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ECONOMIC POTENTIAL OF MINERAL-BASED INSULATING MATERIALS
IN COMBATING THE NOISE PROBLEM IN RESIDENCES

by

Franklin D. Cooper1 and Lucille M. Langlois2

ABSTRACT

Three model dwelling units were redesigned to achieve specific levels of
noise reduction above that provided by conventional construction. Using 1968
prices, the added costs of materials and installation were found to range from

$500 to $5,000 depending upon the size of the dwelling unit and the degree of
insulation. The potential aggregate expenditures for sound insulation mate-
rials are projected to reach $617 million in 1975, including about $408 mil-
lion for the mineral-based materials, in 1968 constant dollars. The report
includes a brief review of the mechanics and effects of sound.

INTRODUCTION

Noise, or unwanted sound, is a seemingly unavoidable part of our indus-
tria i and affluent society. In the past 20 years, new and more powerful kinds
of transportation and construction equipment--jets, motorcycles, pneumatic
drills--have come into general use; and increased wealth has made conmonplace
the acquisition of such conveniences as power lawnmowers. All of these
devices make noise. As their popularity grows, more people in more places
will be exposed to ever-increasing noise levels and the accompanying
discomforts .3

The problem of increasing noise levels can be attacked in several ways:
eliminating a noise or reducing sound emissíon to comfortable levels (stopping
the noise at its source); removing the noise source from the people affected;
or placing some kind of barrier between the hearer and the source of noise to

i Physical scientist, Division of Mineral Economics, Bureau of Mines,

Washington, D. c.
2 Economis t, Division of Minera 1 Economics, Bureau of Mines, Washington, D.C.
3 Beranek, Leo L. Noise, Scientific American, v. 215, December 1966,

pp. 66-76.
Federal Council for Science and Technology, Committee on Environmental

Quality. Noise--Sound Without Value. Washington, D.C., September 1968,
56 pp.

U.S. Department of Housing and Urban Development. Airborne, Impact, and
Structure Borne Noise. Washington, D.C., January 1963.
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muffle and absorb the offending sound waves. These barriers can be as simple as
earplugs or as complex as complete sound control in an auditorium. So far, attempts
have been unsuccessful to reduce significantly or to reduce to acceptable lev8ls the
noise emitted by modern machines. In most cases, as with aircraft engines, the
noise cannot be eliminated or significantly reduced without impeding the function of
the motor, nor can the source of the noise be removed. Muffling the noise at its
source is also difficult, since it is awkward to insulate mobile equipment. Changes
in materials or design to date. have effected only minimal noise reduction, usually

at a prohibitive cost (either monetarily or in terms of efficiency). Because of
these various engineering problems, acoustical experts do not foresee any signifi-
cant breakthroughs in the field of sound reduction in the near future, Thus, at
present there is only one practical defense against most noises originating out-of-
doors: erecting a barrier by means of sound insulation materials to protect homes
and other structures from outside noises.

As noise levels continue to rise, the demand for additional sound protection
will also grow; for, while affluence brings a greater use of noisy devices, it also
brings the ability and willingness to pay for protection against noise. People can
either learn to live with today's noise or pay the extra price to protect themselves
from it. It is reasonable to assume, then, a growing effective demand for better
protection against sound. Since at present insulation is the siniplest way to obtain
protection, it is also reasonable to assume that this demand will focus on materials
for and methods of insulating structures against noise.

Research has shown that some of the best sound insulating materials are of
mineral origin. For this reason, any increase in sound control, and its economic
impact, is of special interest to the Bureau of Mines. The purpose of this report
is to describe briefly the noise problem (the mechanics and measurement of sound and
its impact) and to examine the various means of lowering noise levels indoors
through sound insulation improvement (SII). The major part of the study consists of
an economic analysis of the impact of improved sound insulation practices: their
costs, projected estimates of future demand for sound insulating materials, and an
overview of the effects of SII on the minerals industry.

The study is strictly limited to the increased use of sound insulation in new
housing construction as a defense against outside noise. It does not concern itself
,with sound insulation in commercial buildings, or with the remodeling of older homes,
nor does it examine the potential for sound insulation against noises produced
within a home. Studies on reducing noise at its source and the social and psycho-
logical problems associated with noise and noisy environments are also outside the
scope of the report. All these problems have been discussed by others.4

4Federal Housing Administration. Impact Noise Control in Multifamily Thvellings.
FHA No. 750, January 1963, 86 pp.

Jones, H. H., and others. Noise as a Health Hazard at Work, in the Community, and
in the Home. Public Health Rept., v. 83, 1968, pp. 533-536.

Morse, K. M. Community Noise--The Industrial Aspect. Am. Ind. Hygiene Assoc. J.,
v. 29, No.4, July-August 1968, pp. 368-380.

U.S. House of Representatives. Aircraft Noise Prob 1 ems . Hearings before Committee
on Interstate and Foreign Commerce, 86th and 87th Cong., 1963.

U.S. House of Representatives. Hearings before Committee on Science and Astro-
nautics. 86th Cong., 2d sess., Aug. 23-25, 1960.

Williams, D. A., and C. R. Ross. Effects of Environmental Noise. Canadian Min. J.,
v. 89, No. 10, October 1968, pp. 91-93, 107.
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SOUN AND NOISE

Acoustical Background

Sound is the result of changes in atmospheric pressure transmitted by a
vibrating object. During one cycle or complete vibration of the object, the
surrounding air is subjected to compression and rarefaction; these pressure
changes are carried as waves from the vibrating source through the surrounding
medium.

The basic form of a sound wave is a tiine-displacement graph that resem-
bles a sine curve. The frequency of a sound wave indicates the number of
cimes per second a complete cycle of the curve is traced-~and to the listener,
determines its pitch: the greater the frequency, the higher the pitch. The
wavelength, which is the distance traveled by the sound wave in one complete
cycle, varies inversely with the frequency; that is, the greater the frequency,
the shorter the wavelength, The audib le frequency spectrum of sound is in the
range of about LS to lS, 000 cycles per second (cps).

Sound power is the acoustic energy emitted per unit of time by a sound
source. The acoustic energy from a single source moves outward in all direc-
tior.s (if there are no intervening barriers) in a pattern roughly simulating a
spherical surface. The amount of sound power per unit of area on this imagi-
nary surface is called sound intensity, or sound pressure. The reference
level of sound intensity (or sound pressure level), the decibel (dB), is equal
to 10-16 watt per square centimeter or 0.00002 microbar. The "loudness" of a
sound depends largely on its intensity or pressure, although frequency affects
"loudness" as welL. An increase of 6 dB indicates a doubling of sound pres-
sure, but does not necessarily make sound twice as loud. (Degree of loudness
is a subjective judgment each listener must make.) The humn ear responds to
a wide range of sound intensities--from a detection threshold just above 0 dB
to a high of 120 dB. A normal person cannot hear sound louder than 120 dB
1;..ithout experiencing some pain.

Appendix A presents additional information on the physics of sound and on
the definition of a decibel.
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The Problem of Noise

Classifying sound as "noise" is a psychological judgment that a listener
makes. Generally a noise is any annoying sound whose loudness, pitch, or
other qualities are displeasing to the ear, or have an adverse emotional
effect on the hearer. Although there is no standard accepted way to measure
noise, probably the best measure of total response of the humn auditory sys-
tem to a noise is indicated on the Perceived Noise Decibel (PNdB) scale.5
Readings on this scale indicate both the frequency spectrum and the intensity
of a sound. These readings are then combined with weighting factors involving
physical variables and psychological reactions. Thus, PNdB expresses not only
the objective qualities of a sound but also an individual's judgment as to its
"noisiness, ii and degree ofacceptabili ty. In this study, all measurements are
expressed in terms of decibels (dB) or PNdB.

Even though noisiness, like loudness, is subjective, tests show that most
people feel uncomfortable with noise levels above 70 PNdB, particularly
indoors. Outdoors, most people surveyed accepted' without complaint noises of
100 PNdB or more; but inside, exposure several times a day to noises of 80 PNdB
or more was cons idered unacceptab le.6 Unfortunately, there are many modern
devices which generate sound far above the normal level of acceptability. For
example, a noise level well over 100 PNdB exists for about a 1.5 -mile radius
beyond most airport boundaries; jets produce noises of 116 PNdB and higher,
while piston-powered aircraft average 102 PNdB. Decibel and PNdB ratings for
some of the more camon sources of noise are listed in tables 1 and 2.

TABLE 1. - Noise ratings on different scales

4 ft from 4 ft
Source a large Factory Piston Jet from

diesel aircraft aircraft a sand-

engine blaster
Overaii sound level. . . .decibels. . 108 88 110 110 116

Loudness................ .sonesl .. 230 130 177 225 497

Loudness leve 1. . . . . . . . . . phonesl , . 118 103 114 120 129

Speech interference level
decibels. . 99 78 83 103 107

Noisiness, perceived noise in
decibels. . . . . . . . . . . . . . . . . . PNdB. . 118 101 102 113 133

1 These terms are not utilized in this report but are shown here for comparison

with other studies.

Source: Lynch, Charles J. Noise Control. Internat. Sci. and Technol.,
v. 52, April 1966, pp. 32-41.

sU.S. Department of Housing and Urban Development. A Study--Insulating Houses

From Aircraft Noise. November 1966, pp. 28 -30.
6Kryter, Karl D. Psychological Reactions to Aircraft Noise. Science, v. 151,

No. 3716, Mar. 18, 1966, pp. 1346-1355.
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TABLE 2. - Sound intensity levels of several sound sources

Source of sound

Ram-jet...o....................................... ·
Jet-rocket launching..........,.................,..
Turbo-jet with 7, 000-lb thrust..............,......
Four-propellor airliner at takeoff.................
Close proximity to aircraft jet-engine running at
takeoff power............................... I. . . . ·
Chipping hammer, hydraulic press machine gun.......
Blaring radio................................ -8' . . . ·

Jet airplane passenger ramp................,.......
Circular saw............... 0 . . . . . . . . . . . . . . . .. . · · · . ·
Nearby motor.eye Ie. , . . . . . . . . . . . . . . . . . . . . . . . . · . · . . · . .
Pneumtic jackhammer, centrifugal fan at 13,000 cfm
Power mower.........................................
Subway, rnximum....................................
Outboard motor.....................................
Nearby gunshot, loud television....................
Aut 0 in tunne 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ·
Food blender.......................................
Dishwasher, garbage disposer.......................
Subway car..............................................................
Conversation, failure point........................
Traffic outside Grand Central Station..............
Conversation, normal maximum..................,....
Garbage disposer.......................................................
Average radio, normal conversation.................
Average television...................... 0....... ....................
Private office.....................................................................
Air cond i tioner .fan..... .. . .. .. .. .. . .. .. .. . .. .. .. .. .. .. .. .. .. .. .. .. .. . .. . · ..
Low street noise, typical office...,....,..........
Normal home during sleeping hours..,....,..........

Quiet room....................................................................
Comfortable level in home..........................
Wlisper.. .. .. . . . . .. . .. .. . .. .. .. . .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. . .. .. . .. .. ..
Person breathing............................................................. -.'
Threshold of hearin .. _ .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. . .. .. .. .. .. .. .. .. .. .. .. .. ..
Sources: Elonka, Steve. Noise. Power, v. 106, No,
1962, pp. 191-206; Power, v. 106, No.9, September
pp. 186-187.

Insulation

Sound
intensity,
decibe ls

180
175
170
150

135
130
120
117
116
111
110
107
104
102
100

99
93
91
90
85
81
80
78
70
68
65
57
50
40
35

30-40
20
10

0+
3, March
1962,

Most conventional dwelling construction, with full thermal insulation

(6 inches on the ceiling and 3 inches on the walls), offers a noise differen-
tial of about 20 PNdB between outside and inside sound levels,7 so outside

7 Elonka, Steve. Noise. Power, v. 106, No.3, March 1962, pp. 181-206.
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noises of 90 PNdB are tolerab le when heard from indoors. But, as indicated
previous ly, the sources of noise with sound ratings above 90 PNdB are increas-
ing' and ordinary insûlation will soon be insufficient for satisfactory sound
control. "Soundproofing," or sound barrier insulation using acoustical mate-
rials in construction, will be .in greater demand.

Acoustical materials, or sound barrier insulation, work in two ways to
reduce sound: some--mostly nonporous materials --reflect sound waves, and
others--porous insulation--absorb and muffle sound waves. The sound energy
that is not reflected or absorbed is transmitted through the material; and
since no acoustical material is a perfect sound barrier, we can assume that
some sound, however little, will always be transmitted.

When sound strikes a relatively impervious surface, such as a concrete
wall, most sound waves are reflected. Every time a sound wave is reflected,
it loses energy and intensity, and so becomes less annoying; but more impor-
tant, reflected sound does not pass through the barrier to disturb those
behind it. An effective sound barrier is made Oi materials whose impedance

(resistance to sound-transmitting vibrations) is greatly different from that
of air. Such materials are nonresonant, and sound waves must expend much more
energy than in air to transmit vibrations through these barriers. Because
impedance is directly proportional to the mass of a substance, most good sound
barriers are dense materials which do not vibrate eas ily. This is why old
buildings, with thick solid walls, are relatively quiet. Modern builders, how-
ever, strive for minimum mass and more open construction, both for esthetic
reasons and to conserve costly materials.

To satisfy these requirements as well as the increasing demand for
improved sound insulation, builders have turned to new techniques and new mate-
rials to eliminate the need for massive sound barriers. Instead of thick
solid walls, for instance, new homes have "double walls" (divided walls with
an airspace between the two inner surfaces) made of nonresonant, nonporous
materials. These double walls effectively reduce sound transmission without
adding weight: they force sound to make inefficient energy transfers four
times between different media, cutting down its power and intensity. Double
walls do require more space, however, and if they are to be effective, their
construction must not allow sound to be transmitted instead through the floor
or ceiling (that is, acoustic coupling must be avoided). Additional noise
control can be had by installing layers of porous sound-absorbing materials in
the airspace between the surfaces of the two walls.

When sound is absorbed by a highly porous material such as matted glass
fibers, the air ins ide the pores is set vibrating by the incident sound waves;
a portion of the sound energy is thus dissipated by friction. The absorptive
capacity of a material increases with its thickness, its porosity, and the
size of the pores. There are some exceptions to this: some high-frequency
sounds will penetrate even very thick barriers; and if the size of the pores
becomes too large, their absorption capacity decreases. The absorption capac-
i ty of a materia 1 (the percentage of sound energy it absorbs) is expressed as
the material's sound -absorption coefficient. Acoustical engineers define this
coefficient, called a sabin, as 1 square foot of perfect sound-absorbing
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surface, or its equivalent. For example, 10 square feet of surface with a
sound -absorption coefficient of 0.60 would provide 6 sabins of noise reduction.
Materials that are highly impervious (nonporous) have low sound-absorption
coefficients, since they reflect most sound waves. Concrete, for instance,
has a sound-absorption coefficient of 0.01, while some mineral fiber composi-
tions reach as high as 0.90.

The combination of sound-reflecting and sound-absorbing properties of
insulating materials is given in terms of an overall "noise-reducing coeffi-
cient," expressed as the percentage of incident sound reflected or absorbed by
the insulating material. Most common construction with simple therml insula-
tion affords an overall noise-reducing coefficient ranging from 0 .30 to 0 .55.
Appendix B presents additional technical information on noise absorption and
transmission and on predicted reductions in noise levels by specific building
materials and components.

Mineral-Related Insulation Materials

Sound insulation is usually built into one or all of six components of
dwellings: exterior walls, interior walls, ceilings, roofs, doors and door-
frames, and windows and window frames. For each of these structural functions,
builders can choose from a wide range of insulating materials, which vary
greatly in both cost and effectiveness. Although most of these materials are
multifunctional--serving for example as both thermal and sound insulation--no
effort will be made here to describe all of their possib Ie uses; only their
most common or significant applications will be mentioned.

Concrete, cement blocks, and bricks, because of their high impedance and
low'porosity, are frequently used in exterior walls to reflect outside noises
from a building. They can also be used for interior walls, to further prevent
noise penetration . Similarly, acoust ic plasters and plast ic-coated wallboard
are used in interior walls because their highly nonporous surfaces reflect
rather than transmit sound. Both interior and exterior walls often are lined
with mineral wools, as are ceilings and roofs. These insulating wools have
high sound -absorption coefficients, and are sometimes backed by foil to
reflect sound as well, thus increas ing their overall noise-reducing capacity.
Gypsum, which tends to reflect sound, is commonly made into wallboard, sheath-
ing, lath, and other such components, It has the advantages of being inexpen-
sive and fireproof, and effectively provides both thermal and acoustic
insulation. Also, ceiling tiles and other cellulose products (including
wallboard) generally contain some mineral filler to increase their mass, and
consequently their noise-reducing capacity. These products are used on inte-
rior walls and ceilings, almost exclusively for sound control purposes.
Finally, even windows today can be constructed on the same principle as the
"double wall, " to provide both thermal and acoustic insulation.

Table 3 lists lS materials commonly used for acoustic insulation, 10 of
which are primarily of mineral origin. The selection of specific products to
be used depends on space, weight and budget limitations, exposure to weather,
and fire res istance requirements.
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TABLE 3. - NRC classification of acoustic materials for internal use

Type). Material NRea range,
3/4-inch thick

0.65 -0 .85
.60- .75

.50- .70

.50- .60

.65 - .85

.65- .80

.65 - .80

.30- .90

.20- .90

.60- .80

.75 - .85

.55 - .90

.65- .75

.65 - .75

.65 - .75

Materials

1 Regularly perforated cellulose-fiber tile..............
2 Randomly perforated cellulose-fiber tile...............
3 Textured, perforated, fissured cellulose tile..........
4 Cellulose-fiber lay-in panels3.........................
5 Perforated mineral-fiber tile...............,..........
6 Fissured mineral-fiber tile..,.........................
7 Textured, perforated or smooth, mineral-fiber tile.....
8 Membrane-faced mineral-fiber tile................,.....
9 Mineral-fiber lay-in panels............................
10 Perforated-metal pans with mineral fibei3..............
11 Perforated-metal lay-in panels with mineral-fiber pads.
12 Mineral-fiber tile fire-resistive assemblies...........
13 Mineral-fiber lay-in panels fire-resistive units4......
14 Perforated-asbestos panels with mineral-fiber pads5....
15 Sound-absorbent duct linin23..............,...,........

i These categories are the same as those utilized by the Acoustical
Association.

2Noise-reduction coefficient (proportion of incident sound absorbed and/or

reflected) .
31 -inch thickness.

45/8-inch thickness.
51S/l6-inch thickness.

Source: Elonka, Steve. Noise. Power, v. 106, No.3, March 1962, pp. 191-206.

COST ANALYSIS

Although acoustic insulation is common in comercial buildings, it is
just beginning to become popular for houses, and its use there is still con-
sidered a luxury. At present--and in the near future--the cost of installing
residential SII (sound insulation improvement) is high. Nevertheless, there
is a growing demand for acoustic insulation in dwellings, particularly in new
construction. And since many sound insulating materials are mineral-related,
an increased demand can be projected for these products of the minerals indus-
try. The remainder of this study focuses on this new market for mineral-based
acoustic materials, and on its significance for the minerals industry.

Methodology

To determine the potential economic impact of SII, the probable national
housing market for the next few years was simulated. Typical model dwellings
of various types were devised and their construction costs estimated for dif-
ferent levels of sound insulation. Regional differentials in prices and con-
struction practices were taken into account to insure that the national
estimate was representative. This sample housing mix was then applied to the
projections of housing starts annually through 1975 in order to approximate
the probable distribution of demand for the various levels of SII and for the
mineral-based materials required to provide the desired acoustic insulation.



9

Initially, five model dwellings were designed: an average one-story, single-
family house with 1,000 sq ft of living area; a similar but slightly larger model
with an area of 1,250 sq ft; a typical two-story, single-family house (1,800 sq ft);
a mobile home with 500 sq ft; and a conventional one-bedroom apartment (700 sq ft).
Each of the des igns was varied to include plans for (a) normal full thermal insula-
tion yielding a 20 PNdB. noise reduction without soundproofing, (b) sound insulation
providing total sound reduction of 25 PNdB or 5 PNdB above normal thermal insulation,
and (c) sound insulation providing 35 PNdB reduction or 15 PNdB above normal thermal
insulation.

The various designs were submitted to builders across the country for pricing,
and the average additional cost of purchas ing and installing acoustic insulation was
calculated on the basis of the estimates received. Sample prices are shown in
tables 4 and 5. Tab le 6 is an example of how these prices, which are costs to the
builder, were utilized for the two-story dwelling model; the costs of SII for each
of the other dwelling models were derived in the same manner. All price and cost
information is based on 1968 values.

TABLE 4. - Sample prices in 1968 of some sound insulation materials

(Thousand square feet except where indicated)

Item
Gypsum, plasterboard, l/2-in.................
Gypsum, plasterboard, 3/8-in.................
Gypsum, board lath, 3/8-in...................
Gypsum, T&G sheathing........................
Fiberboard, l/2-in...........................
Fiberboard, T&G, 25/32-in....................
Insulation:

Fiberboard, 112 -in. . . . . . . . . ... . . . .. . ..... . .
Mineral wool, loose............ .40-lb bag..
Mineral wool, 3-in batts...................
Glass fiber, loose............. .40-1b bag..
Glass fiber, 3-in batts....................
Aluminum foil. 2 layers....................

Source: Engineering News-Record. V. 180, No.
p. 43.

TABLE 5.

Range
$44- 95
38- 65
29- 52
40- 75
44- 87
80-125

Average
$63

53
45
55
61

104

42- 95
0.80- 2.30
40- 75
.95- 2.30
41- 75
33-100

13, Mar. 28,

73
1.37

59
1.55

58
56

1968,

Sample prices in 1968 of some acoustically insulated
building components

Windows:
St arm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Daub Ie. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Doors:
Weatherstripping only........................................
Storm door with weatherstripping............ ..... .. . . . . . . . ...
Solid core with heavy-duty weatherstripping.................

Roof: Ventilated attic space, l/2-in gypsum boards...........
Exterior walls: Install new brick on concrete veneer.........
Ceilings: Install 3/4-in acoustical tile having a NRC of
0.65 or greater.... it ........... ....... ... .............. .....

$1.80 to $2.60/sq ft
$6.30/sq ft.

$ 17 /door
$34/door
$59/door
$0.40/sq ft
$1.40 to $2. io/sq ft

$0.85 to $1.l0/sq ft
Source: U. S. Department of Housing and Urban Development. A Study--Insulating
Houses From Aircraft Noise. November 1966, 58 pp.



.. o

C
o
m
p
o
n
e
n
t
s
 
a
n
d
 
m
a
t
e
r
i
a
l
s
 
u
s
e
d

T
A
B
L
E
 
6
.
 
_
 
E
r
e
c
t
e
d
 
c
o
s
t
 
o
f
 
c
o
m
p
o
n
e
n
t
s
 
o
f
f
e
r
i
n
g
 
s
o
u
n
d
 
i
n
s
u
l
a
t
i
o
n
 
i
m
p
r
o
v
e
m
e
n
t
 
i
n
 
a
n
 
1
,
8
0
0
-
s
g
u
a
r
e
-
f
o
o
t
,
 
t
w
o
-
s
t
o
r
y
 
h
o
u
s
e
 
a
n
d
 
g
a
r
a
g
e
1

Q
u
a
n
t
i
t
y
 
n
e
e
d
e
d
2
 
I
 
C
o
s
t

M
at

er
ia

ls
 I 

E
re

ct
io

n 
la

bo
r

C
at

eg
or

y

20
 P

N
dB

 R
E

D
U

C
T

IO
N

 (
N

O
R

M
L 

T
H

E
R

M
L 

IN
S

U
LA

T
IO

N
)

I
E

xt
er

io
r 

w
al

ls
 (

2,
44

0 
ft

2)
:

S
i
l
l
s
 
a
n
d
 
s
t
u
d
s
 
(
f
r
a
m
i
n
g
)
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

1/
2 

-i
n 

fi
be

rb
oa

rd
...

...
...

. ~
 . 

, .
 . 

. .
 . 

. .
 . 

. .
 . 

. .
 . 

. .
 . 

. .
 . 

. .
 . 

. .
 . 

. .
 . 

.
l
5
-
l
b
 
f
e
l
t
 
p
a
p
e
r
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

3
/
8
-
i
n
 
t
e
x
t
u
r
e
d
 
p
l
y
w
o
o
d
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

N
a
i
l
s
 
a
n
d
 
f
a
s
t
e
n
e
r
s
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

I
n
t
e
r
i
o
r
 
w
a
 
1
1
s
 
(
4
,
7
0
0
 
f
t
2
)
:

S
t
u
d
s
 
(
f
r
a
m
i
n
g
)
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

o 
.0

06
-i

n 
po

ly
fi

 1
m

. .
 . 

.. 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

3
l
B
-
i
n
 
p
l
a
s
t
e
r
b
o
a
r
d
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

N
a
i
l
s
 
a
n
d
 
f
a
s
t
e
n
e
r
s
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

C
e
i
l
i
n
g
s
 
(
1
,
B
O
O
f
t
2
)
:

J
o
i
s
t
s
 
a
n
d
 
c
r
o
s
s
 
b
r
a
c
i
n
g
 
(
f
r
a
m
i
n
g
)
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

3
l
B
-
i
n
 
p
l
a
s
t
e
r
b
o
a
r
d
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

M
i
n
e
r
a
l
 
w
o
o
l
,
 
l
o
o
s
e
,
 
4
5
0
 
f
t
3
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

N
a
i
l
s
 
a
n
d
 
f
a
s
t
e
n
e
r
s
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

R
o
o
f
 
(
1
,
6
4
0
 
f
e
)
:

R
a
f
t
e
r
s
 
(
f
r
a
m
i
n
g
)
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

l
-
i
n
 
w
o
o
d
 
s
h
e
a
t
h
i
n
g
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

l
5
-
l
b
 
f
e
l
t
 
p
a
p
e
r
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

2
3
5
 
-
l
b
 
b
i
t
u
m
e
n
 
s
h
i
n
g
l
e
s
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

N
a
i
l
s
 
a
n
d
 
f
a
s
t
e
n
e
r
s
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

W
i
n
d
o
w
s
 
(
3
5
0
 
f
t
2
)
:

A
l
u
m
i
n
u
m
,
 
s
l
i
d
i
n
g
,
 
s
i
n
g
l
e
-
s
t
r
e
n
g
t
h
 
g
l
a
s
s
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

S
i
 
l
l
s
 
a
n
d
 
s
t
u
d
s
 
(
f
r
a
m
i
n
g
)
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

N
a
i
l
s
 
a
n
d
 
f
a
s
t
e
n
e
r
s
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

D
oo

rs
 (

23
0 

ft
2)

:
O

ut
si

de
, w

ith
 h

ar
dw

ar
e.

...
.. 

. .
 . 

. .
, .

 ..
.. 

...
...

.. 
...

. .
. .

 ..
...

 .
I
n
s
i
d
e
,
 
w
i
t
h
 
h
a
r
d
w
a
r
e
.
.
.
.
I
I
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
,
.
.
.
.
.
.
.
.
.
.
.
.
.

F
a
s
t
e
n
e
r
s
 
f
o
r
 
1
3
 
d
o
o
r
s
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

F
r
a
m
i
n
g
,
 
s
i
l
l
s
 
a
n
d
 
s
t
u
d
s
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

L
um

be
r.

...
...

...
...

...
...

. .
N

on
m

in
er

al
...

...
...

.,.
...

. .
.
.
.
.
.
.
.
.
.
.
.
 
.
d
o
.
.
.
.
.
.
.
.
.
.
.
.
.

L
um

be
r.

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
.

N
a
i
l
s
 
a
n
d
 
f
a
s
t
e
n
e
r
s
.
.
.
.
 
.
.
.
.

L
um

be
r.

...
...

...
...

...
...

. .
N

on
m

in
er

a 
i. 

. .
 . 

. .
 . 

. .
. .

 . 
. .

 . 
. .

 .
M
i
n
e
r
a
l
 
b
a
s
e
d
.
.
.
.
.
.
.
.
.
.
.
.
.
.

N
a
i
 
l
s
 
a
n
d
 
f
a
s
t
e
n
e
r
s
.
.
.
.
.
.
.
.

Lu
m

.e
r.

...
...

...
...

...
...

 i-
I

M
in

e 
ra

 1
 b

as
 e

d 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

.
.
.
.
.
.
.
.
.
.
.
 
.
d
o
.
.
.
.
.
.
.
.
.
.
.
.
.

N
a
i
l
s
 
a
n
d
 
f
a
s
t
e
n
e
r
s
.
.
.
.
.
.
.
.

L
um

be
r.

 . 
. .

 . 
.. 

. .
 . 

. .
 . 

. .
 . 

. .
 . 

. .
...

...
...

...
 .d

o"
...

...
...

..
N

 o
nm

in
e 

ra
 i 

. .
 . 

. .
 . 

. .
 . 

. .
 . 

. .
 . 

. .
...

...
..1

--
. i

 .d
o.

...
...

...
...

N
a
i
l
s
 
a
n
d
 
f
a
s
t
e
n
e
r
s
.
.
.
.
.
.
.
.

W
in

do
w

...
...

...
...

...
...

.. 
.

L
ur

re
r.

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
.

N
a 

i l
s 

an
d 

fa
s 

te
ne

rs
3 

. .
 . 

. .
 . 

.

D
oo

r.
...

...
...

...
...

...
...

. .
...

.. 
.. 

. .
 . 

. .
do

...
 ..

...
. .

. .
 .

N
a
i
l
s
 
a
n
d
 
f
a
s
t
e
n
e
r
s
3
.
.
.
.
.
.
.

L
u
m
b
e
r
.
.
.
 
\
I
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

1
,
5
9
0
 
b
m

$1
75

$2
60

2,
44

0 
ft2

16
5

12
5

2,
44

0 
ft2

26
B

O

2,
44

0 
ft2

36
0

53
7

29
0 

lb
43

-

7
7
0
 
b
m

B
5

l2
B

4,
70

0f
tZ

40
17

1
4,

70
0f

t2
25

0
27

5
29

0 
lb

43
-

2
,
2
0
0
 
b
m

24
5

1B
O

1,
 B

O
O

 f
t2

10
0

15
0

4,
50

0 
lb

14
6

45
37

 lb
11

-

1
,
1
0
0
 
b
m

13
0

99
1,

64
0 

ft
2

19
B

11
0

1,
64

0 
ft

2
17

39
1,

64
0 

ft2
15

0
36

2
27

0 
lb

41
-

21
46

3
46

3
4
0
0
 
b
m

44
54

-
-

-

3
75

B
6

10
18

5
22

0
-

-
-

3
B
O
 
b
m

45
56

-
3.

03
7

3
 
4
4
0

1
,
5
9
0
 
b
m

$1
75

$2
60

2,
44

0 
ft2

16
5

12
5

2,
44

0 
ftZ

26
B

O

2,
44

0 
ft2

36
0

53
7

33
0 

lb
50

-

7
7
0
 
b
m

85
12

7
4,

70
0f

tZ
42

5
52

B
4,

70
0 

ft2
25

0
27

5
29

0 
lb

44
-

2
,
2
0
0
 
b
m

24
5

19
B

1,
B

O
O

 f
tZ

10
0

15
0

4,
50

0 
lb

14
6

48
37

 lb
13

-

T
ot

a 
i. 

. .
 . 

. .
 . 

. .
 . 

. .
 . 

. .
 . 

. .
 . 

. .
 . 

. .
 . 

. .
 ..

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

2
5
 
P
N
d
B
 
R
E
D
U
C
T
I
O
N
 
(
5
 
P
N
d
B
 
s
i
n

E
xt

er
io

r 
w

al
ls

 (
2,

44
0 

ft
2)

:
S
i
l
l
s
 
a
n
d
 
s
t
u
d
s
 
(
f
r
a
m
i
n
g
)
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

1/
2.

.in
 fi

be
rb

oa
rd

...
...

...
...

...
...

...
...

...
...

...
...

...
. I

 . 
.. 

. .
1
5
-
l
b
 
f
e
l
t
 
p
a
p
e
r
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

3
l
B
-
i
n
 
t
e
x
t
u
r
e
d
 
p
l
y
w
o
o
d
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

N
a
i
l
s
 
a
n
d
 
f
a
s
t
e
n
e
r
s
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

I
n
t
e
r
i
o
r
 
w
a
l
l
s
 
(
4
,
7
0
0
 
f
t
2
)
:

S
t
u
d
s
 
(
f
r
a
m
i
n
g
)
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

1
/
4
-
i
n
 
p
r
e
f
i
n
i
s
h
e
d
 
p
l
y
w
o
o
d
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

3l
B

-i
n 

pl
as

 te
rb

oa
rd

. .
 . 

. .
 . 

. .
 . 

. .
 . 

. .
 . 

. .
 . 

. .
 . 

. .
 ..

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 .
N
a
i
l
s
 
a
n
d
 
f
a
s
t
e
n
e
r
s
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

C
e
i
l
i
n
g
s
 
(
1
,
 
B
O
O
 
f
t
2
)
:

J
o
i
s
t
s
 
a
n
d
 
c
r
o
s
s
 
b
r
a
c
i
n
g
 
(
f
r
a
m
i
n
g
)
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

3
l
B
-
i
n
 
p
l
a
s
t
e
r
b
o
a
r
d
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

M
i
n
e
r
a
l
 
w
o
o
l
,
 
l
o
o
s
e
,
 
4
5
0
 
f
t
3
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 
i
.
.
.
.
.
.
.
.
.
.
.
.
.

N
a
i
l
s
 
a
n
d
 
f
a
s
t
e
n
e
r
s
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

Lu
m

be
r.

.. 
. .

. .
 ..

 ..
...

.. 
. .

. .
 .

N
on

m
in

er
al

...
...

...
...

...
. .

...
...

...
 i.

 .d
o.

...
...

...
...

L
um

be
r.

...
...

...
...

...
...

. .
N
a
i
l
s
 
a
n
d
 
f
a
s
t
e
n
e
r
s
.
.
.
.
.
.
.
.

L
um

er
. .

 . 
. .

 . 
. .

 ..
 . 

.. 
. .

 . 
. .

 . 
.. 

. .
 ..

.
.
.
.
.
.
.
.
.
.
.
 
.
d
o
.
.
.
.
.
.
.
.
.
.
.
.
.

M
in

er
a 

1 
ba

s 
ed

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
.

N
a
i
l
s
 
a
n
d
 
f
a
s
t
e
n
e
r
s
.
.
.
.
.
.
.
.

L
un

ie
r.

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 I
 . 

. .
 . 

. .
.

M
i
n
e
r
a
l
 
b
a
s
e
d
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
 
.
d
o
.
.
.
.
.
.
.
.
.
.
.
.
.

N
a
i
l
s
 
a
n
d
 
f
a
s
t
e
n
e
r
s
.
.
.
.
.
.
.
.



R
oo

f 
(1

,6
40

 f
tZ

):
R
a
f
t
e
r
s
 
(
f
r
a
m
i
n
g
)
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

i -
in

 w
oo

d 
sh

ea
 th

in
g.

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 .
15

 -
 I

b 
fe

l t
 p

ap
er

...
...

...
...

...
...

...
. 0

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

A
s
b
e
s
t
o
s
 
-
c
e
m
e
n
t
 
s
h
i
n
g
l
e
s
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

N
a
i
l
s
 
a
n
d
 
f
a
s
t
e
n
e
r
s
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

W
in

do
w

s 
(3

50
 f

tZ
);

W
o
o
d
,
 
d
o
u
b
l
e
-
h
u
n
g
,
 
d
o
u
b
l
e
-
s
t
r
e
n
g
t
h
 
g
l
a
s
s
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

S
i
l
l
s
 
a
n
d
 
s
t
u
d
s
 
(
f
r
a
m
i
n
g
)
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
o
.
.
.
.
.
.
.

N
a
i
l
s
 
a
n
d
 
f
a
s
t
e
n
e
r
s
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
,
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

D
oo

rs
 (

23
0 

ft
Z

):
O
u
t
s
i
d
e
,
 
w
i
t
h
 
h
a
r
d
w
a
r
e
.
.
.
.
.
.
 
i
"
 
I
I
.
.
.
 
I
.
.
 
0
 
I
I
.
.
.
 
G
.
.
.
.
.
.
.
.
.
.
.
.
.
.

I
n
s
i
d
e
,
 
w
i
t
h
 
h
a
r
d
w
a
r
e
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

F
a
s
t
e
n
e
r
s
 
f
o
r
 
1
3
 
d
o
o
r
s
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

Fr
am

in
g.

...
...

...
...

...
...

. .
 ..

...
" 

...
...

...
...

 . 
. .

 ..
. .

...
...

 ..
 .

ro
ta

 i.
 ..

 . 
. .

 ..
 . 

. .
 . 

. .
 . 

. .
 . 

. .
 . 

. .
 ..

 . 
. .

 . 
. .

 . 
. .

 ..
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 .

L
um

be
r.

...
...

...
...

...
...

...
 .

1
,
4
0
0
 
b
m

...
...

...
...

do
...

...
...

...
.

1,
64

0 
ftZ

N
on

m
in

er
al

...
...

...
...

...
. .

3,
28

0 
ft

a
M
i
n
e
r
a
l
 
b
a
s
e
d
.
.
.
.
.
.
.
.
.
.
.
.
.
.

1,
64

0 
ft2

N
a
i
l
s
 
a
n
d

fa
st

en
er

s.
...

...
 .

2
7
0
 
1
b

W
in

do
w

...
...

...
...

...
...

.. 
.

21
L

um
be

r.
...

...
...

...
...

...
.. 

.
4
0
0
 
b
m

N
a
i
l
s
 
a
n
d

fa
st

en
er

s3
 ..

. .
.. 

.
-

D
oo

r.
...

 ..
...

 ..
. .

.. 
. .

.. 
...

...
.

3
...

...
.. 

_t
.. 

. .
do

...
...

...
...

...
.

10
N
a
i
l
s
 
a
n
d

f
a
s
t
e
n
e
r
s
3
 
.
.
.
.
.
.
.

-
L

um
er

. .
 . 

. .
 . 

. .
 . 

. .
 . 

. .
 . 

. .
 . 

.. 
.

3
8
0
 
b
m

-
-

16
5

11
0

19
8

11
0

34
50

33
0

33
0

41
-

65
2

77
0

44
54

-
-

90
86

19
4

22
0

-
-

45
56

3.
87

7
4
 
1
1
4

-
-

$2
,3

95
$4

,2
10

28
0

28
0

19
0

18
6

15
-

17
0

23
0

25
0

27
5

16
5

48
5

27
0

17
0

54
-

24
5

19
8

10
0

15
0

70
23

0
14

-

13
0

11
4

19
8

13
0

34
50

51
0

75
0

62
-

1,
30

3
99

4
44

54
-

-

18
0

90
32

0
20

0
-

-
45

70
7.

04
4

8.
86

6

3
5
 
P
N
d
B
 
R
E
D
U
C
T
I
O
N
 
(
1
5
 
P
N
d
B
 
S
I
I
)

E
xt

er
io

r 
w

al
ls

 (
2,

44
0 

ft
2)

:
S
i
l
l
s
 
a
n
d
 
s
t
u
d
s
 
(
f
r
a
m
i
n
g
)
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

3
7
,
0
0
0
 
b
r
i
c
k
s
 
p
l
u
s
 
m
o
r
t
a
r
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

3
/
4
-
i
n
 
v
a
p
o
r
p
r
o
o
f
 
f
i
b
e
r
b
o
a
r
d
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

4
-
i
n
 
f
o
i
1
b
a
c
k
 
f
i
b
e
r
g
l
a
s
s
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

N
ai

ls
 a

nd
 fa

st
en

er
s.

...
...

...
...

...
...

...
...

...
...

...
...

...
...

...
...

...
I
n
t
e
r
i
o
r
 
w
a
l
l
s
 
(
4
,
7
0
0
 
f
t
2
)
:

S
t
u
d
s
,
 
2
-
r
o
w
 
c
o
n
s
t
r
u
c
t
i
o
n
 
(
f
r
a
m
i
n
g
)
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

3
l
B
-
i
n
 
p
l
a
s
t
e
r
b
o
a
r
d
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

3
/
8
-
i
n
 
p
l
a
s
t
e
r
 
a
p
p
l
i
e
d
 
o
n
 
3
/
8
-
i
n
 
p
l
a
s
t
e
r
b
o
a
r
d
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

3
-
i
n
 
f
r
i
c
t
i
o
n
-
f
i
t
 
f
i
b
e
r
g
l
a
s
s
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

N
a
i
 
i
s
 
a
n
d
 
f
a
s
t
e
n
e
r
s
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

L
um

er
. .

 . 
. .

 . 
. .

 . 
.. 

. .
. .

 . 
. .

 . 
. .

M
in

er
al

 b
as

ed
...

...
...

...
...

...
.

N
on

m
in

er
a 

i..
 . 

. .
 . 

. .
 . 

. .
. .

 . 
. .

 ..
 . 

.
M
i
n
e
r
a
l
 
b
a
s
e
d
.
.
.
.
.
.
.
.
.
.
.
.
.
.

N
a
i
l
s
 
a
n
d
 
f
a
s
t
e
n
e
r
s
.
.
.
.
.
.
.
.

L
\J

be
r.

. .
.. 

. .
. ,

 . 
. .

 . 
. .

._
_ 

. .
 ..

.. 
. .

M
i
n
e
r
a
l
 
b
a
s
e
d
.
.
.
.
.
.
.
.
.
.
.
.
.
.

...
...

. .
 ..

. .
do

...
...

...
.. 

..
. .

 ..
 . 

. .
. .

 . 
.. 

.. 
. t

 d
o.

. .
. .

. .
. .

. .
 . 

. .
. .

 . 
. .

N
a
i
l
s
 
a
n
d
 
f
a
s
t
e
n
e
r
s
.
.
.
.
.
.
.
.

C
ei

lin
gs

 (
1,

80
0 

ft
2)

;
J
o
i
s
t
s
 
a
n
d
 
c
r
o
s
s
 
b
r
a
c
i
n
g
 
(
f
r
a
m
i
n
g
)
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 

1
 
L
u
m
e
r
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

3
/
8
-
~
n
 
p
l
a
s
t
e
r
b
o
a
r
d
:
.
.
.
.
.
.
.
.
.
.
:
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 
M
i
n
e
r
a
l
 
b
a
s
e
d
.
.
.
.
.
.
.
.
.
.
.
.
.
.

3
/
8
-
i
n
 
p
l
a
s
t
e
r
 
a
p
p
1
i
e
d
 
o
n
 
3
/
8
-
i
F
i
 
p
l
a
s
t
e
r
b
o
a
r
d
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 
.
.
.
.
.
.
.
.
.
.
.
 
.
d
o
.
.
.
.
.
.
.
.
.
.
.
.
.

N
ai

ls
 a

nd
 fa

st
en

er
s.

...
...

...
...

...
...

...
...

...
...

...
...

...
...

...
...

...
...

...
R

oo
f 

(1
,6

40
 f

ta
):

R
a
f
t
e
r
s
 
(
f
r
a
m
i
n
g
)
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

I-
in

 w
oo

d 
sh

ea
th

in
g.

...
...

...
...

...
...

...
...

...
...

...
...

...
...

...
. .

-.
...

...
.

1
5
 
-
l
b
 
f
e
1
 
t
 
p
a
p
e
r
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

H
an

d-
sp

lit
 s

ha
ke

s.
 ._

. .
_,

 ..
...

...
...

...
...

. .
'..

...
...

...
...

...
...

...
...

...
...

N
a
i
 
l
s
 
a
n
d
 
f
a
s
t
e
n
e
r
s
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

W
i
n
d
o
w
s
 
(
3
5
0
 
f
t
a
)
;

W
o
o
d
,
 
c
a
s
e
m
e
n
t
,
 
5
/
8
-
i
n
,
 
i
n
s
u
l
a
t
i
n
g
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

S
i
l
l
s
,
 
s
t
u
d
s
,
 
a
n
d
 
c
a
s
i
n
g
 
(
f
r
a
m
i
n
g
)
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

N
ai

ls
 a

nd
 fa

st
en

er
s.

...
...

...
...

...
...

...
...

...
...

...
...

...
...

...
...

...
D
o
o
r
s
 
(
2
3
0
f
t
2
)
;

O
ut

si
de

, w
ith

 h
ar

dw
ar

e.
...

...
...

.,.
 D

...
...

...
...

...
...

...
...

...
...

...
In

sl
de

, w
ith

 h
ar

aw
ar

e.
...

...
...

...
...

...
...

...
...

...
...

...
...

...
...

...
.

F
as

te
ne

rs
 fo

r 
13

 d
oo

rs
...

...
...

. .
-.

-.
...

...
 ..

...
. .

 ..
 . 

. .
. .

 ..
 ..

 . 
.. 

.. 
.. 

. .
.

F
ra

m
in

g.
 . 

. .
 . 

. .
 . 

. .
 . 

. .
 . 

. .
 ..

 , 
. .

. .
. .

 . 
. .

. .
 . 

. .
 . 

. .
. .

 D
""

 ..
 . 

. .
. .

. .
 . 

.. 
. .

. .
 ..

 . 
. .

 ..
T

ot
a 

1.
 ..

 . 
. .

 , 
. .

 . 
. .

 . 
. .

_-
. .

. .
 . 

. .
 . 

. .
 . 

. .
 . 

.. 
. .

. .
 . 

.. 
-.

. .
 '0

""
 . 

. .
 ..

 . 
. .

 . 
. -

I .
 ..

 .

N
a
i
l
s
 
_
 
a
n
d
 
f
a
s
t
e
n
e
r
s
.
.
.
.
.
.
.
.

L
um

er
.. 

. .
 . 

.. 
. .

 . 
. .

.. 
...

 ..
 . 

.. 
.. 

. .
. .

 .
. .

.. 
. .

.. 
...

 ._
. .

do
...

...
...

.. 
...

. .
N

on
m

in
er

al
...

...
...

...
...

...
 .

L
u
m
e
r
.
 
.
 
.
 
.
 
.
.
.
.
.
.
.
.
 
.
.
.
.
.
.
.
 
.
 
.

N
a
i
l
s
 
a
n
d
 
f
a
s
t
e
n
e
r
s
.
.
.
.
.
.
.
.

W
in

do
w

...
...

...
...

...
...

.. 
.

Lu
m

be
r.

...
...

...
...

.. 
i..

...
...

...
...

.
N
a
i
l
s
 
a
n
d
 
f
a
s
t
e
n
e
r
s
3
.
.
.
.
.
.
.

D
oo

r.
...

...
...

...
...

."
,..

...
. .

.
.
.
.
.
.
.
.
.
.
.
.
 
.
-
.
d
o
.
.
.
.
.
.
.
.
.
 
'
-
1
'
"
 
I

N
a
i
l
s
 
a
n
d
 
f
a
s
t
e
n
e
r
s
3
.
.
.
.
.
.
.

L
um

be
r.

...
...

...
...

...
...

. .

- -
2,

44
0 

ft
2

2,
44

0 
ft2

1
0
0
 
1
b

1
,
5
4
0
 
b
m

4,
70

0f
t2

4,
70

0f
t2

4,
70

0 
ft2

3
5
0
 
1
b

2
,
2
0
0
 
b
m

1,
80

0 
ftZ

1,
80

0 
ft

2
77

 lb

1
,
1
0
0
 
b
m

1,
64

0 
ftZ

3,
28

0 
ft

a
1
,
6
4
0
 
f
t
a

41
0 

lb

21
4
0
0
 
b
m

- 3 10
-

7
5
0
 
b
m

-
i
L
a
b
o
r
 
c
o
s
t
s
-
 
q
u
o
t
e
d
 
h
e
r
~
 
a
r
e
 
b
a
s
e
 
r
a
t
e
s
 
p
l
u
s
 
a
n
 
a
d
d
i
t
i
o
n
a
l
 
1
0
 
p
e
r
c
e
n
t
 
t
o
 
c
o
v
e
r
 
f
r
i
n
g
e
 
b
e
n
e
f
i
t
s
.
 
M
a
t
e
r
i
a
l
s
 
c
o
s
t
s
 
a
l
l
o
w
 
f
o
r
 
1
0
-
p
e
r
c
e
n
t

w
as

ta
ge

 a
nd

 lo
ss

.
a
b
m
 
:
 
b
o
a
r
d
 
m
e
a
s
u
r
e
.

3
Q
u
a
n
t
i
t
i
e
s
 
u
s
e
d
 
a
r
e
 
n
e
g
l
i
g
i
b
l
e
.

.. ..



12

Several adjustments were made in reported costs. The labor input costs
for erection and installation of each component were calculated using as a
base the cost of construction labor in'the first half of 1968 but with a
10-percent allowance for fringe benefits. The respective proportion of the
cost of materials and the cost of directly related construction labor is
assumed to be constant in anyone component in all models, but not for all six
different components in anyone model. In other words, a glazier receives the
same wage for installing similar windows in a one-story and a two-story house,
but does not necessarily get paid as much as a mason or a carpenter working on
the same houses. Finally, allowance was made for variations ranging to 15 per-
cent in the local costs of materials, construction labor, and differences in
construction specifications, and up to 10 percent for wastage, breakage, and
loss of materials.

Given all of the final material costs and erection costs and adjustments,
the approximate average basic construction costs (without acoustic insulation)
of four of the five models are as follows: $5,900 for the mob ile home;

$12,500 for the one-story, 1,000-sq-ft house; $12,500 to $19,000 for the one-
story, 1,250-sq-ft dwelling; $35,000 for the 1, 800-sq -ft, two-story house. As
will be explained later, valid estimates of the cost of a single apartment
unit cannot be derived, These costs include only the structure itself; no
land costs are included.

In comparing the cost of SII with the basic construction costs of the
five models, it was found that the additional (marginal) cost of acoustic
insulation in lower priced dwellings is so high relative to total cost, that
its installation appears to be economically impractical. For example, people
paying less than about $12,000 for a house are unlikely to assume an extra
ini tia 1 investment of roughly $ 700 for 5 PNrlB of SI I, much les s $5,000 for
15 PNdB, Therefore, it was assumed that neither mobile homes nor houses cost-
ing less than $12,000 would be part of the potential market for residential
SII materials. Consequent ly, these two models were dropped from the detailed
analyses of acoustic insulation practices that follow.

Sound insulation in the two remaining single-family houses will be stud-
ied as one problem, since the conditions and relative costs in both models are
very similar. A separate analysis will be made of acoustic insulation in
apartments since the requirements for sound control and the method used for
the cost analysis are different from those involving single-family dwellings.

Besides the direct costs of' purchasing and installing acoustic insulation,
builders and home buyers and lessors must also consider the secondary costs of
noise control. These include additional interest on mortgage payments

(greater financing costs), higher insurancera tes, and higher property taxes.
The most significant secondary cost is likely to be the added interest pay-
ments; over a period of 25 years, an interest rate of 7 percent on the remain-
ing balance will approximately double the cost of any initial investment. In
apartments, of course, such extra costs would usually be passed on to the ten-
ant in the form of higher monthly rentals.
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It is difficult to make any general statements about the amount of these
secondary costs of acoustic insulation because they will vary widely from
place to place. Therefore, they have been ignored in the calculations to
follow. However, their impact is clearly to increase the marginal cost of
providing SII.

SII in Single-Family Dwellings

Two different house models were studied in detail to evaluate the poten-
tial for SII; one is a relatively low-priced, single-story house and the other
a moderate-priced, two-story model. The two models compare as follows, in
square feet:

Two-story One-story

Living area...........
Volume of living areal
Roof. . . . . . . . . . . . . . . . . .
Outside walls.........
Wind ows . . . . . . . . . . . . . . .
Doors, outside........
Inside walls..........
Doors, inside.........
Ceilings. . . . . . . . . . . . . .
1 Cubic feet.
221 windows.
311 windows.

1,800
15,300
1,600
2,340
2350
452

4,700
5175

1,800
43 doors.
510 doors.
68 doors.

1,250
10,625
2,200
1,380
3190

452
1,980
6140

1,100

Table 7 details the additional cost per thousand square feet (above basic
construction costs) of (1) normal therml insulation, which ordinarily pro-
vides a 20-PNdB reduction in the noise level of a home; (2) sound insulation
improvement (SII) providing a total of 25 -PNdB noise reduction or 5 PNdB above
thermal insulation; and (3) SII affording an overall sound reduction of
35 PNdB or 15 PNdB above thermal insulation. Table 7 classifies the types of
material used, their costs, and the labor cost related to their erection.
Other than doors and windows, the major types of material are wood products,
mineral-based materials, and other materials, (Some materials such as plas-
tics and bitumen shingles are classified as nonmineral-based because the value
of the original mineral content is too small to be significant.) Dashes in
table 7 indicate that the particular material is seldom used for sound insula-
tion in the indicated housing unit.

It is not to be assumed--here or in any case--that the indicated differ-
ential in noise levels will always be attained by the insulation practices
listed in the table. Environmental factors, such as wind direction or dis-
tance from a source of noise, produce varying sound levels which may affect
the noise differential by as much as i5 to ilO PNdB. However, the given reduc-
tions are on the average attainable by the indicated construction methods and
materials.
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The total additional cost for each level of sound insulation in the two
houses is given in table 8. . The total cost figures in part A of table 8--the
sum of the component costs on table 7~-were used to derive the marginal costs
in part B for increasing total sound insulation from 20 to 25, and from 20 to
35 PNdB, in the two houses. Note that the marginal cost of acoustic insula-
tion rises very rapidly. The cost of an additional 15 PNdB of sound reduction
is just under 50 percent of the total basic construction cost for the one-
story house, and almost 25 percent of the basic cost of the two-story model.
Given such figures, it is not surprising that most lower priced houses built
today do not contain much acoustic insulation.

TABLE 8. - Unit costs for insulation materials and related labor in
single-family dwellings

Degree of sound One-story house (1,250 fta) Two-story house (1,800 fta)insulation Materials Labor Total Materials Labor Total
PART A--MEDIAN TOTAL COSTS (FROM TABLE 7)

Norml thermal
(20 PNdB)........ $2,161 $2,511 $4,672 $3,037 $3,440 $6,477

5 PNdB SII

(25 PNdB overall) 2,771 2,810 5,581 3,877 4,114 7,991
15 PNdB sir
(35 PNdB overall) 4.508 5.976 10,484 7.044 8,866 15.910

5 PNdB SIr........
15 PNdB SIlo......

$610
2 347

$840
4 007

$674
5 426

$ 1, 5 14
9 433

SII in Apartments

The cost study for sound insulation in an apartment differs somewhat from
that of a one-family dwelling. The basic construction cost canno"t be calcu-
lated in any meaningful way for a single apartment unit. Apartment building
costs are so highly aggregated that an average figure is neither accurate nor
significant. The only figures that are relevant to this study are the addi-
tional costs of installing sound insulation in a new one-bedroom apartment,
should the builder decide to do so.

Apartment dwellers are subjected to far more "outside" noises than are
people in single-family homes. They must put up with sounds from apartments
above and below and on either side, and in hallways, as weii as from outdoors.
Since most interior partitions, even between apartments, are thinner than
exterior walls, they afford less protection against the sounds in nearby apart-
ments. While normal external construction, as mentioned earlier, affords
sound insulation of about 20 PNdB, the partitions between apartments (in ordi-
nary construction, without acoustic insulation) provide only about half that
much protection. A glance back at table 2 will show that many sounds commonly
heard in apartments --radios, conversation, kitchen appliances --have noise
rating above 80 PNdB. People living in apartments, then, are very frequent ly
exposed to noise levels above the comfort limit of 70 PNdB.
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Insulation between apartment units affording a 5-PNdB reduction of sound
beyond normal constr~ction practice is consequently of little or no use in
apartments. For sound insulation in an apartment to be a worthwhile invest-
ment, it must provide a total noise reduction of at least 25 PNdB, or 15 PNdB
of SII. The cost of "soundproofing" a standard one-bedroom apartment to pro-
vide this level of noise reduction can be approximated by redesigning the unit
in much the same way that the single-family homes were redesigned. (See
table 6.) Table 9 shows the major changes in construction required to attain
15 PNdB of SII in apartments. In table 10, which is identical in form to
table 7, these changes are presented in terms of the kinds of materials
required and of the labor needed to erect them. The marginal cost per unit is
considerably lower than for single-family homes, about $290 per unit, a figure
that would require only a relatively small increase in monthly rentals.

TABLE 9. - Cost of additional sound insulating materials by component in a
new 700-square-foot apartment to attain a 15 -PNdB SII

Component
Additional material cost

in excess of normal
construction cost

Walls: Exterior and corridor side--700-ft2 total
area, using 3/4-inch instead of 3/8-inch gypsum

$12

1

17
i 1

(2 )

5

\

22

L

L

33
12

(2 )

1

316
45

540

153

plasterb..oard. . . . . . . . .. .. . . . . . .. . . . . . ... . ... . .. . . ...

Walls: Divider between apartments--350-ft2 total
area, using 3/4-inch gypsum plasterboard nailed to
furring strip on 4-inch hollow tile.

Door: Corridor--solid core instead of hollow core..

Doors: Balcony, metal frame--5/8-inch insulated
instead of single-strength glass.

Windows --90-ft2 tota 1 area, us ing 5/8-inch insulated
instead of single-strength glass.

Ceilings--700-ft2 total area, using l-inch gypsum
plasterboard instead of 3/8-inch, nailed to furring
strips.

Floor--700-ft2 total area, using 2 inches additional
reinforced concrete in the s lab construct ion plus
3 inches glass-fiber insulation.

To ta i . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . · . . .
1Furring strip.
2Nails and staples.
3For concrete, sand, cement, and aggregates.
4For reinforcing bars and rods.
5 For glas s -fiber insulation.
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TABLE 10. - Construction costs for sound insulation in a new
700-square-foot apartment1

Building materials

700 ft2 living

(one-bedroom
Normal thermal

insulation
Materials Labor

area apartment
e uivalent)

15 PNdB SII
Mate- Labor
rials

Wood products:
Lumber, framing, sheathing, furring strips...
Plywood (textured)...........................
Plywood (prefinished)...........,............
Hand-split shakes.......... ii' ... .............

Windows. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Doors..........................................
Nonmineral-based, nonwood materials:

Felt, polyfilm, bitumen shingles2............
Fiberboard. . . . . . . . .. . . . . . II . . . . . .. . . II II . . . II . . . . .

Mineral-based materials:
Nails and fasteners..........................
Plasterboard. . ~ . . . . . . . . . . . . . . . . . II . II II II . . . . . . II II
Plaster (applied on plasterboard)............
Minera i woo i . II . . II . . . . . . . . . . . . . . II . .. II . II . . II II . .. . II
Fiberglass products..........................
Asbestos -cement shingles.....................
Brick and mortar. ii...... II. II..................

Concrete. . . . . . . . . . . . . . . . . . . . II. . II . . . . II . . . . . . . .
Concrete rebars. II . II . . II . . . . . . II . . . . . . . II . . . . . ~ II .

Total materials cost per dwelling unit....
Total mineral-based materials only........
Total labor cost ii' . . . . . . II . . . . . . . . . . . . . . . . .
Labor for erecting mineral-based materials

$6 $10 $9 $15
- -
- -
- -

72 60
35 40

- -
- -

6 -
102 125

- -
- -
40 25
- -
- -
64 230
25 60

353 -
237 -

- 555
- 440

50
30

55
40

lAll material costs are based on 1968 prices, including 10 percent for wast-

age; labor costs are 1968 costs with 10 percent for fringe benefits.
2The mineral content of these materials is negligible.

6
40 50

48
20

200
114

210
50

415
310

Market Distribution of Acoustic Insulating Materials

In the preceding section, detailed housing models were used to estimate
the cost of SII in individual residential units. Data are not available on
the present volume of consumption of acoustic insulation in res idences, and
the present size of this market cannot be estimated. But it is possible to
determine the approximate composition of the markets current and future for
acoustic insulating materials in houses and apartments. Total expenditures
for SII can be broken down by product for each of the three models, and the
percentage share of total expenditures that each product accounts for can be
measured. This gives the distribution schedule of the consumption of the var-
ious acoustic materials, which can be expanded to apply to the total market
for residential SII, whatever size that market may be.
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Table 11 shows the approximate distribution--using present technology--of
expenditures on materials for several levels of acoustic insulation. Note
that mineral-based products account for perhaps half of the current market.
The proportion of mineral-based products used for SII can be expected to
remain constant in the near future, since sound insulation practices are not
expected to change significant ly. However, increased demand for res idential
SII will expand the total consumption of these materials. Furthermore, the
proportion of mineral-based materials increases sharply as desired SII shifts
from 5 to 15 PNdB, and in apartment units it accounts for two-thirds of the
value of demand. Therefore, as the demand grows for higher levels of acoustic
insulation, and as apartments increase in popularity relative to single-family
homes, the share of mineral-based materials in the acoustic insulation market
will also grow,

TABLE 11. - Percentage distribution of cost of additional n~terials to
attain SII above normal insulation practice

1.250 ft2 house' l.800 ft2 house 700 ft2
Materials 5 PNdB 15 PNdB 5 PNdB 15 PNdB apartment,

SII SII SII SII 15 PNdB SII
Wood products. . . . . . . . . . . . . . . . . · 44.1 25.4 45.0 19.0 2.5

Windows. . . . . . . . . . . . . . . . · . . . . . . . 12.3 15.1 16.8 18.5 20.4

Door s . . . . . . . . . . . . . . . . · · . . . . · . . · 9.1 10.5 7.3 7.1 9.9
Nonminera I-bas ed, nonwood
materials1 . . . . . . . . . . . . . . . . . . . . 2.2 4.6 5.8 4.5 -

Mineral-based materials:
Nails and fasteners. . . . . , . . . . 4.0 2.5 3.8 2.1 1. 7

Gypsum plasterboard...... ... · 7.6 4.0 9.0 5.0 29.0

Plaster. . . . . . . . . . . . . . . . . · · . · · - 4.7 - 3.3 -

Mineral wool. . . . . . . . . . . . . . . . . - - 3.8 - -

Fiberglass products. . . . . . . . . . 4.7 2.2 - 6.5 11.3

Asbestos -cement shingles. . . . . 16.0 - 8.5 - -

Brick and mortar. . . . . . . . . . . . . - 31.0 - 34.0 -

Concrete. . . . . . . . . . . . . . . . · . · · . - - - - 18.1

Steel reinforcing bars......, - - - -
i 7.1

Total minera I -based. . . . . . . 32.3 44.4 25.1 50 .9 67.2

Grand t ota i . . . . . . . . . . . . . . . 100 100 100 100 100

i The original mineral base of bitumens and plastic is small and has been

neglected.

Source: Tab le 7.

PROJECTED DEMAND FOR SOUN INSULATING MATERIALS

The growth of the market for residential SII materials depends on the
growth of the housing market in general, and on the increased demand for
acoustical insulation to combat rising noise levels. Given these data, and
the unit costs for SII components indicated in tab les 4 through 10, it is pos-
sib Ie to project the potential consumption of mineral-based acoustic insula-
tion, and the probable value of that consumption. This can be done very
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simply by a series of multiplications, using the information derived in the first part
of this study. Total projected expenditure for acoustic insulation is equal to the
product of--total housing units projected times percentage of units with specified
levels of SII times cost per unit of SII. Expenditures for various acoustic materials
can also be projected by multiplying the above product by the percentage distribution
of materials ehown in table 11. These calculations, serving as guidelines only, can be
applied to any chosen housing mix and any size housing market. It is not possible to
depict the composition of the housing market in 1975, and so exact predictions of
acoustic materials consumption in that year cannot be made. However, general cha"rac-
teristics and trends of residential construction can be gaged (such as the increased
construction of apartments and rising incomes), and a reasonable projection of the 1975
housing market can be compiled.

One particular sample market for 1975 is shaw in table 12. This projection is
quite conservative when compared with some others, but this was done to prevent over-
stating the impact of residential SII on the minerals industry. The projections are
all based on 1968 price levels.

TABLE 12, - Projected housing mix for 1975 and additional expenditures to attain

SIL above nonnl insulation practice1 (1968 dollars)

Units designed to Units designed to
attain 5 PNdB attain 15 PNdB

Units sounq insulation sound insulation
Total constructed improvement above improvement above
units using normal normal insulation nonnl insulation

Types of housing con- thermal ¡ ractice i: ractice
structed insulation Additional Additional
(1, 000 i s) practice 1,000 direct cost, 1,000 direct cost,

(1,000 units) units millions units millions
Mate- Labor Mate- Labor
rials rials

Mobile homes aver-
aging $5, 900

(500 ftZ living
area) . . . . . . . . . . . . . 337.5 337.5 a - - 0 - -

Apartment, one-
bedroom equiv"lent

(700 ftz living
area).e......... .. 525 344.0 0 - - 181.0 27.7 25.4

One-family houses

I

costing under

$12,500 (1, 000 ft2
living area)...... 405 405.0 a - - a - -

One-family houses
costing $12,500 to
$19,000 (1,250 ft2
living area)...... 175 135.0 35.0 21.3 10.4 5.0 11.8 17.3

One-family houses
averaging $35, 000

in cost (1,800 ftz
living area)...... 357.5 72 .5 185.0 155.5 124.9 100.0 400.7 542.6Subtotal..... . 1 800.0 1,294.0 220.0 176.8 135.3 286.0 440.2 585.3i -Tot~l. additional projected expenditures for materia1s--$707.5 million, total addi-

tional projected expenditures for labor--$806. 7 million.

Source: Projections by authors; costs from tables 8, 9, and 10.
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Housing starts in 1967 were 1.3 million, and by 1975 are projected to
reach 2 million. Although sOme of these housing units will not be completed
in that year, it is estimated'that aboùt 1.8 million new dwellings annually
will be available by the mid-1970's. Even assuming no shift in demand pat-
terns from the present consumption of residential acoustic insulation, the
demand for these materials will increase in proportion to the increase in
housing starts. However, it is reasonable to expect that the demand for resi-
dential acoustic insulation will probably double by 1975, and that there will
be some changes in the distribution of the housing mix.

Assuming that the projections made in table 12 are realized, we can apply
our cost figures for the various models and levels of SII derived in tables 8
and 10 to determine projected additional expenditures for acoustic insulation
in future dwellings. These figures are also shown in tab Ie 12. Unfortunately,
given the absence of data on the number of units being constructed with SII
today, it is not possible to compare future expenditures on SII with present
expenditures in greater detail.

Finally, using the percentage cost distribution of the various insulating
materials derived from the models (see table 11), it is possible to estimate
the value of future consumption for each of the different acoustic materials.
This is done in table 13. For example, using the housing mix in table 12,
expenditures of $97 million can be expected to attain additional acoustic
insulation of 5 PNdB in relatively small (1,250 sq ft) single-family houses by
1975. Of this total, $31 million will be used to purchase mineral-based prod-
ucts. These include $4 million for nails and fasteners, $7 million for gypsum
plasterboard, $5 million for fiberglass products, and $15 million for asbestos
shingles. Similar projections for higher levels of acoustic insulation and
for larger single-family houses and apartments are also show in table 13.
Such computations can be performed for any selected housing mix, using the dis-
tribution schedule shown in table 11.

As shown in the final three columns of tab Ie 13, which compare materials
demands for the selected housing mix with those for a mix with no SII, almost

all of the mineral-based materials and products listed in table 13 will come
into greater demand as acoustic insulation becomes more popular. The one
exception is mineral wool, which tends to decrease in use as other more eff~-
cient acoustic insulating materials are substituted for it. In contrast, the
most significant absolute and relative gains should be exhibited by brick and
mortar, followed by asbestos -cement shingles, fiberglass products, and gypsum
plaster.

On the basis of the sample housing mix chosen, it is estimated that in
total an additional $408 million of mineral-based acoustic materials will be
demanded annually by 1975. Roughly 10 percent of the value of these final
products can be attributed to the cost of raw mat~rials. In this case, then,
the projected increase in production of raw materials in 1975 generated by
increased demand for residential SII is about $41 million in 1968 dollars.
Whatever the details, a significant market for mineral products is indicated.
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APPENDIX A.--SOUN POWER, PRESSURE, AND INTENSITY

Sound power is the acoustic energy emitted per unit of time by a sound
source. For illustration only, the acoustic energy from a simple single
source moves in outward directions roughly simulating a spherical surface if
there are no intervening barriers, Sound intensity, or the measure of the
sound power per unit of area of this surface, equals the total sound power
divided by the total area of the roughly simulated spherical surface. Sound
intensity is difficult to measure directly, but it can be measured indirectly
by measuring sound pressure.

The almost universal practice used for expressing sound pressure or inten-
sity reports pressures is dynes per square centimeter, or microbars. For this
purpose a logarithmic scale is used which is based on tenfold steps or ratios,
known as bels (B). Normally the ratio expressed in B values equals the ratio
of logarithms to the base 10 of the radiated power (overall sound level) from

two sound sources. For example, an intensi ty ra~io of 10 = 1 (B) = 10 deci-1

bels (dB) and an intensity ratio of log 1,000 = 3 (B) = 30 dB. By general1

agreement, the reference level of sound intensity or sound-pressure level, the
decibel, equals 10-16 watt per square centimeter, or 0.0002 microbar (dynes
per square centimeter). Although the decibel was first used to express the
ratio between two amounts of radiated power, it is now used in the acoustic
field to express the ratios of sound power, sound intensity, and sound pres-
sure. A sound-power ratio of 2:1 is 3 dB. A sound-pressure ratio of 2:1 is a
power ratio of 4: 1 or 6 dB. The magnitude of a sound pressure (Ps) is com-
pared to the magnitude of a reference pressure (Pr) according to the formula:

Decibels (dB) = 20 log Ps .Pr

The human ear responds to a wide range of sound intensities. The ratio
of the power of the loudest sound that a norml person can hear without pain,
to the power of the weakest sound he can detect, is about 1,000,000,000,000 to
1, or 1012. The logarithm to the base 10 of this ratio equals 12 expressed in
bels or 120 decibels (dB). The number of decibels is actually 10 times the
logarithm of the sound-power ratio.

Because the ear is sensitive to a range of pressure levels greater than
1012, the use of the logarithmic scale reduces unwieldy numbers to nnrers of
manageab le size. For example, because a 6-dB difference represents a doub ling
of sound pressure, a 90-dB noise has a pressure level twice as large as that
of an 84-dB noise.
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APPENDIX B. -~SOUN ABSORPTION AND TRANSMITTANCE AND PREDICTED
REDUCTION OF NOISE BY BUILDING MATERIALSl

The reduction of noise by sound-absorption material can be predicted with
acceptable accuracy by use of the relation:

NR = 10 108i 0 ~-,
1\

where NR = noise reduction of sound-pressure level, decibels;

1\ = sound absorption in sabins before treatment; and

~ = sound absorption in sabins after trea tmen t.

One sabin equals 1 square foot of a perfect sound-absorbing surface; for
example, 10 square feet of surface with a sound-absorption coefficient of 0.60
would provide 6 sabins.

Some sound-absorption coefficients at I,OOO cycles per second (cps) are--

Plaster.......... .
Wood floor........
Door (closed).....
Window (closed)...

0.03
.07
.09
.12

The amount of noise reduction can be calculated for a room or enclosure
by use of the formula:

NR = log ~ dB,
T

where NR = noise reduction in a room or enclosure, decibels;

A = absorption of the noise by the inside surface of the room or
enclosure, sabins; and

T = total sound transmittance.

By definition, the fraction of incident sound energy transmitted
a wall or partition is called its transmission coefficient (y). This
not so well known as the usually used transmission loss figure (TL).
relationship of y and IL is shown as

through
term is
The

TL = 10 log l dB.
Y

The noise insulation factor equals 10 log absorption
transmi ttance

lSource: Cormack, L. J. You Can Do Something About Noise. Power, v. 3,

No.5, May 1967, pp. 79-81.
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The sound transmittance loss of some building materials is--

Transmittance loss,
TL in dB

Ceiling. . . . . . . . . .40
Walls.. .. . . . . . . . .41
Windows... .... .. .26
Doors. .... .... ...20

Transmi t tance
coefficient

1, 000 X 10-7
795 X 10-7
251 X 10-5
100 X 10-4

The relationship of the transmission loss (TL) of acoustical materials 
in

decibels (dB) and the corresponding transmission coefficients (y) is shown in
the equation

TL = 10 log l.
y

Transmission loss,
TL in dB

Transmis sian

coefficient
20. . . . . . . . . . . . . . . .
22. . . . . . . . . . . . . . . .
24. . . . . . . . . . . . . . . .
26. . . . . . . . . . . . . . . .
28. . . . . . . . . . . . . . . .
30. . . . . . . . . . . .. . . .
32. . . . . . . . . . . . . . . .
34. . . . . . . . . . . . . . . .
36. . . . . . . . . . . . . . . .
38. . . . . . . . . . . . . . . .
40. .. . . . . . . . . . . . . .

1, 000 X 10-5
631 X 10-5
398 X 10-5
257 X 10-5
159 X 10-5

1, 000 X 10-6
631 X 10-6
398 X 10-6
257 X 10-6
159 X 10-6

1, 000 X 10-7

Note: The tabulation repeats for
each 10 decibels with a change
of 10 to the first power.
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