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Abstract

A number of assumptions and simplifications are
introduced when applying the mobility approach to
predict structure borne transmission from wood studs to
gypsum board that is directly attached by screws or
nails. This paper examines the error introduced by
three of the many simplifications. It is shown that studs
do deform volumetrically, and there is a strong
dependence on contact area between the studs and
gypsum board. Also transmission at ill-defined contact
points between the fastening points becomes important
when there are few fasteners. Assumptions that ignore
these factors may introduce bias errors but these oppose
each other so that it is possible to achieve reasonable
agreement between measured and predicted results
despite incorrect theoretical foundations.

1. Introduction

The mobility approach has been used by several authors
when modelling the power flow between parallel plates
that are coupled directly by rods [1] or ties [2], or by
one or more fasteners to a beam|[ 3, 4]. These
formulations assume:

1. Stud velocity constant across stud depth;
2. Power flow only at fasteners;
3. Power flow independent of contact area at drive
point (stud to gypsum board);
4. Continuity of velocity at stud/gypsum board
interface;
5. Power flow same for all fastener locations; and
6. Power flow proportional to number of fasteners.
These allow the power transmission from a beam (stud)
to a point-connected plate (gypsum board) to be written

 vi)oe(Y:) (1)

as, W, =
12 ‘Yl + Yz‘z

where N is the number of fastening points, and <V12> is

the space averaged RMS velocity of the stud, Y, is the
mobility (inverse of impedance) for the stud, Y, is the
mobility for the gypsum board. If assumptions 1 and 3
listed above are satisfied then ordinary mobilities,

which are based on thin plate theory may be used [1],
namely,

Y, = (2pbhe, (1 +i)) 2)

and,

Y, = (8/Ba))" 3)
where p is the bulk modulus, h is the thickness, b is the
width, B is the bending stiffness, and cp is the bending
wave speed. Eqns. 2 and 3 are for points located well
away from an edge of the plate and beam and can be
justified, only if assumption 5 holds.

The first three assumptions will be systematically
evaluated by examining: 1.) the velocity level across
the stud; 2.) transmission with and without fasteners;
and 3.) sensitivity of transmission to contact area
between the stud and gypsum board at fasteners.

The paper begins with a description of the wall
assembly used to evaluate the assumptions and of the
method used to assess structure borne transmission. To
give an indication of level of agreement that might be
expected when all six of the listed assumptions are
satisfied, measured and predicted results are given for
an idealized wall construction.

2. Specimen and evaluating transmission

Figure 1 shows that the wall evaluated consists of a
single layer of 16 mm Type X gypsum board attached to
35 x 85 mm clear western red cedar studs, spaced
406 mm on center, except at ends of the wall. A single
point force was applied to one of the studs.

It is not practical to measure power transmission
through a junction directly — indirect evaluation is
necessary. Statistical energy analysis (SEA) may be
used if both connected elements satisfy the conditions
of a subsystem — modes are spaced equally in each
frequency band and create a uniform energy density
proportional to the damping. This allows one to write,

<V12> :{Inz El nzwj :[Inz/]Z\J (4)
<V§> m; W, m, /7,

where subscript 1 indicates source, 2 receiver, and




<V2> is space averaged RMS velocity, m is mass, W is

transmitted power, E is energy, and ® is angular
frequency, and n;, is the total loss factor (TLF) of the
gypsum board. Because the mass of the stud and
gypsum board is constant and the TLF of the gypsum
board, m,, is reasonably constant for the fastener
conditions considered, the measured velocity ratio is
proportional to the ratio of E;/Wj, or inversely
proportional to the coupling loss factor, 1, between
the stud and gypsum board.

The velocity ratio of Eqn. 4 is usually expressed in
decibels with the resulting quantity being referred to as
velocity level difference (VLD), and can be loosely
thought of as being a structural transmission loss since
the coupling loss factor, m;,, is proportional to the
structural power transmission coefficient. Thus, higher
VLD indicates lower structure borne transmission.

Measurements of VLD are obtained from differences in
the space average stud levels (sampled using 14 points)
and the gypsum board levels (sampled using 98 points).
Laser vibrometer measurements indicate that the
receive subsystem was not all three sheets of gypsum
board, but only the sheet to which the excited stud was
attached (plate 2 in Figure 1). Predictions of the VLD
are obtained by substituting Eqn. 1 through 3 into 4 and
evaluating using measured material properties.
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Figure 1: Sketch of the construction investigated.

3. Predicting an idealized case

To assess the closeness in agreement between measured
and predicted results that might be expected when all
assumptions are satisfied, only a single screw was used
to fasten the stud to the gypsum board as shown in the
insert to Figure 2 (thereby satisfying assumptions 5
and 6). A single 9 mm diameter disc (2 mm thick) was
placed between the stud and gypsum board at the screw
to create a “well-defined” contact area (thereby

satisfying assumptions 2 and 3). Assumption 4 is
satisfied by practical levels of screw torque.

Figure 2 indicates that for this situation agreement
between measured and predicted results is good from
100 to 1000 Hz. However, for higher frequencies the
prediction underestimates the VLD (i.e., overestimates
transmission) and the error increases with increasing
frequency. As discussed in section 4.1 this is likely due
in part to deformation of the stud (assumption 1 was not
satisfied).
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Figure 2: Measured and predicted VLD between

stud and gypsum board for an idealized case that

reasonably satisfies the assumptions listed in
Section 1 except for number 1.

4. Evaluation of assumptions

The construction of Figure 2 is hardly realistic since a
real wall will have: more than one fastener per stud,
direct contact between the stud and gypsum board,
complicated contact area at the fastener, “ill-defined”
contact points away from the fastener, and assumptions
about the location of the fastener(s). The next sections
evaluate the assumptions relating to no volumetric
deformation, transmission only at the fastening points,
and infinitely small contact area at the fastener.

4.1. Do studs deform volumetrically?

In formulating Eqn. 1 it is assumed that the force
applied by the screw to the gypsum board is equal to
the force of the screw at the stud, which is reasonable
since the screw is for practical purposes
incompressible. The force applied to the stud is
proportional to the difference in the stud velocity level
“well away” from the point of contact[1].  This is
straightforward and without error if the velocity of the
stud is measured on the side where the screw is
attached, but this is rarely the case.

Also, if the model is to be extended to the case with a
layer of gypsum board or resilient channels on the side



where currently there is no sheathing then, it is
necessary to relate the velocity on the receive-side of
the stud to the velocity on the source-side. To overcome
this, published models assume that the velocity is the
same on the opposite sides of the stud, i.e., the stud is
perfectly incompressible. This assumption is consistent
with the use of ordinary mobilities derived from thin
beam theory. However, Figure 3 indicates that the
assumption only holds in the mid and low frequencies.
For frequencies above 2kHz the velocity difference
across the stud quite significant indicating volumetric
deformation through the cross section. Deformation
due to compressional waves occurs as the quarter-
wavelength resonance condition is approached. This
was verified by measuring the VLD across a rod-like
sample cut from the stud.
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Figure 3: Measured VLD across a wood stud.

It is interesting to compare the magnitude of the VLD
across the stud above about 2kHz and the magnitude of
underestimation of the prediction in Figure 2. It is
highly suggestive that deformation across the stud,
which is not considered in the model, is contributing to
the underestimation of the predicted VLD.

It should be noted that above 2 kHz the stud cannot be
considered as being acoustically thin and the magnitude
mobility estimates using Eqn. 1 (particularly the
imaginary component) can be a significant
underestimation. The 16 mm gypsum board remains
acoustically thin in the range considered. Space
restriction prevents further discussion here.

4.2. Is transmission only at the fastening points?

Eqn. 1 indicates the total transmitted power is simply
the estimate for a single fastening point multiplied by
the number of points. This implies that transmission
can only occur at a fastener — there are no other
sources.

It is quite possible that irregularities in the gypsum
board, and more particularly the wood stud, will cause

there to be a series of “ill-defined” contact areas at
which there will be additional power transmission. To
evaluate the importance of ill-defined contact areas the
VLD was measured with and without a fastener in
place, (and no spacer between the stud and gypsum
board). Measurements were made with the source at
each of the seven positions in turn (A through G of
Figure 4) and the source located immediately opposite
from the fastener. If there were no ill-defined contact
areas, or they transmit insignificant power relative to a
fastener, then according to Eqn. 1 the VLD without the
fastener will tend to be infinite, which for practical
purposes can be considered as many orders of
magnitude greater than the VLD with a fastener.
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Figure 4: Measured velocity level difference with
and without a single fastener. A point source is
applied opposite from the fastener at locations A
through G.

The shaded area Figure 4 indicates the range in the
VLD measured when there is no fastener for the seven
source positions. Also shown are the lower and upper
limits when there is a fastener. It is clear that the VLD
measured without a fastener can be comparable to the
VLD measured when there is a fastener. Thus, for a
small number of fasteners additional power
transmission at ill-defined areas away from the
fasteners cannot be ignored. Assumption2 is not
satisfied for direct- attached gypsum board and will
cause an overestimation of the predicted VLD
(transmission underestimated). The presence of ill-
defined areas also means that the total transmitted
power is not proportional to the number of fasteners,
and assumption 6 is not satisfied.

4.3. Is transmission sensitive to contact area at
fastening points?

A review of the open literature suggests that ordinary
mobilities (e.g., Eqn. 1 & 2) based on thin plate theory
are almost always used when modelling power
transmission from beams and plates using the mobility



approach. In doing so, it is implicit that the contact area
at the fastener is sufficiently small that it approximates
the “infinitely small” excitation area assumed in
formulating the ordinary mobilities.

It is not possible to easily measure the “effective
contact area”, i.e., where the stud and gypsum board
have the same velocity, so this assumption cannot be
assessed directly. However, it is possible examine the
change in transmission as a result of a change to a
“well-defined” area created by a 2 mm thick Plexiglas
spacer placed between the stud and the gypsum board
at the fastener. A strong sensitivity to the area of the
spacer strongly suggests that the assumption may not be
valid and one should use more sophisticated mobility
measures [5,6] that include the “effective contact area”.
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Figure 5: Measured velocity level difference as a
function of the contact area between the stud and the
gypsum board.

Figure 5 shows that the VLD, and hence transmission,
is strongly dependent on area of the spacer separating
the stud and gypsum board, especially in the high
frequencies where spacer dimension is significant
relative to the bending wavelength. There is systematic
trend of reduced VLD (increased transmission) as the
area of the spacer is increased. It can also be seen that
there is a frequency at which the increased size affects
the VLD. This frequency moves to lower frequencies
as the size of the spacer is increased.

It would not be unrealistic to assume that the “effective
contact area” is defined by the width of the stud and a
length at least equal to the width, namely 35x35 mm.
With such a contact area the VLD for frequencies
above 1kHz would be at least 5 dB lower than that
measured for the smallest spacer a 9 mm disc (having
an area approximately equal to the head of the screw).

Until the “effective contact area” between the stud and
gypsum board can be accurately measured it can only
be stated with certainty that VLD predictions using
ordinary  mobilities  will be  overestimated.

(underestimates transmission). This error is likely very
significant, especially in the high frequencies.

It should be noted that the contact area between the
screw head and the gypsum board was also investigated
but was found not to be significant by comparison.
This was attributed to the difference in thickness
between the stud and gypsum board as wells as the
difference in the ratio of E/G (modulus of elasticity to
shear modulus), which for the stud is approximately 16
as opposed to about 2 for the gypsum board.

5. Discussion and conclusions

The effect of all the assumptions could not be reported
in this summary paper, however the three examined in
this paper are thought to be most important for practical
wood stud walls. The assumption of no volumetric
deformation caused an underestimation of the predicted
VLD. To overcome this it will be necessary to treat the
stud as a deep beam however as a first order
approximation it might be possible to introduce a
transfer matrix for a rod-like element to relate the
velocity on receive side to that on the source side.

The measured VLD was found to be very sensitive to
the contact area between the stud and the gypsum
board, and using mobilities that assume an infinitely
small area will tend to overestimate the VLD. The
necessary theoretical expressions exist for thick plates
and deep beams, but require estimates of the contact
area, which currently do not exist for wood/gypsum
board interfaces. This is suggested for future work.

Predictions that assume there are no “ill-defined”
contact areas between the fasteners will tend to
overestimate the VLD. Work to evaluate a better
approximation should be conducted.

The bias introduced by the various assumptions appear
not to have the same sign so it is possible to achieve
reasonable agreement between measurement and
prediction despite serious difficulties with the theory.
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