h e  p a r t i t i o n e d  f l o o r s ,  t h e  o n l y  
f l o o r  t h a t  was p r e d i c t e d  t o  b e  " U n s a t i s f a c t o r y "  was t h e  S t r e s s c r e t e  6 . 4  m 
span  p r e c a s t  r i b  f l o o r  ( T a b l e  3 ) .  The o b s e r v e d  r a t i n g  f o r  t h i s  f l o o r ,  t h e  
8 . 4  rn s p a n  p r e c a s t  r i b ,  and t h e  compos i t e  s t e e l - c o n c r e t e  f l o o r s  was 
" N o t i c e a b l e " .  Because  a " N o t i c e a b l e "  r a t i n g  c o u l d  mean e i t h e r  " B o r d e r l i n e "  
o r  " U n s a t i s f a c t o r y " ,  it i s  p o s t u l a t e d  t h a t  t h e  6 . 4  m p r e c a s t  r i b  f l o o r  i s  
a c t u a l l y  a n  " U n s a t i s f a c t o r y "  f l o o r ,  whereas  t h e  o t h e r s  l i e  i n  t h e  
" B o r d e r l i n e "  r e g i o n .  

M u r r a y ' s  c r i t e r i a  a p p e a r e d  t o  be more s e v e r e  t h a n  t h e  CSA method ( 1 . e .  , 
r e q u i r e d  g r e a t e r  damping)  f o r  t h e  f l o o r s  c o n s i d e r e d  ( T a b l e  3 ) .  The 
c o r r e l a t i o n  between t h e  dynamic c h a r a c t e r i s t i c s  of  t h e  f l o o r s  measured i n  
t h e  f i e l d  and t h o s e  p r e d i c t e d  by e i t h e r  method was o f t e n  poo r .  I t  i s  
recommended t h a t  Mur r ay ' s  c r i t e r i a  be a p p l i e d  t o  r i b b e d  f l o o r  sy s t ems ,  
t h e s e  b e i n g  t h e  e l e m e n t s  upon which t h e  c r i t e r i a  were d e r i v e d  by t h e  
r e s e a r c h e r  w i t h i n  h i s  US s t u d i e s .  The CSA c r i t e r i a  a r e  g e n e r a l l y  l e s s  
c o n s e r v a t i v e  i n  t h e i r  demand f o r  minimum damping l e v e l s ,  b u t  have  a wide r  
s cope  of  a p p l i c a t i o n .  Both d e s i g n  methods a r e  h i g h l y  dependen t  on t h e  
f u n d a m e n t a l  f r e q u e n c y  of  t h e  f l o o r s ,  a p a r a m e t e r  t h a t  i s  d i f f i c u l t  t o  
p r e d i c t  f o r  New Zea land  f l o o r s .  F l o o r s  w i t h  a h i g h e r  f undamen ta l  f r e q u e n c y  
a l s o  have  a h i g h e r  c a l c u l a t e d  peak a c c e l e r a t i o n  ( e q u a t i o n  5 ) .  T h e r e f o r e  
h i g h e r  l e v e l s  of  damping a r e  needed t o  a v o i d  v i b r a t i o n  prob lems  u s i n g  t h e  
CSA method.  Mur r ay ' s  method a l s o  r e q u i r e s  a h i g h e r  damping r a t i o  f o r  
s h o r t e r  span  f l o o r s  w i t h  a h i g h e r  f undamen ta l  f r e q u e n c y .  

Murray o b s e r v e d  t h a t  c o n t r a r y  t o  p o p u l a r  b e l i e f s ,  l o n g  span  f l o o r s  ( w i t h  
lower  f u n d a m e n t a l  f r e q u e n c y )  a r e  l e s s  s u s c e p t i b l e  t o  t r a n s i e n t  v i b r a t i o n  
p rob l ems .  Whereas t h e  6 .40  m span p r e c a s t  r i b  f l o o r  r e q u i r e d  5 . 7 %  and 8 . 1 %  
c r i t i c a l  damping,  t h e  10 .05  m span w i t h  a d e e p e r  r i b  s i z e ,  r e q u i r e d  o n l y  
3 . 2 %  and  5 . 3 %  damping r e s p e c t i v e l y ,  u s i n g  t h e  CSA and  Mur ray ' s  method 
( T a b l e  3 ) .  Moreover,  t h e  l o n g e r  span f l o o r  w i t h  a g r e a t e r  c o n t r i b u t i n g  
we igh t  was a l s o  l e s s  s u s c e p t i b l e  t o  harmonic  r e s o n a n c e .  

4 . 4 . 2  Us ing  measured  v a l u e s  

The p l o t  of  measured peak a c c e l e r a t i o n  a g a i n s t  f r e q u e n c y  i s  shown i n  
F i g u r e  5 .  The a c c e p t a b l e  c r i t e r i a  of Murray and of  CSA have  been i n c l u d e d .  
Mur r ay ' s  v a l u e s  f o r  4% and 6 %  damping were d e r i v e d  by a s s i g n i n g  a v a l u e  of  
4 %  o r  6% t o  t h e  l e f t  hand s i d e  of  e q u a t i o n  [ 8 ] ,  and s o l v i n g  f o r  t h e  
d i s p l a c e m e n t  a m p l i t u d e  A,. Assuming a s i n u s o i d a l  r e s p o n s e ,  t h e  a c c e p t a b l e  
peak a c c e l e r a t i o n  ( a o )  was d e r i v e d .  F i g u r e  5 i n d i c a t e s  t h a t  t h e  f l o o r s  
t e s t e d  would g e n e r a l l y  pe r fo rm s a t i s f a c t o r i l y  under  b o t h  t h e  CSA and 
Murray c r i t e r i a .  Fundamental  f r e q u e n c y  a p p e a r s  t o  b e  t h e  m a i n  p a r a m e t e r  
a f f e c t i n g  dynamic pe r fo rmance  of t h e  f l o o r s .  F l o o r s  w i t h  f r e q u e n c y  below 
a b o u t  1 0  Hz were r a t e d  a s  " N o t i c e a b l e "  under  w a l k i n g  v i b r a t i o n s ;  t h o s e  
g r e a t e r  t h a n  10  Hz were " S a t i s f a c t o r y " .  A v a i l a b l e  f l o o r  damping d i d  n o t  
a p p e a r  t o  i n f l u e n c e  s i g n i f i c a n t l y  t h e  pe r fo rmance  of  t h e  f l o o r s  t e s t e d .  



Tab le  4 shows how t h e  d e s i g n  methods compared. Only 50% of t h e  damping 
measured h a s  been used  i n  t h e  e v a l u a t i o n  of t h e  r e s o n a n t  r e s p o n s e .  The 
t a b l e  i n d i c a t e s  t h a t  i n  g e n e r a l ,  t h e  Murray c r i t e r i o n  i s  more s e v e r e  t h a n  
t h e  CSA c r i t e r i o n .  

The 8.40 m and t h e  10 .05  m span  precast  r i b  f l o o r  which were p a r t i t i o n e d ,  
were p r e d i c t e d  t o  be " U n s a t i s f a c t o r y "  by t h e  Murray method. The fo rmer  was 
i n  agreement  w i t h  t h e  " N o t i c e a b l e "  r a t i n g  observed ( s e e  Tab le  1 ) .  However 
a r a t i n g  of " S a t i s f a c t o r y "  was observed  f o r  t h e  10 .05  m span .  The 
d i s c r e p a n c y  may be due t o  t h e  c o n s e r v a t i s m  of t h e  Murray c r i t e r i o n  a t  t h e  
h i g h  measured f l o o r  fundamenta l  f r e q u e n c y  of 1 1 . 7  Hz. 

The u n p a r t i t i o n e d  6 . 4  m span p r e c a s t  r i b  and t h e  composi te  s t e e l - c o n c r e t e  
f l o o r s  were c a l c u l a t e d  as b e i n g  " U n s a t i s f a c t o r y "  a c c o r d i n g  t o  t h e  Murray 
and CSA c r i t e r i a ,  and c o u l d  be  c o n s i d e r e d  t o  be i n  agreement  w i t h  t h e  
observed  f l o o r  r e s p o n s e s .  On t h e  o t h e r  hand, t h e  6-40 m a n d  t h e  composi te  
s t e e l - c o n c r e t e  p a r t i t i o n e d  f l o o r s  were p r e d i c t e d  t o  be " S a t i s f a c t o r y "  even 
though t h e  f l o o r s  were r a t e d  as " N o t i c e a b l e "  i n  f i e l d  t e s t s .  These 
d i s c r e p a n c i e s  cou ld  be a r e s u l t  of t h e  d e f i n i t i o n  of t h e  " N o t i c e a b l e "  
r a t i n g ,  i . e . ,  t h e  f l o o r s  a r e  p r o b a b l y  " B o r d e r l i n e " .  

Because New Zealand h a s  t r a d i t i o n a l l y  b u i l t  s t r u c t u r e s  u s i n g  s t r u c t u r a l  
c o n c r e t e  members which a r e  s u b s t a n t i a l l y  s t i f f e r  t h a n  s t e e l  ( b o t h  f l o o r  
and s t r u c t u r a l  f r a m i n g ) ,  a s l i g h t  r e d u c t i o n  i n  f l o o r  s t i f f n e s s  and f l o o r  
weight  c o u l d  c a u s e  f l o o r s  t o  be r a t e d  as " N o t i c e a b l e "  w i t h  r e g a r d  t o  
p e o p l e ' s  e x p e c t a t i o n s .  Because t h e  d e s i g n  methods were d e r i v e d  i n  North 
America from t e s t s  on c o m p o s i t e - s t e e l  c o n c r e t e  f l o o r s  ( p a r t i c u l a r l y  t h e  
Murray me thod) ,  t h e  o c c u p a n t s  t h e r e  may have been " c o n d i t i o n e d "  t o  t h o s e  
t y p e s  of b u i l d i n g s  and t h e r e f o r e  have a g r e a t e r  t o l e r a n c e  t o  v i b r a t i o n s  
compared t o  New Zea lande r s .  P o s s i b l y ,  f l o o r s  t h a t  a r e  " S a t i s f a c t o r y "  i n  
North America u s i n g  t h e  Murray and CSA methods may n o t  be r a t e d  as 
" S a t i s f a c t o r y "  h e r e .  

A f u r t h e r  r e a s o n  cou ld  be t h a t  t h e  damping measured and u t i l i s e d  i n  t h e  
d e s i g n  methods t o  p r e d i c t  t h e  f l o o r  r e sponse  ( t h e  S t r e s s c r e t e  6 . 4  m 
p r e c a s t  r i b  and t h e  composi te  s t e e l - c o n c r e t e  f l o o r s )  w a s  h i g h e r  t h a n  t h e  
a v e r a g e  damping p r e s e n t  ( i. e .  , t h e  t e s t s  were conducted a t  highly-damped 
a r e a s ) .  T h i s  i n d i r e c t l y  s u p p o r t s  t h e  recommendation i n  s e c t i o n  4 . 3 ,  of t h e  
need t o  o b t a i n  and a v e r a g e  damping v a l u e s  from a t  l e a s t  f o u r  l o c a t i o n s .  

G e n e r a l l y ,  t h e  harmonic r e s o n a n t  r e s p o n s e  was c l a s s i f i e d  as " S a t i s f a c t o r y "  
u s i n g  t h e  A l l e n  method when t h e  measured fundamental  f r equency  of t h e  
f l o o r s  were used .  These f r e q u e n c i e s  were s i g n i f i c a n t l y  h i g h e r  t h a n  t h o s e  
c a l c u l a t e d  and s h i f t e d  t h e  r e s p o n s e  from t h a t  of t h e  second ( t h e  p r o d u c t  
of damping a n d  f l o o r  we igh t ,  DW = I d ) ,  t o  t h e  f o u r t h  harmonic (DW = 3 . 5 ) .  
S i m i l a r l y ,  t h e  Wyatt method a l s o  e v a l u a t e d  t h e  p a r t i t i o n e d  composi te  
s t e e l - c o n c r e t e  f l o o r  as " S a t i s f a c t o r y "  when u s i n g  t h e  measured v a l u e s .  
Because New Zealand f l o o r s  e x h i b i t  a h i g h e r  d e g r e e  of s t i f f n e s s  r e s u l t i n g  
i n  h i g h e r  fundamental  f r e q u e n c i e s ,  problems r e s u l t i n g  from harmonic 
r e s o n a n t  r e s p o n s e  a re  u n l i k e l y .  

5.0 FUTURE WORK 

F i e l d  t e s t i n g  sugges t ed  t h a t  New Zea lande r s  may have a h i g h e r  e x p e c t a t i o n  
of t h e  f l o o r  performance w i t h  r e g a r d  t o  v i b r a t i o n s  t h a n  o v e r s e a s  b u i l d i n g  



occupants. This could be because New Zealand structures have been built 
traditionally with substantial stiffness and mass using structural 
concrete members. This issue however needs to be studied further and it is 
recommended that "controlled studies" be made to investigate the 
acceptable acceleration limits for New Zealand building occupants. 
Respondents for such an investigation should be drawn from a wide cross 
section of New Zealand society. Such an investigation should be conducted 
on light-weight timber floors because respondents would be able to 
perceive vibrations more easily than in heavy, stiffer floors. Testing of 
light-weight floors also has the advantage that the relevant dynamic 
parameters could be measured to verify the design method recommended for 
use in the previous phase of this project. The parameters to be studied 
may include: 

(a> whether the respondent was sitting, standing or walking; 

(b) the span, width and sectional properties of the joists; 

(c) respondents response to walking, running, jumping or heel drop 
excitations; 

(d) types of joists, e. g. , timber, light-weight steel, composite wood 
products ; 

(e> the effects of solid blocking between joists, the presence of a 
ceiling and the presence of partitions on the acceptability limits 
for flo,or damping and acceleration. 

Accelerometers with a higher degree of sensitivity (such as 10' Volts/g) 
should however, be used to record floor response from excitations such as 
walking. 

Further field testing on heavy-weight floors such as those described in 
this report, should be conducted to obtain an information "database". 
Clarification of the importance of damping in reducing annoying transient 
vibrations should be carried out. 

The information obtained in both light-weight and heavy-weight floors 
could then be used as inputs to develop a "finite-element" computer model 
to predict the performance of floors when subjected to vibrations. 

6.0 CONCLUSION AND RECOMMENDATIONS 

Heel drop impact, hammer impact and standard heel drop impact tests were 
conducted on New Zealand heavy floors. Hammer impact did not produce 
consistent excitations and it is recommended that future testing avoids 
using this method. The fundamental frequency; peak acceleration; peak 
displacement, and damping of floors were measured. 

The measured fundamental frequency of each of the floors was generally 
significantly higher than those calculated assuming one-way action. This 
was attributed to the higher actual stiffness resulting from: 

(a> significant two-way slab action dominating, through the thickness of 
the concrete topping; 



( b  ) s t i f f n e s s  c o n t r i b u t i o n s  from n o n - s t r u c t u r a l  components such as  f u l l -  
h e i g h t  p a r t i t i o n s  and f a c a d e  c l a d d i n g ;  

( c )  a h i g h e r  c o n c r e t e  modulus of e l a s t i c i t y  t h a n  assumed i n  t h e  
c a l c u l a t i o n .  

I t  i s  s u g g e s t e d  t h a t  t o  a t t a i n  a c a l c u l a t e d  fundamenta l  f r equency  
c o r r e s p o n d i n g  t o  t h e  a c t u a l ,  t h e  f l o o r  s u p p o r t  c o n d i t i o n s  need t o  be 
t h o r o u g h l y  c o n s i d e r e d .  F u l l - f i x i t y  o r  two-way a c t i o n  may be p o s s i b l e .  

The measured damping of t h e  f l o o r  systems u s i n g  t h e  " l o g a r i t h m i c  decayn  
method was g e n e r a l l y  q u i t e  d i f f e r e n t  from t h a t  of t h e  "half-power 
bandwidth" method. Because t h e  "half-power bandwidth" method was more 
a c c u r a t e  and c o n s i s t e n t  i n  t h e  d e t e r m i n a t i o n  of damping, it i s  p r e f e r r e d  
f o r  use . '  The measured f l o o r  damping was a f f e c t e d  by where t h e  t e s t  
l o c a t i o n  was i n  r e l a t i o n  t o  t h e  p a r t i t i o n s .  Measured damping was h i g h e r  
where t h e  t e s t  l o c a t i o n  was a d j a c e n t  t o  a p a r t i t i o n .  Damping v a l u e s  of 3 . 0  
and 6.0% a re  recommended f o r  u s e  i n  f l o o r s  w i t h  a c e i l i n g  and mechanical  
f i t t i n g s ,  and i n  p a r t i t i o n e d  f l o o r s ,  r e s p e c t i v e l y .  For  p a r t i t i o n e d  f l o o r s  
t o  a c h i e v e  t h e  6 . 0 %  damping, t h e y :  

( a )  must e x t e n d  t o  a t  l e a s t  c e i l i n g  h e i g h t ;  

( b  must be  f i x e d  t o  t h e  f l o o r  and two r e t u r n  walls;  

( c )  must n o t  be spaced  more t h a n  4 m a p a r t .  

I f  t h e  above r e q u i r e m e n t s  a r e  n o t  met, a damping of 4.5% cou ld  be  assumed 
f o r  p a r t i t i o n e d  f l o o r s .  

E i t h e r  of t h e  two impu l s ive  r e s p o n s e  d e s i g n  c r i t e r i a  c o n s i d e r e d  w i t h i n  
t h i s  s t u d y  (CSA, 1984; Murray, 1989) may be used  t o  i d e n t i f y  t h e  ' l eve l  of 
damping r e q u i r e d  t o  a v o i d  t r a n s i e n t  v i b r a t i o n  problems w i t h  heavy f l o o r s  
i n  New Z e a l a n d . .  The damping v i b r a t i o n  demands r e q u i r e d  t o  s a t i s f y  
Murray ' s  c r i t e r i a  a r e  g e n e r a l l y  more s e v e r e  t h a t  t h o s e  s t i p u l a t e d  by t h e  
CSA method. European r e q u i r e m e n t s  a r e  more demanding s t i l l .  I t  i s  
i m p o r t a n t  t h a t  d e s i g n e r s  be aware of t h e  l i m i t a t i o n s  of  a p p l i c a t i o n  f o r  
b o t h  t h e  CSA and t h e  Murray method, and e n s u r e  t h a t  t h e  f l o o r s  be ing  
c o n s i d e r e d  have pa rame te r s  which f a l l  w i t h i n  t h e  scope  l i m i t s  d e f i n e d  
( u s u a l l y  r e l a t i n g  t o  minimum span,  and maximum fundamenta l  r e sponse  
f r e q u e n c y ) .  The f i e l d  t e s t  under taken  i n  t h i s  s t u d y  i n d i c a t e s  t h a t  t h e  
fundamenta l  f r equency  of most f l o o r s  was i n  e x c e s s  of t h e  v a l u e  p r e d i c t e d  
by c a l c u l a t i o n .  I t  i s  t h u s  g e n e r a l l y  u n l i k e l y  t h a t  r e s o n a n t  r e s p o n s e  of 
f l o o r  sys tems w i l l  be of concern  f o r  New Zealand f l o o r s .  

Some f l o o r s  were ra ted as " N o t i c e a b l e "  (meaning e i t h e r  a " B o r d e r l i n e "  o r  
" U n s a t i s f a c t o r y "  r a t i n g )  by t h e  occupan ts  even though t h e  a p p l i c a t i o n  of 
t h e  Murray and CSA c r i t e r i a  u s i n g  b o t h  t h e  c a l c u l a t e d  and measured v a l u e s  
p r e d i c t e d  a s a t i s f a c t o r y  r e s p o n s e .  A p o s s s i b l e  e x p l a n a t i o n  was t h a t  New 
Zea lande r s  a re  more s e n s i t i v e  t o  t h e  v i b r a t i o n  of f l o o r  t h a n  i s  r e p o r t e d  
o v e r s e a s .  
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Figure la : Typical floor plan of one bay of in-situfloor slab 

Section through secondary beam of one level. 





Figure lc : Floor plan of 10.05 m precast rib floor 

Figure ld : Floor plan of 6.4 m precast rib floor 



Figure le : Floor plan of 8.0 m precast rib floor 

Figure If : Floor plan of 8.4 m span precast rib floor 
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Section A-A 

Figure lg : Floor plan of composite steel-concrete floor 



. . 
Figure lh : Section through the precast llDycorew floor 

I 

Section 

Figure li : Section through the precast double tees (cropped) floor 



A- belt 

I t -  
I I 

11.6 kg weight, 
r m m  diameter 

vertical pipe 3.2 mm 
thick x 57 mm O.D. 

spring, 
K= 3.66 kglmm 

Figure 2a : Standard heel drop impactor from Murray (1990) 

Figure 2b : Equipment for dynamic tests 



Figure 2c : ~cceleration of in-situ slab from heel drop impact 

Figure 2d : Acceleration of insitu slab from hammer impact 



Figure 2e : "FFT* of in-situ slab from heel drop impact 
. . 

*/? r d b  .e~ I 

Figure 3 : Frequency factor for continuous beams from Wyatt (1989) 



Walking vlbrat~on - - - - - - - -  
( 12% damping) 

F Walking vibration --------- - (6% damping) 
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accelerat~on aetermlnea 
by heel Impact test 

Criterion for 
COn!lnuOuS vlbrauon 

Figure  4 : Annoyance c r i t e r i a  f o r  f l o o r  v i b r a t i o n s  from CSA (1984)  



Figure 5 : Plot of measured values under heel drop impact against the 
Murray and CSA methods 

3 0 



TABLE 1 : MEASURED AND OBSERVED FLOOR VIBRATION CHARACTERISTICS 

Span 

8 .  OOP 

Impact f a. A Damping ( %  of  c r i t i c a l )  
Type (h (%g> c h  

Half power Logarithmic 
Bandwidth Decay 

adjacent  bay 

ad jacen t  bay 

HD on 1 1 . 7  3 .6  0.14 10.5 6 . 6  
secondary beam 

HD and 1 2 . 4  3 . 8  0 .41 7 . 2  5 . 1  
accelerometer  on secondary beam 

ad jacen t  bay 

suppor t ing  beam I 
HD 1 9 . 5  3 . 8  0 .37  1 2 . 8  7 . 0  

IH 2 1 . 5  1 9 . 7  0 . 4 2  5 . 0  7 . 6  

IH on 2 1 . 5  4.3 0 . 1 2  9 . 5  8 . 3  
suppor t ing  beam 

HD 1 1 . 7  8 . 5  0 . 7 1  9 . 9  10 .0  

HD 7 . 8  5 . 1  0 . 8 7  3 . 7  6 . 8  

IH 7 . 8  5 . 1  0 . 3 1  9 . 6  8 . 8  

HD 8 . 8  4 . 7  0 . 3 4  1 6 . 4  1 5 . 6  

Rating 
f rom 
walkin; 



L 

Composite 
steel- 
concrete 

. 
Dycore 

Double 
Tees 

Notation : HD = Heel drop; IH = Impulse hammer; SHD = Standard heel drop; 
Number after impact type = test location; S =Satisfactory; 
N Noticeable; P = Partitioned; ? = Cannot be determined. 
* = Results from Burns and Yong (1990) 

. 

8.40P 

8.60P 

8.60 

8.40 

14.90P 

SHD-1 11.2 3.4 0.17 10.3 8.4 * 11.1 4.7 0.12 - 11.9 

IH-1 11.2 9.0 0.14 11.2 13.2 

HD-2 10.3 4.7 0.29 16.7 * 14.6 
9.7 4.3 0.14 - 12.8 

SHD-2 10.3 3.0 0.19 17.0 * 9.7 4.5 11.1 0.13 - 13.3 

HD- 1 7.8 7.3 0.79 7.7 19.2 
2 

SHD-1 7.8 5.1 0.68 9.8 14.8 

HD-2 8.3 4.7 0.57 9.9 11.8 

SHD-2 8.3 6.0 0.62 11.3 9.8 

HD-1 9.8 3.4 0.27 17.1 13.7 
, 

IH-1 9.8 8.5 0.12 12.0 15.7 

HD-2 6.8 3.0 0.69 12.7 17.5 

IH-2 7.6 9.0 0.27 19.2 ? 

HD- 1 6.8 3.0 0.83 8.2 4.8 

IH-1 6.8 11.1 0.42 14.8 7 

HD-2 8.8 3.4 0.51 5.3 8.6 

HD 17.2 1.3 0.03 6.6 6.4 

HD 16.6 2.6 0.20 15.4 14.2 

S 

N 

N 

S 

S 



rABLE 2 : COMPARISON OF CALCULATED AND MEASURED FLOOR VIBRATION CHARACTERISTICS 

Span Calculated/Estimated Measured Floor 
Type 

D ( %  
critical) 

Insitu 
Slab 

Unispan 

Precast 
Rib 

8. OOP 

Composite 
steel- 
concrete 

Dycore 

Double 
Tees 

Notes : 

1. s = secondary beam; g - girder; t = two-way action 

2 .  Only the data from heel drop and standard heel drop impact tests have been 
used for comparison. The average of the frequencv and damping values Fa~ie 

i 

been tabulated. The peak acceleration and peak displacement, racher than 
the average values have been used. 



3 .  Where t e s t s  were ca r r i ed  out  on more than one loca t ion ,  the r e s u l t s  of 
each loca t ion  have been tabula ted.  

Where both hee l  drop and s tandard hee l  drop impacts have been conductzd, 
the average damping obtained using the half-power bandwidth method has 
been tabula ted.  



TABLE 3 : COMPARISON OF PREDICTIONS FROM VARIOUS DESIGN METHODS - 
(Input Parameters Being Calculated Dynamic Characteristics) 

Floor 
Type 

Span 
(m> 

f 
6 2 )  

Precast 
Rib 

Composite 

10 .05  
. 

6 . 4 0  

Dycore 

Double 

s = secondary beam; g = girder; t = two-way action; S = satisfactory; U = 
Unsatisfactory, Damping values of 4 . 0 %  
and 6 . 0 % ;  and 3 . 0 %  and 4.5% were assumed when considering transient and 
resonant response for unpartitioned and partitioned floors respectively. 

W 
(w 

5 . 1  

5 . 8  

8 . 0 0  
. 

8 . 4 0  

8 .,6Os 
8.60g 
8.60t 

4 . 8  

4 . 4  

6 . 2  
4 . 4  
3.6 

8 . 4 0  

14.9 

Damping required/ 
Damping estimated 
CSA /Hurray 

6.9 

3.6 

DW required/ 
DW calculated 
Allen 



TABLE 4 : COMPARISON OF PREDICTIONS FROM VARIOUS DESIGN METHODS - 
(Input Parameters Being Measured Dynamic Characteristics) 

Span Damping required/ 
Damping measured 
CSA Murray 

8.8/9.9 S 14.0/9.9 U 

6.2/3.7 U 5.5/3.7 U 

5.8/16.4S 6.2/16.4S 

5.5/11.0S 5.1/11.OS 

5.8/16.8S 6.6/16.8S 

DW required/ 
DW measured 
Allen 

Floor 

Precast 
Rib 

8. OOP 

Composite 
steel- 
concrete 

Dycore 

Double 
Tees 

S = Satisfactory; U = Unsatisfactory 



Table 5 Dynamic Factors for Heel-Drop Impact from lMurray (1989) 

DLF DLF DLF 



Table 6 Values for dimensions Lef and S from Wyatt (1988) 

Indicative floor layout 

Case (I) 

Case (2) 

Case (3) 

Qualifying conditions 

RF main beam < 0.2 

RF main beam < 0.2 

RF main beam < 0.6 

Case (4) 

RF main beam > 0.6 L* but < 1 max 

As for 
Case (3) 
above 

S* but - < W* 

Greater of 
S*of L 
but - < W* 

As for 
Case (I) 
above 

- -  

Cases (I) and (2) of the indicative floor layouts are intended to be applied where the fundamental mode 
shape is govemed by floor beam deflection. 

Cases (3) and (4) are for mode shapes governed by main beam deflection. 



APPENDIX A: CALCULATION OF FUNDAMENTAL FREQUENCY 
OF FLOORS 

A . l  Insitu Slab - 114 mm thick 

A.1.1 Partitioned floor 4.05 x 5.40 m 

Dead load (DL) = 23.5kM/nx3 x 0.114 111 = 2.68 kPa 
Superimposed Dead Load (SDL)  = 0.4 kpa (ceiling; carpet, furnitures? etc.) 
Live load (0.1 LL) = 0.1x2.5 kPa (for general office) = 0.25 kPa 
Therefore DL + SDL + 0.1 LL = 3.33 kPa 
Poisson's ratio of concrete, p. = 0.3 

Modulus of elasticity of coimete: 
E = 1.2 x 0.043 x T.V x fi fro111 NZS 3101 (SANZ, 1982) 

The 1.2 factor above is an allowance for actual concrete compression strength under 
in-service condition being approxiniately 40% greater than tohe 25 day strength (Bull, 
1990). Assuming concrete with a weight of 2400 lzg/nz3 and a 28 clay concrete 
compression strength of 25 MPa, then 

1.5 E = 1 . 2 ~ 0 . 0 4 3 ~ 2 4 0 0  x . a = 3 0 3 4 0  MPa 

Since the slab is simply supported on four edges, from equation [2] 
- - I 

A.1.2 Unpartitioned floor, secondary beam size = 351 x 216 mm, 5.4 m 
span 

J 
Y 

23.3klVlv~' ~ 0 . 2 6 7 ~  0.216 Dead load bealll = .----- ..-- -.------- 
4.05 -- = 0.34kPa - 

Total load = 3.67 kPa 

The  distance to the neutral axis, . 
'9 = 1 1 4 x 4 0 5 0 ~  5 7 + 2 6 7 ~  2 1 6 ~  247.5 

1 1 4  x 1 0 5 0 + 2 6 7 ~  216 - = 78 xmi1 t z I  
The transformed tnoment of inert-ia of the uncracked section. 

Since the 5.4 m span beam is continuous with equal spans: from equation [3] 
fo = 1.57 x 9 8 l o ~ 3 0 3 r o ~ 2 . 7 0 3 X l o ~  = 12.5 Hz 

3 . 6 7 ~  4.05 x 5400' 

A.2 "Unispan" floor - 145 rnm overall 

A.2.1 6.0 m span 

Dead load (DL)  = 23.5 x 0.145 = 3.41 kPa 



Superimposed dead load (SDL) = 0.40 kPa 
Live load (0.1 LL) = 0.25 kPa 
DL + SDL + 0.1 LL = 4.06 kPa 

Consider the system as a three span continuous floor with two short spans of 4.55 
and a long span of 6.0 in (refer Figure l b ) .  From Figure 3, li' = 2.00 

The  sec.ond. moment of inertia, 
I =  1453x1200 = 3.049 x lo8 7nm4 1 2  

A.2.2 4.55 x 5.30 m floor 

Because the floor is also supported on a third edge by the shear wall, consider the 
floor as being simply supported on all four sides. 

A.3 Precast rib floor 

A.3.1 10.05 m span - overall depth of 300 mm 

Dead load (DL) = 2.92 kPa from manufacturer's data 
Superiinposed dead load (SDL)  = 0.4 kPa and Live load (0.1 L L )  = 0.25 kPa 
DL + SDL + 0.1 LL = 3.57 kPa 

Modulus of elasticity of concrete = 30340 MPa 

The  traidorined nloment of inertia of the uncrac.ked sec.t.ion, 

hlodulus of elasticity of timber = 8000 MPa 
Therefore transforined timber width ( to  coi1c.ret.e) = 375 x so00 00340 = 99 inxu 

25 I 
YT ' + 

Consider the floor as a two span beam with the ratio of short to  long span = 5.6 
10.05 

= 0.56. Therefore li' = 2.05 from Figure 3. 

900x 75 x37.5+198x 25xP7.5+225 x 1 .50~  187.5 Y = 900x 7 5 + 1 9 8 ~ 2 5 + 2 2 5 x  150 = 87.5 1lllll 
4-- 

A.3.2 0.4 m span - overall depth of 160 mm 

-f 



Dead load (DL) = 2.27 lcpa fro111 manufacturer's data 
Superimposed dead load (SDL) = 0.4 kPa and Live load (0.1 L L )  = 0.25 kpa 
DL + SDL + 0.1 LL = 2.92 lcpa 

From similar calculations as above, 
y = 52.4 mni and I = 114.5 x 10' mm4 

- The ratio of short to long span at the point of impact = 3.2 - - 0.5. Therefore K' = 6 . 4  
2.09 and fo = 5.5 Hz 

A.3.3 8.0 m span - overall depth of 250 mm 

Dead load (DL) = 2.70 kPa from manufacturer's data 
SDL = 0.4 kPa and Live load (0.1 LL) = 0.25 kPa DL + SDL + 0.1 LL = 3.35 kPa 

y = 73.3 mm and I = 395.3 x 106 n 7 m 4  

Assuming simply supported conditions because in the bay adjacent to the tested 
location, the precast rib spanned in the perpencticular direction. 
Therefore fo = 4.5 Hz 

A.3.4 8.4 m span - overall depth of 250 111m 

Continuous beam with equal spans, fo = 4.4 Hz 

A.4 Composite steel-concrete floor (refer Figure l g )  

Dead load floor = 2.23 kPa 
Dead load primary and secondary floor beams = 0.25 kPa 
Superimposed dead load = 0.40 kPa and Live load (0.1 L L )  = 0.25 kPa 
Therefore DL (floor and beams) + SDL + 0.1 LL = 3.13 kPa 

2.23 - 94 - The equivalent concrete thiclcness, t ,  = - - 
23.5 . I r n l n  

Modulus of elasticity of concrete = 30340 MPa 
~ I o d n l n s  of elasticity of steel = 200000 MPa 
Transformed concrete width ( to steel) = 2500 x 30340 9 -  

200000 = 0 I 9 111111 

Area of 310UB40 (Universal Beam) = 5150 n?.m 2 

The second moment of inertia of the 310UB40, I = 55.2 x l o6  1111n.~ 
The second ~nonient of inertia of the 360UB45 (primary beam in the interior of 
building awav .I from the perimeter) I = 141.6 x lO%77.n1.' 



Sinlply supported secondary beams, 

The  interior primary beam has been considered because the perimeter primary beam 
would be considerably stiffened by the presence of the spandrel/cladcling system. 
Continuous primary beam of equal spans and assume that there is no composite 
action with the slab, 

Consider two-way action of sys tern, from Dunkerly 's formula (equation [4]), 
1 - - - 
f = + 6.19~ - therefore f = 3.6 Hz 4.02' 

A.5 Dycore floor 

Dead load Dycore = 2.40 lcPa and Dead load concrete topping = 2.35 lcPa 
Superimposed dead load = 0.40 kPa and Live load (0.1 LL) = 0.25 lcPa 
Therefore DL (Dycore and topping) + SDL + 0.1 LL = 5.40 kPa 

Area of Dycore = 0.1192 x lo6  nzna4 
The  second monlent of inertia of "Dycore", I = 6.50 x lo8  min4 

3 ZOO - - 

&A. 003000 
.Y = 2 0 0 ~ 0 . 1 1 9 2 ~ 1 0 ~ + 1 2 0 0 ~ 1 0 0 ~  - - 124.7 lnlll 

0.1192 x lOe+12O0x 100 

Continuous beam with equal spans, --- 

A.6 Double Tees floor (cropped unit) 

Dead load = 23.5 x (0.115 x 0.69+2 x 0 . 0 9 ~  0.4) 
n . m  = 5.15 kPa -.-- 

Superitnposed dead load = 0.4 kPa and Live load (0 .1  LL)  = 0.25 kPa 
Therefore DL +- SDL $ 0.1 LL = 5.50 kPa 65 

N A. 

#o 



Continuous beam with equal spans, 
I - 



APPENDIX B: APPLICATION OF THE DESIGN METHODS TO THE 
6.4 M SPAN PRECAST RIB FLOOR USING THE CALCULATED/ESTIMATED 
VALUES. 

B . l  I~npulsive Response (see section 3.2.1) 

B.1.1 CSA method 

fo  = 5.8 Hz from Appendix A.3.2 
- 60f0 (froin equation [j] ), a.o - W B I L  

Froin Figure 4 ,  damping required = 5.7% 

B.1.2 Murray method 

The static. deflection under a 2.67 kN point load, 

D L F  = 0.5168 from Table 5 

Aot = 0.8723 x 4.125 = 3.369 inn1 and from equation [ 7 ] ,  

Therefore A. = 3.369/4.805 = 0.701 inin 

Fro111 equation (81, D > 1.38 x 0.701 x 5.8 + 2.5 = 8.1%. If an availal~le damping 
of G.O% was assumed, then the floor is predicted to be un~at~isfact~ory to impulsive 
response using both methods. 

B.2 Resonant Response (refer section 3.2.2) 

B.2.1 Allen method 

Sinc.e fo  is 5.8 Hz, check for resonance to the third harmonic of walking frequency, 
i.e., DTV > 7. 

where El, = 2 L  x {% <= L froiu equation [ l o ]  D, 

Assuine c.onservatively that only the topping thiclcness contributes to the flexural 
rigidity in the direction perpendic.ular to the rill span, 

BJ = 2 L  x i/ 900 x 753 
1 2  x 116.5 x l oe  = 1.444L > L. Therefore B3 = L = 6.4 111 

W = 120 kN and DM,' = 0 . 0 4 5 ~ 1 0 3  = 5 . 4 ~  7, i.e., the floor is unsatisfa.ct~ory to the 
third hariuonic of walking vibrations. 



APPENDIX C: APPLICATION OF THE DESIGN METHODS TO THE 
COMPOSITE STEEL CONCRETE FLOOR USING THE CALCULATEDIESTIMATED 
VALUES. 

C . l  Impulsive Response (see section 3.2.1) 

C.1.1 CSA method 
C.1.1.1 Secondary beam 

fo  = 6.2 Hz from Appendix A.4 

From Figure 4, damping required = 5.1%. 

C .  1.1.2 Primary girder 

fo = 4.3 Hz 

From Figure 4, damping required = 4.4%. 

C.1.1.3 Two-way action 

Using Dunkerly's equation, f = 3.6 Hz , 

From Figure 4, dainping required = 3.8%. 

The  impulsive response is therefore governed by that of the secondary beam. 

C.1.2 Murray method 
C.1.2.1 Secondary beam 

fo = 6.2 Hz and from Table 5 :  DLF = 0.8615 

Aot = 0.8615 x 0.521 = 0.449 nun 

A. = 0.243 nun and D > 1.35 x 0.243 x 6.2 + 2.5 = 4.6% 



C.1.2.2 Primary girder 

Assuming that the support conditions of the priluary girder is SO% of fixed ended 
PP conditions, dg = 0.8 x 1 9 2 ~ 1  7 i.e., 

fo  = 4.4 Hz and DLF = 0.6445 

Since the effective number of pr i~nary  girders, N e f ,  = 1.0, 
Aot = A. = 0.6448 x 0.147 = 0.095 mm 

C.1.2.3 Two-way Action 

The  initial amplitude due to heel drop of the two-way system = the heel drop 
amplitude of the secondary beam + half the heel drop amplitude of the primary 
girder, A. = 0.243 + 0.095 2 = 0.291 111111 

Therefore, the secondary beam again governs the response to impulsise loading. If 
the estimated available damping in the floor is 6.0%: then the floor is satisfactory 
using Murray's method. 

C.1.3 Wyatt method 

Wyatt's method is not required to be checked for impulsive response since the fun- 
damental frequency of the floor is less than i' Hz, and resonant. response dominates. 
This method is however shown below as a worked example. 

30000 where B2 is t-he lesser of the secondary beam spacing The response factor, R = d f B 2 L  

or 40 times the equivalent concrete thickness. B2 = 2.5 111 in this case. 

Therefore R = 30000 
319 x 2.5 x 8.6 = 4.4 < 8, hence the floor is sateisfactory to impulsive 

response according to Wyat th  method. 

C.2 Resonant Response (refer section 3.2 .2)  

C.2.1 Allen method 

Even though the response of the secondary bean1 governs the ixlipulsive response 
(as shown above), check for the second harmonic response of walking resulting from 
two-way action of the floor since f = 3.6 Hz, i.e., DW is required to be greater than 



14 for the floor to be satisfactory. 

I.V = 3.13 x B3 x L = 3.13 x 8.6 x 8.G = 231 kN; 
DIV = 0.045 x 231 = 10.4 < 14, hence the Aoor is predicted to be unsat.isfactory. 

C.2 .2  Wyatt method 

68000" where C = 0.4; L = 8.6 in, The response factor, R = lwsLD 
J l  = 313kg/in2 D = 0.045 

The deflection of the setondary floor beams under the imposed loading, 

The  deflection of the primary girder under the imposed loading. .- , 

5 .32  The relative flexibility of the niain beam, R F  = 5.32+8.21 = 0.39, and therefore S = 
greater of S* or Lef  but less than W* (refer Table 6) .  

- - - 
From Wvatt., J S* = 4.5 x -k where 1II f { J "' 
EIl  is the dynamic flexural rigidity of slab = 30340~ lo'x0.094~~ = 2,147 106 N~ 12 

R = 68000 x 0.4 
319 x 2 1.5 x 8.6~ 0.04.5 = 10.2 > 8, hence floor is also predicted to be unsatisfactory 

to resonant response using the Wyatt method. 
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