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(ABSTRACT)

A simulation study was done to investigate the effect of the coeffiecient of variation of the
modulus of elasticity@e) on the vibrational performance of joist floor systems. Eight floor cases
were studied and two types of lumber were considered: MSR and VSR lumbertyhsre.11

and 0.25, respectively. The expected floor vibrational performance of MSR versus VSR lumber
floors was evaluated by: 1) the probability that the fundamental frequency is less than 10 Hz and

2) the ratio of the first percentile of predicted fundamental frequency of MSR to VSR lumber.
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Introduction

Traditionally, most wood floors were constructed with solid-sawn lumber joists and designed
according to the L/360 live-load deflectidimit. This deflection criterion was developed to
prevent cracks in the ceiling plaster, and probably not to limit vibrations (Pert®a9).
Vibrational performance of floor systems was not a major issue in previous decades because the
floor spans were relatively short. However, recent architectural changes have created a demand
for longer spans in floor systems. As a result, engineered-wood products such as I-joists and
parallel-chord trusses were developed to satisfy this demand for longer spans. These engineered-
wood products offer high strength-to-weight and high stiffness-to-weight ratios (Kalkert, 1995).
Unfortunately, the switch to longer span floors have decreased the salitycetiffioors with

regard to annoying vibrations. Most people are sensitive to vibrations in the 8 to 10 Hz range
because some human organs have a natural frequency of about 4 to 8 Hz. Therefore, when a
floor is vibrating at the same range in frequency, it is perceived as uncomfortable. The
unacceptable vibrational performance of some long span wood floors reveal that the L/360 live-
load deflection criterion is not alone sufficient in designing a wood floor for 100 percent

acceptable vibrational performance.

Currently, U.S. codes do not contain design criterion for controlling floor vibrations. Much

research has been conducted on the subject of floor vibrations and several design criteria have

been proposed to allow designers to check for acceptable vibrational performance of floors.
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However, none are widely accepted due to the complexity of some criteria and the lack of readily
available information for the designer (Dolan, 1994). Research conducted by Johnson (1994) at
Virginia Tech have resulted in the development of a design criterion that will eliminate most

unacceptable and marginally acceptable floor systems (floor systems in or close to the 8 to 10 Hz

range) and will aid designers in designaegeptable floors with acceptable vibration performance.

Solid-sawn lumber have different grading systems. Two such grading systems are visually stress
rated lumber (VSR) and machine stress rated lumber (MSR). Due to the differences in grading,
MSR and VSR lumber have differences in the coefficient of variation of modulus of elasticity
(Qe). VSR lumber has afde of 0.25 and MSR lumber has @ of 0.11 (AF&PA, 1997). This
difference in E-variability between MSR and VSR lumber affects the strength ancka#ity
performance of the structure. Variability of the modulus of elasticity between MSR and VSR
lumber is recognized in strength design and addressed in the NDS (buckling capacity of members
under compression stress, truss compression chords, and beam stability). Basically, the lower the
Qg, the higher the capacity of the member with respect to stability iseaagde the likelihood of

a very low E-value is lessened. However, the variability of modulus of elasticity is not addressed
in the NDS with regards to servicdap (i.e. deflection and vibrations performance), instead the

published average values of modulus of elasticity are used in seifiticealzulations.

Objective

The objective of this simulation project was to investigate the effect of the coefficient of variation

of the modulus of elasticityQg) of lumber on the vibration performance of joist floor systems.
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Two types of lumber will be considered: machine stress rated lumber (MSR) and visually stress
rated lumber (VSR) where the assunfegds are 0.11 and 0.25, respectively. Expected floor
vibrational performance of MSR lumber versus VSR lumber wil be evaluated by 1) the
probability that the fundamental frequency is less than 10 Hz, and 2) a comparative measure of
the ratio of the first percentile of the distribution for fundamental frequency of vibrétio,

MSR lumber to the first percentile of the distributionffaf VSR lumber:

f MSR

e (1)

VSR
f0.0l

Two floor systems will be considered: 1) joistpgorted on both ends by concrete blocks (rigid
supports) and 2) joists supported by a simple span girder (flexible support) on one end and by

concrete blocks on the other end.

This study involved a total of eight cases that are summarized by Table 1. Case 1 involved a floor
system of joists supported by rigid supports with the span of the joists designed to the L/360 live-
load deflection limit. Case 2 involved a floor system with joisggperted by a simple span girder

on one end and concrete blocks on the other end. The span of both the girder and joists were
designed to the L/360 live-load deflectilimit. Case 3 had the same floor system as Case 1, but

the joist span was designed to the L/480 live-load defletitiohh The floor system for Case 4

was the same as Case 2, but the joist span was designed to L/480 while the girder span was
designed to L/600. Cases 5 through 8 were a repeat of Cases 1 through 4 using an effective joist

E based on a load sharing model.
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Table 1 Eight floor systems constructed of either VSR or MSR lumber were studied
based on a live-load deflection criteria on rigid versus flexible supports, and
no load sharing versus a simple load sharing model.

Case Joist Design Girder Design Load Sharing Inclyded
1 L/360 NA* No
2 L/360 L/360 No
3 L/480 NA* No
4 L/480 L/600 No
5 L/360 NA' Yes
6 L/360 L/360 Yes
7 L/480 NA* Yes
8 L/480 L/600 Yes

'Not Applicable

Distributions of the calculated frequenéyand the modulus of elasticity, E, (with coefficient of
variations equal to 0.25 and 0.11) were studied for the above floor system cases. Cases that
involved the use of a girder for support were accomplished by determining the distribdgie of
through Monte Carlo simulation using a derived equation for effective modulus of elastigity (E

For Cases 1 through 4, Monte Carlo simulation was used to calculate a set of data for effective
modulus of elasticity, frequency of the girder, frequency of one joist framing into the girder, and
the resulting frequency of the system. The distribution of the system frequency was determined,
for both MSR and VSR lumber, using Graphical Distribution Analysis (GDA) (Worley et al.,
1990), and the lower distribution tails were studied and compared to one another. For Cases 5
through 8, the procedure was the same, but there were three joists taken into account in a simple
load sharing model of the joists. Monte Carlo simulation was used to calculate effective joist E
and predicted joist frequency using a model based on the load sharing test results from the

Johnson (1994) study.
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Literature Review

Research conducted at Virginia Tech resulted in a design criterion that predicts acceptable floor
vibrational performance when the calculated frequency of the floor system is 15 Hz or greater.

The equation for calculating the fundamental frequency of a joist or a supporting girder is:

386El

f =157
WL

2)

where:
f is the fundamental frequency (Hz),
E is the modulus of elasticity (psi),
| is the moment of inertia (ih
W is the totakhctual dead weight supported by joist or girder (Ib), and

L is the clear span (in.).

If the joist is supported on one end by a girder, then the theoretical frequency of the system can
be calculated using the following equation:

2*1:2

f _ joist girder (3)

system 2 2
fjoist + fgirder

wheref j4is; IS the calculated frequency of the joist, dpd.r is the calculated frequency of the
girder. According to Equation 3, the system frequency is always less than the frequency of the

two parts -- joist plus girder. For example, when
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fjoist: fgirder: 15 Hz (4)

the predicted system frequency is 10.6 Hz.

Johnson (1994) developed the 15 Hz design criterion from tests of 15 laboratory-built floors and
73 in-situ floors. The laboratory built floors were 16 ft. x 16 ft. with joist spacing at 24-in. on-
center and the ends were rigidly supported (by a heavy steel girder). The sheathing used for the
floor system was 23/32 in. thick tongue and groove plywood, nailed and glued to the joists. The
15 laboratory-built floors consisted of:

4 floors with 2x12 No. 2 Southern Pine joists,

1 floor with 2x12 No.1/No.2 Spruce-Pine-Fir joists,

4 floors with 12 inch deep Parallel Chord Trusses,

2 floors with 9-1/2" TJI/25 I-joists,

2 floors with 11-7/8" TJI/25 I-joists, and

2 floors with 11-7/8" TJI/55 I-joists.

All joists spanned 16 feet.

Load sharing tests were performed on the laboratory-built floors to "measure the contribution of
each joist in a floor system resisting the applied load" (Johnson, 1994). A 600 Ib. load was
applied to the centerline of each of the floor systems perpendicular to the joist span and deflection
profiles of the floor system were represented by graphs according to joist type. In general, the

deflection profiles reveal that the center joist of the floor system supports about 50% of the load
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while the neighboring joists carry approximately the other 50% (25% each to the two adjacent
joists). From this observation, the “apparent stiffness” of the loaded joist in the center of the floor
is twice as much as the stiffness predicted by standard deflection formula and the tabulated E for
the lumber grade. The center joist of each deflection profile had different deflections (relative to
neighboring joists) depending on the joist type. The average deflection of the center joist of both
2x12 No.2 Southern Pine and 2x12 No.1/No.2 Spruce-Pine-Fir solid sawn lumber was 0.15
inches. The average deflection of the center joist of the 12-inch deep parallel chord trusses was
0.16 inches. For I-joists, the deflections for 9-1/2" TJI/25, 11-7/8" TJI/25, and 11-7/8" TJI/55
were 0.19 inches, 0.12 inches, and 0.09 inches, respectively. A conclusion that can be drawn
from these deflection profiles is the depth and the type of joist used will affect how much the

loaded joist deflects relative to the neighboring joists.

Johnson (1994) tested 73 in-situ floors at various construction sites near Blacksburg, Virginia.
The 73 in-situ floors consisted of:
46 floors with 2x10 solid-sawn joists spanning 7 to 23 feet,
4 floors with 2x12 solid-sawn joists spanning 14.5 to 16 feet,
3 floors with 18" deep parallel chord trusses spanning 9 to 25 feet,
13 floors with 20" deep parallel chord trusses spanning 25 to 28 feet,
2 floors with 24" deep parallel chord trusses spanning 30 feet,
2 floors with 11 1/4" deep I-joist floors spanning 20 feet, and

3 floors with 16" deep I-joist spanning 14 to 20 feet.
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The joist spacing ranged from 12 to 24 in. on center, with the majority spaced at 16 in. on center.

Some of these floors were bare while others were part of nearly completed structures.

The predicted fundamental frequency for the 86 floors was calculated using Equations 2 and 3.
Heel drop tests were used to measure the frequency of each floor system, and the vibration
performance of each floor system was subjectively rateda@aseptable marginal or
unacceptable(Johnson, 1994). Measured frequencies compared favorably with the predicted
frequencies using Equation 2 which validated the equations used for calculating the frequency of

the individual joist.

It was determined from the measured data that a frequency of 15 Hz, using Equation 2, provides
the distinction betweennacceptableand acceptablefloors for all floors evaluated. Johnson

(1994) concluded that the frequency of the floor should be calculated based upon only the self
weight of the floor since the proposed design criterion was based on tests of bare floors. If the
calculated frequency is greater than 15 Hz, then the vibration performance of the floor is expected

to be acceptable.

Shue's (1995) study provided further validation of the Johnson study. The difference between the
two studies was that Shue tested occupied floors as well as unoccupied floors. The Shue study
took into account the effect of partitions or the overall structure itself on the vibration
performance of the floor system. Shue tested 106 in-situ wood floors of which 20 were originally
in the Johnson study. The result of this study validated the design criterion proposed by the

Johnson study for unoccupied floors. However, for occupied floors, Shue concluded that the
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frequency of the floor system must be greater than 14 Hz in order for it to be considered

acceptable.

McGuire (1997) proposed a design rule of thumb that is based on dead load deflection. He used
Equation 2 from above and the deflection equation for a simple span joist with uniform dead load
in developing this design rule. His proposed vibration design rule causes the fundamental
frequency to be greater than 15 Hz when the calculated dead load deflection is less than 0.055
inches. Actual dead load and not the design dead load is to be used in calculating the deflection
of the joist. The reader is referred to the article for the mathematics in developing this rule of

thumb.

Dolan and Skaggs (1994) stated that one of the main goals in the Johnson study (1994) in
developing the criterion was to eliminate the majority of complaints about annoying floor
vibrations. The criterion was set at 15 Hz which eliminated the flodgep to be unacceptable

and marginally acceptable as well as a few judged to be acceptable. A result of this criteria is the
decrease in allowable span for parallel-chord trusses in long-span floors. Dolan and Skaggs stated
that the maximum span to depth ratio (I/d) is reduced by 50 percent as the span increases from 10
to 30 feet for parallel-chord trusses spaced at 24 inches on center, with chord modulus of
elasticities of 1.6 and 1.9 million psi and sheathed with 23/32” plywood. Dolan and Skaggs also
compared the criteria with the L/360 live-load deflection criteria using the parallel-chord truss
floor system described above with chord modulus of elasticity of 1.9 milion psi. For spans

between 22 and 30 feet, the vibration criteria falls between the L/360 and L/480 live-load
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deflection criteria. The L/360 live-load deflection criteria is sufficient for spans up to 22 feet but

after 22 feet the vibration criteria developed by Johnson should be used.

Dolan et al. (1995) studied the effect of imposed load on floor vibrations. Solid-sawn wood joist
floors were studied. There were four 16 ft. by 16 ft. laboratory-built floors designed to the L/360
live-load deflection limit and a live load of 40 psf. The joist size was 2x12 Southern Pine solid-
sawn joists spaced at 24 inches on center with 23/32 inch tongue and groove plywood nailed and
glued to the joists. There were two level<xffor the joists: 9 percent and 28 percent. Three
levels of live load (0 psf, 15 psf, and 40 psf) by means of bags of steel pellets were imposed on the
floor system and the dynamic response of the solid-sawn wood joist floors was examined by
looking at 3 parameters: natural frequency, damping ratios, and RMS acceleration. The natural
frequency of the joist floors decreased as the imposed load increased. No conclusions could be
drawn for damping ratio since the results were inconsistent. The frequency weighted RMS
acceleration for a joist floor decreased as the imposed load increased. This result was explained
by the principle of conservation of momentum — the heavier the floor the more difficult it is to set

it into motion compared to a lighter floor. The final conclusion from this study wa$thaad

little or no effect on the measured vibration responses of the floors tested.

Kalkert et al. (1995) evaluated six design criteria for floor vibrations. Deflection factors (from
Span/Deflection Factor) were determined for each criteria. The values for these deflection factors
were two to four times larger than the deflection factor of 360 (L/360). The deflection factors
ranged from 701 to 1448. The deflection factor of 701 was determined from the Canadian Wood

Council (CWC) criterion. The deflection factors calculated excluded the stiffening effects of
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sheathing. The authors stated that if sheathing were included in the calculations the values for the
deflection factors would be lower. Six different floor types (solid-sawn, I-joists, etc.) were then
evaluated for acceptable vibrational performance by each criteria. It was found that a floor
system would need to be designed to a minimum L/701 live-load defldiotioim order for the
predicted vibrational performance of the floor to be acceptable. A consequence of designing to
this stricter deflection limit from the traditional380limit is a 20 percent reduction in span. The
authors concluded that further research is needed in determining an appropriate deflection limit

based on experimental investigations and economic analysis.

Chui (1994) offered suggestions for inpking the vibrational performance of wood floor systems

and retrofitting. A number of variables can affect the vibrational performance of floors. Some of
these variables are joist size and spacing, between-joist bridging, composite action between joists
and flooring, flooring panel thickness and ceiling boards, and mass distribution. When designing
floor systems, Chui suggested selecting a heavier floor. A heavy flboeduce the amplitude

of the vibration. Basically, having a floor vibrate at low amplitudes, high frequency and high
damping is not as annoying as a floor vibrating at high amplitudes, low frequency and low
damping. Therefore, a heavy floor mass is beneficial because it lowers the amplitude. However,
he states that the heavier floor will also reduce the frequency but the reduction is small. An
example of a heavier floor design would be to use low-grade joists with large cross-section and
narrow joist spacing. Between-joist bridging was also suggested because wood floors are highly
orthotropic — the stiffness along the span of the joist is higher than the stiffness across joists.
Between-joist bridging increases the capacity of the floor system to share loads across joists. In

addition to using between-joist bridging, a continuous bottom strap was suggested to provide
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continuity on the bottom side of the bridging system. Chui also suggested using rigid glue in
addition to nailing to increase the degree of composite action between solid-sawn joists and the
flooring. However, Chui added that the improvement in the vibrational performance of floors
built with engineered wood products is not significant. Oriented strand board (OSB) was
suggested over plywood for floor sheathing due to its higher density which produces a lower
vibrational amplitude. Finally, with the exception of very wide floors, Chui suggested an
unbalanced, imposed mass distribution on floors. The above recommendations were also offered

as suggestions in retrofitting existing floors.

Fridley and Rosowsky (1994) addressed and summarized the service-load behavior of wood floor
systems as follows. Load distribution and smoothing of the deflection profile are two actions that
take place with two-way action. For load distribution in a floor system, the load carried by each
joist is proportional to its stiffness. As a result of load distribution, the deflection of the joists in
the floor system is affected. There is a smoothing of the deflection profile which is similar to that
of a real floor. Assuming full composite action, a sheathed floor would have less deflection than a
bare floor. A composite floor with load sharing has a similar deflection profile to that of a real
floor. Gaps in the sheathing can affect two-way and composite action. However, staggering the
sheathing lessens this negative affect on two-way action. For composite action under uniform
load, they concluded that it is acceptable to not account for gaps and assume full composite action
when computing the deflection.

Rosowsky and Fridley (1994) also added that creep in floor systems is significantly less than creep
in single members. Fridley and Rosowsky suggested using a system factor for skgviteab

address the effects of the behavior of the floor system, versus a single member design approach.
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Suddarth et al. (1997) performed a simulation study of the influen@e oh floor performance.

The simulation study involved two types of floors, machine stress rated (MSR) and visually stress
rated (VSR) joists. There were two sizes for the joists, 2x8 and 2x12. The model used in the
simulation included the effect of sheathing and load sharing. The purpose of this study was to
compare the deflection performance of MSR floors against the deflection performance of VSR
floors using average deflection and soft-spot deflection as measures of performance. Soft-spot
deflection was defined as the maximum deflection of three adjacent joists in a floor system.
Simulations yielded distributions for average deflection and soft-spot deflection that were
reported in terms of ¥ where L was the span afdwas the deflection. The $(ercentile of

MSR and VSR floors for average deflection and soft-spot deflection were compared to show the
difference in expected floor performance between MSR and VSR floors. The results based on
average deflection were that a 1.45%x18i MSR E-grade floor performed equivalently to a
1.6x10 psi VSR E-grade floor. For soft spot deflection, a 1.4xi€l MSR E-grade floor

performed equivalently to a 1.6xX1psi VSR E-grade floor.
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Procedure

VariablesE andf in Equation 2 were the main focus in this project. Floor systems studied
consisted of eight 2x10 joists spaced at 16 in. on center. For Cases 1, 2, 5, and 6, the span of the
joists was 16'-1" and the span of the 3-ply 2x10 girder was 11'-4". For Cases 3, 4, 7, and 8, the
span of the joists was 14’-10” and the span of the 3-ply 2x10 girder was 11’-3". The joists and
the girder were No. 2 KD19 Southern Pine. An individual joist was studied for Cases 1 through 4
instead of eight joists, and thus load sharing due to floor sheathing was not taken into account.
However, in Cases 5 through 8, three joists were studied and thus a measure of load sharing was

taken into account as described later.

In order to investigate the effect &f on the expected vibrational performance of each floor

system, the frequency distributions were determined for each floor case.

Case 1

The E was assumed to be lognormally distributed (Suddarth et al., 1975). This assumption was
made because it allows us to vary the coefficient of variation easily. It is also a reasonable
selection for E because the values for E are positive and the lognormal distribution falls above
zero along the x-axis. The parameters for the E-distribution were calculated using the following

equations from Ang and Tang (1975):
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&2 =InfL+Q?)=Inf+Qq?)

where:
A is the mean of the logarithms,

&% is the variance of the logarithms,

U is the mean,

E is the average modulus of elasticity (psi),

&2 is the variance of modulus of elasticity,

Q is the coefficient of variation, and

Qe is the modulus of elasticity coefficient of variation.

®)

(6)

In order to determine the distribution of the fundamental frequénofa single joist, the natural

logarithm (In) is taken on both sides of Equation 2:

Inf =In1.57+1/2In386+1/2In| -1/2InW -3/2InL+1/2InE

where;
Joist: 1=98.93 if Girder 1=297 irt
W=93.93 Ibs. W=536 Ibs.

L=193 in. L=136 in.

Equation 7 can be rewritten as:
Inf=k +1/2 InE

where:

Procedure

(7)

(8)

15



k is a constant, and

E is the modulus of elasticity (psi) for an individual joist.

Since E is lognormally distributed, thénof E results in E being normally distributed. Thd In
term would be normally distributed since a constant plus a normally distributed variable is
normally distributed. The exponential of both sides of the equation is thus lognormally

distributed. The parameters forusing Equation 8 are:

At = E(Inf)=k + 12 E(InE) (9)
At =k+ 12 Ae (10)
var(Inf) = &= var (k) + (12) var (InE) (11)
&7= 0+ 1/48¢° = 1148 (12)
& = 1/2& (13)

The E and frequency distributions for MSR and VSR lumber were plotted using Equations 5, 6,
10, and 13 to calculate the lognormal density function parameters. The first percentile of the
frequency distribution and the probability that the frequency is less than 10 Hz were then
calculated from the fitted distributions. Finally, the ratio of the values of the first percentile for

each type of lumber were used to compare the vibrational performance to one another using

Equation 1.

Case 2

Procedure 16



The distributions of the girder modulus of elasticity and the distribution of its frequency needed to
be determined first before determining the system frequency. The E-distribution of the girder
differs from the E-distribution of the joist since the girder has three members acting together
instead of one. If three bending members are connected such that they deflect the same amount,

then the effective E () is:

Eeff = % (14)

In this study, it was assumed that the three plys of the girder deflect the same amount due an
assumed typical construction nailing between plies.

Using Equations 2 and 14, 5000 values were generatedq@né girder frequencyyqe) USING

Monte Carlo simulation. The program, GDA (Worley et al., 1990), was used to determine the
best-fit distribution for the data. Using 5000 values of joist E, Equation 2 was used to calculate
5000 values ofjst. Lastly, 5000 values df,semwere calculated using Equation 3. GDA was
used to determine the best fitting distribution fgf.n and then the first percentile and the
probability of the frequency being less than 10 Hz were calculated for MSR and VSR lumber.
The first percentile for both types of lumber were then used to compare the predicted vibrational

performance to one another using Equation 1.

Case 3

The procedure for case 3 was the same as the Case 1 procedure. However, the values for the
different variables in Equation 7 were different because the joist span was designed to the L/480

live-load deflection limit. The values of the variables are:

Procedure 17



Joist: 1=98.93 ifA Girder: 1=296.79 ifi

W=86.63 Ibs. W=502 Ibs.

L=178 in. L=135 in.

Case 4

The procedure for Case 4 was the same as Case 2, but with differing values for the variables
because the joist and girder span were designed for the L/480 and L/600 live-load deflection

limits, respectively.

Case 5to Case 8

Cases 1 through 4 were repeated using an effective joist, Baged and justified by the load
sharing results from the Johnson study. The model used was:

E=0.25k + 0.5k +0.25K (15)
where the E’s represent three joists in a row in a floaris Ehe left joist, E is the center joist
impacted by a footfall, and gEis the right joist, and the three were considered independent

random variables.

However, except for the procedures in obtaining the data for E.gndhe procedures used for
Cases 5 through 8 were the same as Cases 1 through 4. Monte Carlo simulation was used to
generate 5000 values for each variable in Equation 15. ThemsEised in Equation 2 in place

of the variable E to calculate 5000 valuesfigf. GDA was used to determine the best-fit
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distribution for the data for ;Eandfj,s. For Case 6 and Case 8 the 5000 value$fprand k&

along withfgqger values were then substituted into Equation 3 to produce 5000 valuiggder
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Results and Discussion

Case 1

The assumed modulus of elasticity (E) distribution for VSR lumber is shown in Figure 1. The
modulus of elasticity was assumed to be lognormally distributed. It ranges from about 700,000
psi to 3,000,000 psi. The modulus of elasticity for MSR lumber was also assumed to be
lognormally distributed with a coefficient of variation of 0.11 and it is shown in Figure 2. It

ranges from about 1,000,000 psi to 2,250,000 psi. The E-distribution for MSR lumber is
dramatically less variable than the E-distribution for VSR lumber by inspecting Figures 1 and 2.
This lower variability of the E-distribution in Figure 2 compared to the E-distribution in Figure 1

can be attributed to MSR lumber having a lower coefficient of variation than VSR lumber.

Figure 3 represents the calculated frequency distribution of a joist for VSR lumber and it is
lognormally distributed because E was assumed to be lognormal. It ranges from about 10 Hz to
22 Hz. The calculated frequency distribution for MSR lumber is shown in Figure 4. It also is

lognormally distributed and is noticeably less variable fardepicted in Figure 3.
Based on Equations 10 and 13, the E-distribution affects the predicted fundamental frequency
distribution of a joist. For example, the E for MSR lumber is less variable than VSR lumber (0.11

versus 0.25)&” in Equation 6 was calculated basedn For MSR lumber, a loweRe would

Results and Discussion 20
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elasticity (E) for VSR lumber (E coefficient of variation = 0.25).
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joist vibration with rigid supports were derived for VSR lumber using
Equation 2 and Equations 9 through 13.
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cause the standard deviation of the logarithms df:E,to be lower. Sincég is the standard

deviation for the lognormal density, the variability of the predicted frequency is lower (Figure 4).

The probability that the frequency will be less than 10 Hz in Figure 30808. The first
percentile of the distribution is 11.06 Hz. For Figure 4, the probability that the frequency will be
less than 10 Hz is approximately zero. The first percentile of the distribution for MSR is 13.09

Hz, which is about 18 percent more than the first percentile for VSR, lumber (Figure 3).

Case 2

In Figure 5 and in Figure 6, the two-parameter lognormal distribution fit the data well based
collectively on the visual test, the maximum log-likelihood, and the Chi-Square test. The
distribution for the effective girder E & for MSR lumber (Figure 6) was less variable than the

Eet distribution for VSR lumber (Figure 5) and this result was expected. When comparing the
Ee distribution for VSR lumber in Figure 5 against the E-distribution in Figure 1, an averaging
effect can be observed in Figure 5. This same effect occurs for MSR lumber (Figure 6) when the

Eer distribution is compared with Figure 2.

The distribution for & has a lower coefficient of variatioQ] for both MSR and VSR lumber.

The standard deviation ots&can be calculated using Equation 14 and it is given by

EQ,

NE

(16)
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Figure 5 Five thousand values were generated for the girder effective E{Eby

Monte Carlo simulation using Equation 14. A two-parameter lognormal
distribution was superimposed on the histogram by GDA for the girder B
for VSR lumber and was determined to be the best-fit distribution for the
data.
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Figure 6 Five thousand values were generated for the girder effective E{Eby

Monte Carlo simulation using Equation 14. A two-parameter lognormal
distribution was superimposed on the histogram by GDA for the girder B
for MSR lumber and was determined to be the best-fit distribution for the
data.
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The coefficient of variation of & is therefore

15ia,

=0 (17)

E 3

The two-parameter lognormal distribution fitted the data well for girder frequency (Figure 7 and

Figure 8) based collectively on the visual test, the maximum log-likelihood, the Chi-Squared Test,
and the Kolmogorov-Smirnov test. The girder frequency distribution for MSR lumber (Figure 8)

was less variable than the distribution for VSR lumber (Figure 7). Upon inspection of Figure 7
and Figure 8, the probability that the frequency of the girder is less than 10 Hz would be zero for

each case.

For the frequency of the floor system, the normal distribution fit the data well for VSR lumber
(Figure 9) and MSR lumber (Figure 10) based collectively on the visual test, the maximum log-
likelihood, the Chi-Squared test, and the Kolmogorov-Smirnov test. The system frequency
distribution for MSR lumber (Figure 10) was also less variable than the system frequency
distribution for VSR lumber (Figure 9). The probability that the system frequency is less than 10
Hz for VSR lumber (Figure 9) is 0.0537 while the same priiyafor MSR lumber (Figure 10) is

zero. The first percentile of VSR lumber and MSR lumber is 9.34 Hz and 10.60 Hz, respectively.
The difference between the first percentile values using Equation 1 is about 13 percent, which is

caused by differences (.
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Figure 7 Five thousand values were generated for the girder frequencfifger) by

Monte Carlo simulation using Equation 2. A two-parameter lognormal
distribution was superimposed on the histogram by GDA fof iqer for VSR
lumber and was determined to be the best-fit distribution for the data.
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Figure 8 Five thousand values were generated for the girder frequencfifger) by

Monte Carlo simulation using Equation 2. A two-parameter lognormal
distribution was superimposed on the histogram by GDA fofgiqer for MSR
lumber and was determined to be the best-fit distribution for the data.
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Figure 9 Five thousand values were generated for the floor system frequendyder) by

Monte Carlo simulation using Equation 3. A normal distribution was
superimposed on the histogram by GDA fofsysemfor VSR lumber and was
determined to be the best-fit distribution for the data.
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Figure 10 Five thousand values were generated for the floor system frequendy«en by
Monte Carlo simulation using Equation 3. A normal distribution was
superimposed on the histogram by GDA fofsysiemfor MSR lumber and was
determined to be the best-fit distribution for the data.
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Case 3

Results for the E-distribution for both MSR and VSR lumber (Figure 11 and Figure 12) are
identical to the results given for the E-distribution for Case 1. They are identical to Case 1
because the values used to calculate the parameters for the E-distribution in Equations 5 and 6 did
not change across floor cases. These values remained constant throughout the floor cases

studied. The only variable that did change Ras

Results for the frequency distribution differed from the results for the frequency distribution in
Case 1 because the joists were designed to a stricter defliwito(L/480). The frequency
distribution for both MSR and VSR lumber shifted to the right which resulted in better expected
vibrational performance than in Case 1. The calculated frequency distribution of a joist for VSR
lumber is shown in Figure 13. The predicted frequency is lognormally distributed because E was
assumed to be lognormal. The calculated frequency distribution for MSR lumber is represented in
Figure 14 and it is also lognormally distributed. The frequency distribution in Figure 14 for MSR
lumber is also noticeably less variable than the frequency distribution for VSR lumber in

Figure 13.

The probabilty that the frequency is less than 10 Hz in Figure 13 is practically zero.
Theoretically, the lognormal density functions starts at zero, thus some very small area exists
between 0.0 and 10.0. Hereatter, this case will be referred to as zero area. The first percentile of
the distribution is 12.98. For Figure 14, the probability that the frequency is less than 10 Hz is

also zero. The first percentile of the frequency distribution for MSR lumber is 15.36 which is 18
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Figure 11 Two-parameter lognormal distribution was assumed for the modulus of
elasticity (E) for VSR lumber (E coefficient of variation=0.25) in Case 3.
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Figure 13 Two-parameter lognormal distribution and parameters were also derived for

VSR lumber with joist deflection limit of L/480 using Equation 2 and
Equations 9 through 13.
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Two-parameter lognormal distribution and parameters for frequency of joist
vibration for MSR lumber (with deflection limit of L/480) were also derived
using Equation 2 and Equations 9 through 13.
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percent more than the first percentile for VSR lumber according to Equation 1. In other words,
the expected vibrational performance for MSR lumber in this case is 18 percent better than VSR

lumber.

Case 4

The results for effective E,cF are similar to the results forEin Case 2. The two-parameter
lognormal distribution fit the data for both VSR (Figure 15) and MSR (Figure 16) lumber. An
averaging effect can also be observed in Figure 15 and Figure 16 when compared to Figure 1 and

Figure 2 in Case 1.

The two-parameter lognormal also fit the data well for girder frequency (Figures 17 and 18)
based collectively on the visual test, the maximum log-likelihood, the Chi-Squared test, and the
Kolmogorov-Smirnov test. The distribution for MSR lumber (Figure 18) is less variable than the
distribution for VSR lumber (Figure 17). The probability that the frequency of the girder is less

than 10 Hz would be approximately zero for both MSR and VSR lumber.

The normal distribution fit the data for frequency of the floor systgm§ for both VSR and

MSR lumber (Figures 19 and 20). This was based collectively on the visual test, maximum log-
likelihood, Chi-Squared test, and Kolmogorov-Smirnov test. The distribution for MSR lumber
(Figure 20) was also less variable than the distribution for VSR lumber (Figure 19). For MSR
lumber, the probability thét,semiS less than 10 Hz is zero. The probability for VSR lumber is

0.0016. The first percentile &fsiemfor MSR lumber is 11.91 Hz compared to 10.58 Hz for VSR
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Figure 15 Five thousand values were generated for the girder effective EfEby
Monte Carlo simulation using Equation 14. A two-parameter lognormal
distribution was superimposed on the histogram by GDA for the girder B
for VSR lumber and was determined to be the best-fit distribution for the

data.
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Figure 16 Five thousand values were generated for the girder effective EfEby
Monte Carlo simulation using Equation 14. A two-parameter lognormal
distribution was superimposed on the histogram by GDA for the girder B
for MSR lumber and was determined to be the best-fit distribution for the
data.
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Figure 17 Five thousand values were generated for the girder frequencigiger) Monte
Carlo simulation using Equation 2. A two-parameter lognormal distribution
was superimposed on the histogram by GDA foligiger for VSR lumber and
was determined to be the best-fit distribution for the data.
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Figure 18 Five thousand values were generated for the girder frequencigiger) Monte
Carlo simulation using Equation 2. A two-parameter lognormal distribution
was superimposed on the histogram by GDA fofiyiger for MSR lumber and
was determined to be the best-fit distribution for the data.
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Figure 19 Five thousand values were generated for the floor system frequendy<en by
Monte Carlo simulation using Equation 3. A normal distribution was
superimposed on the histogram by GDA fofsysemfor VSR lumber and was
determined to be the best-fit distribution for the data.
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Figure 20 Five thousand values were generated for the floor system frequendy«en by
Monte Carlo simulation using Equation 3. A normal distribution was
superimposed on the histogram by GDA fofsysiemfor MSR lumber and was
determined to be the best-fit distribution for the data.
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lumber. The ratio of the first percentile of MSR lumber to the first percentile of VSR lumber is
1.13 which indicates that an MSR lumber floor system will have better floor performance than

VSR lumber by 13 percent.

A limit on fssemfor good floor performance has been proposed by Shue (1995) for continuous
girders. The 13 percent difference between first percentiles for MSR and VSR lumber in Case 4
may be significant. Based on in-situ tests, he first calculjeq, based on the clear span
between points of support and the prediction did not correlate well with measured results. He
then determined that the span between points of inflection produced results that correlated better

with the measured floor vibrational response.

In comparing the girder frequency and system frequency in Case 4 with the corresponding
distributions in Case 2, the distributions in Case 4 are slightly shifted more to the right. This shift
to the right in Case 4 can be attributed to the joists and girder being designed to a more strict

deflection limit (LA80 and L/600, respectively).

Case 5 (Load Sharing)

The two-parameter lognormal distribution fit the data well in Figures 21 and 22 for effective joist
E, B, based collectively on the visual test, maximum log-likelihood, Chi-Squared test, and
Kolmogorov-Smirnov test. Again, MSR lumber effective joist E based on Equation 15 (Figure

22) is less variable than VSR lumber effective joist E (Figure 21).
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Figure 21 Five thousand values were generated for the effective joist EBy Monte
Carlo simulation using Equation 15. A two-parameter lognormal
distribution was superimposed on the histogram by GDA for Efor VSR
lumber and was determined to be the best-fit distribution for the data.
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Figure 22 Five thousand values were generated for the effective joist EBy Monte
Carlo simulation using Equation 15. A two-parameter lognormal
distribution was superimposed on the histogram by GDA for Efor MSR
lumber and was determined to be the best-fit distribution for the data.

Results and Discussion 47



For the predicted joist frequendy,s;, the two-parameter lognormal distribution fit the data as
well in Figures 23 and 24 based on the same tests. MSR lumber (Figure 24) was less variable

than VSR lumber (Figure 23).

The probability thaffi,s: Is below 10 Hz for both VSR and MSR lumber was zero. The first
percentile for Figure 24 is 13.79 Hz compared to 12.47 Hz for Figure 23. The ratio of the first
percentile of MSR lumber to the first percentile of VSR lumber is 1.11. With load sharing, MSR
lumber in case 5 performs 11 percent better than VSR lumber with respect to the first percentile

predicted fundamental frequency as the measure of floor performance.

The effective joist E (Figures 21 and 22) for both VSR and MSR lumber in Case 5 is slightly less
variable and has a smaller range than the E-distribution in Figure 1 and Figure 2 in Case 1. In
Figure 21, the distribution ranges from about 1.6xi€ to about 2.75xf(si. The distribution

in Figure 1 ranges from about 700,000 psi to about 3%0pdi0 For MSR lumber in Case 5, the
range in Figure 22 is from about 1.2%18i to 2.0x10psi. In Case 1, the distribution in Figure 2
ranges from 1.0xFpsi to 2.25x10psi. The results in Case 5 fori& due to Equation 15 being

a weighted average which accounts for the distributions having a smaller range, or lower standard

deviation.

The distribution for frequency of joist (Figures 23 and 24) for both VSR and MSR lumber in Case
5 is also slightly less variable and has a smaller range than the distribution for freugency of joist in

Figures 3 and 4 in Case 1. In Figure 23, the distribution ranges from about 12 to 18 Hz compared
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Figure 23 Five thousand values were generated for the joist frequenciyi) by Monte
Carlo simulation using Equation 2. A two-parameter lognormal distribution
was superimposed on the histogram by GDA fdks; for VSR lumber and
was determined to be the best-fit distribution for the data.
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Figure 24 Five thousand values were generated for the joist frequenciyi) by Monte
Carlo simulation using Equation 2. A two-parameter lognormal distribution
was superimposed on the histogram by GDA fdkis: for MSR lumber and
was determined to be the best-fit distribution for the data.
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to the range of 9 to 23 Hz in Figure 3 for Case 1. For MSR lumber (Figure 24) in Case 5, the

range is 13 to 16 Hz compared to the range for MSR lumber (Figure 4) in Case 1 of 12 to 18 Hz.

Case 6 (Load Sharing)

The two-parameter lognormal distribution fit the data in Figures 25 and 26 for the effective E,
Eew, Of a girder for both VSR and MSR lumber. This distribution was chosen based collectively
on the visual test, maximum log-likelihood, Chi-Squared, and Kolmogorov-Smirnov test. The

distribution in Figure 26 is less variable than the distribution in Figure 25.

The two-parameter lognormal distribution was also the best fit for the data for girder frequency in
Figures 27 and 28. MSR lumber for girder frequency (Figure 28) was also less variable than VSR
lumber (Figure 27). Upon inspection of Figures 27 and 28 for VSR and MSR lumber, the

probability offgiqer being less than 10 Hz is zero.

For Figures 29 and 30, the two-parameter lognormal distribution was the best fit for the system
frequency based collectively on the visual test, maximum log-likelihood, and Kolmogorov-
Smirnov test. The MSR lumber system frequency (Figure 30) was less variable than the VSR
lumber system frequency (Figure 29). The probability that the system frequency is less than 10
Hz for MSR lumber is zero compared to 0.0045 for VSR lumber. The first percentile of MSR
system frequency for the distribution in Figure 30 is 10.93 Hz. The first percentile of VSR system

frequency for the distribution in Figure 29 is 10.15 Hz. The ratio of the first percentile of the

Results and Discussion 51



2p Lognormal

2.00
1.50
>
Q
=z 1.00
L
D
e}
L
&
B0
00 : .75 1.50 2.25 3.00

. Effective E (x million osi)

Figure 25 Five thousand values were generated for the girder effective EfEby
Monte Carlo simulation using Equation 14. A two-parameter lognormal
distribution was superimposed on the histogram by GDA for the girder (&)
for VSR lumber and was determined to be the best-fit distribution for the

data.
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Figure 26 Five thousand values were generated for the girder effective E«fEby
Monte Carlo simulation using Equation 14. A two-parameter lognormal
distribution was superimposed on the histogram by GDA for the girder (&)
for MSR lumber and was determined to be the best-fit distribution for the

data.
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Figure 27 Five thousand values were generated for the girder frequenchgiger) by
Monte Carlo simulation using Equation 2. A two-parameter lognormal
distribution was superimposed on the histogram by GDA fof iqer fOr VSR
lumber and was determined to be the best-fit distribution for the data.
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Figure 28 Five thousand values were generated for the girder frequenchgiger) by
Monte Carlo simulation using Equation 2. A two-parameter lognormal
distribution was superimposed on the histogram by GDA fofgiqer for MSR
lumber and was determined to be the best-fit distribution for the data.
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Figure 29 Five thousand values were generated for the floor system frequendy<n by
Monte Carlo simulation using Equation 3. A two-parameter distribution
was superimposed on the histogram by GDA for th&ysemfor VSR lumber
and was determined to be the best-fit distribution for the data.
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Figure 30 Five thousand values were generated for the floor system frequendy<en by
Monte Carlo simulation using Equation 3. A two-parameter distribution was
superimposed on the histogram by GDA for thésysemfor MSR lumber and
was determined to be the best-fit distribution for the data.
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predicted system frequency for MSR lumber to the corresponding first percentile of VSR lumber
was 1.08 which means that the MSR floor system with load sharing included has an 8 percent

better predicted vibrational performance over a VSR floor system.

The fssemdistributions in Case 6 (Figures 29 and 30) are less variable thaptheistributions
(Figures 9 and 10) in Case 2. The first percentile valuégsgffor MSR and VSR lumber in

Case 6 are larger than the first percentile values for MSR and VSR lumber in Case 2.

Case 7 (Load Sharing)

The two-parameter lognormal distribution fit the data well for effective joist E in Figures 31 and
32. The two-parameter lognormal distribution was determined to be the best fit based collectively
on the visual test, maximum log-likelihood, Chi-Squared test, and Kolmogorov-Smirnov test.
From Figures 31 and 32, it can be seen that the effective joist E for MSR lumber is less variable

than VSR lumber.

Based on the visual test, maximum log-likelihood, Chi-Squared test, and Kolmogorov-Smirnov
test, the two-parameter lognormal fit thg: distribution with load sharing for VSR (Figure 33)
and MSR (Figure 34) lumber. The distribution for predicted joist frequency in Figure 34 is less
variable than the distribution in Figure 33. The probability fpatis less than 10 Hz for both
VSR and MSR lumber is zero. The first percentilégfin Figure 34 (MSR lumber) is 16.22 Hz

and the first percentile of the comparable distribution in Figure 33 (VSR lumber) is 14.66 Hz.
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Figure 31 Five thousand values were generated for the effective joist EBy Monte
Carlo simulation using Equation 15. A two-parameter lognormal
distribution was superimposed on the histogram by GDA for Efor VSR
lumber and was determined to be the best-fit distribution for the data.

Results and Discussion



2p I‘_ognormol

4.00

3.00 -

FREQUENCY
g
1

1.00 -

3

.00 —— T \ T
.00 75 150 225 3.00
Effective Joist E . (x million osi

Figure 32 Five thousand values were generated for the effective joist EBy Monte
Carlo simulation using Equation 15. A two-parameter lognormal
distribution was superimposed on the histogram by GDA for Efor MSR
lumber and was determined to be the best-fit distribution for the data.
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Figure 33 Five thousand values were generated for the joist frequenciyi) by Monte
Carlo simulation using Equation 2. A two-parameter lognormal distribution
was superimposed on the histogram by GDA fdks; for VSR lumber and
was determined to be the best-fit distribution for the data.
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Figure 34 Five thousand values were generated for the joist frequenciyi) by Monte
Carlo simulation using Equation 2. A two-parameter lognormal distribution
was superimposed on the histogram by GDA fdkis: for MSR lumber and
was determined to be the best-fit distribution for the data.
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The ratio of these two numbers using equation 1 is 1.11 which reveals that MSR lumber has a

better predicted vibrational performance than VSR lumber by 11 percent.

The results forfi,st in Case 7 are better compared to the resultdifgrin Case 5. Théiis
distributions in Figures 33 and 34 are shifted to the right more compared fgthikstributions

in Figures 23 and 24.

In comparison with Case 3, Case 7 had better results because the first percentile figludsrof
MSR and VSR lumber are higher than the first percentile valugg;ofor MSR and VSR lumber
in Case 3. Case 3 did not include a load sharing component, whereas Case 7 included a load

sharing model which should predict more realistic floor behavior.

Case 8 (Load Sharing)

The two-parameter lognormal fit the data well fax B Figures 35 and 36. This best-fit was
based collectively on the visual test, maximum log-likelihood, Chi-Squared test, and Kolmogorov-
Smirnov test. The distribution ofcEin Figure 36 (MSR lumber) is less variable than the

distribution of E¢ in Figure 35 (VSR lumber).

The two-parameter lognormal also fit the dataffgs, in Figures 37 and 38 based on the same
tests listed above forcfe Thefgigerdistribution in Figure 38 for MSR lumber is less variable than
the fgiger distribution in Figure 37 for VSR lumber. Upon inspection of Figures 37 and 38, the

probability thatfgiqer is below 10 Hz is zero.
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Figure 35 Five thousand values were generated for the girder effective EcfEby
Monte Carlo simulation using Equation 14. A two-parameter lognormal
distribution was superimposed on the histogram by GDA for the girder B
for VSR lumber and was determined to be the best-fit distribution for the

data.
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Figure 36 Five thousand values were generated for the girder effective EEby
Monte Carlo simulation using Equation 14. A two-parameter lognormal
distribution was superimposed on the histogram by GDA for the girder B
for MSR lumber and was determined to be the best-fit distribution for the
data.
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Figure 37 Five thousand values were generated for the girder frequenchgiger) by
Monte Carlo simulation using Equation 2. A two-parameter lognormal
distribution was superimposed on the histogram by GDA fof iqer fOr VSR
lumber and was determined to be the best-fit distribution for the data.
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Figure 38 Five thousand values were generated for the girder frequenchgiger) by
Monte Carlo simulation using Equation 2. A two-parameter lognormal
distribution was superimposed on the histogram by GDA fofgiger for MSR
lumber and was determined to be the best-fit distribution for the data.

Results and Discussion

67



The two-parameter lognormal fit the data figg.mfor both VSR (Figure 39) and MSR

(Figure 40) lumber. Th&gemdistribution in Figure 40 is less variable than tg.mdistribution

in Figure 39. The probability df,semless than 10 Hz is zero for both MSR and VSR lumber.
The first percentile for Figure 39 (VSR lumber) is 11.38 Hz and the first percentile for Figure 40
(MSR lumber) is 12.24 Hz. The ratio of the first percentile of MSR lumber to the first percentile
of VSR lumber is 1.08. The predicted floor vibrational performance of MSR lumber based on the
first percentile of frequency is 8 percent better than the predicted floor vibrational performance of

VSR lumber.

The floor system frequency in Case 8 for both VSR and MSR lumber is an improvement over the

floor system frequency for both VSR and MSR lumber in Case 6 upon comparing Figures 39 and

40 versus Figures 29 and 30. The distributions in Figures 39 and 40 are shifted more toward the
right. In addition, the first percentile &fs.emfor both MSR and VSR lumber in case 8 are higher

than the first percentile values for MSR and VSR lumber in Case 6.
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Figure 39 Five thousand values were generated for the floor system frequendy«n by
Monte Carlo simulation using Equation 3. A two-parameter distribution was
superimposed on the histogram by GDA for théssemfor VSR lumber and
was determined to be the best-fit distribution for the data.
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Figure 40

Results and Discussion
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Five thousand values were generated for the floor system frequendy«en by
Monte Carlo simulation using Equation 3. A two-parameter distribution was
superimposed on the histogram by GDA for théssemfor MSR lumber and
was determined to be the best-fit distribution for the data.
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Summary

An individual joist was studied for Cases 1 through 4 instead of a floor system and thus load
sharing was neglected. The joist in Case 1 was rigidly supported and designed for the L/360 live-
load deflection limit. MSR lumber in Case 1 had an improved vibrational performance over VSR
lumber by 18 percent based on the ratio of the first percentile of the predicted frequency in
Equation 1. The probability th§t is less than 10 Hz was close to zero for both VSR and MSR
lumber. However, the MSR lumber floo2¢=0.11) had better predicted floor performance
based on the measure of the probability of the joist frequency being less than &0adzebits

probability was approximately zero.

When the joist was supported by a girder as in CaSg Bad no detectable positive effect on the
predicted vibrational performance of the floor system. The predicted vibrational performance of
MSR lumber was 13 percent better than the predicted vibrational performance of VSR lumber.
The probability thatsysiemis less than 10 Hz for MSR lumber was zero while the same probability

for VSR lumber was 0.0537.
Case 2 provided an example of the potential negative effect of a girder on the vibrational

performance of a floor system. Table 2 provides a summary of the vibrational performance

measures of both floor cases with respect tdxhkevel.
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Table 2 Predicted vibrational performance of floor cases 1 and 2 was improved by
using lumber having a lowerQe.

Case 1. Joist (L/360) with Rigid | Case 2: Joist (L/360) Supported by
Supports Girder (L/360)
Lumber | Qg | 1% Percentilg Probabilty | fMS® | 1% Percentild Probability | fMSR
E-Grade Of fiist fioix<10 Hz W Of fsystem fysten<10 Hz W
MSR | 0.11 13.09 = 0.0000 10.60 0.0000
1.18 1.13
VSR 0.25 11.06 0.0008 9.34 0.0537

The rigidly supported joist in Case 3 was designed for the L/480 live-load defleetionBoth

MSR and VSR lumber had favorable predicted vibrational performance because thélitgrobab
that figist Is less than 10 Hz was zero for both of them. The floor performance of MSR lumber
based on the ratio of the first percentile of the predicted frequency in Equation 1 was 18 percent

better than VSR lumber.

The floor system in Case 4 consisted of a joist, designed for the L/480 live-load deflettjon
supported by a girder designed for the L/600 live-load deflettion The predicted vibrational
performance of MSR lumber based on Equation 1 was 13 percent better than the predicted
vibrational performance of VSR lumber. The probability thatmis less than 10 Hz was close to

zero for both VSR and MSR lumber.

Case 3 and Case 4 provided examples of the positive effect of designing the joist and girder to a

stricter deflection limit on the vibrational performance of a floor system. The distributions shifted
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to the right and increased the first percentile values in both cases. Table 3 provides a summary of

the measures of performance of both MSR and VSR lumber.

Table 3 Predicted vibrational performance of floor case 3 was good regardles<hf
due to joist designed for stricter deflection limit (L/480). For floor case 4, the
predicted vibrational performance was improved by using lumber having a

lower Q.
Case 3: Joist (L/480) with Rigid | Case 4: Joist (L/480) Supported by

Supports Girder (L/600)
Lumber | Qg | 1% Percentilg Probability | fMS® | 1% Percentile Probability | fMSR
E-Grade of figist fioix<10 Hz foor Of fsystem foysten<10 Hz foor

MSR | 0.11 15.36 0.0000 11.91 0.0000
1.18 1.13

VSR 0.25 12.98 0.0000 10.58 0.0016

Load sharing was included in the study in Cases 5 through 8. Three joists were studied in Cases 5

through 8 instead of individual joists as in Cases 1 through 4.

Case 5 involved three rigidly supported joists designed for the L/360 live-load defliwiton

The results for the expected vibrational performance measures in Case 5 that included load
sharing improved from the results for expected vibrational performance in Case 1. The
probability thatfis iS less than 10 Hz was zero for both VSR and MSR lumber. However, MSR
lumber still had better vibrational performance measures than VSR lumber. According to the
ratio of first percentile predicted frequencies given by Equation 1, the predicted performance of
the MSR lumber joists is 11 percent over the predicted vibrational performance of VSR lumber
joists. This is a decrease in first percentile frequency ratio (Equation 1) by 7 percent from Case 1

which did not include load sharing.
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The girder and three joists in Case 6 were both designed for the L/360 live-load delilmdtion
with the effect of load sharing included. The probability fhatmis less than 10 Hz for MSR
lumber was zero and the same probability for VSR lumber w®1B. The predicted ratio of
This is a

first percentile frequencies of MSR lumber differed from VSR lumber by 8 percent.

reduction from 13 percent in Case 2. The results for case 5 and 6 are summarized in Table 4.

Table 4 Predicted vibrational performance of floor case 5 improved from floor case 1
by including load sharing. The results for floor case 6 were also an
improvement over floor case 2 due to load sharing. Predicted vibrational
performance for both Case 5 and Case 6 was improved by using lumber
having a lowerQge.

Case 5: Joist (L/360) with Rigid | Case 6: Joist (L/360) Supported by
Supports; Load Sharing Included | Girder (L/360); Load Sharing Includgd
Lumber | Qg | 1% Percentilg Probability | fMS® | 1% Percentile | Probability | fMSR
E-Grade of fjoist fjoist<10 Hz W of fsystem fs/stem<10 Hz W
MSR | 0.11 13.79 0.0000 10.93 0.0000
1.11 1.08
VSR 0.25 12.47 0.0000 10.15 0.0045

Case 7 involved three rigidly supported joists designed for the L/480 live-load defliwiton

The measures of floor performance improved from Case 5 since the joists were designed to a
stricter deflection limit and again MSR lumber performed better than VSR lumber. The
probability thatfjes is less than 10 Hz was zero for both VSR and MSR lumber. The predicted

vibrational performance defined by Equation 1 for MSR lumber versus VSR lumber was 1.11, or

11 percent.

In Case 8, the three joists were designed for the L/480 live-load defldintiobn The girder

supporting the joists was designed for the L/600 live-load deflediah The measures
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improved from Case 6. The probability thigtenis less than 10 Hz was zero for both MSR and
VSR lumber. The predicted vibrational performance for MSR lumber differed from VSR lumber

by 8 percent. The results for Case 7 and Case 8 are summarized in Table 5.

Table 5 Predicted vibrational performance of floor case 7 was improved from floor
case 5 by designing the joists to a stricter deflection limit. For floor case 8,
the predicted vibrational performance improved over floor case 6 due to
designing the joists and girder to a stricter deflection limit. In addition, these
results were also improved by using lumber having a lowe®e.

Case 7: Joist (L/480) with Rigid| Case 8: Joist (L/480) Supported by
Supports; Load Sharing Included | Girder (L/600);Load Sharing Includgd

Lumber | Qg | 1% Percentilg Probability | fMS* | 1% Percentile | Probability | fMSR
E-Grade of fjoist fjoist<10 Hz fS_’OSlR of fsystem fslstem<10 Hz f(;_/oSlR
MSR 0.11 16.22 0.0000 12.24 0.0000
1.11 1.08
VSR 0.25 14.66 0.0000 11.38 0.0000
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Conclusions and Recommendations

The variabilty of E, characterized g, did have an effect on the predicted vibrational
performance of floor systems. Overall, MSR lumb@:50.11) floor systems had improved
predicted vibrational performance over VSR floor systeihs=0.25) based on two measures of
floor performance - - fundamental frequency and probability of the fundamental frequency less
than 10 Hz. In addition, the low€: (MSR lumber) helped improve predicted performance of

the floor system when a girder was involved.

Based on the two measures studied, the predicted vibrational performance across the floor cases
improved as the design deflection limitscame more strict, specifically L/360 versus L/480. A
recommendation for controlling annoying residential floor vibrations is to design the floor joists to

a stricter deflection limit of 1480.

Based on in-situ tests, Shue (1995) calibratedshg, prediction equation by choosing the span
between inflection points. The appropriate choice of “span” to be used in the equation for
calculatingfgiger Needs to be evaluated for other span conditions including a simple span girder

assumed in this study.
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