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SUMMARY

This is an abridged version of a more detailed report prepared as 
Part I. Its purpose is publication in a technical journal for broader 
exposure of the results and recommendations of the work.
The purpose of the research was to obtain subjective responses by 
occupants of houses about the performance of floors in their residences. 
From detailed inspection information, sufficient data were also collected 
to estimate the deflection and dynamic response of each floor. Correlation 
between the computed performance and the subjective assessments led to the 
recommendation of new performance criteria for the design of floors in 
living quarters and in bedrooms.
The recommended criteria, would make it possible to optimize the use of 
materials in the construction of floors. They would also provide for more 
uniform quality of performance enabling more economical construction with 
greater confidence that acceptable performance will be attained.
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INTRODUCTION

Deflection criteria for design of residential floors have come down to 
us from traditional building practices. Deflection limitations were 
considered necessary to avoid cracking of plaster ceilings under full 
design load. By satisfying these limitations, a level of performance 
was usually attained which also satisfied the requirements of the 
occupants for reasonably sturdy floors.
In this country, traditional floor construction has consisted in the use 
of rough-sawn beams and joists, rough-sawn boards for the subfloor, and 
hardwood strip flooring for the finished wearing surface. Current 
floor construction consists in the use of joists which are generally of 
smaller cross section than before and the use of panel materials such 
as plywood or waferboard for the subflooring. Also, the use of 
wall-to-wall broadloom directly on the subfloor in place of hardwood 
flooring provides less flooring stiffness. Changes in the grading 
rules for limber produced in both Canada and the United States came 
about in 1970 and have generally resulted in the production of slightly 
smaller lumber sections than before. Taken all together, these changes 
may have resulted in a reduction in the general level of performance of 
floors actually built.

One approach for determining suitable serviceability limits, is through 
consumer surveys. If present criteria are not completely satisfactory 
and if some builders are just conforming to the minimum standards, a 
range of performance exists which includes floors which most people 
would find acceptable and some floors which most people would not find 
acceptable.
This paper is derived from a thorough analysis of data obtained in a 
field study of the performance of residential floors (Onysko 1985). The 
study was initiated by the Eastern Forest Products Laboratory (EFPL, 
now the Eastern Laboratory of Forintek Canada Corp.) in the 1970's. At 
that time, there appeared to be an increase in the level of complaints 
about excessive "bounciness" of residential floors. Without better 
criteria available for design there was little possibility of taking 
advantage of more advanced framing techniques without some assurance 
that performance would be acceptable.

REVIEW OF THE LITERATURE

Two approaches to this subject have been taken in earlier studies. One 
approach is to attempt to determine acceptability of floors as determined 
through subjective studies for a particular occupancy and to correlate 
these opinions with engineering performance attributes, i.e., characteristics 
that are controllable through design. The subjective assessments are made 
using a value judgement scale. The other approach is to concentrate on 
relating the acceptability of floors with established knowledge on human 
perception of continuous or transient vibration. The subjective assess-
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ments are made on a perception based scale. Ultimately, in this case, 
a decision must be made as to what level of perception correponds to 
acceptable performance.
Two studies were carried out which involved simulated or actual 
residential environments; one in the United States that was reported 
on by Russell (1954) and one in Norway (Hansen 1969).

In the USA study, an attempt was made to simulate a residential environment 
on test floors in the laboratory and to include some typical items that one 
could expect in the home, such as tables, dishes, and the like. The 
participants in the study assessed the performance of 6 test floors for 
sturdiness on a two-category acceptability scale. They experienced floor 
disturbances made by others and they were free to " thump" the test floors 
before deciding their ratings for each floor. The floors were also tested 
with static loads to assess their performance.
The Norwegian study involved preliminary work in the laboratory with one 
floor followed by a field study in houses where the opinions of occupants 
were sought, on a three-category satisfaction scale. The deflection 
performance of the floors was also measured under the action of concentrated 
loads to provide a correlate for the subjective assessments. Data from both 
studies is shown plotted in Figure 1.
Hansen examined the data from both studies and recommended that a maximum 
deflection of 0.87 mm under a concentrated load of 100 kg should provide 
for a high enough level of satisfaction. This recommendation was subsequently 
revised to a deflection of 0.9 mm (Hansen 1972). In both studies, the floor
ing employed on the floors had relatively high stiffness. To this day, floors 
in Norway are built with flooring that is comparable in stiffness to 1-inch 
lumber decking. North American practice, on the other hand, changed to the 
use of panel flooring that does not provide as substantial a transverse stiff
ness as did the lumber and hardwood strip flooring of yesterday.
The second approach to determining serviceability criteria for floors is 
to concentrate on one aspect of the issue, namely, the vibration performance 
of floors. An attempt is made to relate the acceptability of the floors 
with established isobars for human perception of continuous vibration.
These studies predominate the literature but only a few will be mentioned 
here.
Human perception of continuous vibration can be depicted as a series of 
isobars in terms of the amplitude of vibration and its frequency, as shown 
in Figure 2. This presentation is derived from work on continuous vibration 
conducted in Germany (Reiher and Meister 1931). To account for the fact that 
much higher amplitudes of transient vibrations are required to achieve the same 
perceived intensity as continuous vibrations, Lenzen (1966) proposed that the 
amplitude scale on this plot be multiplied by a factor of ten. Substantial
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field work by Lenzen and Murray (1969), added to by Nelson (1970) and by 
others, were summarized by Allen and Reiner (1976) who recommended limits 
for acceptable performance of long-span floors. These limits were depicted 
in terms of peak accelerations, and were dependent on the damping coefficients 
of floors subject to simple impulses. The peak response was calculated or 
measured for an impulse of 15 pound-sec (66.7 N-sec) which can be produced by 
a specific heel impact. These limits are shown in Figure 3. The boundaries 
do not represent a level of transient vibration that persons would consider 
acceptable; they only represent a level of response that acceptable floors 
would provide subject to that impulse. These limits were suggested for 
offices and other " quiet" occupancies.

PRELIMINARY EFPL STUDIES
Early pilot studies at the Eastern Laboratory suggested that there were 
substantial differences between the behaviour of light-framed floors and 
the heavy floors represented in the data examined by Allen and Reiner. 
Specifically, these floors respond quite differently under the movement of 
humans walking on them. This is due to the significant additional mass that 
a person contributes to the floor, thereby affecting the frequency and 
amplitude of vibration, and by the significant change in damping behaviour 
of floors. The occupants of houses, in making their assessment of performance, 
do so taking an aggregate of impressions and sensations into account. This 
may involve one or more modes of sensing of floor motion or its effects. The 
assessment may include sensing a jolt when another person steps on a joist 
in the immediate vicinity of the observer. A sensation of oscillation may 
or may not be involved. Disturbance of the floor caused by footfalls by the 
occupants may induce articles of furniture or objects resting on them to be 
set into motion. These motions may be sensed visually, aurally, or both ways. 
Perception of these effects reinforces the influence physical sensations have 
on the opinions given for a floor. Sensing of floor motion underfoot may be 
quite secondary to these more obvious effects. Since some types of furniture 
or objects can be very easily disturbed, it must be acknowledged at the outset 
that not all expressions of dissatisfaction with conditions related to floor 
motion are of equal importance.

Consideration of the findings in the literature and the initial field studies, 
led to the conclusion that a broad-based consumer study would be required 
to provide sufficient information on which to base a design criterion related 
to stiffness or vibration performance for residential floors. It was also 
recognized that there were numerous pitfalls in pursuing this course and 
that the design of the interview and its administration would be critical.
Many factors had been found to affect the perceived quality of floors, and 
many uncontrolled variables are introduced by the specific environment in 
each home. Nontheless, only by survey work in these environments could be 
meaningful criteria be developed for residential occupancy.
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DESIGN OF THE QUESTIONNAIRE

The field survey on which this work is based was pre-dated by pilot studies 
in Ottawa and Hamilton, Ontario. The latter was carried out specifically to 
design and test the survey instrument that was to be used in the present 
study. This pilot survey was also used to develop inspection techniques 
for obtaining specific engineering information which would allow a structural 
analysis of each floor to be made. Floors in occupied houses were also 
physically tested to obtain measured performance for comparison with 
computed performance. A computer program was developed tc interpret the 
information related to floor construction makeup and to analyze each floor.
An important recommendation coming from those earlier surveys was that 
relatively recent construction should be surveyed. These earlier surveys 
involved too few poorly performing floors to allow performance criteria to 
be recommended. An attempt to follow this recommendation implied that 
exceptionnaly stiff traditional floors would be avoided. This ran the 
risk of including fewer combinations of flooring, underlayment, subfloor
ing and joists of various sizes and thicknesses. However, as events later 
proved, many combinations of these materials and sizes were encountered.

The questionnaire was composed of three sections. No interruption or change 
in emphasis was made from one section to another during its administration. 
The questionnaire included:

(1) census type questions
(2) questions about satisfaction with the neighbourhood and the 

house in general
(3) questions about satisfaction with floors

There was also a section that the interviewers filled in after leaving 
the house. In this section estimates were made of the occupants weight, 
age, gait, etc. Some of these matters were estimated to avoid asking 
questions that might embarrass them.

The question of floor acceptability was approached through a free-form 
response to likes and dislikes about the floor in each room. All likes 
and dislikes were noted on the questionnaire so each comment would be 
seen to be given equal consideration by the interviewer. After this 
" room tour" , any comments related to floor motion and its effects were 
investigated in greater depth and the accpetability of these effects 
was probed. To avoid verbally leading the occupant, choice cards were 
used for specific key questions from which the occupants selected appropriate 
answers. The five-category acceptability scale used in this survey was as 
follows:

(1) definitely acceptable
(2) acceptable
(3) undecided
(4) not acceptable
(5) definitely not acceptable.
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When no mention of floor motion or its effects was mentioned for any 
floor in the residence, the interviewer then asked the occupant directly 
about this matter and coded the responses as for the unprompted replies but 
in a separate response table.

SELECTION OF HOUSES
The survey was conducted in five metropolitan areas in Canada using t*o 
survey teams. These were, Ottawa/Hull, Regina, Saskatoon, Toronto and 
Montreal. A total of 107 formal interviews were administered, but many 
more informal interviews were held with home owners in the process of 
locating suitable houses having more " minimum" floor construction than 
average.

Selection of houses for study was done on a random basis where subdivisions 
were found in which more minimum floor performance was likely. Finding these 
subdivisions proved to be very difficult. All sources of information were 
sought, including CMHC regional offices, municipal building departments, 
builders, flooring contractors, and individual homeowners. It was found 
necessary to approach the public on a random basis to seek their cooperation 
and to assess the construction of their floors. Where it was obvious that 
the construction was better than average, or that complaints with performance 
were unrelated to floor stiffness (squeaking, for example), the survey teams 
moved their attention to other neighbourhoods. No attempt was made to locate 
an equal number of houses for assessment in each city. The survey was brought 
to a close when, from a preliminary assessment of the data, it was concluded 
that a broad range of performance was represented and that it included 
exceptionally stiff floors as well as floors that had spans well in excess of 
those permitted in the housing standards.

PRELIMINARY ANALYSIS OF THE DATA
Examination of the data related to some social parameters showed that, on 
the whole, there was not much difference between the sample selected for 
this survey and the much larger sample which had been selected randomly 
in Hamilton without regard for floor performance. The exceptions were that 
more rental housing was represented in the present survey and the range in 
family income was broader. The rates of dissatisfaction with the neighbour
hood and with the house occupied suggested that the selection technique did 
not provide a group of individuals that was more biased against possible 
deficiencies in performance of their houses than in the pilot survey.

Twenty one floors were deleted from the data base because they had been 
identified as having construction defects. Twenty additional floors were 
deleted because insufficient information was obtained during inspection 
to enable a reasonable estimate of performance to be made. The reduced 
data set contained 610 floors, comprising all room types, including kitchen 
dining rooms, living rooms, dinette areas, and bedrooms, but not including 
hallways or bathrooms.
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Comparison between the opinions of the occupants and the inspectors led 
to the conclusion that the method of solicitation and the degree of alerting 
did not sensitize the occupants to be more critical of their floors than 
those persons who had not been alerted to the purpose of the survey. It 
was also concluded that the opinions provided by each team of inspectors was 
similar for equivalent computed floor performance and that there was no 
need to differentiate the data for this reason. However, correlation 
between the occupants' ratings and those given by the inspectors for floors 
on which the occupants noted effects related to floor motion was quite poor.
The poor agreement between these opinion sets was studied. It was found 
that the poor correlation was mainly due to differences in opinion with those 
occupants who were identified as being a " heavy person - heavy walker " or 
those who were identified as having given " blanket" opinions.

During some interviews, it was noted that the occupant tended to use the 
same descriptors for floor motion effects in each room in spite of our 
attempt to have each room considered individually. The floor acceptability 
rating given was usually uniformly critical despite the fact that actual 
floor performance varied greatly from room to room. In some cases, this 
situation was attributed to a carryover of displeasure with the performance 
of the floor in one room to other areas of the residence. In other cases, the 
attitude of the person giving the " blanket" responses appeared to be casual, 
as if interest in providing serious responses was low. This situation was 
encountered in six interviews, and involved 3 or more floors in each residence. 
Provision was made in the interview schedule to identify this occurrence 
because similar encounters had been found in.the pilot survey. Another reason 
that important disagreement was found for some floors was that some of the 
" heavy person - heavy walker" occupants expected floors to respond minimally 
even when subjected to substantial impacts. These responses were also 
identified but not necessarily because a person was heavier than average.
To overcome the lack of independence in opinions for the floors in each room 
of some households, a strategy was developed to accept or reject the occupant's 
opinion to produce a modified opinion set. Where the occupants' opinion was 
one category more critical than that of the inspectors, it was accepted. If 
it was critical by more than one category, the inspectors' opinions were 
accepted. This strategy countered all situations where uniformly " blanket" 
opinions had been expressed and it countered opinions where "over react ion" had 
been coded. This strategy was followed because the inspectors' opinions were 
not independent of those given by the occupants. Where strongly critical 
opinions were expressed by the occupants, the inspectors' opinions were drawn 
to a less tolerant position even when they felt the effects noted were 
relatively minor. Thus, there was little reason to suspect that the inspectors' 
ratings would be biased in the direction of undue criticism.
Finally, although a five-category acceptability scale was used in the inter
view, it was found that the distinction between the two classes of acceptable 
floors and the two classes of not acceptable floors was more a matter of 
personal emphasis than it was a reflection of quality of performance. 
Consequently, the scale was coalesced to three categories for floors on which
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floor motion effects were noticed. Floors on which no motion effects were 
noted constituted a fourth class. The four acceptability classes become:

(1) floor motion effects not noticed
(2) acceptable floor motion
(3) undecided about floor motion
(4) not acceptable floor motion

FACTORS INFLUENCING ASSESSMENT OF FLOOR PERFORMANCE
In the process of conducting the interviews, information was gathered about 
the effects that occupants noticed that were produced by floor motion. Itemiza
tion of these effects was useful for informing the inspectors about conditions 
in each residence. The average number of floor motion effects noticed 
correlated well with the severity of the occupant's floor rating. This was 
not necessarily a measure of severity of the conditions experienced. Occupants 
finding more effects to mention tended to have more critical opinions, or vice 
versa.

Objects in rooms such as china cabinets, etc., contributed to the production 
of aural and visual effects which affected the severity of acceptability rat
ings for the floors in rooms in which they were found. Although record 
players were found in most houses, and record arm bounce occurred on occasion 
for 40 percent of these record players, their presence had a minor effect on 
the acceptability ratings. On the other hand, rattling of china cabinets 
had a strong influence on the floor ratings given for 26 percent of houses 
with such cabinets. Rattling of other types of objects, eating utensils, 
silverware, etc., also had a strong influence, being noticed in 29 percent 
of all houses and for 52 floors of which 79 percent were considered to 
have unacceptable performance.
There was considerably poorer agreement about floor acceptability between 
the male occupants and the inspectors than between the female occupants and 
the inspectors. Two variables which together influence the intensity of 
excitation that a floor is subjected to, namely body weight and heaviness 
of gait, seemed to help explain some of the differences in opinion. Most 
of the extreme differences in opinion between the male occupants and the 
inspectors were for those male occupants who were considered to have a 
normal gait but whose body weights were estimated to be over 77 kg (170 
pounds). Ignoring the opinions of males whose gait was judged to be heavy 
had only a marginal effect on the correlations. Males were largely 
responsible for the " blanket" opinions discussed earlier.
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RESULTS

Scatter diagrams of the data for different engineering parameters will 
first be examined to assess their relative importance.

Deflection Under Uniform Load

The current deflection criterion for residential floors is a 
deflection-to-span ratio where the deflection is that occurring under 
the application of a uniform loading of 1.4 kN/m2 (30 psf) in 
bedrooms and 1.9 kN/m2 (40 psf) in all other living areas. The 
corresponding maximum deflections permitted are 1/360 of the span for 
living areas and for all floors with plaster or gypsum board ceilings, 
and 1/240 of the span for bedrooms not having plaster or gypsum board 
ceilings. This criterion is simple to use. The difficulty in 
accepting a deflection-to-span ratio as a criterion based on uniform 
load is illustrated graphically in Figure 4. The computed deflection 
under a uniform load of 1.9 kN/m2 is plotted against the span for all 
floors in each acceptability rating group. Deflections for bedrooms 
have been plotted on this figure together with those for other room 
types.

One of the sloped lines shown on Figure 4 represents the 
deflection-to-span ratio of 1/360. A relatively large number of floors 
in each group are found below this line, and a large portion of the not 
acceptable floors as well as most of the undecided floors are below 
it. One should not expect all floors to be correctly classified. But, 
if a criterion is to be useful, it should properly classify a large 
proportion of those floors that have been deemed unsatisfactory. The 
number of floors on either side of the 1/360 line are shown for each 
group.
The consequences of using the more conservative deflection-to-span 
ratio of 1/480 is also shown on Figure 4. This line more closely 
skirts the edge of the acceptable floors (group 2) yet puts more of the 
undecided and not acceptable floors above the boundary. While better 
at discriminating between the group 2 and group 4 floors, the number of 
group 1 floors (on which no motion effects were noticed) that become 
misclassified rises rapidly.

Another simple criterion could also be considered. Again considering 
Figure 4, a maximum absolute value for deflection could be selected to 
discriminate between acceptable and not acceptable floors. In this 
case, a discrimination line has been drawn at the 9 mm level. This 
line roughly minimizes the number of misclassifications in 
acceptability groups 1 and 2 on the one hand and group 4 on the other.
A relatively high percentage of the group 4 floors still fall on the 
wrong side of the boundary. Until the early 1970's, the maximum 
deflection limit for residential floors in the United States was 0.50 
inches (12.7 mm) for a live load of 40 psf (1.9 kN/m2). This limit 
continues to exist in the building codes of some countries even though 
the requirement has been dropped from USA practice. In the USA it was 
found that certain types of floors, especially truss floors that are
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distributed load of 1.9 KN/m2 for each acceptability 
category.
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normally built on longer spans, could provide satisfactory performance 
yet exceed this design limit when effective bridging was installed. 
Basing a criterion on this limit correctly classifies most of the group 
1 and 2 floors but misclassifies 91 percent of the group 4 floors.

Part of the problem in discriminating between the acceptable and not 
acceptable floors on the basis of a criterion involving deflection 
under uniform load is that the burden of providing adequate floor 
system stiffness falls on the joist stiffness alone. Since this does 
not address the way that floors actually perform under the motion of 
occupants, one should not expect this to be an optimum approach.

Deflection Under Concentrated Load
A performance variable which was found to be moderately well correlated 
with acceptability is deflection under a concentrated load of 100 kg. 
Plots of this deflection against span are shown in Figure 5 for each 
acceptability rating. Several options appear possible from examination 
of the position of each group of points.
A horizontal demarcation line has been drawn at 0.9 mm (0.035 inches) 
which is the level recommended by Hansen (1972). While it very handily 
puts all the unacceptable floors above it, a very large proportion of 
the acceptable floors, and indeed many of the floors on which no motion 
effects were noticed, are also above this boundary. Too high a number 
of misclassifications results. Similar difficulties occur for any 
other fixed maximum deflection.
Finally, a second option to consider, in light of the fact that lower 
deflections appear tolerable on longer spans, is to position a sloped 
line which approaches smaller deflection values as the span increases. 
Such a line has been also positioned in Figure 5 and the number of 
misclassifications noted for each group are reasonably acceptable.

The sloped line suggests that zero deflection would be required at a 
span of about 7.2 m. This extrapolation is of course, not reasonable, 
and can be avoided by presentation of the same data on a logarithmic 
scale. This presentation is not included here because classification 
of floors on a logarithmic basis will be re-examined using a different 
technique.

Peak Dynamic Response
The final performance variable discussed will be maximum dynamic 
displacement response to an impulsive loading of 66.7 N seconds (15 
pound seconds). Data for all admissible floors have been plotted on a 
linear scale in Figure 6 against the span for each floor in each 
acceptability group. Examination of these plots reveals that a single 
maximum limit is even less appropriate than for deflection under 
concentrated load. Instead, only a sloped straight line was found to 
be an effective discriminator between acceptable and not acceptable 
floors. It is quite evident that extrapolation of this line beyond the 
maximum span represented in the study is not appropriate because it

14
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would suggest zero response is required for longer spans. To overcome 
this difficulty, the same data can be plotted on a log-log scale. 
However, as this relationship will be examined in a different way this 
plot will not be presented here.
The purpose for having displayed the scatter diagrams for deflection 
under uniform load, concentrated load, and dynamic load has been to 
show the relative influence of various possible boundaries between 
acceptable and not acceptable floors. The plots show that use of a 
single maximum deflection under point load for all spans (or for that 
matter, a maximum dynamic displacement) would not be too satisfactory, 
contrary to what has been proposed by Hansen (1972) or an approach more 
recently proposed for various occupancies by Ellingwood and Tallin 
(1984).

Discriminant Analysis
To this point, demarcation lines on the scatter diagrams representing 
potential criteria levels have been positioned entirely by judgement.
An analytical technique which is useful in dealing with problems of 
classification is discriminant analysis (Nie et al, 1975).
Basically, discriminant analysis attempts to classify an object or 
opinion to one of several groups on the basis of one or more parameters 
or descriptors that help explain group properties. The subjective data 
from this study provides us with the class description, while the 
computed performance parameters are the descriptive properties of the 
floors with which we would like to define group properties. 
Consideration of the group positions and distribution in n-dimensional 
space and the relative sizes of the groups leads to a definition of a 
group space in terms of the given parameters. A combination of 
parameters which leads to a minimum number of misclassifications is one 
of the desired end results from such an analysis.
A stepwise selection of variables was employed for entry into the 
analysis. The analysis routine used selected the "best" discriminator 
from the list of variables presented to it at each stage. The variable 
selected was one which, out of those available, best minimized the 
parameter "Wilks' lambda" which is a measure of group discrimiation.
The variable chosen also maximized the overall multivariate ratio for 
the test of differences among group centroids.

Discriminant Analysis Using Impulse Response

To completely describe a single transient vibration caused by an 
impact, three elements are required. They are, the peak displacement 
response, the damping ratio, and the frequency of vibration. Other 
peak response quantities such as velocity or acceleration could also be 
considered. Some criteria have been formulated in terms of 
acceleration response (Allen and Rainer 1976), partly for historical 
reasons. Others have suggested that at low vibration levels, the 
perceived intensity of vibration is better related to peak velocities 
(Nelson 1970, Wiss and Parmelee 1974, Whale 1983). A criterion based
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mainly on the physical perception of vibration transients could be 
framed in these, or similar, terms. Since the initial acceleration 
response peak of a light-framed floor can contain high frequencies as 
well as the fundamental mode, depending on the manner the impulse is 
applied, it made some sense to consider only the displacement response 
to which it is directly related.

The peak response calculated for this analysis was for an impulse of 
66.7 N sec. (15 pound sec.) assumed to be applied in a manner that its 
duration was less than one quarter of the period of vibration. The 
analysis assumed a uniform dead loading of 47.88 N/m2 (1 pound per 
square foot) to account for furniture loadings over and above the 
estimated weight of the floor structure, and a mass of 20 kg (44.09 
pounds) located at the center of the floor where the impulse was 
assumed to be applied. It was further assumed that the impulse was not 
applied by a human, i.e., that the impulse was strictly a test 
impulse. This impulse was chosen for historical reasons and to enable 
these results to be compared with results of studies by others. If it 
had been assumed that the impulse was applied by a human, far different 
results would be obtained because of the influence of mass of the 
tester and the significant additional damping that the human body could 
impart to each floor.
When peak displacement response, damping, frequency of vibration and 
span were offered for analysis using stepwise selection of variables, 
frequency or damping were among the variables usually selected. 
Depending on the limits and the opinion set, they were seldom chosen 
together. Recognizing this problem, another variable was constructed 
which is related to the duration of a perceived transient vibration. 
Other studies have noted that the duration of a transient has an 
important influence on its perceived intensity (Lenzen 1966, Lenzen and 
Murray, 1969).

The calculation of the duration of a transient above an arbitrary 
threshold could be made to the first cycle which just submerges below 
the threshold. More simply, it could be calculated to when the 
envelope of the transient crosses below the threshold. Referring to 
Figure 7, the equation for the envelope is

„ -2irDFt y = Y e ( 1 )

where D is the damping ratio, F is the frequency of vibration, Y is the 
maximum value of the response envelope, and t is the time. A threshold 
will be selected at 0.025 mm (0.001 inch) with the envelope crossing it 
at t = T. Thus,

0.025 „ -2ttDFT Y e (2)

The maximum displacement response A at one quarter of the first cycle 
provides the expression
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FIGURE 7 Description of a simple damped transient vibration.
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A -Dtt/2 (3)= y e

Combining the two expressions results in

0.025 -Dtt(2FT - 1/2)----- = eA

and solving for T provides an expression for the duration of the 
transient above the chosen threshold as

m _ 1 1 . f 0 ■025\ (4)
4F 2ttDF n \ A I

This expression is constructed from the frequency, damping and peak 
response. It was found to have the strongest correlation with 
acceptability. In stepwise selection of variables, it dominated all 
other descriptors of a transient.
To minimize error caused by possible inaccuracies in inspection and 
correction for partition effects, the analysis was restricted to living 
areas with bedrooms excluded. No restriction was placed on the span 
although all of the living areas were carried on spans that were 
greater than 3.3 m (10.8 feet). These qualifications left a population 
of 282 floors with the number of floors in each group being 199, 37, 15 
and 31 in groups 1 to 4 respectively. A non stepwise direct analysis 
was then used involving the variables T, A, and the span L where all 
were submitted in logarithmic form and the analysis was based on floors 
on which floor motion was noticed, i.e., group 1 floors were excluded.
A plot of the boundary and territorial map is given in Figure 8. Only 
the one discriminant function was significant and it is shown in this 
figure.

The boundary selected by the analysis is very nearly a straight line. 
Consequently, a single straight line was chosen passing through the 
location 0.25 on the horizontal axis. This defines a boundary for 
acceptable performance that can be expressed as

100 >L 3'766 a 1-192 T 6 • 11 ** (5)

The units are metres for the span L, millimetres for A and seconds for 
T.

Included in Figure 8 is a classification table showing the number of 
floors in each group that have been assigned properly and those that 
have been assigned to other groups by the classification procedure.
The group of undecided floors was sufficiently close to group 2 and 4 
on either side of it that it did not succeed in forming its own group 
space. These floors were assigned to the other two groups. In a
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FIGURE 8. Discriminant analysis involving the peak displacement
response» the duration of the transient above a threshold 
level and span, not including bedrooms.
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similar manner, the floors on which motion had not been noted, and 
which did not participate in the classification have also been assigned 
to the two main groups. Also shown in this table are the number of 
floors falling on either side of the boundary based on the first 
canonical discriminant function (equation 5).

Discriminant Analysis of Factors Related to Deflection Under 
Concentrated Load
As in the previous analysis, bedroom areas were excluded. Also, only 
floors on which floor motion effects were noted were allowed into the 
analysis.
Variables presented for analysis included the deflection under 
concentrated load corrected for partition effects, flooring deflection 
under concentrated load, joist span and spacing, joist stiffness and 
flooring stiffness. Almost invariably only two variables were 
selected, these being the maximum deflection under concentrated load 
and the span. Effectively this is the information contained in 
Figure 5.

A single function was sufficient to segregate acceptable and not 
acceptable floors. The resulting boundary for acceptable floors was

100 > Y  2‘330 l  2-968 (6)

where the span (L) is in metres, and the deflection (Y) is in 
millimetres. The Wilks' lambda for this formulation is 0.624.

DISCUSSION
Several factors emerged from the foregoing analyses. One of the most 
important factors that appears in all of the formulations put forward, 
whether using computed dynamic or static concentrated loadings, is the 
span of the floor system. It was usually selected before any other 
parameter. The effect of increasing span is to require a smaller 
displacement response to a given dynamic impulse or static load to 
maintain acceptability of performance. At first glance, one may well 
question how this can be reconciled with the body of existing 
information on floor acceptability reviewed earlier.
Span did not appear to be important independently in the data on static 
deflection under concentrated load reported by Russell (1954) and 
Hansen (1960). The range of spans included in these studies was not 
large and the data was not very extensive. Span, as a variable, did 
not enter the relationship with satisfaction for this reason.

With regard to perception-based data and the work done on relatively 
longer span floors Lensen (1966) also suggested that additional 
considerations were needed. He recommended further adjustment of the 
vertical amptitude scale shown in Figure 2. Beyond a span of 7.3 m
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(24 feet) he suggested the adjustment be proportional to the product of 
the span/depth ratio for the beams or joints used and the span itself.

Lensen also included a recommendation concerning the duration of a 
transient vibration. Effectively if the vibration persisted for more 
than 12 cycles a human would respond as if to steady-state vibrations 
and the response isobars for continuous vibration should be used for 
design. Performance requirements for Operation BREAKTHROUGH Housing 
Systems (NBS 1970) state that floor vibrations should decay to 0.2 of 
their initial displacement-amplitude within a time not to exceed 0.5 
seconds. Others have recommended that a fixed time, such as 0.5 
seconds, be used as a limit for minimum performance floors (Whale 1983).

In the continuum of floor performance available, it is likely that the 
response to the duration of a transient vibration is not an "either or" 
case as has been suggested. This study shows that a continuous 
relationship between the duration of a transient and acceptability of a 
floor rather than a specific maximum duration is more plausible 
(equation 5).

-With regard to the influence of assumed damping ratio on the computed 
peak dynamic response, a change in this value from 0.05 to 0.10 has the 
effect of reducing the peak response by approximately 8 percent. 
Effectively, the assigned damping for the floors in this study was 
either 0.07 or 0.09 except for small modifications for the presence of 
ceilings. Field test results on which these assumed values were based 
were much more variable than the above difference would indicate.
These values represent the means for different floor constructions. 
Consequently, the influence of damping on this data base was small. It 
is partly for this reason that the performance criteria formulated for 
static point load and for impulse loading in the last section had 
similar effectiveness in discriminating between acceptable and not 
acceptable floors.

In summary, there is some support for considering the span of the floor 
to have an independent contribution to explaining acceptability of 
floor performance that is in addition to its imbedded effect in the 
peak dynamic response, or in the maximum static deflection particularly 
because the concentrated load or impulse was constant. Whether this is 
related to its contribution to the impedance of the floor or its 
mobility, under the application of footfalls cannot be assessed from 
this data.

RECOMMENDATION OF SERVICEABILITY LIMITS

More uncertainties were involved in estimating the dynamic response of 
floors investigated in this survey than were involved in estimating 
their response to statically applied concentrated loads. The most 
basic information lacking concerns the degree of damping that should be 
assigned to floors of particular constructions. No attempt will be 
made to recommend a serviceability limit based on dynamic response at 
this time. There is sufficient similarity and success in 
discriminating poorly performing floors using a formulation based on a
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statically applied point load. The complications involving a 
fomulation requiring additional assumptions are not considered 
desirable.

Consequently, this section will be restricted to recommending a 
serviceability limit based on maximum deflection under the action of a 
concentrated load. The power formulation, given as equation (6), in a 
previous section is shown plotted in Figure 9 against the background of 
computed performance for all living area floors, not including 
bedrooms. For purposes of design, the boundary for acceptable 
performance has been recast into the following form

Y £ 7.217 
L 1*27,‘

(7)

Also shown in Figure 9 is the maximum deflection limit of 0.9 mm 
suggested by Hansen (1972). The boundary rises rapidly with decreasing 
span and a cut-off will be required. There were few unsatisfactory 
floors below about 3 meters to provide guidance on the position of a 
boundary there. Tentatively, a maximum deflection limit will be set at 
1.75 mm.

For assistance in deciding where this cut-off should be located, two 
additional data sets were examined. The first set concerned 103 living 
area floors inspected in Montreal for which only engineering 
information was obtained. A formal interview was not obtained at each 
of the houses visited but the inspectors provided an assessment based 
on their conversations with the occupants. The boundary represented by 
equation (7) satisfactorily identified all of the poorly performing 
floors and half of those for which there was some uncertainty. The 
1.75 mm limit as an upper bound for spans under 3.0 meters seemed to be 
appropriate for this data set.

The second data set consulted was obtained in earlier pilot studies in 
Ottawa and Hamilton for which actual field measurements are available. 
The measured deflection data for 71 floors is shown plotted in Figure 
10 with the classes of acceptability identified by different symbols. 
Here too, the power equation represented by equation (7) and the 
horizontal boundary at 1.75 mm adequately discriminate between 
acceptable and unacceptable floors. The power curve also properly 
classifies two relatively short-span floors that were rated as 
unacceptable. However, without sufficient data defining a boundary for 
acceptable floor performance below 3.0 meters, the writer is reluctant 
to recommend a deflection limit higher than 1.75 mm.

Equation (7) has been shown plotted in Figures 9 and 10. The precision 
shown for the coefficients is not justified and they can be rounded 
off. For simplicity, a further simplification is suggested. The 
intersection of the horizontal boundary of 1.75 mm with the curve will 
be taken to occur at 3.0 meters, and the intersection of the curved 
boundary with the vertical axis at 6.0 meters will be assumed at a 
deflection of 0.75 mm. The resulting equation and limits recommended 
for livings area floors become
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6.7 3.0 s 1 < 6.0Y S
L 1*« (8)

Y < 1.75 L < 3.0

This equation is marginally simpler and is made to intersect with the 
given spans at key deflections that are easier to remember. The margin 
between these two equations is less than 1.5 percent more conservative 
at a 3.0 meter span and 2.2 percent less conservative at a 6.0 meter 
span.
Now, to consider what limits can be recommended for bedroom floors.
The question cannot be answered directly by discriminant analysis of 
the data for bedroom floors even though data is available for 328 
floors. The difficulty in achieving a useful result by such an 
analysis stems from the fact that so few bedroom floors were considered 
to have unacceptable floor performance. The second difficulty is that 
bedroom sizes were often smaller than the supporting spans, which meant 
that the walls had a very significant moderating effect on disturbances 
created by the occupants. While an attempt was made to correct for the 
influence of partition locations, this computation is bound to involve 
a higher degree of uncertainty than in the computations where there was 
far less influence by partitions. Finally, bed placement in these 
rooms moderates the disturbances that individuals can create by 
restricting their movement over regions of the floor where larger 
maximum disturbances could otherwise be created.

If the same criterion were to be recommended for bedroom floors as for 
the living area floors in a house, quite a number of floors would be 
misclassified by the boundary. This is shown in Figure 11. There 
seems to be good reason to allow a less stringent criterion. One 
approach is to use a boundary that is related to the criterion 
expressed in equation (8) by a multiple of the ratio between the design 
loads for the two areas, i.e., by the ratio of 40/30 = 1.33. By 
examining plots of computed deflections for bedroom floors without 
correction for partition effects, and by restricting the maximum 
deflection under concentrated load as for living room areas 
(at 1.75 mm), the ratios of unacceptable floors to acceptable floors 
classified by the modified expression (8) and multiplied by the above 
mentioned ratio were 22/268, 4/23, 4/4, 3/0 for acceptability groups 1 
to 4 respectively. The cost of misclassification by this expression is 
very moderate. The recommended boundary is shown plotted in Figure 11 
and can be stated as

3.8 £ L £ 6.0
( 9)

Y * 1.75 L < 3.8
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In conclusion, the recommended serviceability criterion for living room 
floors is summarized as equation (8) while that for bedroom floors is 
described by equation (9). The only qualification to the latter, is 
that if the dimensions of the bedroom are greater than or within 0.9 of 
the supporting span, particularly for spans over 3.0 meters, 
consideration should be given to using the more stringent criterion for 
living room areas. This recommendation can be simplified still further 
by requiring the largest bedroom to be designed using the same 
criterion as for living area floors with the justification that it will 
usually be occupied by the adults in the family who may well appreciate 
the higher performance level there.
While this study has addressed criteria for residential floors to 
handle serviceability related to deflections and vibrations caused by 
movement of occupants within residences, these do not necessarily 
replace deflection criteria based on uniform design load. The intent 
of these traditional deflection criteria is to control strain which 
would lead to cracking of plaster or gypsum board ceilings.
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