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SOUND-PROOF PARTITIONS

I. InxTrRODUCTION

1. Purpose of Imvestigation—The demand for quiet rooms in
hospitals, hotels, and office buildings, the desirability of insulating
music studios and other rooms where disturbing sounds are produced,
and the necessity for solving other problems for the control of noise
have led to repeated requests from architects and builders for reliable
information on effective methods for insulating sound. Although
present knowledge of the subject is incomplete, nevertheless, on
account of the pressing need for guidance in such matters, it is
thought desirable to collect and present the available information in
a systematic way, giving the methods and results of various investi-
gations relating to the action of materials on sound, deseribing prac-
tical installations of soundproofiing, and setting forth in accordance
with existing knowledge recommendations that may be applied where
sound insulation is wanted. .

Before 1915 little was known definitely about the subject and eut-
and-try methods were used when soundproofing was desired.  These
cases were usually isolated and few published accounts are available,
so that little progress was made. Since 1915 the problem has engaged
the attention of scientists who have conducted investigations in the
light of the known phenomena of sound and obtained results that
are now being applied in practical constructions.

2. Acknowledgments.—In addition to the published accounts of
investigations, to which proper reference will be made, acknowledg-
ment is due to the Armstrong Cork Compaxy, the Unrrep StTaTES
Gyrsum Comprany, and the Associamep Meran LiatH MANUFACTURERS
for their financial support and codperation in the conduct of special
investigations.
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II. Acrion oF SOoUND WITH APPLICATIONS TO BUILDINGS

3. Origin of Seund—Sound of a definite frequency consists of
a regular series of alternate compressions and rarefactions generated
by a vibrating body and progressing in spherical waves in the sur-
rounding medium. Figure 1 pictures the waves in air sent out by
the human voice through a megaphone.

Fi6. 1. DIAGRAMMATIC REPRESENTATION OF COMPRESSIONS AND RAREFACTIONS
(Sounp Waves) SexT OUT FrROM A SOURCE OF SOUND

The vibrations in this case are due to the voeal cords which are
set into rapid oscillations by a stream of air from the lungs.
An unbalanced motor may cause its supporting base to shake, thus
imparting to the surrounding air small motions that are propagated
as sound waves., A case for consideration in buildings is the generation
of sound waves when a wall or floor is set in vibration by a motor, an
elevator, or other agency.

L

4. Amplitude of Sound Vibrations—"The amplitude of vibration
in sound waves is small, according to estimates varying from
0.00000005 in. for a sound barely audible to 0.004 in. for a loud
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sound.* A very small motion of a building partitiont will therefore
be sufficient to generate in air a sound that may be detected by the
ear. Thus one of the difficult problems in sound insulation of buildings
is to reduce the motions of walls as far as possible.

5. Propagation of Sound.—Sound waves set up by vibrating
bodies are propagated through the surrounding medium—solid,
liquid, or gaseous—with a considerable velocity, », depending on the
elasticity, I, and the density, d, of the medium, according to the
formula: ©»—=—+E/d. The values of the velocities for a few media
are given in Table 1.1

TaeLE 1

VELOCITY 0oF SouxD 1IN Variovs MEDIA

Medium Veloeity of Sound at 0 Deg. C.

1088 ft. per sec.
4728 ft. per sec.
10900 ft. per sec.
11980 ft. per sec.
16360 t. per seec.

An inspection of the data given in this table shows that sound
travels very fast, about one-fifth of a mile per second in air, and
about three miles per second in steel. A sound traveling in the
steel strueture of a building 260 feet high would require only 260 ——
16360, or 0.0159 second to pass from the basement to the roof.

6. Action of Materials on Sound.—When sound waves in one
medium encounter a second medium with a different elasticity or
density, their regular progression is disturbed. Part of the energy is
thrown back in the form of reflected waves, part is absorbed in the
second medium, and part is transmitted—the relative amounts de-
pending on the changes in elasticity and density of the second medium
compared with the first, that is, in accordance with the change in the
velocity of sound. ¥ (See Fig. 2.)

* Shaw, P. E. ‘“The Amplitude of Minimum Audible Impulsive Sounds.” Proc. Roy.
Soe., Vol. T6A, p. 360, 1905.

T Hall, E. E. *“Graphical Analysis of Building Vibrations.” FElec. Wid.,, Vol. 66, p.
1156, 1915,

1 Smithsonian Tables, Tables 80 and 81,

€ Rayleigh, Lord. “Theory of Sound.”” Vol. 2, Sections 270-272. Egquations are given
with discussions for different media.
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lransmitiea Sownd
r

F16. 2. REFLECTION, ABSORPTION, AND TRANSMISSION OF SOUND

A porous material like hairfelt presents little resistance to sound.
The reflection is small, but the absorption in the porous channels may
be quite large. What is not reflected and absorbed is transmitted. If
the sound waves generated in a room meet solid plaster walls of
sufficient rigidity they will suffer a reflection of over 99 per cent
because of the large change in the elasticity and density between air
and solids. If a ventilator opening is encountered instead of a wall
there is no change in the medium and the waves progress with little
hindrance through the continuous air passage, being confined in the
ventilation duct by reflection from the metal walls. In a similar way
sound vibrations generated in the solid matter of a building structure
are confined to the structure by almost total reflection at the air
boundaries and will pass with little interruption through the con-
tinuity of steel and concrete to distant parts of the building. These
vibrations may be converted into sound waves in air where a wall or
other structural member is set into sympathetic lateral vibration.

7. Absorption of Sound—When air passages in which sound is
passing become small in cross-section, friction that converts the wave
energy into heat oceurs between the sides of the passage and the
oscillating air particles. Sound entering a small crack in a thick
wall may be completely absorbed before emerging on the other side.
The channels and interstices in carpets, hairfelt, and other porous
materials, act in the same way in the absorption of sound energy,*

* Rayleigh, Lord. Behavior of Porous Bodies in Relation to Sound. “Theory of
Sound,” Vol. 2, Section 351. :
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The absorption and transmission of sound vary with the thickness
of the absorbing material but not in direct proportion. For example,
if 1 in. of hairfelt stops 10 per cent of the incident sound, 2 in. will
stop 19 per cent, 3 in. 27 per cent, ete.; that is, the intensity of
transmitted sound decreases according to the recognized exponential
law: i==1,a*, where 7, and ¢ are the respective intensities of the
sound that enters and is transmitted by the material, a is a constant,
and z the thickness of the material.

The absorption of sound is an essential factor in the solution of
sound insulation. It is not sufficient to reflect and scatter sound waves,
for the energy cannot be destroyed in this manner; it must be
absorbed, that is, econverted by friction into heat energy.

8. Transmission of Sound.—Sound waves in air may be trans-
mitted through an obstructing medium in three ways. First, they
may pass through the air spaces of a-porous material. Second, they
may be transmitted by modified waves in the new medium. In this
process sound compressions and rarefactions progress rapidly through
the air, moving the molecules successively as they pass in somewhat
the same way as a gust of wind blows the separate stalks in a
wheat field. On reaching a solid partition the forward motion is
hindered, particularly if the molecules of the new material are
massive and resist compression. In this ecase most of the energy is
reflected and only a small proportion progresses through the wall.
On meeting a further discontinuity of material, such as wood or air,
the waves are again affected, until finally a part of the energy emerges.
Third, sound may be transmitted by setting a partition as a whole in
vibration. The partition then acts as an independent source of waves,
setting up compressions and rarefactions on the further side and
giving a sort of fictitious transmission. If the partition is rigid
and massive the vibrations are small and very little sound is trans-
mitted; if the partition is thin and flexible a considerable amount
of energy is transferred.®* Usually in building constructions the
partitions are complex, as for example plaster on wood lath and
studding. In this case the plaster areas between the studding aect
in a manner similar to drum heads and transmit sound. Hard

* Rayleigh, Lord. “Theory of Sound.” Loec. cit. See also:

Jiger, G. ‘“Zur Theorie des Nachhalls." Sitzungber, der Kaisl. Akad. der Wissen-
schaften in Wien., Math. Natur. Klasse, Bd. CXX, Abt. 2a, 1911,
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plaster on wire lath presents a different surface with a modified
action on the incident sound.

The transmission of sound involves a number of phenomena and
is not a simple matter. It depends essentially on the character of
the strueture through which sound is transmitted and can be cal-
culated only for simple cases of homogeneous materials of known
constants,
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IT1. INsvnaTION OF SOUND IN BUILDINGS

9. Two Types of Sound in Buildings.—Two types of sound
should be considered in the problem of insulation in buildings. One
type includes sounds that are generated in the air and that progress
through the air to the boundaries of the room; the other is composed
of compressions generated in the building structure by motors, ele-
vators, and street traffic. The insulation of these disturbances is
best accomplished by considering the aetions of sound deseribed in
the preceding discussion. Several suggestions for soundproofing are
given in the paragraphs immediately following.

10, Insulation of Sounds in Air—Sounds of moderate intensity
such as those generated by the human voice or a violin may be
stopped with comparative ease if the walls of the room are continuous
and fairly rigid. The more vigorous sounds of a cornet, trombone,
ete. would require especially heavy walls or else double partitions.
Any breaks in the walls for ventilators, pipes, or doors should be
gunarded by effective insulation.

11. Insulation of Buwilding Vibrations—Compressional waves
generated in the building structure pass readily along the continuity
of solid materials, and, as they have more paths for escape, are more
difficult to insulate than sounds in air. Moreover, they may create
trouble when they cause a wall or floor to vibrate. The insulation is
based on the same procedure as that used for air sounds; namely,
to interpose a new medium differing in elasticity and density. An
air space in masonry would be effective if not bridged over by solid
material, but sinee this is impossible for ordinary building construc-
tions as the weight of bodies' necessitates contact for support, an
approximate insulation is sought by using air-filled substances like
dry sand, ground cork, hairfelt, or flax, that possess but little rigidity
but are capable of sustaining a floor or a partition that is not too heavy.

12. Need for Experimental Data—The preceding discussion
indicates from the standpoint of theory how sound waves will act
under given conditions and how they may be controlled. Calculations
may be made for a few simple cases of more or less homogeneous
materials, but for the complex structures usually found in buildings
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the present theory is inadequate to give trustworthy information. In
view of this situation the procuring of data by direct experimental
tests is quite desirable, particularly for the transmission of sound
through materials both homogeneous and complex. Information about
the absorption of sound is also needed. The following section gives
in historical order descriptions of experimental investigations that
have been completed or are now in progress.*

* Bee condensed account of experiments performed previous to 1909 in the article:
“‘Sechalleitung der verschiedenen Kirper,"” in Winkelmann's ‘‘Handbuch der Physik,” Vol 2,
pp. 554-562.°
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1V. ExPerRIMENTAL INVESTIGATIONS 0F ACTION OF MATERIALS
ON SOUND

13.  Conduction of Sound by Solids—Tyndall deseribes an
interesting and instruetive experiment on the conduection of sound.
He writes,® ““In a room underneath this, and separated by two floors,
is a piano. Through the two floors passes a tin tube 214 in. in diameter,
and along the axis of this tube passes a rod of deal (wood), the end
of which emerges from the floor in front of the lecture table. The
rod is clasped by india-rubber bands which entirely close the tin
tube. The lower end of® the rod rests upon the sound board of the
piano, its upper end being exposed before you. An artist is at this
moment engaged at the instrument but you hear no sound. When,
liowever, a violin is placed upon the end of the rod, the instrument
becomes instantly musieal, not, however, with the vibrations of its
own strings, but with those of the piano. When the violin is removed,
the sound ceases. . . . . What a curious transference of action is
here presented to the mind! At the command of the musician’s will,
the fingers strike the keys; the hammers strike the strings, by which
the rude mechanical shoek is converted into tremors. The vibrations
are communicated to the sound board of the piano. Upon that board
rests the end of the deal rod, thinned off to a sharp edge to make it
fit more easily between the wires. Through the edge, and afterwards
along the rod, are poured with unfailing precision the entangled pulsa-
tions produced by the shocks of those ten agile fingers. To the
sound board (of the violin) before you the rod faithfully delivers
up the vibrations of which it is the vehiele. This second sound board
transfers the motion to the air, carving it and chasing it into forms
so transcendently complicated that confusion alone could be anticipated
from the shock and jostle of the sonorous waves. But the marvelous
human ear accepts every feature of the motion, and all the strife and
struggle and confusion melt finally into music on the brain.”’

Hesehust investigated the sound conduetivity of various solids.
The samples were shaped so as to be geometrically similar and placed

* Tyndall, J. “Sound." Pp. 78-7T9.

t Hesehus, N. “Ueber das Schalleitungsvermigen der Kirper.” Jour. Russian Phys.
Chem. Soc., Vol. 17, pp. 326-30, 1893, See also abstract in Fortseh. der Physik, Vol. 43,
p. 542, 1893,



18 ILLINOIS 'ENGINEERING EXPERIMENT STATION

successively with the lower end resting on a resonating support. A
vibrating tuning fork was then placed against the upper end and
the relative conduction of sound was made manifest by the intensity
of the resonance tone heard. He found that the conduectivity for
eylindrical bodies was directly proportional to the cross-section and
inversely proportional to the length—the same relation that holds for
conduction of heat and electricity. He found also that wood conduets
sound much better parallel to the grain of the wood than at right
angles. This faet suggests a construction for hindering the progress
of sound waves, namely, a series of wooden slabs eut alternately
parallel and perpendicular to the grain of the wood. 1f the slabs
were separated by layers of felt and not nailed, the obstruetion would
appear quite efficient. ’

14. Ezxzperiments by Tufts—The transmission of sound by
porous materials was tested in 1901 by F. L. Tufts.* or the initial
experiment the porous material consisted of lead shot piled in a tube.
This was exposed to the action of sound through a metal gauze that
supported the shot. A thin rubber membrane closed the bottom of
the tube below the gauze and by the amplitude of its vibration gave a
measure of the sound waves transmitted. Cotton batting, felting,
and other porous materials were tested in the same manner. Tufts
concluded that the resistance of a porous material to sound was in
the same proportion as the resistance to air currents.

In a later experiment he measured the transmission of sound by
materials impervious to air.f Two thin dises of such material closed
the ends of a bifurcated tube. Sound pulses, caused by a metal
ball dropped on a pine board, impinged on the dises so that the
transmitted waves passed on through the tubes to a junction point,
where an observer could compare the loudness of the two sounds by
alternately closing one tube and then the other. The materials were
tested in pairs, each sample being in the form of a dise, 10.5 e¢m, in
diameter. Table 2 gives the results obtained.

* Pufts, F. L. “The Transmission of Sound Through Porous Materials.” Am. Jour, of
Se¢., Vol. 11, p. 357, 1901

+ Tufts, F. L. “Transmission of Sound Through Solid Walls." Am. Jour. of Se., Vol
13, pp. 449-454, 1902,
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TABLE 2
TRANSMISSION OF SoUND BY MATERIALS IMPERVIOUS TO AIR

; | Thickness EEEE Transmitted
Material : el Rigidity* Sound

1. Lead. B 0.012 0, 0001065 Louder

Glass.. 0.012 0.000053
2. Pine .. A 1 T A B A 0.65 0.000013

PN A T T e e A N 0.65 0.000212 Louder
3. Reénforcedbrass........................ 0.015 0. 00008

Two thicknesses of cardboard. ... ... .. 0,44 0.0000s | { Eaual loudness
4. 10sheetscardboard ... ................... 0.70 0.0002 o

1sheet cardboard . ....................... 0.22 0.0002 ] Equal loudness )
5. Reénforcedbrass............. ........... 0.015 0.00008

Brass with massat center ................ 0.015 0.0022 Much louder
B Cardboard ............c0iiviiniinnneinss 0.22 0.0004 Louder

Cardboard with 34 gm. mass at center . ... . 0.22 0.0004
7. 3 cardboards separated by air space..... ... cardboardsall |............... Louder

3 cardboards in contact . eut from

| samesample

*The numbers in the rigidity column represent the displacement of the dises for a pressure of
1 gm. per sq. cm., the smaller values thus indicating the greater rigidities.

A study of this table leads to the following conclusions:

1. The more rigid glass is the better insulator;

2. The more rigid pine is the better insulator;

3. For the same rigidity the cardboard, 30 times thicker
than the brass, transmits the same amount of sound;

4. TFor the same rigidity 10 sheets of cardboard transmit
the same sound as one sheet;

5. The wmore massive dise with smaller rigidity transmits
more sound ;

6. For equal rigidity the more massive dise is the hetter
insulator;

7. The cardboards in contact gave a greater rigidity and
cut off more sound. The air spaces are thus not as effective as was
supposed.

Inspection of these results, therefore, shows that rigidity is the
deciding factor, the amount of sound transmitted as an elastic wave
being negligible compared with the to-and-fro vibration of the
material. For instance in case 4, where the two dises possess the
same rigidity, one would expect the transmission to be greater through
the single thickness of cardboard than through the built up dise
with many reflecting surfaces; but the transmitted sound is the
same for the two constructions.
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A few additional experiments were conducted using an organ
pipe for the source of sound, thus giving a sustained series of alternate
compressions and rarefactions instead of a single pulse. It was found
that the results might be influenced by the pitech of the note used,
so that, if a dise happened to be set into resonant vibration, it would
transmit sound to a greater extent than without such resonance,

15. TInwvestigation by Weisbach—A tuning fork giving 236
vibrations per second was used as the source of sound and placed on
one side of a wall, A telephone connected to a galvanometer was
‘placed on the other side of the wall and served as a receiver for the
sounds transmitted through materials installed over a small hole in the
wall.* Weisbach found that metal, wood, etc. vibrated, whereas cloth
and porous materials did not. When the disc was free from resonant
vibrations the transmitted sound was proportional to the mass of
the dise per unit area. When resonance occurred, the energy trans-
mitted by the lateral vibrations was so great that it obscured the
other effects, the results depending on the size, structure, and method
of fastening the material. He concluded that sound is transmitted
through the pores of materials, also by longitudinal vibrations (elastic
waves) and by transverse vibrations of the materials, '

16. Tests by McGinnis and Harkins.—In this investigation, the
source of sound was an organ pipe of 768 vibrations per second,
the measuring instrument being a telephone receiver in series with
a crystal rectifier and a galvanometer.t The materials tested were
clamped over an aperture 14 in. in diameter, through which the
sound was transmitted. For porous materials such as calico and felt
the investizators concluded that the amount of sound transmitted
depended on the size and nature of the pores of the material, that
is, on the true absorption. The non-porous materials like paper,
oileloth, and tin-foil transmitted less than one per cent of the incident
sound when the lateral vibrations were eliminated. All the materials
tested were quite thin and of small area.

17. Work of Wallace €. Sabine—An investigation,it funda-
mental and far-reaching in its scope, was inaugurated and partly

* Weisbach, F. “Versuche iiber Schalldurchliissigkeit, Schallreflexion und Schallab-
sorption,”  Annalen der Physik, Vol. 83, p. 763, 1910.

T MeGinnis, €. 8. and Harkins, M. R. “‘Transmission of Sound Through Porous and
Non-Porous Materials.” Phys. Rev,, Vol. 33, pp. 123-136, 1911.

tt Sabine, W. C. “The Insulation of Sound.” The Brickbuilder, Vol. 24, pp. 31-36, 1915.
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carried out by the late Professor W. . Sabine of Harvard University.
A sound of measured intensity was generated in a room so that
transmission took place through a partition under test. The sound
was then reduced in intensity until an observer outside the partition
could barely hear it. The test was repeated for other samples and
comparative values deduced. The test rooms were especially adapted
to confine the transmission of sound to the test material.

Table 3 gives results obtained in the preliminary investigation.
Sheet iron and hairfelt were tested separately and in combination.
The sheet iron because of its great rigidity and mass reflected much
sound and transmitted but little. The reduction of fransmission by
the hairfelt was due largely to its absorbing power. The combination
of the two in alternate layers gave the more effective insulation, the
hairfelt serving to reduce further the small amount of sound trans-
mitted by the iron.

TABLE 3

INTENSITY OF SoUND TRANSMITTED BY SHEET IrON AND HAIRFELT

Sheet Iron and

Layers Hairfelt Sheet Iron Hairfelt Combined

0 1 000 000 1 000 000 1 000 000
1 | 270 000 22 700 23 000
2 | 128 000 8 700 3 300
3 [ 65 000 4 880 700
1 33 000 3150 220
5 | 21 500 2 060 150
(4] 11 400 1 520 o=

18. [Investigations by P. K. Sabine.—Later experiments on sound
transmission through windows and doors have been conducted by
P. E. Sabine,* using methods similar to those of W. C. Sabine. He
found that flexural vibrations play an important part in transmis-
sion. A plate of glass 3/16 in. thick transmitted less sound than a
3/16-in. composite structure of two 1/16-in. plates sealed together
with a sheet of celluloid. Dead air spaces between double windows
were not as effective as commonly supposed. The air space should not
be bridged over by solid materials even at the edges of the glass.
Inserting sound absorber between the glass plates increased the in-
sulation. A steel door 14 in. thick proved more effective than a solid
oak door 134 in. thick or a refrigerator door 4 in. thick filled with
heat-insulation material.

* Sabine, Paul E. ‘“‘Architectural Acoustics.” Am. Arch., Vol. CXVIII, pp. 102-108,
1920.
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Additional experiments were conduected to test the transmission
of sound through flexible materials.* TResults were obtained to
determine 1o what extent the damping of sound by suech materials
as hairfelt, sea-weed, and asbestos is an effective compensation for
lack of mass and stiffness. Numerous curves are given showing
the transmission of sound for a range of pitches. IFurther investiga-
tion was planned to test more rigid materials, including plaster walls.

19. Sound Deadening in Hospitals—Richard E. Schmidt gives
a discussiont of sound fransmission in buildings, paying particular
attention to the character of building materials with acoustic prop-
erties suitable for use in hospital econstruetion. The article eives
sketehes of rooms and photographs of buildings in Chicago that have
sound-proofing features.

20. Sound-Proofing Tests «-Made in Chicago Music Building.—
Table 4 pictures the construection and relative sound-proof efficiency
of various types of building constructions. This table appears in
the 1911 catalogue of the Corrugated Bar Company. It has been
impossible to locate any deseription of the tests other than the
information given in the table, but the results set forth are so
thoroughly in accord with the conclusions reached in other investiga-
tions that the data are ineluded as additional information.

* Sabine, P. B. “‘Architectural Acousties. The Transmission of Sound Through Flex-
ible Materials.” Am. Arch.,, Vel. 120, pp. 215, 266, 1921,

T “Sound Deadening in Hospitals,” Surgery, Gynecology, and Obstetrics, Vol. XXXI,
pp. 105-110, July, 1920.
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TABLE 4

CoMPARATIVE SounD-Proor TEsTS MADE AT Music BUILDING,

CHICAGD, IN 1895,
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AprpraraTus AND METHODS UseED IN PRESENT INVESTIGATION

V.

General Methods and Apparatus.—The experiments on which

this bulletin is based have extended over a period of seven years,

but have been confined largely to three periods.

21.

The method used

remained essentially the same throughout, but the apparatus and

Materials tested

5 ft.—and varied in struecture

conditions were improved greatly for the later tests.

had considerable area—at least 3 ft. by

AND

DisGraAM OF APPARATUS FoR TESTING TRANSMISSION

Fia. 3.

REFLECTION OF SoUND
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from thin flax and hairfelt to solid plaster partitions. An adjustable
metal organ pipe blown by air from a constant pressure tank served
as the source of sound. This was mounted at the focus of a parabolie
reflector 5 ft. in diameter (see Fig. 3), so that a large percentage of
the generated sound was directed in a parallel bundle against the
partition under test. The sound was partly reflected and partly
transmitted, the amounts of transmission and reflection being meas-
ured simultaneously by Rayleigh disc resonators placed in the paths
of the sound.

22. The Rayleigh Disc Resonator—The simplest form of this
instrument consists of a tube closed at one end and open at the
other. (See Fig. 4.) Sound waves of suitable frequency, coming

Fig. 4. Diacram oF SIMPLE RAYLEIGH RESONATOR

to the instrument, set up standing waves in the tube with a considerable
back and forth surging of the air at a ‘“‘loop.”” A thin circular
mica (or glass) disc suspended at this loop at an angle to the axis
of the tube tends to turn flatwise to the alternating air currents. If
a fine quartz thread is used to suspend the disc and the latter is
placed at an angle of 45 deg. to the axis, a delicate means is provided
for measuring sound, the amount of rotation of the disc varying from
0 deg. to 45 deg. depending on the intensity of the incident sound.
This turning action is in accordance with the general principle that
a flat object in a current tends to set itself flatwise to the current.
Any turning of the dise is made visible by the movement of a beam
of light reflected from its surface to a scale. Theory shows that
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the comparative intensities of two sounds acting separately on the
instrument are given by the equation :*

L, _ ¢ sin 2 (6-9,)

I, ¢y sin 2 (0-¢,)
where I, and I, are the intensities of the sounds, ¢, and ¢, the corre-
sponding deflections of the dise, and 6 (usually 45 deg.) is the angle
between the normal to the dise and the axis of the tube.

Since the intensities of the transmitted sounds varied over a
wide range during the tests, several resonators of different sensitivity
were required to obtain the measurements. For the faint sounds
transmitted by solid plaster partitions, it was necessary to develop a
sensitive double resonatorf of the proper frequeney to obtain measure-
ments. (See Fig. 5.) This latter instrument measured sounds of
““threshold audibility,’” that is, sounds so faint that they could barely
be detected by the ear. The resonators are much more sensitive than
the ear in measuring sounds of different intensities. This is evidenced
by the need of several resonators of different sensitivity to measure
the same range detected by the ear. The hearing sensation is propor-
tional to the logarithm of the intensity and is therefore quite insensi-
tive.

* Watson, F, R, “‘An Investigation of the Transmission, Reflection, and Absorption of
Sound by Different Materials.” Phys. Rev., Vol. 7, pp. 125-132, 1916.

t Rayleigh, Lord. ‘‘Note on the Theory of the Double Resonator.” TPhil. Mag., Vol. 36,
pp. 231-234, 1918.
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F16. 7. APPARATUS FOR MEASURING TRANSMITTED SOUND
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VI. PRELIMINARY INVESTIGATION

23, Arrangement of Apparatus—¥igures 6 and 7 illustrate the
conditions for the first test. An organ pipe blown steadily by constant
air pressure generated a sound that was transmitted through a.door-
way into an adjacent room where a Rayleigh resonator measured the
energy. Measurements were taken, first through the open doorway,
then with one panel of the material over the doorway, next with two
panels, and finally with three panels; the deflection of the resonator
being noted for each case. Sinee the tests were comparative, all
conditions were maintained as constant as possible. Every article in
the room was left undisturbed so that the interference pattern due to
reflection of sound from various surfaces would remain unchanged and
not affect the readings of the resonator. To eliminate the effect of
the observer, who necessarily must have some freedom of motion, a
small booth was built with a glass window. The observer could shut
himself in this compartment and take readings through the window.
The samples to be tested were fastened on similar frames of 1-in.
eypress and mounted over the doorway by two ropes. A strip of
hairfelt was installed around the door frame to prevent leakage of
sound at the edges.

24 Erperimental Results Obtained.—Table 5 gives results for
the refleetion and transmission of sound.
TABLE 5

TRANSMISSION AND REFLECTION 0F SOUND

Deflection of Resonator in em.
Material

Refleetion Transmission

Thickness in layers 0 1 P 3 1 0 | 1 2 k]

Open Docrway . .. ..
Li=in, Hairfelt

in, Hairfelt. .. ..., ... ... ... 22.6 | 15.4 | 10.4
Yi-in. Cork Board.............[....... 7.9 3.75 2.9
d4-in. Cork Board . ............|....... 1.15 2.05 .85
!4-in. Paper-lined Hairfelt. . .. 5.0 21.7 3.8
44-in. Paper-lined Hairfelt. ... .. |....... 6.5 1.85 | 0.«

in. Flax Board. ......... ... 2.25 | 055 0.1

in. Pressed Fiber GV . e bivary s

in. Pressed Fiber 0.2

25, Discussion of Resulls—The results show the effects of
different materials on sound waves. Porous hairfelt transmits con-
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siderable sound, and the reflection is small. Other samples, 1mpervieus
to air, reflect more and transmit less. A better conception of the
results is obtained by considering the relative values of the transmis-
sion and reflection together with the absorption. Curves for these
values may be plotted on the same scale by assuming that the open
doorway transmits 100 per cent of the incident sound and reflects
0 per cent; also that the maximum reflection value (25.9 for the 34-in.
cork board) may be taken as 100 per cent. These assumptions are
not rigorously correct, but they allow comparisons that are near the
truth.*

/00 ]
r?'ra)zm/ffed
;Q: 80 [Famwxffed
Q Trarsmirred. e n
$ w0 7
i / % // 7 L@;mbeaf
S _, - Jbsorbed /)
% // / Absorbed, / ; M :
‘g 20 M R ‘ Rellecred —
B / f Baliaa rireriecred (
o

0 / E] 3
Thickress i Layers

Fig. 8. RELATIVE AMOUNTS OF SoUND REFLECTED, ABSORBED,
AND TRANSMITTED BY HAIRFELT

26. Action of Porous Materials—Fig. 8 shows the results for
14-in. hairfelt. Due to absorption of energy in the pores of the
material the transmission decreases with increasing thickness, ac-
cording to the law stated in paragraph 7. The reflection increases
with increasing thickness but tends toward a constant value, indicating
that the reflection does not take place entirely at the surface of a
porous material but requires a certain thickness to give the maximum
value. The absorption also appears in this diagram because the

* Watson, F. R. Loc. cit.
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incident sound (/7 = 100 per cent) is equal to the sum of the per-
centages reflected, absorbed, and transmitted.

o Transmitted 1}77' arsmitted
% 80 sored . /
\]\ //- Irans- fratied
Q V 4 I // N absorbed
Nl Y N
L,S y 7 éso/‘— ed
S
g 20 i j/ Aerjecied—
, -Ferlecred,
a J
7 ’ 7/?/2:’/{;’29.5‘52/}0 Layers 7

Fi6. 9. TraxsMISsioN, REFLECTION, AND ABSORPTION OF SOUND
BY VIBRATING PARTITION

27.  Action of Materials Impervious to Air—Fig. 9 shows results
that at first were quite puzzling. Two layers of paper-lined felt trans-
mitted more sound than one layer; also, the reflection was less for
two layers than for one. The explanation is easily seen when the
fransmission and reflection are plotted together. The two layers
vibrated under the action of the sound so that the transmission was
disproportionately large. An extreme case of this kind would exist
if a material vibrated exactly as the air would if the material were
not present. There would then be no resistance to the sound waves,
hence no reflection, and all the sound would be transmitted.

28. Conclusions—The information given in Figs. 8 and 9 is
quite vital in the consideration of sound-proof structures. Fig. 8
shows the normal reflection, absorption, and transmission to be
expected for compressional waves passing from one medium through
another. Iig. 9 shows the anomalous effects set up when a layer of
material vibrates as a whole. This is the usual case in building con-
structions where partitions vibrate more or less under the action of
sound and give unexpected results. The obvious procedure to avoid
this complication is to use rigid partitions and minimize the vibration.
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VII. Investication orF TN Praster PARTITIONS

29, Arrangement of Apparatus—This set of tests was condueted
in two basement rooms separated by a double wall consisting of two
9-in. brick partitions with separating air space. The walls enclosing
the rooms were of heavy brick construction, the ceilings consisted of
4-in. concrete slabs, and the wood floors rested on concerete. A window
cut through the double wall between the rooms was lined with cement
plaster and allowed the sound generated in one room to pass directly
to the partition under test. (See Figs. 3 and 10.) The reflected sound
and the sound transmitted into the neighboring room were measured
by Rayleigh resonators. The source of sound was an adjustable
Edelmann pipe giving about 630 vibrations per second. The double
doors connecting the rooms were padded with felt and arranged to
shut as tightly as possible. The arrangements proved to be quite
satisfactory for the experiments. Air eurrents were eliminated and
disturbing outside sounds were reduced to a minimum. Any trans-
mission of sound from one room to the other was thus confined to the
sample under test.

30.  Materials and Method of Measurement.—The materials tested
varied in structure from porous hairfelt to plaster coating on wood
lath. Since the measurements were to be comparative all conditions
were maintained as constant as possible, the only changing factors
being the samples under test. When taking measurements, the
observer entered a small booth built for the purpose and eclosed the
door. Hach panel had the same size, 3 ft. by 5 ft., and was clamped
in place over the window in the same manner by a wooden frame
with iron bars and tightening nuts. Collapsible samples were held
in place by wire netting. The range of intensities of sound transmitted
was so great that two Rayleigh resonators of different sensitivity were
used, intermediate values being taken by both resonators to give
continnity of results. The reflected sound was measured simul-
taneously with the transmitted sound, thus giving check measurements,
sinece any variation in conditions affected both the transmission and
the reflection.

31. Results Obtained.—The plaster samples were constructed
by an expert workman and allowed to dry before testing. They were



Fia. 10. View or TeEsT Roon, SHOWING SAMPLE PARTITION
CLAMPED OVER WINDOW
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then tested one after the other under conditions kept as uniform as
possible.  The measurements were repeated five times, thus giving
six observations for each result noted. In some cases of doubt, further
measurenients were taken. Table 6 indicates the results obtained.
The first colimn of figures gives the actual deflections observed for
transmitted sound, the three Sackett boards being tested by both
resonators to establish the connecting ratio between the two sets of
readings.  The second column gives relative transmission values for
the entire set of materials. These values were obtained by redueing
proportionately the numbers in the second set so that the readings for
the Sackett boards were the same in both sets. The third column
eives deflections for the reflected sound, the same resonator being used
throughout for these measurements,

32, Discussion of Resulis—The results show that the porous,
burlap-lined flax and the hairfelt transmit considerable sound and
reflect little. Paper-lined materials—the Keystone Iair Insulator
and Cabot Quilt—transmit less and reflect more. The Sackett boards
are the most efficient sound insulators of the thinner samples, while in
the plaster panels those containing gypsum plaster appear to be more
effective in stopping sound. This is probably due to the faet that
gypsum produces a stiffer, more rigid structure. Some estimation of
the absorption of sound may be formed by remembering that the sum
of the transmitted, reflected, and absorbed sound equals the constant
incident sound. 1f the transmission and reflection are both small, as
with the mineral wool for example, the absorption is correspondingly
large. Thus with the plaster panels the reflection is extremely large,
and the transmission and absorption correspondingly small.

TaeLE 6

DEFLECTIONS 0F RESONATOR FOR TRANSMITTED AND REFLECTED SOUND

Material Transmission Reflection
EETRS o |
Lg-in. Flax, burlap-lined . _....... .. .. .. .. ... . ... .. ... ... 69.4 69.4 | 5.2
Va-in, Hairfelt.................. SRR B e B N N 59.7 59.7 | 6.0
V—in. Paper-lined hairfelt . ........... A R e e 35.2 352 | 14.7
ﬁ—in. Cabot Quilt single ply ......oiviii i iimniiiiivaarmnins 34.3 3.3 15.6
Rein: BUIIERRE YDEE i 10 i i tier e e e i SR e e 12.7 12.7 32.3
Yg-in, Flax board ....... ... ......... B S 2 e, b b, e 6.5 6.5 26.2
Lisin: Sanketbbotnd: <ol cis S airiia e b i | 0.36  0.36 41.9
SEin: BRolBbt ORTE - o ccnpimin vamm s s s woon e | 0.26 0.26 42 2
ﬁ—in. Sackett board ............. RS B A A A | 0.156 0.15 42.7
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TasLE 6 (CONTINUED)

TransMmissioN OsTAINED WITH MoRE SENSITIVE RESONATOR

Material Transmission Reflection
1o BB OB T o ion e S e P R A 28.3 0.36 N
-in. Sackett board ... ... ... e 23.4 0.26 SR
£ LR T R NSO S SN S 9.4 0.15 ains
2eim, Mneral w00l . ...ocvvvr s densmnma s e sy s s 18.5 0.22 16.9
2-ini; Clypeim - Foarringy Bt P o i e i e b T a ki 6.1 0.073 45.8

PrastEr Paxers

Limne bane, Erpene Buiah .. oo o cemiam dee wamie e s Bhe s i 5.2 0.062 45.2
Sanded gypsum base, lime finish............................ 6.5 0.078 45.1
Sanded gypsum base, gypsum finish. ... ................ ... 3.5 0.042 45.8
Wood fiber base, gypsum finish............................. 3.0 0.036 46.0
Wood fiber base, lime finish. ., ...............ooiiiiiiiiae, 1.8 0.022 46.1

Since the materials in this series of tests were compared under
cireumstances maintained as uniform as possible, the results obtained
are valuable for guidance when selecting material and construections
for sound-proofing purposes.
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VIII. MisceLraANEoUS TRANSMISSION TESTS

33. Test Rooms and Apparatus—The apparatus and arrange-
ments for these tests were quite similar to those used in the previous
ones. (See Fig. 11.) The apparatus was rearranged for convenience
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F16. 11. ARRANGEMENT oF TEST ROOMS AND APPARATUS
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and to guard the sensitive resonators from disturbance when workmen
were about. The source of sound was an adjustable metal organ pipe
designed for the tests and arranged to give 512 vibrations per second,
this being considered an average pitch for sounds ordinarily met with
in buildings. The organ pipe was blown by air from a constant
pressure tank so that throughout the tests the pitch was maintained
at 512 vibrations per second, with a maximum variation of 3 vibra-
tions per second as shown by comparison with a standard tuning fork
at different times. A double Rayleigh resonator developed to a high
degree of sensitivity served to measure the faint sounds transmitted
by the thicker wall. (See Iig. 5.) It gave responses for sounds
that could barely be detected by the ear, thus furnishing a desirable
instrumental substitute for the hearing, because the ear is untrust-
worthy in its quantitative comparison of sounds of different intensity.

34, Further Details of Arrangements.—The amount of sound
transmitted was small, so special eare was taken to minimize the effect
of any leakage of sound. As already explained, the bulk of the sound
was directed by means of a reflector against the partition under test.
The reflected sound was then largely absorbed by padding, especially
by additional layers hung on the walls first struek by the reflected
waves, Figs. 12 and 13 show the details.

The doorway between the rooms received special attention. Two
sound-proof doors were installed in the wall of the inner room,
the door casing eracks being stopped by hairfelt and plaster of Paris.
These proved sufficient for the preliminary tests, but when the thicker
plaster partitions were tested a small transmission of sound became
noticeable. A third sound-proof door was therefore mounted in the
second brick wall, after which no leakage of sound through the door
could be detected by the ear.

The sound transmitted by the test partition passed directly to
the Rayleigh resonator, where it produced its effect, and after this
it was absorbed by padding as in the other room. Investigation with
the ear verified the actions just deseribed. It showed that an intense
sound was directed to the partition and that it was then reflected
strongly, the paths of the waves being as shown in Kig. 11.

Since the measurements were to be comparative, the effort was
made, as in the previous fests, to maintain constant conditions.
Articles of furniture and draperies in the rooms were kept fixed in
position so that the interference pattern would remain unchanged.
The observer placed himself in a small booth where he could take



Fic. 12. VieEw or TEST RooM, SHOWING RAYLEIGH RESONATOR AND
Boora ror OBSERVER



Fig. 13. View or TeEsT RooM, SHOWING PARABOLIC REFLECTOR
LINED WITH LINOLEUM
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readings through a glass window without disturbing the action of
the sound. After the initial adjustments the organ pipe and resonator
were not modified. The pressure tank and the pipe connections were
set up permanently at the beginning of the experiments. Changes
were made only when one partition was taken out and its successor
built in the wall in the same position. Where the partitions were
of equal thickness the measurements were strictly comparable. The
fests were conduected as rapidly as was consistent with accuraey in
order to secure fairly uniform conditions of temperature and humidity,
the chief delaying factor being the time required for the plaster coats to
dry. The tests on the plaster walls were made during the months of
June and July, 1919,

Additional measurements were taken throughout by methods other
than the one deseribed. While these extra measurements are not
considered as reliable as those given by the Rayleigh resonator, they
are in the same order and thus furnish an independent check on
the results.

35, Preliminary Test on Transmission of Sound Through Outing
Flannel—It was the intention in this test to make certain that the
apparatus and method would be applicable to plaster partitions, par-
ticularly those of some thickness. It was planned also to establish
if possible the law connecting the intensity of the transmitted sound
with the thickness of the partition. For this latter purpose a prelim-
inary experiment was performed on the transmission of sound through
outing flannel. One, two, three, four, five, and six lavers of this
material were mounted in succession over a metal lath core installed
in the opening between the two rooms, the transmitted sound for each
case being measured by a Rayleigh resonator. The results are shown
eraphically in Fig. 14, where the intensities of the transmitted sound
are plotted against the respective thicknesses. 1f this were a case of
pure absorption, expressible by the equation 1= 1,¢*, as in paragraph
7, the logarithms of the intensities plotted against the thicknesses
would give a straight line. The logarithms plotted for this case are
shown in Fig. 14, the small departure from a straight line being
explained simply by the fact that the reflected sound was not constant,
but became greater with increasing thicknesses, so that the intensity
of the transmitted sound fell off more rapidly than it would by absorp-
tion alone. The suceess of this experiment verified the various assump-
tions concerning the method and apparatus and gave confidence for
further tests with denser walls.
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Fia. 14. TransMmissioN oF Sounxd BY OuTING FLANNEL

36. Transmission Through Thin Plaster Partition—Plaster was
then applied in place of the outing flannel (see Fig. 15), and it proved
to be so much more effective in stopping sound that the resonator
used with outing flannel gave no readable deflection, making it neces-
sary to install one much more sensitive—the resonator pictured in
Fig. 5—before a reading could be obtained. Measurements were
taken on this panel for a week, until the plaster dried. More plaster
was then applied with a brush to the back of the panel in order to
fill the holes between the keys, thus producing a fairly uniform
thickness of about 14 in. For this increased thickiiess the resonator
gave a deflection about one-sixth as great as for the thinner layer.
Further measurements were then taken for nine successive days, the
results being shown graphically in Fig. 16, which displays some inter-
esting features. The transmission increased during the second and
third days after the first coat of plaster was applied, due probably
to some change in the plaster as it set and dried. This phenomenon
is shown for the second coat of plaster also.

37. Effect on Transmission of Sound When Pressure is Applied
to a Thin Partition.—Finally, the transmission of sound was measured
when this panel was subjected fo sucecessively increasing pressures
until it broke. The pressures were applied by a 2-in. board and two



Fig. 15. EXPERIMENTAL PARTITION FORMED BY A CoAT
oF GYPSUM PLASTER ON METAL LATH
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iron bars. Turning the nuts on the bolts supporting the iron bars
gave successive Inereases in pressure. Under this treatment the
panel acted very much like a drumhead, transmitting more sound when
tuned up and less when something in the panel gave way and relieved
the tension. Additional pressure tightened it again and the trans-
mitted sound was inecreased, ete., until finally it passed the elastic
limit and gave way like putty under the increases of pressure. No
ereat amount of sound was transmitted in any case until plaster
was knocked off both sides of the metal lath, thus leaving an open
passage about 6 in. long. Fig. 17 gives the details.

38. Effect of Pressure on a Thick Plaster Partition.—The fore-
coing experiment was repeated with a 2-in. solid plaster board and
plaster partition. A 4-in. wooden block was pushed with successively
increasing pressures against the center of the partition and measure-
ments of transmission taken at successive stages until cracks of some
size were developed. The amounts of sound transmitted were not
large, probably because of the friction between the rough walls of
the eracks and the vibrating air particles. Figs. 18 and 19 show
photographs of the partition, while Fig. 20 gives the transmission
measurements.

39, Transmission of Sound Through Threshold Apertures—
In order to test the transmission through threshold apertures, a door
was built info a 2-in. solid metal lath and plaster partition as shown
in Fig. 21. The door was constructed of 2-in. wooden planks and
was carefully fitted into the opening. Door stops were used on the
side opposite the source of sound except at the threshold aperture,
The relative intensities of sound ealeulated from the resonator readings
are as follows:

2-in. metal lath partition, before insertion of door . . . .  0.93
With door installed with 3.-in. threshold opening PR )
With door installed with 14-in. threshold opening . . . . . 117

While the results probably do not express exactly the intensities of
the transmitted sound because of the diffraction effeets by the narrow
opening, they give relative values of the effect of threshold openings.
These openings are equivalent to wide cracks.
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IX. TRANSMISSION OF SOUND BY SOLID PLASTER PARTITIONS

40. Introductory Statement—The preceding tests showed that
the method could be applied to solid plaster partitions as well as to
outing flannel and thin partitions, and that the instruments were
sensitive enough to measure the fainter sounds transmitted by thick
plaster. The way was now open to test thicker plaster partitions.
According to the method deseribed comparative measurements on
the intensity of transmitted sound were made on the following con-
structions :

2-in. solid metal lath and plaster partition;

Z-in, plaster board and plaster partition;

3-in. plaster block partition plastered on both sides;

3-in. plaster block partition plastered on both Bldes with the air holes in
the plaster block filled with plaster.

The partitions, 49 in. by 64 in. in area, were erected by an expert
journeyman plasterer according to the usual practical methods. All
materials were purchased by a local contractor in the open market.
The same kind of plaster was used on all partitions,

41. Case for 2-in. Solid Metal Lath and Plaster Partition.—The
partitions were built solidly into the wall nearest the source of sound,
the plaster coats being applied successively according to standard
specifications. Instead of waiting until the partition was completed,
measurements on transmission of sound were taken for each thickness,
thus giving some idea of the effect of inereasing thicknesses of plaster
in stopping sound. Table 7 gives details of results for the metal lath
partition and indicates the procedure followed for the other partitions
tested for which only the essential records are shown. Iach measure-
ment recorded is the average of two measurements in most cases, in
others of three.

Fig. 23, Curve 1, shows the deflections of Fig. 22 plotted against
the increasing thicknesses of the partition. The transmitted sound
decreases rapidly until the thickness of the wall increases to about
34 in., after which the decrease is slower. The thicknesses for the
various layers were measured when the partition was torn down,
average values of several broken pieces being taken.
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TaeLE 7

READINGS OF RAYLEIGH RESONATOR FOR BoUND TRANSMITTED BY A 2-IN. METAL
LATH AND PLASTER PARTITION*

Date Hour Conditions
AM.
8.00 First coat of plaster applied on metal lath
JURE DA, s v eisarsnre i e oM. )
2.00 72.5 em. deflection of resonator
4.30 68.0 cm.
ALM.
June 23 . e 5.30 87.7 em.
11.30 89.7 em.
P.M.
1.00 second ecoat of plaster applied
3.00 10.2 em.
4.00 9.4 em.
AM.
June 20 .. .. 8.30 14.6 em.
11.30 16.2 em.
L
1.00 third coat of plaster applied
2.30 7.3 em.
8.30 5.4 em.
AM,
JURE 2T s 8.30 4.3 em., drying fans put on
P.M.
1.00 both finish coats applied
3.00 3.8 em,, transmit,te(?smmd very faint
5.00 3.6 em.
AM.
June 28 .. ....iin.. T .30 3.0 em.
11.30 2.8 em.
P.M.
4.30 1.2 em.
June 20 .. ... rs i 1.30 3.4 em., Sunday, quiet
AN,
JOBB B0 o vomrmirim womrmemn o n im0 8, E S 8.30 2.2 em.
P.M,
1.00 2.6 em.
5.00 2.6 em.
AM.
R4 11 |80 GOy S o e e e 5.30 3.6 cm.
P.M,
1.00 3.8 em.
7.30 3.7 em.
AM.
T B R e e 8.30 3.4 cm.
P.M.
5.00 3.6 em., plaster wet on surface
AN,
July 3. .0 iiiiiiiiaii e 5.30 3.2 em., drying fans on
P.M.
4.30 3.9 em.
AM.
TOI A v mseam e R PG s R 8.30 3.4 em,
P.M.
8.00 3.5 em.
AM.
T B R R R R 8.30 3.4 em., partition dry exeept one spot
P.M.
5.30 3.6 cm.
B | 1T R P 1.30 3.6 em.

#The data for the metal lath partition are shown graphiecally in Figure 22, where the deflections
¢f the resnonator due to the transmitted sound are given for successive days as additional coats of
plaster were applied.
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42, Comparative Tests of 2-in. Solid Plaster Partitions.—A sim-
ilar set of readings was taken for a 2-in. plaster partition with plaster
hoard core. (See Fig. 23). The comparative efficiencies of the finished
partitions are given in Table 8, the deflections of the resonator noted
being the average of all the measurements taken after the finish
coats were applied, and the intensities of the transmitted sound being
caleulated by using the relation given in paragraph 22,

TABLE 8

TRANSMISSION OF SOUND BY SOLID PLASTER PARTITIONS

Average | Relative
Deflection | Transmission

2-in. solid metal-lath and plaster partition .
2-in. plaster-board and plaster partition

43, Comparative Transmission of Sound by 3-in. Plaster Block
Partitions—The partitions tested are described as follows :

(a) 3-in. plaster block partition plastered on both sides, giving a fotal
thickness of 4 in,

(b) 3-in. plaster block partition plastered on both sides with the air
holes in the plaster blocks filled with plaster, giving a total thickness of 4 in.

The measurements were taken in the same manner as for the 2-in.
partitions. The plaster blocks for test (b) were filled with plaster
and allowed to dry before erection into the partition. The results
obtained are as follows:

Average Relative
Defleetion Transmission
PREEEON TE) v v i G S s A R R 13.9 em.........3.85
R B AT TN v e s e e A e e e A £.23 em. .o 1.16

44. Effect of a Rigid Plaster Partition on Sound.—The trans-
mission of sound through a plaster partition appears to depend on
its rigidity and mass. Thin partitions transmit considerably more
sound than thick ones, largely because they are less rigid, and vibrate
more casily. Vibrations are set up which may become quite large
when the natural frequency of the partition is in tune with the incident
sound. Thick partitions on the other hand are more rigid and
vibrate less, so that they stop sound largely in proportion to their
mass.
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Sound in a room may be transmitted through the partitions with
more or less difficulty, depending on the qualities of the strueture.
Thus, the inertia of a partition plays an important part. On striking
the heavy partition particles, the air particles of small weight are
thrown back in much the same way that a tennis ball would be, on
striking a eannon ball. Fig. 24 pictures a conception of this idea.

The partition particles are moved back and forth slightly by the
incident pressures and rarefactions, so that sound waves greatly
diminished progress through the partition. Since the latter is thin
compared with the wave length of the sound, all the particles in it
may be thought of as moving simultaneously in the same direction;
that is, the partition may be considered to move back and forth as a
unit. This motion is carried to the air on the further side where
diminished waves, constituting a faint sound, are set up.

[ {

Air asrer Arr

AAAAAARAAAAAN A

Fia. 24, DiAGraM ILLUSTRATING TRANSMISSION AND REFLECTION OF
Sounp WAVES BY A SoLID PARTITION

Theory shows that the sound in air reflected from a rigid material
is given by the expression :*
_mpml/p A
Vi+rz (e l/pN)?
where p is the density of air, d, that of the material, X is the wave
length of sound, and [ the thickness of the material. Caleulations

* Rayleigh, Lord. “Theory of Sound.” Vol. 2, See. 271, Equation 11.
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from this expression show that the sound reflected from a rigid gypsum
wall 2.5 in. thick is 99.99968 per cent where the incident sound is taken
equal to 100 per cent. The transmitted sound is the difference between
these quantities, or 0.00032 per cent, giving approximately a transmis-
sion of 3 parts in 1000000 assuming that no sound is absorbed in
passing through the wall or lost in any other manner. The determin-
ing factor in the reflection is the ratio of the density of air compared
to that of plaster; that is, the wall behaves like a rigid body and
acts mainly because of its inertia. It is quite unlikely, however, that
such a partition will be absolutely rigid, particularly if it has some
area; therefore, some sound will be transmitted because of vibrations.

45. Effect of a Flexible Plaster Partition on Sound.—In case
the partition is limited in extent and fastened at the edges, as it must
be in any form of partition construction, the sound pressures must
overcome not only the inertia of the plaster but also its rigidity or
resistance to being distorted. A sound pressure applied perpendicu-
larly to the surface causes a small displacement, greatest at the
center and zero at the edges, so that the partition becomes slightly
bulged, with a small increase in area. The less a wall gives under such
a force, the more efficiently will it stop sound. An inspeection of Figs.
24 and 25 in this connection give some idea of the strains set up by a

\
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I'1é. 25, How A ParTiTiON IS BULGED BY PRESSURE OF SOUND
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bulging force. It should be remembered that the pressures due to
sound are not static but are rapidly alternating pressures and rarefac-
tions of very small amplitude.

The transmission of sound depends on the vibration of the par-
tition, which acts in this regard like a thick elastic plate. The
rapidly alternating pressures and rarefactions of the sound waves
set the partition in minute motion and thus ecreate corresponding
pressures and rarefactions (sound waves) on the farther side of the
partition. The effect is intensified and the transmitted sound increased
in volume if the natural period of the partition is in tune with the
sound waves. The vibrations for ordinary sounds and partitions are
usually small, probably not exceeding 1/100 in. in amplitude. Other
factors being the same, they decrease in intensity in walls of greater
rigidity.

IPor a rectangular partition fixed at the edges the period of
vibration, N, is deduced from the equation :*

;o mhem?* ¢
M= (a2 N b?)\/ga‘ (1-02)

where ¢ is Young’s modulus of elasiticity, p the density of the par-
tition, ¢ is Poisson’s ratio of lateral contraction to longitudinal
extension, @, b, and 2h the length, breadth, and thickness of the
partition, and m and n whole numbers depending on the mode of
vibration. This equation shows that thick elastic partitions vibrate
quickly, but massive partitions of some dimensions vibrate more
slowly.

46. Effect of the Structure of Plaster Partition.—Another factor
affecting the transmission of sound through a partition is the character
of the structure. Compared with a thin partition a thick, homogenecous
structure has the advantages of greater inertia and rigidity. The
use of an air space completely separating two members of a rigid,
non-vibrating double partition would have a marked action on sound,
and, according to theory, a partition of this construction would stop
many times more sound than a similar single partition whose thick-
ness equals the sum of the thicknesses of the two members of the double
partition. This is due fo the abrupt change in elasticity and density

* Barton, E. H. “Text Book of Sound."” Seec. 226, Equation 11.
Rayleigh, Lord. ‘‘Theory of Sound.” Vol. 1, See. 225.
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from plaster to air and from air to plaster as the sound strikes the
second member, In case the air space is bridged over, as in practical
construetions is usually the case at the ceiling, floor, and other points,
this theoretical efficiency is greatly diminished because the vibrations
travel easily along the paths afforded by the continuity of solid ma-
terials. Thus the bridged over partition should be considered as a
unit instead of two separate members, and its efficiency in stopping
sound judged mainly on its weight and rigidity.

The core of a partition is another feature of structure that affeets
the transmission. It may be of such a nature as to increase the
strength of the partition, it may be simply the central part of a
homogeneous medinm, or it may so separate the partition into two
parts that the structure is weaker than a homogeneous unit. A
partition with increased strength due to the core, such as a steel
reenforcement, would be more rigid than an equally thick homogeneous
partition and would stop more sound. The homogeneous partition in
turn would be more efficient in stopping sound than the double par-
tition weakened by the core. The latter, however, has some possible
advantage in reflecting sound because of the change in elasticity and
density in the core. An extreme illustration of this kind would be the
case where the core consists of hairfelt, so that its action in stopping
sound would be analogous to that of an air space. If the core consists
of a sheet of thick paper, making, without air space, a continuous
confact with plaster on both sides, this efficiency is largely lost and
the small gain due to reflected sound would appear to be overcome by
the loss in rigidity of the structure.

47, Discussion of Ewxperimental Results Obtained with Solid
Plaster Partitions—The experimental results obtained in the fests
appear to be in accord with these theoretical considerations. Thin
partitions vibrated under the action of sound waves, as could be
ascertained by touching the surface of the plaster. The vibrations
(and transmitted sound) were more vigorous for the proper co-
ordination of the elasticity of the partition and the frequency of the
sound as shown by the data pictured in Fig. 17. Thick partitions
transmitted but little sound. They were quite rigid because of their
small area and considerable thickness, and also because they were
mounted solidly in a double brick wall. Their action in stopping
sound must have been due largely to their rigidity and mass.
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It should not be concluded from these tests that partitions of
similar construction in buildings will all have exactly the same
sound-proof qualities; larger area of building partitions, resulting in
lessened rigidity, will allow a greater transmission of sound. The
value of the results obtained in the tests lies in the fact that they were
obtained by direct comparison under identical surroundings, rather
than by tests on different types of partitions in different buildings,
with varying floor and ceiling construections, unequal sizes of rooms,
uncontrolled extraneous sounds, ete. The results thus give informa-
tion for guidance in the choice of materials and constructions where
sound insulation is contemplated.



SOUND-PROOF PARTITIONS 61

X. ExawmprLes oF Sounp-Proor Rooms

48. Preliminary Statement—In order to supplement the infor-
mation given in the previously deseribed experiments examples of
soundproofing should be included in the discussion. These examples
are mostly practical constructions in buildings with walls of greater
size than could be tested conveniently in laboratory experiments, and
with additional eomplexities such as a ventilation system, pipes for
steam, water, and wires, etc. An account of such constructions,
together with the results of the previous tests, allows more definite
conclusions to be drawn concerning the general procedure in sound
insnlation.

The illustrations chosen for discussion concern two types of in-
stallazions; first, single rooms that are soundproofed for experimental
purposes, and second, entire buildings where sound insulation was
needed. A detailed deseription of all the examples available would
involve too long an account; therefore, several typical cases are
selected for discussion and references are given for the others.

49. Sound-Proof Rooms for Acoustic Experiments.—A small
laboratory building containing a number of rooms for acoustical
experiments was designed by W. C. Sabine according to his extensive
experience in architectural acousties.* The essential construction was
simple yet effective. Heavy brick walls served to give sufficient
rigidity to reduce vibrations to a minimum. The weight of these
walls together with an air space between them presented a decided
hindrance to the transmission of sound waves. (See Fig. 26.)

* Sabine, P. E. “Wallace Clement Sabine Laboratory of Acoustics.” Am, Arch.,, Vol
116, pp. 133-138, 1919,
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F'ra. 26, PLAN 0F WALLACE CLEMENT SABINE ACOUSTICAL LaBoRATORY

("T'his laboratory was bnilt and is maintained by Colonel George Fabyan at Geneva,
Illinois, hecaunse of his interest in seientific work and his personal regard for Professor
Sabine.  Since the death of the latter the investigational work has been conduected by Dr.
Paul E. Sabine, a cousin of l‘g‘ufu-.\;.ﬂur Sahine.)

50. Sound-Proof Constant-Temperature Room.—The structure
illustrated in Fig. 27 is a small building constructed primarily for
securing constant temperature. If appears also to be an excellent
sound-proof strueture. The deseription® is as follows:

* “Results of Observations made at the Coast and Geodetic Survey Magnetic Observatory
at Cheltenham, Maryland, 1901-1904." Dept. of Commerce and Labor, U. 8. C. and G. S,
pp. 11-13, 1909,
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¢*The variation observatory is essentially two small buildings inclosed by
a third larger one. The outside dimensions of the variation observatory are 36 by
56 by 24 ft., with a vestibule 10 by 13 ft. The inner rooms are each 16 by 1914
ft. inside measure, separated from each other by a passageway 5% ft. wide. The
wall insulation is as follows (see Fig. 27); beginning at the outside, pine weather-
boarding, 8-ply building paper, 1-in. pine sheathing, 8-in. air space, 1-in. pine
sheathing, 8-ply paper, 3 ft. pine sawdust, S-ply paper, 74-in, pine sheathing, 31 /16
ft. air space (passageway around inner rooms), 7&-in. pine sheathing, 8-ply paper,
1 ft. pine sawdust, S-ply paper, 7&-in. pine sheathing. Beginning at the roof and
going down: gravel and asphalt-piteh roof, 1-in. pine sheathing, 3 2/3 ft. air
space, 1-in. rough pine floor, 3 ft. pine sawdust, S-ply paper, 75-in. pine sheathing,
3 ft. air space above inner rooms, l-in. rough pine floor, 114 ft. pine sawdust,
9-ply paper, 7%-in. ceiling. Insulation from bottom of foundation is 2 2/3 ft.
earth, 6 to % in. layer of gravel, 3 ft. sawdust, 1-in. pine floor, 7&-in. matched
pine floor. The 8-in, air space next to the outside of the building is provided with
slat ventilators at top and bottom, which when open permit a free circulation of
air up the sides of the building and out through the ventilators in the roof. By
the use of tighi-fitting shutters it can be converted into a practically air-tight
space. By this arrangement of alternating air spaces and sawdust packing the
variation in the temperature is kept within the desired limits without the aid
of heating apparatus. The daily range is kept down to almost nothing and the
annual range to only a few degrees Centigrade.’’
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Mr. W. W. Merrymon, one of the magnetic observers, stated
that the room was so sound-proof that he thought he would be unable
to make outsiders hear in case he were in distress— from lightning or
other causes. Trial by loud shouting within the room gave almost
no sound outside, and this faint sound appeared due to the passage
of sound through the air duets in the floor. By closing these the
room would doubtless have been made ‘‘sound-proof.”’

51. Sound-Proof Roeom for Psychology Tests—Concerning this
room, Dean C. E. Seashore of the State University of ITowa writes:
““Our experience in building the sound-proof room in psychology
would not be of any great help in the soundproofing of a musie
building, since all the precautions that we have taken are such as could
be taken for a small cage room.”” The deseription* of the room is
as follows:

““The construction of the observing room deserves especial mention. To make
a dark room impervious to external light is a matter presenting no serious
difficulty. To make a room impervious to external sound or wholly free from
the jarring from surrounding rooms or adjacent streets is a problem which has
not yet been solved and of course never will be. We made the attempt to approach
a little nearer to this end than has hitherto been done. The result is a room as
free from external disturbances as is needed in any experiments in which it is
necessary to control visual, auditory and tactual stimuli. So far as this has
been aceomplished, the eredit is largely due to the architects, Messrs. Proudfoot
and Bird, who worked out many of the details of construction. The position of
the observing room is central, occupying a place not otherwise desirable from lack
of light. The room rests on an independent foundation, having no solid connection
with the rest of the building either below, above, or on the sides. The super-
structure which supports the room rests upon a sand bed and a second sand bed
at a higher level still further assists in eliminating possible jarring or sound
which might be eommunicated from the ground. The walls of the room itself,
inside the main partitions, which separate the whole space from the surrounding
apartments, are made of two four-inch walls of hollow tiles separated by an air
space and each covered with a thick insulating material made of sea-weed. Inside
of all, the walls are plastered and then lined throughout with black broadeloth.
The inside room is divided into the main observing room 12 ft. 2 in. by 12 ft. 7 in.,
and a vestibule, 4 ft. by 12 ft. 7 in. The room is entered through five doors,
the outer one being an ordinary oak door and the other four especially construeted
tight fitting cedar doors, covered with black cloth on the sides and edges. The
doors close with strong springs and are held open by automatic eatches. The
floor is made of Tennessee red cedar and covered with linoleum painted black.
The room is heated and ventilated by means of hot air introduced not directly

* Studies in Psychology, Vol. II1, pp. 132-143; State Univ. of Ia., Bul, New Series, No.
49, May, 1902,
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but from the attic through cedar shafts provided with overlapping cloth partitions
which admit the air but help to exelude sound. For very fine experiments the
ventilating shaft may be closed and the room ventilated during intermissions. The
room may be lighted by gas or eleetricity, the former being introduced through
rubber tubes. The furnishing consists of black tables and chairs and a telephone
connected with the measuring room. In the exclusion of sound and vibration,
as well as in other respects, the room has proved to be a complete success. The
loudest stentorian shouting just outside the doors is absolutely unheard within.”’

52. A Noiseless Room.—A noiseless room for sound experiments
was built in Utrecht, Holland.* Figs. 28 and 29 show the complicated
details. The room was about 7 ft. by 7 ft. by 7 ft., and the walls were
11 in. thick. A person in this room could hear his heart beat.

53. A Group of Sound-Proof Rooms.—Nortont tested five small
rooms whose walls were specially constructed of different materials,
The tests were not strictly eomparative because three of the rooms
had one thin side that vibrated under resonance and transmitted
sound to adjacent sides; also there was some leakage of sound through
the doors and ceiling. Observations were taken by the ear, and
different partitions rated by estimation. The results show that inereas-
ing the thickness of the walls promoted sound insulation; also, that
double partitions with air space and enclosed sound absorbing ma-
terials are more effective than single partitions.

54. Room Soundproofed for Machine Gun—During the war a
room about 12 by 14 by 12 ft. was designed to insulate the explosive
sounds of machine guns when these were being tested. The room
occupied one corner of a larger room. The walls of the insulating room
were brick on two sides—those of the larger room—and wood on the
other two sides. Iour inches of ground cork lined the wood walls,
being held in place by metal netting nailed to 2 in. by 4 in. wood
studding. A double layer of flax boards lined the ceiling. A pile
of sand into which the bullets were fired assisted in the absorption
of sound. People across the street from the room were unaware of
the machine gun operation until the observer forgot to close the double
windows after opening them to let the powder smoke out.

* Franz, 8. I. *“A Noiseless Room for Sound Experiments.” Se., Vol. 26, pp. 878-
881, 1907.

1 Norton, C. L. “‘Sound-Proof Partitions.” Insur, Eng., Vol. 4, p. 181, 1902,
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55. Soundproofing @ Noisy Machine—A brick rattling machine,
used by the Highway Engineering Department at the University of
Illinois, was extremely noisy, so that suggestions for a method of
minimizing the disturbance were requested. The machine was mounted
on a platform and enclosed first in a sheet iron covering which served
to prevent the escape of dust as well as sound. (See Fig. 30.) A
larger, double walled wooden box, having the interspace filled with
saw-dust, and being equipped with a hinged cover, was built to give
further insulation. Without the covers, the machine is so noisy that
one person cannot be heard by another without shouting loudly into
his ear. With the covers on, the noise is greatly reduced and con-
versation is possible. This matter has its economic side, because, with
noisy machines, the hearing and therefore the efficiency of employees
becomes affected.
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NI. Souxp-Proor BuinLpings

56.  The Smith Music Building.—An inereasing number of build-
ings with soundproofing features have been constructed in the pasi
few years, F. R. Watson, in collaboration with Architect James M.
White, incorporated a number of soundproofing constructions in the
Smith Memorial Music Building at the University of Illinois.* This
problem was more complex than soundproofing a single room. It
involved the sound insulation of some fifty small practice rooms, twelve
studios, and the larger concert hall, besides the acoustic control of
sounds of motors, fans, and elevators.

Since the possibility of transmission of sound was greatest between
adjacent rooms, each dividing wall, eeiling, or floor was made double,
with air space containing absorbing material, and was left entirely
unbroken. All pipes, conduits, ventilator duets, doors, and windows
were specially placed in outside or corridor walls where the leakage
of sound would be less harmful., This systematic construetion throwugh-
oul the building meant that a sound generated in a room must pene-
trate the insulation to escape. To enter another room, it must pass
a second time through a special insulation. When traversing the
building structure, a sound would continually meet hindrances that
would either stop or absorb it.

Fig. 31 pictures some of the features that were adopted to control
sound. The concrete floor, 12 in. thick, was broken in its continuity
by the form planks that were purposely left in place. Walls
between rooms were constructed of two 3-in. gypsum partitions in-
sulated at the bottom by machinery cork and at the top and sides by
hairfelt. “‘Insulite’ was installed in the air space between the
gypsum partitions, to absorb sound and also to present a barrier in
case eracks developed in the gypsum. The finish floors were floated on
a 1-in. layer of dry sand in order to break the continuity of material
and thus stop the progress of vibrations,

* Watson, F. R. “Sound-Proofing a Building." Arch, ¥or., Vol. 35, pp. 178-182, Nov,,
1921,
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Experiments conducted in the building after its completion show
that a measure of success attended the design and construction. Loud
speaking and shouting in the practice rooms can hardly be heard out-
side. Musie, however, penetrates the insulation more easily, so that
sound, largely diminished, may be heard in adjacent rooms. This
leakage of sound, however, does not appear of great disadvantage,
Students use adjacent rooms for singing practice, and for piano,
violin, and other instrumental drill, without serious disturbance to
each other.

The ventilation system is not as sound-proof as desired, and
appears to be the greatest drawback in the control of sound. Each
room was equipped with a separate inlet and outlet duct. Four inde-
pendent ventilating systems furnished air to four groups of rooms in
order to lessen the chance for transfer of sound from one group to
others. The ventilation system is now under investigation with a
view to improving the insulation.

The building is not absolutely sound-proof nor does this appear
necessary for practical purposes. The sounds that leak through the
insulation are ereatly diminished in intensity and therefore of minor
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importance compared with the sounds generated in the room con-
taining the observer.

57. Other Buildings with Soundproofing.—Music buildings with
soundproofing features have been erected at other institutions, and,
from the reports received, appear to give satistaction. The construc-
tions involve double walls with absorbing material, and more or less
attention has been given to the design of the ventilation.
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XII. CoNCLUSIONS

58.  Summary of Conclusions and Recommendations—The infor-
mation in this bulletin was drawn from three sources; the theory of
the behavior of sound waves, experimental investigations of the
effect of materials on sound, and examples of sound-proof installations.
The details of this information, while drawn from different sources
and apparently unrelated, coirdinate in a satisfactory way in setting
forth similar conclusions.

Some of the more general principles and recommendations are
stated in the following paragraphs, but the details and comments
necessary for a more comprehensive conception of the problem of
soundproofing are to be found in the deseriptions throughout the
bulletin. :

Sound may be transmitted from one side of a partition to the
other in three ways; it may progress through continuous air passages,
it may pass as an elastic wave through the solid strueture of the
partition, or, by setting the partition in vibration, it may originate
sound waves on the further side.

These actions are quite readily understood by remembering that
sound consists of a series of compressions and rarefactions that progress
rapidly through a medinm without interruption unless they meet
a new medium with a different elasticity or density. For instance,
sound waves in air proceed without hindrance through air passages,
such as ventilation openings in a partition. If, however, the passages
are small in cross-seetion, as in the case of a porous material, the
progress is hindered and a certain amount of absorption of the energy
takes place, due to the friction set up between the vibrating air column
and the sides of the pores.

In case the partition is impervious to air, the direet progress of
the waves is interrupted. A thin partition is set in vibration and
thus orginates new waves on the side opposite the incident sound.
For a thicker, more rigid partition, the vibrations are smaller and a
very considerable part of the energy is reflected. The transmission in
this case takes place by compressional waves communicated to the
solid material of the partition. The amount of energy thus trans-
mitted is usually quite small.
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In view of these considerations a sound-proof partition should
be as rigid and free from air passages as possible. For effective sound-
proofing of a group of rooms, the partitions, floors, and ceilings
between adjacent rooms should be made continuous and rigid. Any
necessary openings for pipes, ventilators, doors, and windows should be
placed in outside or corridor walls where a leakage of sound will be
less objectionable.

In case the sound is generated in the building structure, as the
vibrations set up by a motor fastened to the floor, the compressional
waves proceed through the continuity of solid materials. In order to
stop them, it is necessary to make a break in the structure so as to
interpose a new medium differing in elasticity and density. For
instance, the vibrations of a motor may be minimized by placing a
layer of hairfelt, or similar air-filled material, between the supporting
base and the floor., Where the machine is quite heavy, footings may
be made of alternate layers of asbestos, lead, and leather. Bolting
through this material will reduce the insulation, because the vibrations
in this case will pass easily through the bolts to the floor. The
insulation should thus be left without any bridging over of the dis-
continuities. Air gaps in masonry will be effective if the air space
is not bridged over at any point. A floor floated on sand, sawdust, or
hairfelt would approximate this condition. The edges of the floor
should be insulated from the walls by felt or similar material.

Especial attention should be paid to the ventilation system. All
effective sound-proof constructions either omit entirely a ventilation
system or else construct it in some special manner to avoid trans-
mission of sound. In some buildings air is supplied and withdrawn
from rooms by individual pipes that are small in diameter and extend
without break from the air supply chamber to the rooms. This results
in considerable friction between the walls of the pipes and the air,
with a resultant weakening of the sound waves. Without some efficient
contrel of the transference of sound through the ventilation system
it is a waste of effort to construet sound-proof walls, double doors,
and other contrivances for insulation.

When soundproofing a building all details should be considered
with respect to the likelihood of transmission of sound. Kach room,
as far as possible, should be made an insulated unit by means of air
spaces or air-filled materials that separate it from surrounding walls.
Pipes and ventilators should be so installed as to minimize the chance
of transfer of sound. Patent doors are now available that will close
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the door space at top, sides, and bottom. In case a troublesome sound
is generated in the room, it may be minimized by installing absorbing
material on the walls.

The absorption of sound is an essential feature for sound-
proofing. Reflecting sound and scattering it still leaves it with energy.
[t must be absorbed; that is, converted into heat energy by frietion,
before it is eliminated as sound. This means that earpets, furniture,
draperies, ete. should be present, or if greater absorption is desired,
hairfelt or similar materials must be installed.

The insulation of sound is a complex problem and a successtul
solution is obtained only when all the possibilities of transfer of sound
are anticipated and guarded against. While many things may be
learned from further experience and much may be gained from addi-
tional theory, enough has been revealed to give encouragement to the
belief that soundproofing may be prescribed in the future with some
of the certainty that now attends the acoustic design of auditoriums,
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Bulletin No. 82. Laboratory Tests of a Consolidation Locomotive, by E. C.
Schmidt, J. M. Snodgrass, and R. B. Keller. 1915. Sizty-five cents.

*Bulletin No. 8. Magnetic and Other Properties of Iron-Silicon Alloys,
Melted in Vacuo, by Trygve D. Yensen. 1915. Thirty-five cents.

Bulletin No. 84. Tests of Reinforced Concrete Flat Slab Structures, by
Arthur N. Talbot and W. A. Blater. 1916. Sizty-five cents.

*Bulletin No. 85. The Strength and Stiffness of Steel under Biaxial Loading,
by A. J. Becker. 1916. Thirty-five cents.

Bulletin No. 86. The Strength of I-Beams and Girders, by Herbert I*. Moore
and W. M. Wilson. 1916. Thirty cents.

*Bulletin No. 87. Correction of Echoes in the Auditorium, University of Illi-
nois, by F. R. Watson and J. M. White. 1916. Fifteen cents.

Bulletin No. 88. Dry Preparation of Bituminous Coal at Illinois Miues, by
E. A. Holbrook. 1916. Seventy cents.

Bulletin No. 89. Bpecifie Gravity Studies of Illinois Coal, by Merle L. Nebel
1918. Thirty cents.

*Bulletin No. 90. Some Graphical Solutions of Electric Railway Problems, by
A. M. Buck. 1916. Twenity cents.

Bulletin No. 91. Subsidence Resulting from Mining, by L. E. Young and
H. H. Btoek. 1916. None available.

*Bulletin No. 92. The Tractive Resistance on Curves of a 28.Ton Electric
Car, by E. C. Schmidt and H. H. Dunn. 1916, Twenty-five cents.

*Bulletin No. 93. A Preliminary Study of the Alloys of Chromium, Copper,
and Nickel, by D. F. McFarland and O. E. Harder. 1916. Thirty cents.

*Bulletin No. 94. The Embrittling Action of Sodium Hydroxide on Soft Steel,
by B. W. Parr. 1917. Thirty cents.

*Bulletin No. 95. Magnetic and Other Properties of Iron-Aluminum Alloys
Melted in Vacuo, by T. D. Yensen and W. A. Gatward. 1917. Twenty-five cents.

* A limited number of copies of bulletins starred are available for free distribution.
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*Bulletin No. 96. The Effect of Mouthpieces on the Flow of Water through
a Submerged Short Pipe, by Fred B Seely. 1917. T'wenty-five cents.

*Bulletin No. 97. Effects of Storage upon the Properties of Coal, by 8. W.
Parr. 1917. Twenty cents.

*Bulletin No. 98. Tests of Oxyacetylene Welded Joints in Steel Plates, by
Herbert F. Moore. 1917. Ten cents. '

Circular No. 4. The Economical Purchase and Use of Coal for Heating
Homes, with Special Reference to Conditions in Illinois. 1917. Ten cents.

*Bulletin No. 99. The Collapse of Short Thin Tubes, by A. P. Carman, 1917.
Twenty cents.

*Circular No. 5. The Utilization of Pyrite Oceurring in Illinois Bituminous
Coal, by E. A. Holbrook. 1917. Twenty cents.

*Bulletin No. 100. Percentage of Extraction of Bituminous Coal with Special
Reference to Illinois Conditions, by C. M. Young. 1917.

*Bulletin No. 101. Comparative Tests of Six Sizes of Illinois Coal on a Mi
kado Locomotive, by E. C. Schmidt, J. M. Snodgrass, and O. 8. Beyer, Jr. 1917.
Fifty cents. '

*Bulletin No. 102. A Study of the Heat Transmission of Building Materials,
by A. C. Willard and L. C. Lichty. 1917. Twenty-five cents.

*Bulletin No. 108. An Investigation of Twist Drills, by B. Benedict and W.
P. Lukens. 1917. Sizty cents.

*Bulletin No. 104. Tests to Determine the Rigidity of Riveted Joints of Steel
Structures, by W. M. Wilson and H. F. Moore. 1917. Twenty-five cents.

Circular No. 6. The Storage of Bituminous Coal, by H. H. Stoek. 191¥
Forty cents.

Circular No. 7. Fuel Economy in the Operation of Hand Fired Power
Plants. 1918, Twenty cents.

*Bulletin No. 105. Hydraulic Experiments with Valves, Orifices, Hose, Nozzles,
and Orifice Buckets, by Arthur N. Talbot, Fred B Seely, Virgil R. Fleming, and
Meélvin L. Enger. 1918. Thirty-five cents.

*Bulletin No. 106. Test of a Flat Slab Floor of the Western Newspaper Union
Building, by Arthur N. Talbot and Harrison F. Gonnerman. 1918. Twenty cents.

Circular No. 8. The Economical Use of Coal in Railway Locomotives. 1918.
Twenty cents.

*Bulletin No. 107. Analysis and Tests of Rigidly Connected Reinforced Con-
crete Frames, by Mikishi Abe. 1918. Fifty cents.

*Bulletin No. 108. Analysis of Statically Indeterminate Structures by the
Slope Deflection Method, by W. M. Wilson, F. E. Richart, and Camillo Weiss. 1918.
One dollar.

*Bulletin No. 109. The Pipe Orifice as a Means of Measuring Flow of Water
through a Pipe, by R. E. Davis and H. H. Jordan, 1918. Twenty-five cents.

*Bulletin No. 110. Passenger Train Resistance, by B. C. Schmidt and H. H,
Dunn. 1918. T'wenty cents.

* A limited number of copies of bulletins starred are available for free distribution.
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*Bulletin No. 111. A Study of the Forms in which Sulphur Oceurs in Coal, by
A. R. Powell with S. W, Parr. 1919. Thirty cents.

*Bulletin No. 112. Report of Progress in Warm-Air Furnace Research, by
A. C. Willard. 1919, Thirty-five cents.

*Bulletin No. 118. Panel System of Coal Mining. A Graphieal Study of Per-
centage of Extraction, by C. M. Young. 1919.

*Bulletin No. 114. Corona Discharge, by Earle H. Warner with Jakob Kunz.
1919. Seventy-five cents.

*Bulletin No. 115. The Relation between the Elastic Strengths of Steel in
Tension, Compression, and Shear, by F. B. Seely and W. J. Putnam. 1920.
Twently cents.

Bulletin No. 116. Bituminous Coal Storage Practice, by H. H. Stoek, C. W.
Hippard, and W. D. Langtry. 1920. Seventy-five cents.

*Bulletin No. 117. Emissivity of Heat from Various Surfaces, by V. 8. Day.
1920. Twenty cents.

*Bulletin No. 118. Dissolved Gases in Glass, by E. W. Washburn, F. F. Footitt,
and E. N. Bunting. 1920. Twenty cents.

* Bulletin No. 119. Some Conditions Affecting the Usefulness of Iron Oxide for
City Gas Purification, by W. A. Dunkley. 1921.

*Circular No. 9. The Functions of the Engineering Experiment Station of the
University of Illinois, by C. R. Richards. 1921,

*Bulletin No. 120. Investigation of Warm-Air Furnaces and Heating Systems,
by A. C. Willard, A. P. Kratz, and V. 8. Day, 1921. Seventy-five cents.

*Bulletin No. 121. The Volute in Architecture and Architectural Decoration, by
Rexford Neweomb. 1921. Forty-five cents.

*Bulletin No. 122. The Thermal Conduectivity and Diffusivity of Concrete, by
A. P, Carman and R. A. Nelson. 1921. Twenly cents.

*Bulletin No. 123. Studies on Cooling of Fresh Concrete in Freezing Weather,
by Tokujiro Yoshida. 1921. Thirty cents.

*Bulletin No. 124. An Investigation of the Fatigue of Metals, by H. F. Moore
and J. B. Kommers. 1921. Ninety-five cents.

*Bulletin No. 125. The Distribution of the Forms of Sulphur in the Coal Bed,
by J. F. Yancey and Thomas Fraser. 1921,

*Bulletin No. 126. A Study of the Effect of Moisture Content upon the Ex-
pansion and Contraction of Plain and Reinforced Conerete, by T. Matsumoto.
1921, Twenty cents.

*Bulletin No. 127. Sound-Proof Partitions by F. R. Watson. 1922. Forty-
five cents.

* A limited number of copies of bulletins starred are available for free distribution.
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