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SEISMIC EFFECTS OF QUARRY BLASTING:

By J. R, TuoeNexn ? anp 8, L, WiNves?

INTRODUCTION

The proximity of residential districts to quarey operations has lon,
eausedd coneern to quarry operators and eivie orrnnizutions charge
with responsibility for municipal expansion and safety, In many
inatanees, litigation has been inatituted in which the resident elnimed

" that vibrations transmitted through the ground from blasts in the

quarry coused damage to his home.  Until reeently thera wos ne
necneate means for measuring such seismic vibrationg and evaluating
their damaging effvet, if any, on adjacent structures, At the request
of the quarry indusiry, tl‘:an Burean of Mines underiook research
to nseerlain the physienl churneteristics of seismic disturbunces from
blnsting in quarries and to evaluate their offect on kypienl struettres,

The resenrch program on seismie disturbanees waus completed in the
fnll of 1940,  From time to time during the study eurrent rosults were
mblished in progeess reports to inform the interested public of the
[':mts ns Lhey were aceumuluted, The study itself involved highly
techinjenl and seientific elaments, and in order that tho lay roader
would not ho confused by technienl phrascology it was frequently
necossary Lo state conclusions without elaborsting on the dotailed
stops leading to them.  Asaresult, the progress reports wore probably
open lo eriticism from thoe techinicinn,

Larly resenreh uncovered many charneteristica and phenomena
that apparently were contradietory, snel until the study was complete
their proper interpretation froquently was obseure.  ‘This was anotlor
renson for omitting technieal detnils until nll phases of the problem
Iad recoived sullieient investignlion Lo elurify certain aspeets.

OBJECT OF BULLETIN

The objeet of this bullotin is to review briefly ‘the provious publien-
tions 8o dmt. Lha repder may follow the progress of tho research and
to supply the teehnieal details supporting the conclusions reached,
In nny such sludy, evolution o} the technique invarinbly uncovera
many relnbed avenues of resenrch which are of scientifie interest but
havo enly indireet bearing on the muin problem,  Related problems,
while fully recognized from Lime o time, have been deliberately
omitled front tho study in order that o solutien of the main problem

b Wark on unuseripe enmpltlml March [0, LML,
! Bendor minlnge englicer, Nonmetal Mining Seetfon, Minlig DIvision, Rarean of Mines,
1 Beignologle observer, Namnetal Mining Sectlon, Mining HIvislor, Heread of Mines,
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would not bo delayed unduly.  Although related subjeets olfer
extremely interesting leads for seientifie swudy, they are nat con-
sidered to bo within the provinee of the Bureau in ity sitidy of practical
prablems of mine eperation,

HISTORY OF STUDY

In Murch 1930 correspondenco was bogun between Dy, Charles B,
Munroe, of tho Bureau of Mines, and exccutives of the quarry wnd
explosives-nnufacturing industries with the objeet of nitinting »
major resenrch into ways and means of settling what dumngo, if any,
was caused by scismio vibrations from quarry blasta,  Early in 1030
& geophysical section was formed in the Bureau with De, 1% WV, Leo
a8 the supervising enginecer,  Dr, Munroo recognized the possibility
of utilizing geophysienl cquipment for measuring and recording
carth vibrations and turned the problem over to Dp, Len,

A cooperative agreement was reached botween the Bareau and Otho
M. Graves, president of the General Crushed Stane Co., Enston, Pa,
repreaenting his own and six other operating companies,! A sl
initiel Bureau npproprintion was obtsined, which was supplemenied
by & fund rajsed by the seven compatics,

Worlk was begun under the direetion of Dy, Leo to dovelop suitable
equipnient for reeording Lhe ground movement ennsed by the scismic
wive sob up by o quarry hlast,  This work was conducted nt Bueknell
University, Lewishurg, Pa,, and at the Coentenl Experiment Station
of the Burean at Pittsburgh, Pa., under the persennl direction of
Dr. George A, Irinnd. Daovelopment progressed slowly heeause of
inadequate funds and personnel for continuous study,

A preliminary survey of svailable equipment disctosed the fact that
no provision had been made for aceurately enlibrating the scismo-
gruphs or seismometers olready in use,  As a eonscquence, consider-
alle confusion oxisted ns Lo just whaot the instruments nctunlly
recorded, Lhat is, whether veloeily or peceleration of gronnd movenent
or actunl displacement, It wag demonstated thint some instruments
when ones set in motion vibrated st their own aatural frequency,
Selsmographs used for recording vibrutions from eorthquukes com-
monly reeorded neeerntion of pround movemont.  To convert these
records to displacement involved a possible mathomatienl error of
as much ns 100 pereent, according to Dyk (2).*  Dr, Lee felt that
inatruments for this work should Lo designed and constructed so ns
to record ground displacement direetly without mathematienl calenln.
tions, To pccomplish this it was hecessary to design and build
enlibrating tables that could be made to vibrmte aceurntely nt known
frequencies and nmplitides at the will of the aperaior,  Furthermare,
these tables hnd to be desipgned to meintain the [requency constent
while the amplitude was varied ni will within the rango desived or to
hold the amplitude eonstant whilo the frequeney was varied_ within
tho dosired range, These lestures were necessary in ovder thal the
neeurney of the seismometers eould be ehecked (27),  The enlibeslion
tablea were construcled at Pitlaburgh and installed at Bueknoll

4 Phasaven otzlnut compnnles wesa Qeaern] Crpshied Stene Ca,, Eslon, 1 Now Hoven Trap Rock Co.,
Now Taven, Conang West Roalary Teap Roek Co., West Hoxbury, Mass.; Mussachusel (s Jzokon Blong
Ca., Walthom, Mass.: Lyon 8and & Blono Co,, Bwainpsense, Miss; J, & Lo & s, e, Meriden,

Conn.; nnd Kowo Contrneting G, Mahlen, Muv,
o Ttalicleod numbers b prroaitheses refer to reforences i the LIbUegenphy,
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University, Later they wero moved to the lnhoratory of the Eastern
Experimont Station of the Bureau at Collepo Park, Md, (Sce fig 1.}

The noxt stop in the program was the construction of snilable
spismometors, lI‘llis step involved many intrieate technical problema.
As netunl ground displacement or movement was aought, it was ¢con-
venient Lo use thres piclk-up devices or seismometers st ench recording
point, (See fig 2, Two recorded the horizontal components of
motionat right ungles end the third the vertical component; from these
records, the netual movement both in magnitude nnd divection conld
bo computed mathematieslly without npprecinlde ervor, Cerbuin
features of design wora neeessary,  For nsein the field the instruments
must be portable, and they must ho easy to adjust to o rather wide
range of sensitivity so that readable records could ha obtained from
blasts of different magnitudes or the same mngnitudo at difTerent
distances,

The impulses piclked up by the scismometers must bo transmitted
accurately to a centeal point pnd simultancously recorded on a moving
sheot of photogesplie paper, For this purpose electrienl transmission
and the Duddel]l 1ype of oscillograph were utilized, The detnils of
design of hoth the selsmometers nnd thoe transmitting wnd reeording
equipnient have been discussed in Burcan publications (48, 27).

In its finished design, the scismometer consists of n hinged mijddle

Inie swinging betwoen two paraliel outer plates, all eleetrienlly insu-
ated from ano nnother,  (See fig, 3.) Thu two ouler plates are rigidly
conneeted to tho frame of the seismomoter, but the eenter plato i3
suspended to move freely between them,  The two outer plates thus
follow the vibration er movement of the ground on whicli the seis-
momaeter rests, and ag they move the distance hetween one outer plate
and tho center plate increases, wherens tho distanee between the other
outer plate and the center plate deerenses, As a result the electrienl
eapacily botween the middle and ench ouler plate varies in proportion
to the ground movemoent, Theso differences in copacity are convertod
into differences in eleetric eurrent by means of a vacuum-bithe cirenit
(fig. 4) similar in many respeets to the common radio-receiving set,
The plates of tho seismometer net ps two radio condensers, These
condonsers control the froquency of twe vacuums tubes or oscillators,
Thus, movement of tho outer plates changes the [requeney of the
oscillators in opposite direclions, The two oscillntors are coupled
and adjusted to synchronize, Movement of the seismomoeter plates
rlso tends to increnso or deerense tho coupling current between the
oscillators, This change in current is proportionnl to the ground
maovement, but as the current is o high-frequency alternsting current
it is unentisfactory for usc in the oscillograph for recording purposcs,
It js converted to dircet current by a third vacuum tube or reciifier,
Thadircetcurrent is then sent nver a connoctingwire to Lthe oscillograph
element and netuates a light beam, whose movement ean be photo-
raphed. The escillograph contains 12 clemenls so that records ean
Ec made simulteneously from 12 seismometers, IL also has a timing-
fork areangement by means of whicl vertieal lines are projected on
the maoving photographic paper at intervals of nnu-luuulrcdda seconil,
The width botween these Liming lines is regulnted by the apeed of the
drum driving the pnpor,

By 1035 snitable calibeating equipment, seismomoters, and feld
equipment had boen huilt and tested for use. In June of thal year
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Dr. Lee and (he geophysienl prospecting studics of (ho Bureau woerpe
transforred to the Goo ogieal Survey howevor, the study of goismie
vibrations from quarry binsting wys considered owtsidn the field of
Eeophysicnl Prospecting, ns conduct pd by the Survey, and wag rp.
tained by the Bureau, [y July 1935 funds wore allotted o the non-
metal niining section fap study of this mrohlem, A fioly purky was
orgenized, angd preliminary tests wope de on the supfies of the
tound over the Buroan's BExperinmenta] conl ming at Brueston, 1,

ho immudinty object of tha tosts wan 10 femilinrize the inexperieneo
ficld pariy with tha tquipment aned to perfeet o fiely teelinique,
During 1936 the feld purty spent 8 montlis visiting quarries through-
out the Soutl) ynd Ilast, observing pnel recording mround movements
from qunrry shots, This stuly involve the enoperntion of the
operntors of many auarries in “addition 1g the origingl spvon, It
brousght to Jight some mechanienl dofeety in fie ctptipment and jy)-
dientod varioug ways to perfect teelinique, Considerable fupny menta]
information wes acenmulated,

In the spring of 1037, an opportunity arose fop conlinuing the tests
in & mine in which mauny troublesome conflicting fnctors incident in
Quarry blasting eaylil be eliminnted or cantiolled so Lt they could
be teeurntoly ovalunted, Thesoe undergroun| tests, eonductod over
& period of duvprg] months, adderd 1o the vatuablo fandumanal datn
thut could he applied 1o future Uarty tests,

LPrior to this time al] tess were direeted toward tseeriaining the
chatncterisiies of the vibeatjons yndep difforent conditions of stratiz-
raphy of the transmitting mediums, sonres of excitation, distapen
from’ the souree, and size of (fp explosive chargy causing the seismie
wave,

In the fall of 1037, tests were made in g house direetly ahove tha
Bureru's testing adit nt, Moung Weather, Va, Progressively largor
explosive charges were seb off wntil pepunl damage oceurred in Lo
house, and tho TSIt wWopn recordod,

In spite of o diligent search no ether struetures 1hay, could be tesiod
Lo e demago poing by actual explosiva blnsts wers found, eonsos
quently it was necessary 1o test by meehsniend vilmation, A vilrrator
or shinker was ohtained, and through the cooperation of another group
of quurry operators virious types of residentinl stiuetiyres were found
for test purposes, In these struetires, Deitmission was given to cop.
tinus the tesis (o and beyond the damngro point,

Dwing 1038 and 1030 many houses woprs Leated, e in several
Liouses it wag Possible to compure tle effeets of quarry hlsts wit)
the effoet of (he mechanicnl slieker, In addition, nuniprons quarry
tests woro mads to confimn or refuto resulis obitningd previously in
which the evidenes WS not convineing,

In 1040 all the assembled duta worg reviewed and the resulls and
conclusions reduced to mathemaiiea] expressions insofar ps possibla
with a subjoot that eannot he elwssod ng an exnet seirnee,
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mitted the uso of their quarries for experimentnl purposes, supplied
Inbor and equipment for special tests, and furnished eomplets houses
for dnmnge tests at their own expenso; and_to the explosives manu-
facturers who furnished various commereinl explosives and aven
esllwlccmlly repared explosives for specinl tests,

Lo nuthors wish to commend Dr. I, W. Lee, who supervised the
design and doevelopment of the seismometers and calibrating tables
amd organized tho preliminary field work in which Dr. J, T, Swartz
and Dr, J, W, Joyee conducted the enrly ealibration testa; Dr. George
A, Trlend, professor of clectricnl engineering at Bucknell University,
whe developed the seismometers, built the first models, and assisted
in anbsequent enlibration studies; and nll the past and present meme-
bers of thoe field party whose sincers interest and active and willing
cooperntion made tho study a suceess, These members inelode James
M. Dobbie who, with the junior author under thoe field supervision of
Dr, Irland, made the first mine und quarry tests and developed the
original fiold technique in 1835; August Raspet, Orin P, Gard, and
Alan C, Byers, who assisted in the carly oflice and field work on qunrey
tesia; Abraham Yonovsky, who assisted in the underground mine tests,
maio o detailed study of wave shapes, and formulated rules for iden-
tifying wave shepes with certain mino loealities; Philip Krupen, who
wotked out Lhe frst jra shic solution for the index of damage from
preliminary datn; A, T, iru]mul, who suppested tests that resolted in
the first damage-index determination; and Jack T, Donovan, who has
given invalunble assistance in the lnter steges of tho study.

PREVIOUS PUBLICATIONS

During this iuvestigation, several papers havo heen published deal-
ing with particulny phases of the work or with the l)rogruss of the gen-
eral program, Of these, five have heen published by the Bureay of
Mines as reporis of investigations that were essentially progress re-
ports.  Ono paper, published by tho American Institute of Mining
and Moetallurgical F!nginuum, resented the results of some specinl
tests to determine the modo oP response of a house te hoth intornal
and oxternal sources of vibmtions, A seventh paper was read hy the
senior author before the Twoenty-first Annual Convention of the
National Crushed Stone Associntion nt Cineinnati, Olio, on Janunry
24, 1938, and published in the Crushel Stono Jowrnal for March—
April 1938, This paper reviewed for r]uurry oporetors the pregress
of] the tests up to thal time, An eighth paper was presented hefore
the Amerienn Geophysionl Union, Diviston of the Nationa! Research
Conneil, in April 1938 and published in its transsctions for that year,
11)? reviewed the phenomens of seismic motion ns observed from quarry

nsis.

Tn the first publication (28}, issued in November 1036, the nuthors
discussed known information on seismic vibrations gathered from thoe
existing litersture, advanced tentative theories, and suggested mathe-
muttien! formulas for ovaluating the relation of ground displacement
to veloeity, aceclerntion, and rato of change of neccleration.  Although
merely suggestions, these had u basis of justifieation in tests condueled
at the Bureau eoal mine at Bruceton, at n limestone quarry in Ala-
bamn, and at two quarries in South Caroling, ene in grenite and one

in limestone,
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Tor comparisen, soveral tests wern mado to record the vibratioual
effect of passing automobiles, trucks, passenger trains, and other
sources of ngitation,

A test in a South Carolina limestono quarry illustrates the contradic-
tary results obtained bofore field technique was porfeeted,  Two shots
wero recorded in which thoe weights of the explosive eharges wore in
the ratio of about 1:8. "Hreords made nt the sune points for both
ghotas showed the smaller eharge gave the greater displacemont at all
seismometer stations,  In the South Carolina granito quarry and
the Alahama limestono quarry, seismometer stations farthest awny
giwve Inrger displacement thun thoso closer to the shots.

Both resulta were counter to expectations and remained unaxplained
until further experience and better technique showed the cumulative
ofTeets af various fuetors unsuspeeied it the time the tests were made,

Reference wus mado to the modified Merealii senle, as developed by
Harry 0, Wood and Frank Neuamann (66}, to evaluate tho effect of
earthquake vibritions, and it was shown that vibrations from quarry
blasta, if computed upon the ssme basis as enrthquake vibrations,
would appear ng severe and damaging shocks on the Merecalli serle
when in reality thoy were hardly noticeable.

No definite conclusions wera reached at this stage of the study, hut
a working field teelmique was established and considerably inl'z:rmn.-
tion aceumitlated on what not to do in field teats,

The sceond publication {48), issued o year later (November 1937),
summarized the resulta observed in field work from January to August
of that year and reeorded in detail the effects of 61 Masts in 19 quarries
in 8 Southorn snd New England States under regular operating
conditions,

Tha types of shots ranged from mud caps through hammer, wagon,
and ehurn-drill holes to largo tunnel or cayote shots, The quantity
of explosive ranged from % pound to 41,800 pounds. .

This period of field work enabled the party to improve its oparal-
ing technique and brought to light many minor difliculties in_the
maochenien] operstion of the equipment, Coupled with these diffi-
eulties was the fact that tho many varinble factors ancowntered in
regulnr quarry blasting practico could not be controlled sufliciently
for tho cffect of any ona fmetor to be studied indopondently of the
others; in addition, a quarry blast onee shot could not he repeated
undar identical conditions, Marcover, as in provious tests, some
recordd showed results that appeared to ho contradictory, Experienco
gained in this ficld work indieated probable explanstions for the erratic
resuits, but beeause facilities wora lacking for exnel duplication, the
results conld not boe ehecked,

Tor the foregoing reasons, conclusions drawn from interpretations
of the records were offered us tentntive only, pending furiher study
and confirmation, Somo of the tentative conclusions follow.

1, 1t-was obgerved that for comparahle distaneces from the shot and
equal oxplosive charges the displacement monsured with the seis-
mometers ou rock outcrops wus genorally about one-tentl thub with
the instruments on oaverburden, Application of this information
explained the apparent contendiction in several of the tests in which
larger displacements were recorded at greater distances, In all such

———
€ Tha seoelerntlons In Lhe seato wers inadvartently atirlbuted to Weand and Nenmnnn bmt ghoald have
been eredited to Saiberg (25).
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PRELIMINARY STUDIES OT BUILDING VIBRATIONS 7

tesla either the farther station was on overburden mul the closer ona
on an outcrop, or both were on overburden whose physical churnce-
teristica differed in the two soltings,

2, Where eonditions were comparahlo belween seismotmeter stutiona
the trend in chango of amplitude indicated a high degree of initial
demping followed by s muel lower degree ns {he distance from the
ghot inerpased,  The initinl damping was of tho order of the inverse
cubo of the distance, whereas luter dnmping wes inversely proportional
1o the distanco, Thus, the degres of displacement diminished as tho
distnaneo from the shot inereasedy, hut tho rate of deerense was varinble,

3. The change in amplitude with change in weight of explosivo shot,
when the distanee remained constant, tended to inerease with increnso
in tho explosive chiarge but at n rate somewhat slower than in direct
proportion, Thus anotlier varjablo factor wag introduced,

4, Although the field work demonstrated conclusively that several
varinble faclors were present that could not be evaluated, an nttempt
was made to dovelop a formula from which the displeeement could En
enleulnted if the weight of the sxplosive charge mu& the distance from
tha shol waro known,  This and other formulas will ba discussed Inter.
11 ia interesting Lo notoe, however, that the formula was used to cheek
the amplitudes empivieally determined in a number of field Lests and
that, wharona inon fow tests the difforenee between observed and enleu-
Inted amplitudo was [nrge, in mest Lests the ratio of observed to com-
puted amplituda was 1:3 o better.  As it is impructicable to sveluato
the effeet of stratigenphy, Toliing, and similur geologie conditions,
it was fell that the formuln as developed was remurkably satisfactory
for & beginning.

5. Computations wero made to determing the aceeleration of the
vibrations in n number of tests for comparison with the Mercalli sealo,
Tormulas far determining neceleration from frequeney and amplitude
nre based upon the assumption that the vibration is sinusoidnl.  This
is mob Lrue of seismic waves {rom quarry blasts, except in ravo instanees,
Not only did the nmplitude vary considerably while the vibration
Insted, but also the frequency variod ; howevor, soma of tho observed
wavo shapes appronched sinusoldal, and ns n matter of interest tho
computations were made. Curiously, the aceelerntions computed
upon this hasis compared with “serious” to “total’” damage on the
Merealli senle?  Ohvionsly, this reduces to an ahsurdity as no damage
was dono in any of the test shots, The authors therefore concluded
that the Morealli seale for determining tho offect of vibrations from
ﬁ?rthquukes einnot be applied Lo vibrations emanating from quarry

nsls,

PRELIMINARY STUDIES OF BUILDING VIBRATIONS (/2)

During 19306 the National Burean of Standards conducted experi-
ments to determineg the severity of vibrations to which the walls and
floors of buildings were subjected under normal living conditions
and strect traflie. Thoe Buroau of Mines was roquested to conlpernto
by using 1ta seismometers to measuro tha displaeement.  ‘T'his afforded
the Bureau an opportunily to study the charneteristics of house
movement indueed by a crude vibrator and passing street traflio.

T 8ot foutnota 0.



8 SEISBMIC EFFECTS OF QUARNY NLASTING

The tests wers concerned with deiermining the maximum empli-
tudes of vibration possible in the floors and walls of o typical frameo
dwolling from overydny sources of vibration and from vibrations
ind ulcu by & B-lersepower plectrie motor driving & small unbalaneed

1eel,

The building was subjeoted to tests to determine its reaction na a
unit 1mnl the reaction of various floors nnd walls vibrating ns sepurnte
Danels.

The tests were sueceasful in determnining the inuzimum motion
inluced by several types of agitution, For example, a 14,000-pound
truck with solid-rubber tires driven over & 1-inch plank in the strest
€3 feet in froni of the house eansed r maximum movement on the
scecond floor of 0.0060 inch., A spcond similar test gave n movement
of 0,0062 ineh. An 8,500-pound truek with pneumatic tires gave a
maximum movement on the second floor of 0.0026 inch,

Maximum recorded movyement of loor panels with a motor vibrator
waa 0.0019 inch,

Vibrations cansed by slnmming the front deor on the first {loor
reached o maximum of 0.0068 inch, Tho grentest mavement (0.01
jnch) was caused by o 160-pound man jumping a few inches in the air
and dropping brek still-logged on the door.

Theso teats wera compured with earlier tests of quarry shota in which
spismometer records were mado in frama houges. 'Flie houso move-
ment from quarry blesting ranged from & minimum of 0.00015 inch,
eaused by the detonation of 1.13 pounds of explosive 715 feot from
the liouse, to & maximum of 0.033 inch, enused by the dotonation of
17,250 pounds of oxplesive 1,810 [eet away.  Incidentally, of 11 quarry
testa, enly 2 gavo maximum liouse movements exceeding that caused
by the 14,000-pound truck. Seven of tho quarry tests, involving the
dotonaiion of 36 to 1,200 pounds of explosive at distances ranging
from 715 to 2,500 feet [romn the blnst, gava less movemeont than that
catisedd by the 8, 500-pound truek on pneumatic tires,

From ‘these and similar records of passing trains and highway
trafite it was concluded that customary quarey blasting cansed vibra-
tions comparabis with thoso fram ordinery traflie and movements of
persons within residences under ordinnry living conditions,

The tests for punel vibration and vi]‘gml.ion of tho strueture as o
unit wero not adapted to specific interpretation.  Thero was evidenco,
hewever, that the structure responded in a different manner when
oxcitod from exterier sotrees in that the frequeney of vibration waa
nearly eonstant for all parts of thoe house,  When it was agitatod by
an unbalancod motor, the fraquencjes covered a rather wide rango and
were not constant at any one point. ‘This errutic result was thought
to be caused largely by the transfer of impulses buck and forth {rom
panel to panel, us the moter and ita unbalaneed flywheel were too
small to movp the house as o whole,

Resenant frequencies of various pancls were observed, but these
could not be built up by the small motor.

SUMMARY OF 1836 QUARRY TESTS (43)

Tt was recognized thut tho mmount of nctunl grouml displacement
that toole pluce during the entire duration of vibration was of primary
importance. Proliminary tests showed that the muximum displhce-
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ment might oceur at the beginning of tho vibration or later, therefore
it was necessary 1o nnalyze tho relative movement in all three compo-
nents at identical instants ovor the entira duration. For exnmnple
the maximum resultant motion is the vector sum of the two horizontal
components and the one vertical component as mensured by the
seismometoers, If at a ecertuin instant an abnormally high vertieal
compenent was coupled with low displucements on the two horizon-
tal camponents, the resultant motion might be lower than a sitmilar
record at nnother ingtant when all three components were of avernge
sizo,

The investigators realized that a study of this phase of the problem
wonld also show the actual ameunt and direetion of movement of the

LONGITUDINAL, VIBRATION TIME, 1 SECOND TRAMSVERSE VIDRATION

~
s Now E
" Sealm, 0001 Inch
T
01 234
A

LONGITUDINAL VIBRATION TiME, 1 SECOND TRANSYERSE VIDRATION

5 Nvé E

Scale, 0.001 Inch
01234
B

Fraunk 5,~Path of & vibratlng polat: -2, Path af pariicta for | second resulting from a 13,400-ponnd shot
3,600 fool awny; M, path of pnrucslu for e second followlng that in 4, ponait sho

ngticular point on which the seismometer atution wns set. They
clioyed that knowledge of tho path or direction of movement would
holp in subsequent interprotations, .

PATH OF A VIBRATING POINT

Ii was found thal if a gingle point (seismomoter station) is observed,
it vibrntes in one dircction only an infindtely smell fraction of time; in
other words, the direction of wibration {8 constantly changing in three
dimensions.  This fect js best-illustrated by figure 5, in whick the
motion of a singlo point is trneed over 2 consecutivo scconds. Two

214408 O - 52 -3 .



10 SRIAMIC EFFECTS OF QUARRY DBLASTING

dingrams aro shown for each I-second period, na the aciunl molion
takes placo in three dimensions and only two can bo shown on a plane
surface,

SPEED OF BEIEMIC WAVE

The minimum speed of trapsmission of the seismic wave recorded in
rock was 8,000 feet per sceond and the maximum was 20,300,
Table 1 gives the speed characteristies of various types of roeks as
sbserved by the authors,
TaBLE 1~=Speed of seianic 1wave, fecl per second

Minimum Afaritum

Biatite-gnelsy 26, 300 ]
Dolamite. 14, 700

1 Only | measuromant s,

AMPLITULE OF SEISMIC WAVE

Tho smallest maximum resultant ﬂm})]ituda mensured was 0.00006
inch, recorded at a station 7,440 fect from n shot of 100 pounds of
exR]usivu. . - .

ho maximum recorded amplituds was 0,088 inch, recorded 617
feel from the detenntion of 15,400 pounds of explosive.

FREQUENCY OF SEIBMIC WAVE

As the reeords of the seismic waves from quarry blasts showed
irregular vibrations, perhnps it is misleading o refer to them as
having a certain [roquency; however, the term “requency” aa used
in this conneetion refers fo the predominont frequency observed on
tho record.

Tha [requency of the waves varied with the type of setting on which
the seismometers wore placed,  On rock outerops, frequencies ranged
from 20 (o 80 eycles per secopd.  On overburden, frequencies ringed
from 4 te 20 or more cycles per second,

In resjdentin! atruciures the abseryed frequencies were contpliented.
Although in somao tests they coineidid with those of the adjneent
growund syrface, in others no corrclation was apparent.  For example
nt o house with ono station outsida on tho surfaes of the ground and
ancbher inside on the second story, both stationa vibrated nt frequen-
cics ranging from 20 {o 22 cycles per second. At another house, the
conereto basement floor and the [.grouml autsice both vibrated ot 3.3
cycles per second. At a third house n station on the ibird story
vibrated from 10 ip 20 cycles, whereas one on the ground adjacent o
the liouse vibrated from 10 to 45 eyeles, ’

DURATION OF SEISMIC WAVE

Tha duration of the motion depended largely upon the chavacter-
istics of the terrain on which tho seismomoter station was placed.
The minimuin recorded wis 0.1 seeond, on an outerop 565 feot from
n shot. of 335 pounds of oxplosive, The maximum was 8,0 scconds on
glacial f11 4,000 fvet from o 13,400-pound shot.

\
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SUMMARY OF 1030 QUARRY 'THSTS 11

CORRELATION OF AMPLITUDE, FREQUENCY, AND DURATION

For cqual explosive elinrges and distances from the shot, rock
outerops gave vibrations of Jower amplitudes, higher frequencies, and
shorter duration than overburden,

CORRELATION OF AMPLITUDE AND DISTANCE

With other varinbles held constant, it was found that, in general,
the amplitude of vibralion decrenses with an inerense in distance

from the shot,
Correlation of amplitude with distance

Explaalve b pyjgiane, Ampitttuds

Toeck ;E;nr"u&!; et Stwilon Eu:h '
Hintile-goeiny, . ... 11,800
b § (7| P I 11,000
QAabbro-lorittuesnrassreassnanss 100

THEATE IN WHICH RESULTY WERE CONTRADICTORY

Overburden... ™ coesevsreninnnnn

0.00%

AT 11017 J R —— k] 20
. BLi]

1,000

CORRELATICN OF AMPLITUDE AND WEIGHT OF EXPLOSIVE CHARGE

In most tests in which other factors hava been constant tho ampli-
tudo hes increased with an increase in explosive chargo.

Correlation of amplituds and explosive weight

Eagilotive, Distanes, Amplitude,
Rock poundy ! el fm.‘ll

DI01aMM. st saversnrarrarasersressmananrranas bl 1,710 0.0018
& (3. KAt

i3, 200 1,70 k]

4,000 L0 S0

EXCEIM'ION

Flinta.... S . 18 ol 0.0014
33 & #1020

EFFECYT OF MOISTURE ON AMPLITUDE

No extensivo tests were made to determing the effect of moisture;
howover, al one quurry two shots wers recorded on conseentive days,
The distancoes wero approximately cqual, but tho weights of explosive
churges differed, Tho seismometer atations were the seme in beth
tesls, The resulis follow:
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Effect af moisturs on amplitude

Erploatyn, | Distance, [ Amplisindes,
TRock Station ponds el inch
b 1 FF TV T 7 RO PRUR ( | 1 311110 1) SO 1,400 2,000 0023
2, 640 018
31RO LU0NT
RN R L. 17,650 2.000 Ul
2,430 Ol
4,7 s

The diiferences in distance wers nob considered sufficient to enuso
an apprecinble chango in amplitude.  Although the second shot had
3,050 pounds more explosive, the amplitudes wera slightly below

those of the lirst shot.
The first day the ground was dry. The second day it reined con-
tinuously, and the ground was thoroughly soaked when the second

shot was recorded,
This test indicates that the wet ground had growter dpmping effect

on the seismic wave,
EFFEQT OF GEOGLRAPHIC DIB’ECTION ON AMPLITUDE

. Insovoral tests the vibrationa from g shat showed greator pmplituda
in_ong direction than in anothor. This resuit was intefproted as
reflecting differences in stratigraphic eonditions,

EFFECT OF KIND OF EXPLOBIVE ON AMPLITODR

In no quarry test was it possible to deloct differences in amplitude
due directly to the use of explosives of different strengths.

EFFECT OF THICK OVERBURDEN ON FREQUENCY

Where stations wero set on overburden known to be thick {over 50
foet), the vibrations frequently showed high initinl frequencics of
short duration followed by prolonged low [requencies.

Effect of overburden an frequency

Exploslve, O¥otr- | FIPQUENEY,) 1y pmjon
Ttack ‘lmllnda ) Dl.r::rtma. b|:1‘;|‘!:n. 1;)::‘1;;‘ preben da'
19,500 | 1,330-2,330 P10 l‘i‘ll ig
Dolomfta... €036 [ 18104, 048 82-120 '-‘.;r_!l%g 0. S—gg

Howaver, in some instances the vibrations recorded by stations on
thick vverburdon showed n charncteristic low frequoncy of protonged
duration without any noticeabls ligh Irequency.

Erampls
TIAD ceieanteeiesiaeitasrnenen s sas 7,8M 4,010 27 ) o
4410 90 f B0
AATY o a 50

Figure 0 gives direcl comparison of recopded amplitudes witly sources
ol vibration, summing up the work ol 1930.
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14 BREIBMIC EFFECTS OF QUARRY DLABTING

UNDERGROUND MINE TESTS (44)

Tests in open quarries brought to light many fuctors that influenced
vibrations from quarry shooting. They alse showed that the effocts
of these fuctors were variable and could be evalinted accurately only
if ench factor could be studied separately while other fuctors were
held constant, For many rensons the custemary practics in quarry
blasting did not lend itself well to the rigid control necessary for necur-
ate resonrch, First, quarry shols custommurily comprised simultana-
ous shooting of explosiva 31&3[‘]3,1'8 plueed in e numbor of Inrgo churn-
drill holes.” Wlhen fired, a shot usually provided the quarry with
enough broken vock to Inat sovern] weeks or evon months, hence
records had to he limited to a single shot fired under local conditions,
These conditions were so varinble that it was diflieult to duplicats
tests nt any one quarry ; moreover, shots at differant qunrries presenied
entirely different loeal conditions that waro difficult to ecorreluta,
Morcover, even where conditions permitted and the operntors wero
willing to suspend customary praclice and prepare shots especinlly for
test purposes, the variables could not be controlled within tha desired
TRIEO.

l\%eams wore therefore sought by which test shote could be mado
under rigidly controlled conditions nnd each varinbla fnetor fsolated
el studied indepondontly.  In the spring of 1937 an offer (o conduet,
such tests was received from n company operating an underground
limestone mine, The cooperation of an explosives manufrclurer
who wished to dotermine the vibrationnl effects of different grades
of oxplostves was ulso obluined.

Arrangements were mudo to conduel comprohiensive tests in which
it was loped to answer seme of the questions loft unanswered by
teats in open-quarry blasting,

The three main objectives of these tests follow;

1. Determinution of the natural frequency of vibration of the
mine roof,

2. Deoterminntion of Lhe character of vibratjons owing to different
quantitics and types of axplosives,

3. Determination of possiblo resonance butween tho natural period
ﬁlf tho mine roof and vibiations produced by single- or delayed-shot

nsling.

’I‘Im%‘lns\\'m's to the first and third questions woere desired by the
mine operstor to determine, il possible, whether vibrations produced
by blasting were inimicul to natural roof suppart,

The answor to the socond question was desired by both the mino
operator and the explosives manufecturer in ordor to devise 2 method
of blasting that would be least harmful to the mine roof,

Other objectives; which had a more direct hearing on the resenveh
program in hand, included determination of the cfTfect on the seismie
wave of the lellowing:

. Use or absencoe of stermming in test hales,

2, Shapo or eoncentrntion of explosive chargo,

it Position of tost shot with relulon to sclsmemceter atations,

. Bhots that broke, eompared with those that had too great o burden Lo break,
&, Shota dolayed by intervala of a fow thousandihs of n second,

, Changey In kind of explosive used,

. Changes In nmount of oxplosive eliarge.

, Changes In distance of shot frem recorcing pointa,

S

[ Ee)
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UNDERGROUND MINE I'ESTB 15

Tho first five tests were designed to aseertein within whet limits
field teclmique must be confined Lo oblain comparable results,

The Inst three were made Lo obtain datn from which the elfect of
the principn] known varinbles could be evaluated in future worlk.

INTERPRETATION OF TEST RESULTS

1t is a well-known law of physies that g body composed of homo-
geneous material haa natorn] perieds of vileation,  When such a
body vibrates nt any ono of these perieds the frequoney will, of course,
remmnin constant, 1f tho hody is subjected to an oxternal vibeating
influenee of difforent frequency it will vibrate initinlly in o manner
that is o combinntion of its own frequcney and that of the agitating
foreg, Tf the imposed vibeting influence is continued, ultimately
tho body will react at the frequency of the external foreo, 1ff the
extornn! vibrating foree can he arrnnged so a8 to impose o eontinuously
increasing (or deereasing) frequency, the body will react with an
incrensed amplitude when the frequeney of the imposed foree coin-
cides with one of the nntursl frequencics of the body,

Tho Ilnst hypothesis is the basis of the elaim advancod by saveral
investigntors that o houso, having o netural” frequency of its own,
whon vibraled by o seismiv wavo of the same frequency will vibrate
in synchronisin at an abnormally bigh smplitade. "Undoer these
conditions, only u few eyeles of the seisinic wave would be necessary
to inerense Lhe vibration to dangerous, if not destructive, amplitudes.

It waa thought that the stratum forming the mine reof might react
to induced vibrations as a homogeneous body, If the natuml fre-
quency of the roof could be determined and an exterior foreo applied
at that frequency, the reol might bs mude to vibrute in synchronism
and tho amplitude inerensed Lo the point of failurs,

In all tests recorded in this mine the three seismomaoter stations
were the snme., The seismometers wern set in specinlly propared
openings ent in the solid reck of the mine pillars,

NATURAL FREQUENCY OF MINE ROOF

Although numerous mechanieal means wers used to ascertain the
natural frequeney of the roof stratum, all of thein fuiled to vibrate
any largo or oxtended aren.  The sum of all tesls was interproted to
indicate thut it was impossible 1o set Lthe rock strata in vibration by
moechanies] means except ovar spmll, locel arens. Such mnatural
freqaiencies ns wore reeorded for small, loenl arens were not compar-
able, Benee it was eoncluded that the Trequency of the roof stratum
g o wholo was indeterminate und that the recorded frequencies re-
forred to loeal areas only,  In other worils, the roof stratum did not
vibrate s a single unit over its entire ared but vilirated as small local
wnits in which the Nequencies varied but did not diffor greatly,

As the roof did not ronet as n unit there wag little, if any, possibilit;
of its vibrating in gynchronism with an impesed vibrating foree, such
as might be eansed by mine blasting, or of failura of a roof due Lo
synchronous vibntions, This does not menn that loose picees of the
roof will not rencd Lo vibrations and fall.  Mowever, the tests indients
that the reof as o whole does not renet dangerously to imposed vibra-

tiony.
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EFFECT OF BTEMMING

Beforo discussing the resylis of these tests, the authors wish to
maka it elear that thoy were Lesting for the relative vibrational eifeet
of tamped and undamped holes, This bas nothing to do with the
velalivo disruptive effeet of tampeld and untamped holes that wre
drilled to brealk rock,

Tho holes were prepared with cqunl chiiges of explosives, but ane
geries of holes received no stemming whatever, a seeond seriea wans
tamped with 4wo cartridges of stemiing as in regular mine praclics,
and the third series was tamped solidly Lo tho collira,

No dilleronce was obacrved Iy vibrational effeets from the detonn-
tion of tamped and untnmped holes when the distance or weight of
the oxplosive charge was lei’(l constant.,

Theso tesls indicated that vibeilons from holes shot withont
stemming traveled in yoek at on nverngo speed of 11400 feel por
second, thoss from holes with two stemming eartridges at nn avernge
apeed of 11,300 feet per second, and those frem tightly tamped holes
nt an average speed of 11,150 foct.  As tho possibloe error in reading
these velocilics was approximately < 300 feel per second, it was
concluded thnt stemming lind no effect on the speed of transmission
of the seismio wava.

Tho records also showed thal slemming had no measuruble effect
on tho frequeney or shupoe of the seismic wave,

EFFECT OF OONCENTRATION OR SHAPE OF EXPLOSIVE CHARGE

Tt was considered essentinl lo know what difference, if nny, the
shapa of tho oxplosive thargo might eause in the vibration,  For
example, ¢ single hole might be Jeaded with 10 pounds of explosive in
eartridges lnid end to end, so that the chargo would be several fest
long; the same quantity of explosive might be placed in 8 compact,
gpheric] mass in Lhe bottom of a chumbered holo; or the charge might
be divided and placed in lwoe or more holes with several feel of rock
botween the holes. Such changes in the shape of the explosive
charge might cause a signilicant change in the vibration for two
rensons,

1. If a seismic wave beging at one end of nn elongated charge and is
followed by another frem the other end the recerded wave shape
might differ from that resulting from an explosive concentraled in &
small sphore. 1t wns felt that this test would apply particularly .to
tho shooting of ¢hurn-drill holes in which the explosive train might be
50 feot or more in length,

2, Tho power exerled by an explosive is o function of time, ihere-
fore il was thought that nn clongated charge delonated at one end
might have less power than a eoncentrated charge becanso of the time
required for the detonating wave to travel Lhe length of the explosive
train.

The results of six tests to determine the cffect of shape of the
oxplosive chnrge on Lhe seismic wave indieated that the observed
differences were within the range of possible errer in remling thoe
records, [Hones, the churge eould be detonnled in tho form of mn
clongaled eylinder, in o compnet mass, or in three separate cylinders
soparnted by severnl feel of rock and the seismic effects would be the
samo, provided sll parls of o sepurnted chirge were detonnted
simultuncously,
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UNDERGROUND MINE TESTS 17

Likowise, no difference was observed in the frequency, wave shape,
and speed of propagation of the wave owing to shapo of tho explosive
charge,

LOCATION OF BHOT WITH RESPECT TO RECORDING STATIONS

Tha seismometer stations were in a straight line, with tho No. 1
atation nearest the aren in which most of the test shota were made
and in the same block of ground, The Nos, 2 and 3 stations, how-
ever, wero it isolated pillars,

The question arose ns to whether o shot made in ths samo block of
ground us a recording stotion would give a record similar to that of &
shot mude in n bloek separated from the receiving slation by mine
openings.  In the first instanee, the seismic wave would trnve{:lircct
from shol to seismometer through the intervening strata, In tho
aeccomd, the wave must travel up to and through tho roofl and down
to the svismometer, down to and through the floor and up to the seis-
mometer, or botlh,

Two shots of oqual weights of explasive wers mudo at the same
point in a pillar isolated by mine openings from No, 1 station.  Similar
shots of equal weight were maude an squal distance from No. 1 stalion
but in the same block of ground.

The four shots showed no apprecinble differenees in amplitude,
frequency, or apeed of propagition. The wave shapes recorded from
tho twa isolated shots were idenlien], a8 wero thosa from the two
s}mts in the snme bloek, but tie two pairs differed considorably in
shape,

Allthou I this difference in the shape of the wave record was inter-
csbing it Ifmd no great practienl importance, as the smplitudes, fro-
quenheiea, atid speeds wero the anme; howover, the probiem of inter-
preting tha differences in wave shape wes assigned to Abraliam
Yanovsky, a member of the ficld party ab thai time. Ho mada
special atudy of the shape of the waves recorded from all test points
and was able to demonstrate conelnsively that the poasition of 2 shot
in the mina (within the experimentnl area) could bo identified by the
shape of tho wave, This conclugion was important becanso it dam-
onstrated Lhe possibility of dupliesting accuralely shot conditions,
aven to the shape of the wave, Furtlior study of the records showed
thut shots mado for different purposes but under similer conditions
produced solamic records that could be supcrimposcd on onch othior
with virtually no observable differences. The aectiracy of tho tesis
was thus satisfnetorily demonstrated,

EFFECT OF SHOTS THAT DREAK ROCK COMPARED WITH THOSE
THAT DO NOT

It wns oxpected that the blast from a holo drilled in such a position
that when loaded and detopnted it would brenk rock, ns is customary
in mining practice, would produca less vibeational effeet than a shot
from n holo drilled stroight into a wall with no ehanece to break rock.
The rensoning was thet ns {m rt of the energy of the explosive was used
to disrupt, the rock, only the remaining energy would bo nvailable for
producing vibrations. )

Soversl tests were made in which the quandity of charge, distanco
and loention of the shols were hield constant, but ane shot was drilled
to break roek and the other so that it could not break; in addition,

214408 O - G2 - 4
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different kinds of oxplosives wers tsed in each puir of shots, Tn
overy test the break-ont shots gove lower nmplitudes of vibralion,
butts the wave shape, frequency, and speed of propagation for each
pair of shots did not differ materinlly.

These results wern important, ns they showed that for determinn.
tion of fundamenial vibration eharncteristies, test shols must ho
drilled so that they eannol break rock. Had the shols heen designed
to hreak rock as in customary mining practice, anether varmblo
wanld have been introduced, numely, the percentage of energy used
in breaking the rock. As no two holes enn be drilled in which iden-
tieal breaking conditions ean be assured, this varinble could not
have been acourately evalunfed, All fundamental rescorely fests
therefore, were made with shots drilled se they could not break out.

EFFECT OF DELAYING MULTIPLE SHOTS A FRACTION OF A BECOND

Tho customary method of firing in this mine involved shootling
several holes simuliancously as n single blnst, followed Ly shooling o
second and third group of holes similurly,

The test was tfesignutl to determine whether splitling the entiro
blast into threo soparate shots sepsrated by only i fraction of a
serond would inerease or reduce the vibrationa] effect.

A number of tests were made and compared, nsing shots of equal
sise without deluy intervals,  The resulting records gnvo no sppreci-
able differences in amplitude, frequeney, or volocity ef propagation
between delay end nondelvy shats when the delny perind was less
than 0.015 second within the limiting conditions of the Lests, Delays
of moro than (0.015 seeond resulted in misfives eaused by flying rocle
from the first shot premuturely cutting the wires of tho second,

Beeause of nwehanicnl di[licuft-ius in the apparatus producing the
delay in firing, this test wns not considers! sufficiont to warrmnt
the conciusion that nll results with delay shots were equivalent to
those with nondelay shois,  The tests wera instruetive, however, in
that no shnormally Inrge differences wore observed.

The shapao of the wava recorded from delay shots differal materially
from that recordoed from nondelay shots; howaver, most of the wave
ghapes for the deluy shots could be resolved into single waves charae-
toristic of the shot locktion, cacli wave representing a single momber
af the delnyed shot,  ‘Tho maximum amplitude of waves from delayed
shots, however, was never groator than that from n single shot of
corresponding weight; in other words, the vibrational eflects from
the several parts of a deluyed shot did not upite to build up tho
amplitudo,

EFFECT OF DIFFERENCES IN KIND OF EXPLOSIVE

Ton explosives wero furnished lo determine whether iny differoneo
in vibrational effect oceurs with n chango in kind of oxplosive.  All
the explosives were sold regulurly on the market as commereinl
grades.  Although they differed materinlly in physical charneteristics,
the differences in any one eharacteristie or its relation to others wero
fnsuflicient to warrant a definite conelusion that differences in ree
corded resulls were due exclisively to one physieal charaeteristic.

There was somoe slight ovidence thet strright-nitroglycerin-typo
oxplosives gnve less vibrational effect than other commereinl types.
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UNDERGROUND MINE TESTS 19

Some evidence was shown thel higher-grade {rted-strength) ex-
plosives guve inereased vibralionsl effect, bhut Lhe increase was too
amall Lo warrant definite conclusions,

A number of tests indicated that the vibrational effect inercased
with an inerease in tho rate of detonntion of the explosive, bul the
relationship could not L evalualed, .

Frequeney, spewd of propagation, and wave shape were unaflected
by n change in kind or strength of explosive,

Iu was diflicult to draw conclusions fromn these tests, owing to
inubility to igolale one charpeteristic of thie explosive and lest it
with reference to the athers. For example, the physical differences
recognized were density, ingredient weight-strength, gns volume, and
rate of detonntion. Density and raie of detonation are relatively
ensy Lo determine by physicn] tests; ingredient weighl-strength and
gus volume, however, are aubject to dilferent interpretalions. As
none of theae characteristics was determined in Bureau Inboratories,
their exact definition is impossibla,

Furthermore, the explosives employed in the Lesis wers of com-
mereinl geade 1und as such did not have any one physienl quality in
oxeess,

Although inconclusive, the tests indicated that explosives that
combine high weight-strength and pas volume with low density
gu\'c] Llig!ml’ vibrational effeet when the rates of detonation wers
equal,

]'I‘lm authors concluded that dillerences in the physieal character-
istics of the vxplesives were of minor importance and were grently
overshadowed by difference in weight of explogive charge, regardless
of the kind of explosiva used,

EFFECT OF WEIGHT OF EXPLOBIVE CHARGE AND DIETANCE
BETWEEN BHOT POINT AND SEXSMOMETER

In this series, cacl test was made with all known variables held
constant except the one under study, For oxampla, when testing
for tho effeet of change in weight of explosive charge, the shols were
made b equal distances from the scismometers, and all holes wera
loaded in the samoe manner with oxplosives of Lhe samo kind, tho only
difforenca being the weight of the explosive fired, Likewise, in test-
ing for the effect of distance, equn! weights of the samo explosive wera
loaded in_the same manner, the only differonce Leing the distance
between the point of firing and the seismometers,

J
U Huhm}wmly. i snrivs of tegta was mada at the Tureau's Fxperimeneal acit at Mount Weathor, Vn,
In whiel fuier explosivens farnished By o manufuctticer wers Lestel,  Tha exploslves wers not mmmmh[
grodes but were apecial mixfuros inade fur tha test in which Vbrisnnee,*’ gas volmne, anl rate of dotono.
1“‘,’;" wcro tho fhree physics] chameterlstica emphasieod.  Theso wera combined in tbo four rmictisres py
ollawa:

Tinte of dete
aploalvo mixture Brlsauoca Ciny valume ohsilan

A'ho eats fndieated that gas volume predunnated bn produeing vibratlonnl effect, ‘The exlodive miz-
tures were not teeted by the Buroan for thelr physical charaeteristics, ang tha relative vnlues wer ns
reported by the tmonutacturer without esuct definlilon.  Tlence, the testa Indlrate a possibllity thel certoin
physfeal chinraotoristics mny producy geesiey mismie oftoct thon oibers,
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Tests were run with each of 10 kinda of explosive, but the weight
of charge with one kind wns nol necessarily tho samo as thet with
another, nor wern distances equul for all kinds, For each cxplosive,
howover, the weight or distence was the only item changed.

In oll tests the amplitudo of vibration inerensed with an increase
in the weight of tho oxplosive clarge,  Morcover, for a given weight
of chmrge, the amplitude decreased with an inerease in the distance
betweon the peint of firing the shot and the seismemeter, Tho
decrense in amplitude with an inercase in distance s very rapid at
short distances but comparatively slow at grenler distanees, The
distanee at whicl this chanpgo oceurs appears to bo a function of the
weight of the explosive charge.  With large churges, the change ocenrs
farthor from the shot, In the tests made, the change from rapid to
slow damping oceurred hetween 200 and 400 feet from the shot,

Bofore this series of mino tests was concluded rnother attempt was
made to ovaluate the relationship of amplitude to the weight of
explogive chargo and distance. 'I‘rnis relationship is discussed in the
section on mathematical formulas,

BLASTING VIBRATIONS CARRIED TO STRUCTURAL DAMAGE ({5)

Up to the time the tests wers completed in the underground mine,
the primary objeetive had heen the eolleetion of fundamental informa-
tion relative 1o the eharnoferistics of scismic vibrations, With the
exception of the tests made in collaboration with the Nutionnl Burenu
of Standards nnd a few records made in available residences in eon-
junction with the quarey tests, no attempt had been made Lo study
the effect of thae séismie disturbance on residentisl struatures,

With the completion of the mine tests, however, it wna felt that
enough fundementel knowledge ind been ebtained to wiarrant extend-
ing the study of seismic waves to their elfeet on buildings.  Accord-
ingly, an attempt was made to loeate buildings that could he used for
experimental purposes, Tt was realized that this might he difficult
becauso of the rigid requirements under which the tests would have
to bo econducted, ™ In the first plaes it wns deubtlul if lesls earried Lo
the damage point woulil he permitied in any structure unless it had
alrendy heen scheduled for demolition, Tt was ronlized also that any
building scheduled for demolition probably would be in such a stato
of disrepair as to bo uscless for test.  Suitalle structures within eity
limits frequently are torn down {o muke way for more morern con-
struction while they are still usalle, but here the danger was thut
adjoining buildings alse might he damaged by tho foreo of tho blnata
necessary to dnmage the building under test. Moreover, cily ordi-
nances usually prohibited the wse of explosives in the quantities
thought necossnry.  The problem was complieated by the dificulty
of placing tho blasts so that the seismic wave alone would afloet tho
structure. From incidental tests already made, the air wave from a
blnst was known to ceuse considerable movement of o bnilding. To
insure thut the resulting damage was tho result of the seismic wave
alona, it would bo necessary to shield the building from the nir wave,
which in ilsel{ would ba diflicuit,

Sovernl organizations were found that wore willing to cooporalo,
but upon investigation ench suggested location except one presented
some unsurmountiable difliculty,
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At the Bureau’s Experimental mine (32), Mount Wenther, Va., the
testing adil had been driven in solid rock to a point almaost directly
benenth n residones used a8 the mine oflico but originally built as a
farmhouse, Minor remodeling hnd been planned to malko the buildin
moro suitable for an oflice, and any damago resulting from tests coul
ba repaired during remodeling,  This location hpd the further ndvan-
tago that blasting eould be dene in the adit beneath the building
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without any possibility of an air wave confusing results, ns tho portal
of the adit wns 400 feot from the house,

The originnl plastor of the liouse wag badly eracked and had fallen
in gome places. It was decided 1o run enasories of tests as the building
stood and a second serics somo months Inter,  Moeanwhile, one room
was roplistered, and the second series of tesls was delayed until the
new plaster had xmple time to assums p permanent set,

In the firat series of teats, begun in Decomber 1037, the blosts wera
sot off in tho adit 70 feot vertienlly below the foundation of the houso
and 30 feet north of tho center of the building,  (Seo fig. 7.)
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Three soilsmomater stalions wero nsed—ono an the surfuce of tho
ground just outside the house, one on tho first floor, and one on the
gocond {leor.

Chargoes ranging from 10 to 105 pounds were fired in holes drilled in
tha adit heading.

No damage was observed until tho 195-pound shot was fired, This
shot apened a eruck in the plaster of the first-lleor ceiling parallel to
and about 6 inches from the nearest wall direetly abovo tha shot. The
wall contained a brick firoplace and was strengthened by the ehimney
oxtending through it.

A gecond minor erack appearved in the second-floor ceiling, but it
wag only about 14 inches leng and extended botwoen two old eracks,

The amplitude mensured on the first floor wus 0,09 inch and on tho
second iloor 0.08 inch.

From eareful inspeetion during and following tho tests, tho suthors
interprot the dnmage representcd by tho eraek parallel to the wall s
having been_eaused by relative movement of the parts of the house
rather than by punel vibrution of the firsi-lloor celling.  Six months
Inter (June 1938) similur tests eracked now, well-set plasier,

In this series tho blasls were set ofl in o long hole drivoen in the wall
of the adit so that tho explosive charges were 65 feol bolow the founda-
tion and 10 feet northwest of the house,  Four shots wero made which
ranged in size [rom 5 to 150 pounds,

With & 75-pound explosiva charge tho seismometers recorded a
house movement of 0.1 ineh, and no dumage was observed.  With the
150-pound shot tho movement extended boyond the mensurable range
of the seismometers but was estimuled {o have been between 0.2
and 0.3 jneh,

As no cracks appeared with the 75-pound shot, it was evident that
tho naw plastor siccossfolly withstood a movement of one-tenth inch,
No damngs was observed o old pluster in other parts of the houso
in any tests of the sccond series, and no old or new ceilings failed.

The 140-pound shot, howoever, eracked now plastor in two places
adjncent to & chimney in an outer wall, Careful sxamination of tho
construction of this chimney rovealed thot jt was froo Lo mova indo-
pendontly of tho wall of the houss but was tied to the plaater,

The authors’ interpretation, ns in tests of tho firsl sories, was that
the plaster failod owing to relutive moveinents of parts of the house
and not to panel vibration nor vibration of the houso as a unit.

After these tesls at Mount Weather, all previous lests in which
reeords had been made in houses during quarry blasting woro reviewed.
for comparison, (Soe table 2.) Of the 13 records so obtrined, the
higheat amplituda recordod was only 22 J)urccnt of that required to
bronk tho plaster at Mount Weather, and the averago of tho 13 was
not more than § porcent,



R '.:..nu.f-.‘-_'_'—;..-;'..' -

et SR

PR

TN St

IIOUSE MOVEMENT INDUCED BY AGITATION AND RLASTING 23

Tanue 2—Building vibralions from quarry shota
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HOUSE MOVEMENT INDUCED BY MECHANICAL AGITATION
AND QUARRY BLASTING (47)

Tho tesis at Mounl Wenther nuliented that o far greater move-
ment wus uecusmlrf' o enuse damago, as mensured by failure of
plaster in a_ typieal residence, than that resulting fromn customary
quarry blasting at distanees usually found between quarry shots and
buildings, Moreover, s tho rests were confined to ono building,
they could not be applied to other Joenlities whero conditions might
differ. Additional tests st Mount Wenthor wero uscless for the same
reasol, Again, an atlompt wns made to find suitable locations flor
continuing simnilar Lests, but alter diligant search none was discovered.

It waa therefore decided (hat other means must bo usal to compare
the respouso of various struciiires Lo seismic waves,

The published reeords of other investigators (2, 19, 20) en the
effect of mechanienlly induced vibrations at earthquake intonsity on
built-up psnels and minizture struclures indientdd the difficulty of
correlating lnboratory-sealo tests with aclusl conditions in thoe field,
Thig is evident [rom the faet that all buildings nre composed of floor
and wall panels tied togother moro or less rigidly and that ench panel
hns its own natural period of vibration and is eapable of cominuni-
celing its movement to the four or more connecting panels. An
change in the dimensions of o panel or in the materinls from which
it is constructed may change thoe natural vibration response of that

anel. Hence, mininture structures or test panels nre not satisfactory
or indieating susceptibility to damnga of full-senls buildings of tho
anme materinls whon subjected to outside sources of vibration,

It was recognized that, in order to be conelusive, tests must be
made with full-seale buildings and not with minintures or panels,

In ndditionnl to these difficulties, the study had shown conclusively
that vibrations [rom quarry blasts wers not always consistent in
amplitude, l'requcnc?r, or duration, even when coniributing factors
wero closely controlled. This does not mean that tests cannot ba
repeated with identical results, but, it does mean that any vibration
emanating from o blust consista of n series of complicated waves in
which tha amplitude and frequency chnnge eontinually, The series
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a5 o wholo may repent itsell exuctly for dwo shots in the samo loeality
fired under identical conditions,

Ag it was impossible (o find suitablo locations for further tests of
acturl blasting, the only allernative was to test full-sealo buildings
with mechanically induced vibrations, then to compare Lthe results with
quarry tests,

‘Fhe problem was presented to quarry oporators snd their assistanco
requested, Response was immediate, wnd nmmerous buildinga wero
offored for teat,  This eooperation was partienlndly gratifying beeanso
no restrictions wera placed by the operators on tho extent to which
the test structures conld be dumaged. In fact, perfectly sound residen.
tinl structures were offorod for test, and the suthors wero told to Jemol-
ish them completely if necessary to obtain the desired results,

Tho next step in the program was o find a suifnble moans of
mechanienlly vibraiing the atruetures, Tho vibraling mechanism
must be so designed that it could producs impulses in n single diree-
tion; the speed or frequency must cover & wide rangn and be controlled
80 that any desired specd could be held within u very nnrrow rango;
futhormore, tho design must be such that the magnitude of the foree
developed by tho vibrator could ba waried at wiﬁ over a rather wide
renge.  In addition the vibrator must be caprble of delivering either
simple harizontal or vortical impuises,

Severn] types of commercial vibrators were investigated but for
ono roason or another filed to moot these rigid requirements,  The
United States Coast and Geodetic Survey (62, ch. .}J had eonducted
similur experiments with a meehanical vibrator, but this maching
was designed to produce impulges in the range of frequencies encoun-
tered in carthquake phenomena snd was unsnited to producing tho
higher frequencies of ‘quarry blnsts,  Altempts were mnde to design
n vibrator for this wark, but hide reecived for its eansiruetion were
bayond tho limit of uynilable funds, Tinully, it_was found that the
Baldwin-Southwark Corporatian, Philadelphia, Pu., had an expori-
mente] vibrator that scemed lo it requivements, This company
agreed to lenso tho machine for suflicient time for a comprehensive
series of tests.

Waork was begun on tosts using this vibrafor in the spring of 1039 and
continued throughout the summer,

A number of houses eloss to active quarry aporations were soleeted
go that records of customarily large quarry shots conld be mado for
direct comparison with shaler tests,

Of tho buildings ehosen for initinl tests, two were frame, ono was bricl,
and ono was stone masonry.  Later, other framo buildings wore tosiod,
both for ronction to the vibrator and to quarry blusts under different
stratigraphic condlitiens, (o confirm the resulta obtained in the initinl
structures, . .

The recording cquipment, comprising thoe seismometers, oscillators,
and usui]logmpﬁ, was the same as that employed in provious tests.

The vibrator or shaker used to produce mechanienl vibrations was
an “unbalance rotor” type driven hy an cleetric motor, This maehino
consists of two whools geared togother to revolve in opposite direstions
at tho same speod,  (Seo fig. 8.5" Ench wheel earries one fixed weight
and ono adjustablo weight (free to movo along the circumlerenca),
If the adjustable weights are pluced dinmetrically opposile tho fixed
weights tho unbalunca is #ero, therefore the centrifugnl foree is also
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zero, ILthe adjustable weights nre moved ndjacent to the fixnd weights
the degree of unbalance is maximum,

Because the machine hns two wheels that revolve in opposite dirce-
tions horizontal forces are enncoled, nnd only vertieal foreeis produced
when the machinoe is upright, Tor cxample, o study of figure § shows
thet when the foree of tho left wheol is directed to the right the right
wheol produces & force of the sume magnitude to the left} henee, the

H

L ©

Driving motor

Fravnk 8, —Mechandenl shaker: A, Flied weight; I movabln welght; ©, hase for horlzontal forces £2, spoods
Phase g 8, Toree; =44, iibo of farcu; T, elephions enrplegy, i

forces eancel and both the horizontel and vertical resultants are zero.
When the foree of tho left wheel is dirceted to the right and up, the
forco of the right wheol will be te the left and up.  Fho Lorizontnl
components of the forces of the two wheels nre equal but opposite,
hence they eancel ench other, but the vertieal components nre oqual
and in the samo direction and thus ean be ncsdad. Whon the
force of ono wheel is diroetly up (or down) that of the otheris also up
(or down), nnd the total force is twice the foree of ono wheel, Theroe is
no horizontal force on cither wheel whon the foreo is dircelly up (or
down); henee, the resultant horizontal foreo is still zero, The net re=
24498 O- 83- 5



e

26 EEISMIC EFFECTS OF QUARRY BLASTING

sultis n sim})lu vertieal forea that varies sinuseidally with time, Tho
Irequency of the foree depends an tho speed of roiution, which, in
turn, enn be controlled by regulnting the speed of the driving motor,

In order to produes pure horizontal foree, the vibrator is turned 90°
fram the upright position,

Tho muehine is charneteristic of centrifugnl deviees in thae the foreo
variea a8 the squure of the frequency. ITor u given froquency, the
force delivered :Icpends on the degree of unbalanee, whicl s rugufutm]
by tho pesition of the movable weights.

The maching is limited by its meehnnieal construction lo a maximum
forca of 1,000 pounds, ‘I'he maximum speed is 2,500 1, p, m., or about
40 cyeles per secand,

TFor complete unnlysis of lesis it was necessery to know the plase
anglo bolween the foree and the displicement,  Accordingly, o phase-
indicating deviee was mounted on the vibrator whigh, threugh suitahila
eleetrienl conncections, produced an identifying marlk on the record
onee every rovolution of the wheels, 'This mark on the record corre-
aponded to a known position of the unbalnneed weights, With this
position and the speed of the vibrator known, the magnitude end diree-
tion of the force could be determined for evory instant on the record,
Comparison of tho forco murks and displocement curves on the record
gnve the plnse difference between the twe, Tho genernl plan of
procedure followa:

1. Determine the vibrational eharncieristics of tho house ne & whole.

2, Rocord ihe vibeations froan qunrry shots,

4, Detormnine the characteristies of the lour (or wall) panels,
4, Vibrte the buflding or panel to the point of demage to obtuin dain on the

Indox of damage.

In all teats of quarry shols threo seismometer stations were set up
in tho house (lml three floors), and u fourth wis placed on the surfeee
of the grounid adjneent to the heuse so ns Lo correlnte ground amd
building vibrations,

In determining the vibrational charaeleristics of the yilding as a
whola tho vibrator was tightly Woeked in o doorway and oviented (o
praduce horizontal motion.  Two settings nt right angles to ench
other werp always mode with horizontal forees,

In testing flaor panels for vibentionnl characterisiies the shaloer
was Istened to the eenter of the floor in position Tor vertienl foree,

In testing for patural froqueneies in cither the hotse as o whoele or

o panel, the shaker was taken to full spoed, the enrrent was cul. off,
and the wheels wero allowed to const to rest,  The eentrifugal foreo
was sob low enough so that dumage would not eceur but lurze enough
s0 that satisfuctory seismomoter records could be obtained, partici-
]nrllv for detormination of the nutural frequency ar frequencivs of the
buikling or panel.
For dumagoe tests the vibrator wag set at o predolermined unbplance,
tlio motor wis started, and tho speed was rised to the desired point,
When the desired frequency, for example a predetermined natural
Ifroqucnuy, was reached, the speed was lield constant for 2 minutes or
onger,

'sl‘fs the ability to maintain & partienlar speed {Trequency) within
narrow limite wus of parnmount importance, the vibrator was cali-
brated agninst the time-recerding deviee in the oseillograph nt various
speeds, and satisfactory control was demonstrated,
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INTERPRETATION OF TESTS

In all, 14 stractures wers tested Lo determine vibralional character-
istics, damngoe indexes, or compnradive effect af quorry hlnsting,  The
buildings were frame, brick, or stone masonry and ranged from ono
to three storie in height with o width or length about equul to their
height,  No relutively tall buildings were tested, nor were rigid tvpes
of eonstruction tested, such ns reinforeed-concrele and steel buildings,

The three main objeclives of these tests were:

1. Delermination of the ebnracteristics of the modes or mamners In which
structures of resldentinl typo vibeater,

2, Correlntion of the effvets of mechanicnlly Indueed vibrationa with seismio
vibrations from quarey binsts,

3. Ascerfainmont of an index of damage for salstiule vibeations,

In nddition, answers were sought to severn] other questions ns the
shidy progressod,

DAMAGE AT RESONANCE

One of the secondnry abjeetives of the tests was confirmalion or
refutation of a hypothesis [requently advanced that abnermally high or
destruetive displacoments could bo produced by driving a holse nl its
resonant frequency.  The theory advapeed was that even s vory
small external foree, if in vosonance with tho natural frequeney of the
house, would build up the nmplitude of vibeation to dangerous pro-
pertions in o short time, The theory also embraced the hypothesis
that & largo foree (not destructive in itsell) acting in resonanes with
tho hause wonld build up the amplitude to dengerous limits in only n
few (two or tires) eycles, Thus, sccording to the theory, o seismic
wave from 4 quarry blast, even though it lnsted only o fraction of &
gecond, enrried potential damaging ability if in resonanee with thae
strieture.

A study of the fundnmental charneteristies of seismic waves from
querry hlnsis had shown that in the majority of records the duration
of the disturhanee wns of the order of | second or less.  Where
durations were longer, 1he eanso was usunlly the physienl condition of
thoground henentlh the building, Tt was also observed that in disturb-
anees of short duration neither the frequeney nor nmplitude of tho
vibrntions was constant and tho direction of motion changed very
rapidly.  Henee, there seemed to be litUe likelihood that sueh a wave,
with its conslnntly changing churacteristies, would exeite n huilding
ut rosonanes,  Whero longer durntions woere abserved, the wave often
approached sinusoidal concitions at low frequency and would he mare
apl to vibrate in resonnncee,

Atlempts to exeito a mine roof had shown that the roofl stratumn did
not renct as a unitk, The question remuined, however, whether o
hounse or single panel within the house could be made Lo react 18 8 unit.

The method used to doteel the resonnnt frequencies of a house or
panel was to record tho metion during the const-down test with the
ghaker,  As tho reducing speed of the shaker passed through the
natural frequencies of the Luilding or panel, resonaneo wns indicated
by incrensed amplitnde on_tha record. ‘The inerenscd smplitude
resulted from building up the vibration by resonanee between the
shalier and the building, As the sheker gradunily slowed down
however, the lengih of timmo ita speed would approximate the natural
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frequoncy of the building would bo short, and the question arese as to
whethier tha resonant penks produeed in the short time (at resonanec)
of o constedown test were manxiny,  In other words, if the shalier were
set to revalve at & speed coineident with the naturnl frequency of tho
I)uilr!?ing, would the resonant amplitudes continue to build up with
time

A typiceal test, confined to panels, was made on two ceilings in the
same builling, and tho vesults follow.  In eviling A, the coust-down
test showed the natuel frequency of the ectling panel (o be 12,2
cveles o second and the maximum resonant amplitude 0.023 inch,
With no ehange in the position of the unbalanes weights on the shaker
(keeping the foreo constant with (hat used in the const-down tost)
but with the shaker run at 12,2 rovolutions per second, the namplitnde
nover inerensed above the 0,023 inel recorded in the const-down Lest,
This test was repeated in all bouses with the samoe result, Tt was
evident then that driving the panel ab resonsnee with the shaker did
not inerense the amplitude above that reached at resonanee in the
const-down Lests, In other words, the maximum resonont smplitude
cottld be attrined in the short time the shaker was closo to resonance
whon coasting.

In nnother building Lhis test was continued for 1 hour with Lho
same results,

The shaler was thon ndjusted for greater foree, and ceiling A wans
driven agnin at resonant frequeney (12.2 eyceles por second), The
amplitude increased to 04 inch, indienting an inereast in movement
due Lo groater foreo at resonance, but evon nt this maximum the plas-
ter wns not damaged, The plaster was damasged, however, at 17
clycloa per second, with an amplitude of 0,20 inch,  In other words,
damagoe ocenrred at o lower amplitude than that reached gl resonanco
but at: a higher frequeney,

In eeiling B the natural frequoney was determined nt 12,4 eycles per
gecond, and the maximum amplitude attnined in both const-down nnd
driving-at-resonance tests was 0,06 inch, This eciling was earried to
a maximum amplitede of 0.3 inch and o frequency of 33 eycles per
socond with various combinations of force on the shaker without
damage to the plasier. In fact, it was impossible to shake the ceiling
within the limita of force available (1,000 powuls) {o an extent that
would damage the plaster,

In tests of n third ceiling, C, in tho same huilding, however, tha plas-
ter foll at an ampliturle of 0.14 inch nnd o frequency of 11,6 eycles por
second (resonance} during the const-down test.  Before the test it
wns observed that a large nren of plasier on the eeiling was hanging
looso from _the lath, This was the only panel tested in which damnge
was cansed ab resonunee,

With the exeeption of eeiling B, all eeilings in the soveral houses
wore vilbrated to the datnage point, but damage in each instanco
ocourred nt froquencies having no relation to resonnnt conditions,

These teats showerl that the physical condition of the plaster wes of
primary importanco; in other words, plaster could fall if it was alrendy
wenkened or loose,  On the other hiand, they also indieated that even
with n force of 1,000 pounds neting at variona frequencies tho pluster
could not be broken if it was in exceplionally good condition.
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In nll otlier wsts an plaster of mverago physicnl condition, the ampli-
tude could not be inerensed abnormally by driving at resonnnce, and
when damagae did eecur it wns at somo other frequeney.

Tha tests also showed that amplitude ab resonanco was Lo soms ex-
tent a function of the applied foree, becuuse as tho forve inerensed the
amplitude incrensed, but the amplitude &t all other frequencies nlso
incrensed,

Except where the plaster hiad been wenkened proviously, these tests
apparenily refute tho theory that an incoming vibration, if in reso-
nanca with the natural frequeney of & panel, eould build up displice~
ment to dangerous proporiions within o few cycles,

Although C was tho only ceiling dnmaged ot resonanes, this.fnot
does not men that damnge may not oceur at resonance, provided
enough foree is applied. However, a force lurge cnough to enuse
damago at resonnnee will ulso produce displacament, in the damaging
range at other frequencies. In other words, resonunt frequency is
not necessary (o cause dumnge,

Similar tests were mado in which the entire structure, as distin-
guished from n single panel, was driven at the predeturmined resonant
frequency of the structure, I[n all sueh tests, driving at resonance
\vitl]mnt. changing the shaler foree did not produee greater emplitudes
ol motion Lthan were obtrined by the eonst~-down method,

Up to this point, Lests of the licuso as a whoelo paralleled those on
single panels,  However, it proved impossible to drive an entiro strue-
ture at resonanes or ab any other frequency to an extent whero dumage
occitrrad, This was probably due to the [aet that the maximum
force of 1,000 pounds of which the shaker was capable was inadequnte.
NevcrLInciesa, i overy tesh it wns possible to drive the house (without
damage) to am[]:!itudos considerably above those recorded from nearby
quarry shols of the size employed in regulur quarry practice,

It i3 important to remember (hat {he amount of sway of o Imildin;,' is
wifoeted by the incoming vibration, especinlly near resonanco. Two
quarry shots of different frequencies Lhal produee approximstely the
anme displacemont at the ground stalion near the house may produce
differences in the amount of ntovenent at the top Hoor of as much as
100 pereent.  In ather words, where the disturbing foree is unlimited
in powar (as it might bo from a large quarry shot very eloso to the
house) the resulling amplituds of the hoeuse movement will bo in-
creased il tho incoming vibration is alor near rezonance,  The incrense,
however, will not rexeh the damaging rangs beenuse of the damping
charneteristics inherent in the house itsell.  This stntement must bo
considered ns applying to quarry shots within tha range of magniinde
and distances cuvcmﬁ in tho tests, Obviously a ﬁousa would ba
demolished if it wore only a few feet from a large quarry shot,

It should alse be rememberod that driving o building or panel at
resonanco with the shaker produces greator displacentent than vibra-
tion from a seisinic witve, beeause Lhe motion produced by the shaker
is reciprocal in a single pfnna and sinusoidal and the panel or building
responds in a similar menner, whereas n scismic vibration, excepi
under specific conditions, is not sinusoidal but moves irregularly,
ehanging direction in threo dimensions with greet rapidity,
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EVALUATION OF DAMPING CHARACTERIATICE OF A NUILDING

A soeond objective of these tests was to develop a nenns of evalu-
ating tho damping faetor of a building or its resistanco to vibration,

It is o well-known Iaw of physies {hat when n simple mechanieal
system (single degreo of freedont, simplo harmonic motion, sud viscous

amping) vibrates at its resonant frequency, the amplitude of dis-
placement ot resonanes is limited only by (he dmmping fnelor or
ratio of resistanee (frictional forces) to twico the mass, 'J‘ﬁu domping
factor is thoreforoe o monsnre of the susceplibility of & slreeture to
vibration at its resopant frequeney, provided the struclurs rencis na
& simple mechanieal system,

The retio of the damping fuetor to the nature] frequency is callod
the deerement. The decrement is a mensure of “sharpness” of resos
nance—n low decrenient: gives o sharp peal and a lorge decrement o
Lroad, flat peak—nlso of decay al amplitude in a freo vibration.

The damping foctor (hence the decroment when the naturel fre-
quency is known) enn bo delermined by difforent methods, The two
methods employed in theso Lests wors determinetion of damping (1)
from the variation of the phinse angle between foreo and displacement
as tha frequency passed throwgh the resonant value and (2) from the
gharpness of the amplitude-frequency curve,

Tl validity of eilher procedure depends, of course, on the issump-
tion that residentinl structures react as sinple mechanicn! systema,
One mothad of showing the similarity between tho ideal (as repro-
scnted by a simplo system) and nctual (ns represenied by a housc)
cases i (o construet a displncemont-frequency eurve from tho theo-
rotienl expressions for the ideal assumption and to compare tha curvae
so constructed with the obsorved displacement-frequency enrve ohe
tained in the field. )

The amplitude of vibration for an ideal cnso can bo oxprossed ns
shown by Weod (44, p. 37):

f8ln ¢
LT
in which a=maximum amplituds of vibration,
f=foree poer unit mass (Ffm),
e=phpso angle,
k=damping coelficiont, and
p=forced angular velocity,
With n forco such ng that developed by the shaker,

fmE e itl?
" m
whore ;y=unbalanced mass of shaker,
re=tadiua of unbaluncod mass,

m=mass of vibrated body,
Substituting this valuo for f,

e ain
am B B
but as shewn by Wood,

2k
tan ¢= peRmp
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where n=nabural or freo sngulor velocity, ‘Thus,

‘ - 2k e - (,/: .
S TR AR WL
Substituting this value for sin ¢,
T/ N, —
T T O (0

TFrom cquation I il cun be seen thal zoro damping (£=0) will result
in infinite amplitwde at rosonance (where n==p). Ior somo finite
value af domping the varintion of amplitude with froqnoney can
ba determined from the equation; that is, as p is varied @ will hava
eorresponding values,

TFignra 0 gives tho displaicoment-frequency record for one of the
houses tested, TFrom iha slope of the phnse curve (uot shown), the
damping factor was caleulated to be 3.  The nalurl froquency is

0012
=
I%) N
=
= /AN
. D08 \
: N
§ 04 / \\ .,Calcullaled
s M =
7] 4 | ~
a 000 ohse.rved"
3 4 [ 6 7 8 9
FREQUENCY, CYCLES PER SECOMD
Fravhs 0,—Observed and calouloted dlapl t-fron ¥ ourves,

approximatoly tho frequency at which maximum amplitude (0.01
inch) oceurs, or 4,6 eycles per socond. .

Substituting these values of damping and natural frequency in
equntion 1 for the resonant conditions (whore n==p) gives,

mrn Tr{1.8)])F "

001 == TR [a20 % on ity

o PP 7 (4,6)
m G

mury 0.01<3,20
m 4,0x

or
0.0t

=0.0023,

. . Wr . .
Tquation 1, with the constant —-;-i—-! evalunted, is now written

= 2 —ﬁ—w
a O‘Dn'aJi(aws.m'— -1, 20) T @
and expresses the variation in amplitude with frequeney provided the
liouse responds as a simple mechanicnl system,  Points ealeulaled from
cquation 2 are plotted on figure 9 and resnlt in the dotted curve, Tha
similarity belween the observed anil enleulatod dnta is apparent,
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From the foregoing reasoning and empirical resulls, the authors con-
cluded that it was possible lo compute a signifiennt damping factor
for any building from the resulis of properly conducted tests,

DETERMINATION OF MODES OF VIDRATION OQF A NUILDING

Tho firat main objoetive of theso tesis was to determine how o huild-
ing vibrates, In a typical test tho north-south naturel frequency
(zlong ono of the majar horizontal axes) of n building was determined
at 4,4 cyclos por socond, At right angles (along tho other horizontal
axis) %he natural frequency of tho same building was 5.5 cyeles pur
gecond.

A study of the movement of nll threo floers al these resonant fre-
quencics showed thot the amplitudoe of displacement inereased [rom

rotind to atile. In addition, the vibrations on all throe floora were
in phase. 'This means that the honsa was swaying in the plane of ona
of its major axes or in “translational” motion. Furthermoro, it was
observod that the house was twisting about its vortieal axis or in
“torgion' nnd that, since the ground actd as a clamp, the angle of twist
or "tungu]m‘ displacomont™ increased progressively from ground floor.
to nitia.

Although it was known from tho studies of obhors (10, 19, 62, 53) that
tall buildings rencted in this mannoer, this is believed to have been the
first roportod rocord of buildings that were approximately equidimens
sional moving in such A mannor.

CONRBLATION BETWEEN EFFECTS OF MECHANICALLY INDUCED VIBRA-
TIONB AND BEISMIC YIRRATIONS FROM QUARRY BIHOTS

A study of the tests in this series showed many instances in which
tho position of the seismoemeters was the sama whan records were talken
of vibrations produced by quarry shots and by the meehanieal vibra-
tor, In theso directly compareblo tests, when the arder of magnitudo
of tho shot vibrations and tho shaker vihrations was the same, no
damage resulted.  To produce damuege it was necessary to ineroaso the
soveriby of the shaker vibeation far beyend the range represented by
the quarry shots,

When the shaler was operated to vibrate the buildings s units, the
form of distortion was very similar to that produced when the build-
ing was swayod b{ the seismic wave from a quarey shot,

xperimental blasting Lests enrried to l;hu?larqugn point at Mount
Weatlier, V., ngree in the order of severity of vibration with shaker
tests thab produced damage,

In the foregoing respocts the shaker tests ngrea closely with tho
quarry-shot tests. Tho significnnt difforences aro duration of agita-~
tion and wave shape. )

. Quarry-shot vibrations, except under special stratigraphic condi-
tions, are irreguler and persist only u sacond or fraction of n second,
whereas shaker impulses are sinugeidal nnd conlinuous,  As has beon
shown, howover, their effcots on buildings, as determined oxperimon-
tally, nre simitar.
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INDEX OF DAMAGHE FOR BEIBMIC VIBRATIONS FROM QUARRY NLASTH

. As eencks in the plaster of a houso nre associnted (with or without
justification) with domage from blasting far mere than any other
effeet, it is conveniont to wiilizo failure of the plaster in determining
the index of damnge,

It has alrendy been pointed out that fuilure of plaster is & funclion
of the physieal condition of the plaster, therefore, extromes arp ruled
out and %ilum of plnster, as referred Lo in this paper, means plaster
in avorago plysienl condition.

Even when this definition is taken as the measure of damage, foilure
of plaster is not a sharply defined ovent but yather o gradual transi-
tion. Visually, the initial indiention of damage is the extension of old
eracks or dust Inlling from tho sides of the cracks as they are rubbed
together, As the severity of Lhe vibralion is incrensed, fine new cracks
are formed, and the plaster may flake or spall slightly or the surface
or putty cont separate from the brown cont beneath, A further in-
crenso in severity of vibrntion eauvses extension of the now cracks and
finally causes largo arens to sepuarate from the lath and fall. In this
rupnr&, the term “damage” refers to falling plaster unless otherwisoe
atated.

In order to comprehend the relationship hotween vibrations from
quarry shots nnd damaging vibralions, the amplitudo and froquency
of vibration for all Lests made in houses were tabuluted for comparison.
Acceleration is proportional to the produet of the displacement and e
gguare of the frequency for o sinbsoidal vibration, and since the strue-
turnl movements wore cssentinlly sinusoidal the aceelerations also
wers computed and tabulated (47},

A study of the compuied values for nccelorntion showed that the
pverago vibration fram nquarry shot had an neceleration considerably
below that of gravity {p=32.2 fost Per second poer second), whereas
the dninnging vibrations from tho shnker had accelerations about equal
to or greater than that of gravity. Therefore, tho neceleration of
gravity is a conveniont index of the teansition from the no-dumnge to

the damage siate.
SUMMARY

Tosts of this series gave the fallowing results:

1, Buildings only a few stories high can be made to vibraty in
definite modes with n mechanical shnker, ns has been done with tall
structures, The resonant frequency and the damping can he evalu-
ated, henee the suscoptibiliby to vibration enn ba determined,

2, Vibrating a building or panel at resonanece, within the range of
the present tests, is no more destructive than nb any other frequeney
beeause of the effect of damping inberent in the structure,

3, Punels of buildings ean bo vibrated by & mechanical shoker go as
to cause damage.  The resonant frequency and damping effeet enn be
dotermined, hieuce the response of the panel lo vibration can be
ovaluated,

4, Tho effect of vibrations from shaker and quarry shots can be
correlated on an empirienl hasis,

5. For ordinnry residenlinl struclures the vibration necessary to
produce damage is much greater than that resulting from customary
quarry blasis,
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8, Within the range of these field tests an acceleralion equal to that
of gravity (4) can bo used as an indox of damage,
‘e use of g as an index of dunnge must, however, be tempored by
consideration of tho physieal charncteriatics of relatively good and
poor construction,

MATHEMATICAL FORMULAS FOR PREDICTION OF AMPLITUDE

As the field work progressed, exprossions were ovolved al intorvals
which, o8 nenly as possible, represented the trend of the recorded
soismic data, The most significunt varviebles influencing the dis-
placement wero found to bo weight of vxplosive charge and distimico
Trom shot, hence these factors figgneo largely in all the derived formulus.

In a formaor pitblication (28) tho authors showed that the amplitude
cotlid ba expressed ps:

A= K (3}
and
A=y )
in which

A=maximum resultant amplitude,

Il=g constant depending on distance from shot,

C==weight of explosivoe,

a,=a constant dopending on weight of chinrge,

d=distance from shot,
e=lmso of Napisian log (2.72).

It was pointed out that the fnelor 0.371 in equition 3 was enlirel
laenl, Furthormore enquation 4 was for one loeution, thus the uselul-
ness of the resnlts was limited,  Thoe implieations of the equations are
far renching, however, in theb thoy indiento that assumptions of plane
or spherical seismie waves in an extendod Lomogeneous medium eannot
ba made without madificution.

Tt is demonstrallo in physies that the mnplitude of a spherics! wave
in an extended homogenoous medium will vary inversely s the distanee
and directly as tho square root of the snergy (or weight of explosivs,
if it is assumed thal the energy is proporlionsl to the weight of oxplo-
sive). Tho devistion of equntipns 3 and 4 (derived from observed
data) from thoe nssemption thal the amplitude varies as Ui squars
root of the weight of explesive chargo and inversely as tho distance is
shown graphically in figuro 10,

It is rendily sesn thit an extension of the observed eurve in figure
10, A, to o charge of zero would indieats an amplitudoe of nbont 0.00010
inch, As a ehargo of zoro would, of eourse, result in an amplitudo of
zero, obviously equation 3 does net represent the trno relationship
batween amplilude and eharga exeapt over a limited section (1 to 4
pounds in this example),  With & charge of 1 to 4 pounds, howover,
equation 3 agroes with the observed data, It should be noted that
& corvosucl as the dotted curve of fignre 10, 21, may netually represont
the conditions governing lie abserved points plotted on the solid
curve. Failura af the observed points Lo full directly on the assumed
(dotted) curve muy be attributed (o lnek of precision in the obser-
vaijons,

Figuro 10, B, indieatea a high degren of initinl damping in the
ohserved datn,  This ellect was substantintod by many later rendings.
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Examplos were given in o provieus paper (28) showing how the
amplitude of vibration was ineronsod by soil or overburden.

A paper summarizing the resulls of quarry blasting (43) presonted
g formula that expressed ihe amplitnde of vibration in torms of
weight of oxplosive charge and distance,

0.0008
M T 1]
; Amplituda‘ walfrie!s1 a5 /_.4:-
2 oot square fool @ claisa‘,; =
S ! &_.—— ~—Dhserved data,
equation 3
S
3 .--//
'
.0000
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EXPLOSIVE CJ:QRGE‘ POUNDS
0.003
\(,(JDSCNFC’ clzm,
z 002 equatian
l \
2 \
|
= .00! e
< ‘--:'_\.
i S b
— Amplilude varies as _—
Inverse of distance \?
!
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Fraure 10.—Cbsorvod ind calenlntod displacoment curves,

based upon a largo number of quuty observations, it is especially

applienble to quarey blasts,

DISTANCE, FEET
B

The formula follows: &

o :
A 15 {0.07-4101084.1.0,001),

whore A=maximum resaltant amplitude, inches;
U=cxplosive charge, pounds;

d=distance, foob;
e=Dbaso of Nnpi

arian log (2.72).

The limits of the formula nre:

Charge, 1,000-15,000 pounds; distance, 600-6,000 feok.
100~ 1,000 pounds; distance, H0-0,000 fect,
100 pounds; distance, 100-1,000 fect,

Charge
Chnrgc,'

10~

Boeenuso this formule was

1t

The limits are necessury for two reasons: Tho date bayond these
limits wore searce and were neglected in deriving the formuln, and

1 §ee takla d, p, 60,
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(2) tho forraula is purely empirieal and reduces to absurdity at ex-
tremes of distanee. Thus, if tho distanco is infinite the amplitude,
. \ el . . .
neeording to the formula, will bo —]‘%X0,00I; if the distanco ia zero

o
100
Tho limits give ranges of weight and distaneo outsido of which the
formula does not npply. It shonld bo noted, howover, that oven
within these limits opposite oxtremos of woight and distance tond to
rive inaecuratlo results, Tn genern], heavy weights should be com-
Bined with thy long distances and light weights with short distances,
In aetop) practice, this is usually the ease.  For examnple, o building
woulll rarely be within a fow hundred feot of 1 15,000-pound shot,
and tho ground vibeation of n 10-pound shot more than « fow thou-
sand feol away would be of no eoncern, DBriefly, predictions involv-
ing shots of 1,000 poumnds or moro should not be attempled with this
formula for distances less than 500 feot or for shots of 100 pounds or
Tess for distenees beyond 1,000 foel.

In a forimer papor ovidence was given (45) to show how the am-
plitude inercased on overburden, In meneral it was found that the
amplitudes on rock outerops wera only about one-tenth those ob-
served on overhurden for comparablo conditions, TFor convenience
the formulas for amplitude wers derived for conditions of average
averburden,  The amplitirdes se derived should thereforo o decrensed
about 10 times for rock ouvicrops und inereased about 3 ilimes lor
deop or abnormally responsive overburden, such a3 sund-gravel-loam
doposils, Amplitudes compuied from equation 5 apd  observed
amplitbdes were compared with favorable results,

Although the introduction of other varinhles doubtless wonld give
maore reenrate rosults, the diffienliy of avaluating the varinbles and
the incrensed complaxity of tho formuln wonld seriously limit its
usofulness; furthermore, the acenracy of cquation 5 was sufileient for
maost practicnl purposes,

When contralled tests wore muelo undergroune (44), conditions wero
robnbly ns nearly ideal s ean be attained in practice.  Tls, it wns
oumnt hi}l'llb the most satisfactiory expression for amplitede in terms of

charge and distanes was similar to the theoreticnl equution for ampli-
tudo of sound in o homogoncous medium; that is, that the amplitude
decreased inversely with' the distance and was proportional to the
square reot of the weight of cxplosive,

A correction in the formula was maode for weight-strongth of the
explosive. Although this designation is not subject to a rigorous
definition mud probably varies with tho method nfl dotermination, in
these tests it apparontly coincided with eome physical pmpurtr of the
explosive which influenced the vibrations. This property, which for
laclk of a botter torm ia enlled the ingredient weight-strength, is repre-
sonted in the formula by S, As the ingredient weight-strenglh does
not differ greatly for the majority of the explosives employed in these
tosts tho correction is minor, For this venson, the equation can be
simplified by substituling for § the average weight-strongth of 60
percent, or (.0, as shown below,

the amplitudo will he *X0.071. Both figures are obviously falso,
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Formula for mine shots;
A_o.uaf’isg
If Sw0.8,

4ma20274C,

where A=maximum singla amplitude, inches;
CO=weight of explosive, pounds;
D=distance, foot.

This formula probably is best-ndupted lo predicting vibrations in
mines where records are taken on the same rock stratum s the blast,

" T T i I y
Le B oo LEGEND i
Dml‘-l _00006 & bipiosive A & Eaplosve P
\ W - - vEplesne 4 Eplosse &
. G Gplosve C v Explsiva 1]
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] A & TE,""--___‘}'; [l I I Y P
00061 T ; T
g j : S BISTANCE, FEET
=
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F3 i g JUON S S
5« * 12-pound shats
SR ASS AR
[— g‘ -
i U o5
3 oo
o X T 12 T T
DISTANCE, FEET

Fiovrr H.~AmpUiade-dlstanecs o ves,

The formula was based upon shotls restricted in weight (20 to 200
ounds) and in distance (300 to 1,600 feat); heneo the formula should
o used only between these limits.

Tor small weiglits of explosive (8 und 12 pounds) made under closely
controlled conditions, tho amplitude varied with the distance, as
shown in figire 11, This figure indiestes that the amplitide decreased
inversely ns the 3.6 powor of the distance from 200 to 400 feot,  Irom
400 feet Lo Lho greatest distance at which records were made—1,300
feat—tha amplitunde decreased inversely as the distanes, This diiler-
ence illustrates the high damping near the shota,

Az the damping in either rock stratn or averburden is very rapid at
short distances, correet estimation of umplitudes close to n blast is
diffoult.  Table 3 gives a rough idea of the amplitudes in overburden
that might ha expected 75 oot from a shot. .
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‘T'ARLY, 3.~—sdmplitudes at 75 feel

ude,
Amﬁllthudl

............................................................ 0, 001
.01

wea o025
- .10
ene 18

Tlweaghout these derivations thy frequency has not been included,
because for a given type of ground the predeminant frequency is
virtually constant; that is, it dloes not depend on tho nmplitude, A
differenee in type of ground (for example, rock outerop compared to
overburden), howover, will produce quile a difference in frequencies.

For penoral nse the following frequencies are representative:

Cpceley prer

atcend
DN DU O] e m s v emmasmememvrrmmanemmmreram-"asanmmeamrrenaaraman a0
On averago overburden.. 15
On ahnormnl overburden 15
a

Realdentinl buildings
Abnormal overburden is exceptionally deep overburden (50 feet or
mora) or overburden composed of a sand-gravel-loam type of deposit,
As the vibrations aro generally irregulur it shonld b Ecupt in mind
that frequenecy refers to the predominant frequency, Therefore,
sinusoidal conditions ean be nssumed for computing volocity, sorgy,
ote,, only if justified by the selsmie records,

SUMMARY

The amplitules of vibration from ‘E“""’Y. and mine blasting can be
predicted through application of the following formulas;
(1) For quarries:
Charge, 1,000-15,000 pounds; distuges, 500-6,000 feot,
Charge, 100-1,000 pounds; distance, 100-6,000 feut,
Clinego, 10-100 ponds; distanes, 100-1,000 feet.
' o oy
=100
where d=maxinum resultant amplitude, inches;
d =distanco, feuk;
C'=oxplosive charge, pounds,

_This mn]lx_litudc\ is based upon averago overburden, Tor outerops,
divide an itude by 10.  For deep or abnormal overburden, multiply
by 3. (The amplitude on the first story of a house may ba taken as
equal to that on the ground.) .

(20) For mines where tho observations are on the snme rocls stratum;

Shota: 20-200 pounds,
Distance: 300~1,500 feet.

(0.07¢=0.2134 30,0013,

400274,

o
(3) For amall shots in mines, tho curves of figure 11 enan bho used.

Bhots: 5-15 pounds,
Distance: 200-1,500 feet,



B .

-t

ol TR

M TN PR 7 WP

———
P sy

e e e

DETAILS OF TECHNICAL STUDIES 39

(4) Tor close shols, an nccurats estimete is diflieult to make,
Tahble & indieates the trend for observations on overburden,

Shota: 1-100 |p.'.uu:da.
Distonco: 75 feot.

DETAILS OF TECHNICAL STUDIES

The preceding pages present o chronologieal story of the resenrch
program, Details of tho field tests have been published in sdveral
progress roports; howover, many technical details wero omitted.
These technical details pre essentin] in providing juslification for
sorne of tho conelusions reached and nve presetited hurmvith.

STRUCTURAL RESPONBE TO VIBHA'I‘IbNS

1n order to wndorstand how buildings are ailected by vibrations, il
is desienble to know the manner or mode of vibration. Numerous
conligurations nre possible, oven in the simplest struetures,  Ono or
moro of (hese configurations may bo observed experimentally or do-
duced theorotivally, For experimental observations boih buildings
(47, 52) and mmh-f.:‘. {19) have heen used.  Tor theoretieal deductions
certain nssumptions bave to ho made as to the phiysieal ehurneterisiics
of the building.

Tho sssumptions generally redues the problem 1o thut of a building
equivalent o either (1) a uniforin homogencous bur or (2) & series
of diserote masses connected by clastic members of known rigidity,
Naturally, the choico of assumptions is governed by the type of

structure,
THRANSLATIONAL MOVEMENT

Vibrutions of a lomogencous bur or of u modul eomposed of a series
of discroto masges result in displacements eharaeterized by the sumo
gonerg] forms,  Taking, for example, the simplest case, a building
will vibrate in a vertieal plane along one of its major axes as shown
in figurs 12, This is the mode of lowest lrequency ab which the build-
ing will vibrato naturally, The first overtone, n second mode, will
result in displacements sueh ng those shown in figure 13; the third
mode will be s shown in figure 14; and so on.

Insofar us thess modes ars ehavacterized by all particles of the
building moving in the same lino of direction, the term *trans-
Iational™ is applicable and convenions,

In goneral, for the translational modes, flexure will predominate if
the building is tall and slender and sheer will predominate if the
l:ll;ilding is aliort and wide, Actunlly, neither stress is entirely
absont,

If flexure predominates and tho building nets like a uniform bar
clamped st ono end, the ratios of the overtone frequencies to the
fundamental frequency are well-known (53, p. 1713) and will ho
approximately 0.3, 17,6, 344, ete. If shear predominates and the
huilding acts liko a short, uniform bar, the ratios of the overtone
frequencies to the fandemental frequency will ho (68, p. 81) approxi-
mately 3, 5, 7, ete,

Observations by Jrcobsen and Ayre (19) on n model which was
designed as a series of diserete masses and which allowed shear and
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flexueal distortions resulted in ratios of approximately 4, 7, 6, 10.4,
cte, Thus, the ratio of [requencies s indientive of the type of

disiortion, .
These translational modes ny be excited along either major

axis of a building separately or simultancously,
TOHBION

A building ulso may vibrale in torsion,  Tn motion of this type
tho pariicles of the building move in nyes (in horizontal planes) nbout
the eenter of torsion.

I

-~
-

Building at rest

Building displaced
-

-.______.'____—__/

'__———"--—-—--_—-_-——.._.__ —_—

———
i ——— =

—s
———

ARHENE IS A GHEA

¥roune 13—Fundamental tranatational mode of vibrutlon, FinvRe 13—Second  Fiovax  14.—Third
o of vibratlon. mede of vibration.

In torsion, as in the translational modes, there is o certnin minimum
fz-c?uuncy ut which the building will vibrate naturally or freely.  This
is the frequency of the fundamentu! made, TFigure 15 shows the angu-
Jur displacements of n building nbout ifs main vertienl nxis, which
remains fived.  For the higher modes, firures 13 amd 14 are applicable
if the displacements shown are considered as representing angular
digplacoments, In Lorsion the ratios of overtone frequencies to the
fundamental mode ave 3, §, 7, cte. (65, p. 163).
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ROTATION

A building may vibrate not only in translation and torsion but also
in rotation,  In ¢ distortion of this type the horizontal sections (or
{loors, us tho case might be) rotate uboul horizental axes,  (Seefig, 16.)
Usually the rotational distortions are neglected in designing enrth-
quake-resistant buildings, either beenuse they are negligible compared
to the lorizoninl distortions or hecnuse the verticn] strength of the
building greatly oxceads the vertical stresses set up,  For the same
rensons vertical translational vibrations, or what would correspond
to longitudinal vibrations in a bar, are neglected.

— 0, Argular displacement
A~

;.

7 T~ \
L\L ./' Bullding “displaced 57
A—- ‘{\—7§ /
/ \-\/
b Building, at rest /
N>~/ \ /

“-..,_‘ -/
PLAN VIEW “"“\L

Finuax 1.~Torslonnt vibrution.

In oll modes of vibration yiclding of the ground must be considered.
This yielding corresponds to yiclding of the aupport of a clumped bar
whieh is equivalent to a lengthening of tho bar,

COUILED BYSTEMS

In addition Lo the foregoinf: modes of vibraiion, which occur indi-
vidually or collectively, another phenomenon—that of coupled sys-
tems—ig possible in the vibration of buildings,

f two or more independent vibrating systems are so placed or
linked that energy ean be transferred from one Lo the other, a coupled
system results,  For exnmlplo, the ground and a building on the ground
form # coupled system; likewise, two ndjacent buildings may form a
coupled system through the ground.  Even a tower on o building and
tho building itsell may form o coupled system. In general, the onerpy
transfers alternately from one system to the other until dissipated by
friction and other losses, Naturally, the rapidity and efficioncy of
the trunsler depend on tho chavacteristics of the coupling,

For n particular modo of vibration, as many resonant frequencies
will be obtained as there ave numbers of coupled systems (31, 5. 43).
TFurthermoro, the resulting resonant frequencies are not the resenant
frequencies of the individual systomas,
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Flavug 17.—Varistior of ntnplitude and pheas with frequency,
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Assuma two systems, one with o wntural frequency of f; and the
other with o natural frequency of fi.  If these are coupled to form a
third gystem and if tho damping is low, the two resonant frequencics
of the coupled system will be, ordinavily, two other frequencies, /¢
and 7Y, which benr o definite relationship to f; und f; for the eoupling

employed.
OBSERVED MODES OF VIBRATION

The buiklings tested in this investigation presenied a unique prob-
lem. In virtually all previous investigations (7, 19, 5%, 65) tall office
buildings wera tested, whereas maost of tho bmildings tested by the
Burean were two-story framo structeres.  Although two-story models
hnd been tesled {2) and somoe investigntions had been made on resi-
dentinl dwellings (20, 36), no datn were available showing the medes
of vibration and correlating them with incoming vibrations such as
emanate {rom quarry blasts,

Maost of the buildings tested (47) during this investlipation gave
clear evidence of response to vibrations in onae or more of the funda-
mental modes, No overlones or higher modes were obtained beeause
the high frequency neecssary to excito them was not availablo in the
shaker used,

Typical resulta can be illustrated best by considering & few actual

examples,”
. NUILDING A

Building A was a two-story frame strueture with no basement,
The plan dimensions were 23 [cot east-west by 40 foot north-south and
the attic floor wns 19 feet nbove ground. Recording atalions were
placed on the first, sccond, and attic floors, and the building was
subjected to a vibration of varying frequency by menns of the mechan-
ieal shaker, Figure 17 shows how the amplitude of the east-west
displacement varied with the frequency. Two resonant frequencies,
3.7 and 0.3 cycles, are apparent, Tho vibration nt tho lower fro-

uency is chaynetorized by the building swaying as o unit, as shown in
?lgum 18, This is the fundamental translationn] mode.

While the vibrations were being recorded o continuous record was
kept of tho phase hetween sheler force and building displacement,
The shaker foree and speed were recorded by an electrieal impulse
which placed an identi Pring mark on the displncoment oscillogram
for ovory revolution of the shaker. The marks corresponded to defi-
nite orientution of the unbalameed weights in tho shalter nnd, hence,
to a certain position of the fores eycle. The eleetrieal impulse neces-
sury to deflect the oscillograph clement was obtained by means of the
circuit shown in figuro 19, .

Witk potentiometer B (fig, 19), the grid biss of the gas tricde is
adjusted to a point just below the brenli-down value of tho gns, As
the rotating iron bar on the shafl of the shaker passes over the tele-
phone carpiece, o voltago is induced which, when added to the bins
voltage, causes the gas in the tubo to break down and renders it
conducting, Immediately, condenser €, which has been charged to
plute-baitery potentinl, disclarges through the tube, a protective
resistance, and tho oscillograph clement or galvanometer, As the
condenser discharges the element gives an impulse that records on the
oseillogram, Tho plate voltage cannot remain at the original value
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whils the tube is conducting beeauss of the high-voltage drop across
resisiance R Tho platoe voltage drops so low that the tube gas
deionizes and restores tube conditions to the initinl stete ready for
the next impulae. Typical circuit conatants are shown in figurs 19.

19 d
B
=)
5
g u
g
&
:
e
£ i
3 | B ]
L]
T 0 .004 .008
DISPLACEMENT, INCH
Figune J8,=1fouss profile st mement of maxzt castowaat diapl

Figuro 17 shows that the phase between the foree and displacement
is 00° ot approximately the translational resomant frequoncy (e, fig.
17).  This was truo for all butldings tested.

The vibration that oceurred at 6.3 cyeles was charnctorized by the
hotise twisting about & vertical axis. The mode of vibration is shown
in figure 15 and is recognized as the fundemental torsional mode.
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As the torsional resonsnt frequency was reached, the phase angls for
points near the shinker dropped to & minimun, then passed through

0-10 ma.
Bar [l
[ ]
Telaphone Oscillograph | E
raTpiace element 3
Cosmh]
Gas triode BB4 T

90 voits

—[ihi

22k volls
Finozx 10 =Bpeed- and phase-tmuisirog alevolt,

90° nt approximately the torsional resonant frequency (b, fig, 17).
Points on tho opposite side of the center of torsion are, of course,
180° out of phasce with points near the shaker,

9-.

|

3 3.

Fiounz 20,—~T.0cud of conters of torslon.

When two displicement recorders respond to vibrations along
rallel lines, the loous of centers of torsion can be determined readily
y the graphic mothod ghown in figure 20, Assume the magnitude and

direction of the recorded vibrations s represceuted by vectors o and b
(fig. 20). Vector a is purallel to b; that is, the recorders have been
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Inced 80 ny to respond to vibeations along parallel lines, Thas locus
18 determined as follows:

1, Connect eorrespending hunxhnn poluts of a snd b and thus determine 0, tho
point of Intensvation, :

2, 'Through @ deaw Uno m parallel to o and &

3, Construet lino ¢ perpendicular to vector @ and through 1y ond point,

4, With OS as a rntilus. strike an aro ucross line ¢ and thus determine point 7\

5. Conatruct line I through O so thut 0c==one-half of angle SOT,  Lino £ will bo
tho loous of centors of tarsion,  If twa nther instrments are used that respond {o
vibrations alung a Hno other thun obe parallel te m, suy-normal to m, thoe center
of torslon will be at the intenscotion of the two locl of centors of torsion for the
two sots of recorders,

In most instances the magnitudes of @ and b will ho very small
comrarud to the distance botween tlom, honee the anglo © will ho so
smal] that it may ho considored zero with no appreciablo error.  Under
these (:ﬂ!llgitimlﬂ the locus of contera of torsion will bae line m, parallel
to ¢ atd b,

Tho translational fundnmentnl {requency for the house nlong the
nortl-south component was 8.3 eyeles.

Monsurements on this building sirowed thal when the structuro was
eaused to vibrato by slamming a door the predominant motion was
translational, Thelocntion of the door was not favorahle for axeiting
torgional vibrations, henco the test was nogative for torsional vi-
bration. When the building was vibrated by gusts of wind the pre-
dominant motion wus again translational,

Tha vibration resulting from blesting in a nearby quarry was
irregular but guve a strong indiention of torsional vihration. Tho
north end of thg house was 180° out of phuse with the sonth end,
and the predeminant frequency wes about 7 cycles, which ia com-
Eamb]u to tho torsiviml resonant froquoency of 6.3 eyeles shown in

guro 17,
AUILDING B

Building B swas a thres-story frame house on o conerate foundation,
It was situated on a slight knoll in a valley composed of sund-gravel
lonm depesits, When this building was vibrated with the shaker the
resulls were similar to those at building A. Both translational and
torsional vibrations were excited,

When shots were made at n nearby quarry, however, the house
responded with outstanding and regular vibrations at tho trans-
lational fundamental frequencies, The north-south vibration pre-
dominated, and the swaying persisted even after the ground vibra-
tions had subsided. A line through the houso and shots was ap-
proximatoly north-south.

Tho ouistanding responss at the [undamentn]l frequency was
attribirted to resonauee, Tho grownd frequency along tho sand-
gravel-loam valley was close Lo the natural translational north-south
frequency of tha liousy,

Although tho translational vibrutions excited by tho ghaker and
by blasting are quito similar, a miner difference is evident. Figure 21
showa sucenssive positions of the building, plotéed st 0.25-s0cond
intervals, when the mode was excited from a shot, A definite time
lag betwoen floors is ovident, resulting in o whipping action, When
the samo modo was excited by the shalker, thore was ne appreciablo
tiine lag between floors, The position of maximum displacemont, is
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shown in figure 22, The configurations in figures 18 and 22 typify
tho distertions produced by the shaker.

BUHLDING ©
Building C wus a two-story dwelling with basement on a conorete
foundation. The first story wus finished with stuceo and the second
with claphoards,

0.7 34 floor
207 'r 34 tlopt [
i/
J
//” '
i
" / E 12, 2d flooe
gxzs ' r}f—— 24 floor g ?
g |E 4 :
Bl :
/
|
|
35 ——h I8t Moor 5 |— 15t Hloor
uo 006 012 00 006 012

DISPLACEMENT, INCH

Fravie 22.~Bulldlog deflaction trom atsaker vikras
tlons; cellar floar, 3.5 fout bolow ground.

DISPLACEMENT, INCH

Floone 21~Bullding doflection from shot
vibratlans; cellar foor, 3.8 foet bolow gronmd.

Tho transletional fundamental frequencies were dotermined with
the shaker. The north-south frequency wns 5.8 cycles and the
enst-west frequency 7.0 eycles, Thoro was o suggestion of torsional
resonance, but it was not clearly defined,
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Sheta in n nearby quarry resulted in vibrations, of which a lnrge
part, were characterized by response of the building s a unit. The
motion during part of this period is represented in figure 23. This

3d floor, building C
S

Fiavax 2.~-I'ath of particlo rasulting from a guoery shat,

motion can bo duplicated essentinlly by adding two horizontal vibra-
tions that are acling simultanecusly and are mutually perpendiculsr,
The frequencies of the two vibrations correspend to the two funda-
mental translational frequoncics, 5.8 and 7.0 cycles por second, and

N=S vibration = 5.8 cycles per sec, -
£=¥ vibration = 7.0 cycles per sec,

{0

L,,,—-/';“*-. s
5 3¢ floor, building C

Fiouang 24.—~Path of particln rosulting frum voetor adeltlon of two sinnsoldal vibrutfons at right anglos.

the vector sum js shown in figuro 24, The similarity of this motion
to that of ﬁﬁum 23 is appurent.
These and similar obsorvations lend to the following conelusions:

1 Althauéh the disturbance from a shot may result in a complex vibration
difiieult to analyse, in many instances the form ef vibration can be attributed
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to eoithor a natural translationat mado or a torsional mode or a combinntlon

thereof,
2, Ono modo may ha outstanding if resonanee accurs, henee a knowledge of these

natural modes and the ground frequency Iy necessary.

3. The distortions observod In Lheso buildings aro somewhnt Intermedinte be-
tweaen the configurationa (8) for cither flexure or shear alone, henen it i3 assumed
that both lexure and shenr nre fmportant for these fundnien bal modes,

4, Tho distortions produced at the natural modes by menns of the shaker are
very similar {0 those produced by vibrations from neariy blnsting,

PANEL VIDRATION

Tha sepuration of walle and floor-panel vibrations from hujlding
vibrations not only nids in understanding the phenomenn liotter but is
n natural division. A building may swuy with lnrge horizontnl dis-
placemants, yot lirve rolatively little panel motion, or the panel vibra-
tion may bo intense with little o1 no building vibration. In peneral,
an oxternal source tends to oxcite the first (Inilding) type of vibration
and an internsl sourco the second (pancl).

Tho Grat step in undersinnding panel vibration wis to detormine the
modes in which the panel vibrated,

Without knowledge of Lho modes of vibiration, measuramonts wottld
be seriously handicapped, beeanse the seismometers could not be lo-
eatad to hest advantage, observations ot different poinia could net he
correlated, and displacemonls ut points not specifically covered by
recordors conld not be estimated intelligently.

To obtain informution on the influence nl'ythc physical constants of
floor [lmtwla, it is instruetive to eonsider them us homogeneous recs
tangular plates,  Then, aceording (o Timoshenko (49, p, 312),

1, If tho thickness i3 held constand, tho frequency of any unturnl mele varies
inversoly na tho square of tha Hnenr dimensions,

2. It all the dimensfons (Inolading thickness) urs chiunged in the sniee propors
tion, tha frequency will vary inversely as the tinenr dimoensjons.

. The frequency varios direotly nd the siuaroe root of the modules of olasticity
and [nvorsely a3 tho sguare of the density.

For oxample, if » komogencons reetangular floor punel was 10 by 10
Toot and had a natural frequency of 16 eyeles per second, Hion o similar
floor of the same thickness bl 20 by 20 foot in area would have o
fraquoncy of 423X 16, or 4 eyeles por second,

As tho physical proporties of the panels to bo tested wers unknown,
the agreement botweon their vibration nad tho theoyoticn] modea
(31, 34, 54, 86) was unkuown,  For this renson, the modes wore detor-
mined empirically,

The shitkor was used ns a souree of vibretion and usunlly wes
mounted in the conter of the panel o produvee force normal to the
plane of the panol, Beeanse the foor panels wero easiest Lo tnsl, moat
of the observations wore made on them,  "Tha typieal floor panel was
compaosad of wood flooring above, woaill joists, wood lath, and plaster
bolow and wag about 13 [ect aquare,

A number of fleor panels wore vibiated at various amplitudes and
frequencies, nnd enough recorders were used so that the confipuraiion
of the ]muoi could bo estaldished.  In some tests a singlo recorder wns
amployed to “probe” the floor and thus obtain the displacoments at n
largo number of points, Records were made nol enly of the amplituda
bul ulao of the pheso botween instriments 3:1{] between instruments
and foree,
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To confirm the instrument records and to establish in more detail
the modes of vibrtion, sand tests were made employing the elassie
method followed by Chludui (647 38, p. 164), A thin layer of river
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Fraung 25— Floor profle st low frequeney,

sand was sprinkled uniformly over the whole panel.  As tlie panel
vibrated, thoe sand partieles eolleeted along nodnl lings or alongjthe
boundary of sand-particle activity. In the active regions whore the

]u

]
!

Line of joists

Isoseismal

FLOOR ~ PANEL

Frovite M. —8lnglecllipse confignraciun,

parbieles ' danced,” the neeelorntion of the floor npproximmtcly equaled
thal of gravity or grenter,

All floor panels Lested wore quite similar in size and construction,
hence the results were n;]nptnbln to o satisfnctory gencral solution,
which will bo deseribed.
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When the panel is vibrated at low froquency the point of largest dis-
placomont is ab the center, as shown by the profile (fig, 25).

All the points of & particulnr displacemeont forin o ling called an
"isoseiamnf” which in this instanco will be an ellipse * whose mujor
axis parallels the joisis of tho floor, ns shown in figure 20, All pavts
of the floar are in phase with one another and with the force; thua
when tho force is maximum the center {3 at its maximum displeco-
mant, and all otha pointa ave ad Lheir imuxtme fur this sel of conditions,

As tho Irequency is incrensed, the displacoment at tho center of the
floor Ings the shaker force until at the fundemental resonance the phase
lag is 90°  As {he frequency is incrensed still further, the phase
angle approaches 180°%; that is, when the fores is maximum up, the
floor is at its masimum displecement down.,  The outer edges of the

Nodal | region

AYAN
NN

Line of joists

Up Up

Isoseismal Isoseismal

TRONRINTERRTEIRRNNY

Froung 27, =Two-ellipsy muds of vibration,

floor tend to lng the center of the floor by an angle that increases ae
the frequency increnscs.

After the floor prsses thyough the fundamental resonant frecuency
(assuming that the forcing frequency is being inereased) the ampli-
tude decreases at all points, It is soon observed that the amplitude
ab tha center hns deerensed more than that on cither side of the center,
and isoscismals now form two cllipses, as shown m figure 27,

By the timo tho two-cllipse condition is renched the displrcements
along the ‘nodal’ region (sp-enlled bocause of its smaller ﬂm‘)litugln)
aro nhout 180° bhelind tho forco, and the displacements on cithor side
arg about 270° behingd the fores, This menrns, of course, that the
center section of the floor is in quadenture with the clliptical areas,
and when the first is n maximum- the second is zero. Tigure 28,
showing four profiles tnken at quarter-eyelo intervals, illustrates this

0 a Agure vory nenrly tho shaps of an ellipee,
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fact. The two-ellipse condition is essontinlly a transitory configura-
tion and occupies & small percentago of the frequency rango,

As the frequency ia incrensed nhove the two-ollipse value the outer
seetions of the floor lng behind the shaker by nn angle that soon be-
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1
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Proties at Necyche intorls a7

Figuny X.~Floar profiloa, two-sllpse mode,

comes approximately 360° The center scetion of the floor, or nodal
region, of the two-pllipso condition remaing at a pheao lng of 180°,
Therefore tho eenter and outer sections arc 180° out of phase and thus
form threo cllipacs, as shown in figure 28, As hofors, Lho major nxes
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FLOOR. PANEL

Fiaune 20.—Three-slllpso modo of vibration,

prrallel the joists, showing that the panels have different olastic con-
stants along the two major axes. Tho displacement at tho center o
the middle ellipse soon becomes maximum beeause the emplitudes
of the outer ellipses drop as the frequency is raised and the smpli-
tude of tha conter ellipse inereases, l}xs the Lwo outer ellipses are out
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of phaga with tho center ellipse, the division lines between are nodal
lines of zero amplitude, This is shown by tho profils (fg, 30),

To utilizo thess modes to estimnto amplitudes ai dil%crenh points
over the lloor, three eurves were constructed, one for ench of tha three
modes—one-cllipse, wo-cllipse, nnd_three-cllipse. Each curve was
the average of the envelopes developed for the lloors when they
vibrated in the same mode. By using the unve!opus the maximum
amplitudes are determined regardless of phase. Tho shape of the

with IS
i s e -

€—— Displacement —»

Fiouns 30.—~Tlee-oltipee prafie,

envelopo does not necessarily coineide with any instantancous con-
figuration,

It was found thet for the one- and three-ellipse modes, one par-
ticular ghope fitted all distortions quito well, regardless of dxeir
amplitude or fraquency, within the {requency rango for that mode,

As the two-ellipse modo is n transitory configuration the envelope
eurve (fig. 31) cannot ba cxpressed as a singlo curve with tho samo
degree of nccuracy as that for the one- and three-cllipse modes, This

Floune 31,—Twa-)lipse cnvelope.

disndvantn]go is compensated by the comparatively navrow frequency
rangoe in which the two-gllipso mode exista,

Tha three envelopes or master curves are shown in figures 25, 31,
and 30 for the one- two-, and threg-cllipse modes, respectively, The
use of tha curves ig quite simple; for example, if the displrcement is
known ab o point halfway from the conter of the reom to the edpe
tranaverse to the joists, the estimated amplitude nt the contor will
be M times the observed amplitude, where M equals the ratio (tnken
from the muster curve} of the ordinate at the center to the ordinate
at the point in guestion,

The frcquencfr at which tho floor vibrates during transition from u
iwo- to three-cllipsa mode is fairly ahar}vly defined and can bo dotor-
mined by noting the frequency at which the amplitude at_the center
(while incronsing) equals that of the two outer ellipses, If this fre-
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quency is ealled f, then the master ewrve for tho one-ellipse condition
is_applicable from zere to 0.7 and the masler curve for the three-
allipsa condilion from 1.1f to the highest frequoney renehed in thess
tests {pbont 40 eycles). 1M the data vequired for delermining fare not
availnble, f may ho approximated by multiplying the fundamental
natural frequency by an empivically determined constant, 2.3, which
is tho avorage of o nunber of tests,  If this method is employed ihe
twa-ollipse Modo (n (ransition stage) canmot ho dotermined as defi-
nitely, and the limits range from 0,6f to 1,2f instend of 0.7f to 1.1,

The best two-ollipse conflipuration, similar to that in figura” 28,
occury at o fraquency of nbout 0,75/,

It con be seon from nstudy of figuees 25 and 30 that the single= and
throo-cllipse eurves ava approximately cosine eurves displnced from
tho horizontal axis, Upon the bosis of this fuet, two empirieal for-
mulag have heon doveloped.  Tor the single-ellipse curve;

anA(0,55+0.45 cos 3—%”’—’ ;

for tho thros-cllipsa eurve:
n=A(2.3+0.77’ cog -S-L‘i—'! .

In both formulas
u=am1alitu(io of displacemant along the eenter line of the room
transversa Lo the joisia, inches;
A=maximum mn‘plil.udu at eenter of room, iuchos;
l=distance of & from coenter of roomn, foot;
L=dimension of room (ncross joisis), foet,
Tho formulas give good resulis excopt near tho edgo of the floor,
Because of this limitation the master curves are prefernble to the

formulns, .
Thao accuracy of tho master curves can bo illustrated by comparing

set of computed displacoments with the correspending mensured dis-
placemenis for n serics of Hoor panels. Table 4 gives (heso dis-
placements, .

TaBLE 4,~Comparisan of obecrved and computed displacements

Troguency, Amplitude, fnch Froquoncy,| Ampiltuds, inch
Toar Mo, | cyeles per Roomt No, | eycles por
teootil | oypsprved | Computed s20nd | opasreod | Compted
10.1 0,085 0,085 || 3=oont....e. 7.8 0,04 0. 058
.6 +08§ o 045 mo +02 .0t
B0 <00 1Y 3 | X JRP .8 S0r N
ey +078 + 085 u0 04 08
40 <35 #0153 md o7 ]
03 o0 <125 10,0 - .00
0.4 15 P N | . T 0.4 + 005 Jd28
20,0 38 L S, 1.3 +03 » M5
0.7 -10 17 38.0 JO18 .0
. %g e .gg-" ;g.g '-ag .aliﬁ
) . . 3 ' .
50 <05 D55

Shaker excitntion nnd spismic vibpation dilfer mainly in that the
former is capable of producing n sustained sinusaidal vibration whereas
the latter 18 o transient. A sustained vibration is comparativel
ensy to mensure, whereas a transiont vibration ihat varics with both
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space (locption) and Lime requires o Inrpe nombor of pick-ups operat-
ing simultancously, Because of Lho practical diflicultics involved,
comparatively littlo can be snid about the mede of vibration of floor
panels excited by n transient sourco; in faet, beeause Lho source of
axcitation is genorally of transient nalure, it is natura] that the
vibrated body will not vibento in n certain characteristic form or
mode but rather will vibrale in o complex manner representing the
sum of Lhe freo and loreed vibrations, If the durntion of Lho forced
vibration is sullicient, the ubjeet may nssumo o mode correlated with
it, Il the period of sxcitation is brief, thu ebject may vibrate as &
freo body nmd nssume n moda chareeteristic thereol. ]Jl[ the damping
is low, this froe vibration may persist for soma Lime after the sourco
of excttation hing been removed,

Soversl observations huve been made of floor and wall panels in
which the mode of viliration wag that of the singlejellipse iHustrated

il ALy
/ L
7 2
//r Spring (K) 7’
/]

Y, 2
7 %

Framo (Fj 7 /

g Mass of body (m) ; Motion
7 %
///; Damping | pot (e) ;
Y A
LSS S

Fiounm 53.=8Implo systers of vibiration,

in figure 20, The vibrations were excited by door slams, truckIteaffic,
peoplo wallsing, and similnr sources,

In one test, mada on the floor panel, seven vertieal recordars dis-
tributed over the panel measured the vibration from a quarry blast,
Tha fieat part of tho record was characterized by a complex motion
thet smoothed out inlo n firly regular vibration with a frequency
closo to that of the funtlamental resonant frequency of the floor as
determined by the shaker. The displancemonts and phase of this
section of the record ngree closely with the copfiguration (similar to
thot shown in fig. 25) obtnined with the shaker al the same {requency,

"The last part of the racord showa all displocements in phase and of
approximalely the same amplitude, indicating that the panel was
moving up and down with no apprecinble honding, The frequency
of this section was below tho resonant frequency,

‘Thus the record wns composed of the following sections:

1, An Initial eomplox motion that was probably a summatfon of building,
panal, [ree, and forcod vibrations,

2, A oontral part closo to resonance, In which tho vortical motion was pro-
domlinnntly that of the puanel.

4. A finnl section that showed the building (or walla} moving vertically nt o
Irnqunnoyi below panel resonanes und honce with comparatively little vibratlon
My npancl,
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Although the vibration of a panel by use of n shuker ab the cenlor
may seem to have little connection with the vibration of a panel by
movement of its supports (a8 when axcited lrom an external sourco
such ns a blast), actunlly the two methods of excitation may result in
motion of oxnctly the samo typo, s8 peintad eut by Den Hartog
(13, p. 86}, II the floar panol is considered to ho n system having o
single degreo of freedom, with n mass, m, supported by o spring {spring
constant, J), and if damping is assuned to be viscous, the resulting
motion will be as shown in figure 32, .

I it i3 assumed that the woight (loor) is vibenbed by means of tho
framowork I moving vortically and sinusoidally, the equation of
motion can bo vbtained as follows:

Let y=relutivomotion between vibraiing body and supporting frame-

worlk
; =displn§u'munt of body from position of reat {e=y if framo is at
rest),

Ay=maximum amplitudo of frama motion,
we==angular velocity of driving foreo
K==spring constant (forco prer unit ciongntiml).
C==dumping constont (retarding forea per unit veloeity),
m==mass of body,
p=externul forec,
9=phase angle botween foreco nnd displacement,
w,== 27 timea the undamped resonant frequency of the mystem,

and
¢=timo,
Also let the frame F move sinusoidally in the form o sinet, Thon

y== sl alnwl—e=apring extension, {5)
Thereforo,

spring force= Ky= K{dsinwt—z),
If viseous damping is assumed,

damping foreo = Cff = O A wooswt=—i},
As there is no externn] foree acting on mass m, the spring inertin and
damping forces must be in equilibrium, or
mt== Ky+Cy (Inertls forco oppased to spring and damping forces).

‘Bubstituting,
mit— K (b alnwl—z) = O(A weoswl —3) =,
i == ol it - Kz Ol yueoswi-p Ce =0,
mii- O Kzes KA sinad + CA jwtoswel, N

Fram equation 0, however,
ze A alnat—y,
et o A gweogwt = 1,
E= A Avinwl~g,
Substiteting in equntion 7:
= mf—md yatslnul—Cf++ CA jueoawl = Kyt KA plitwl = K A 8wt + Cd qweosat,
or
mf+ Cj+ Kyesmd johinwl,
This equation is the same as that for a mass supported from o fixed
frame, &, and acted upon by a foree, p, whers:

e (the absolutn motion) and p=mwsinwt, or poas,=md .t
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"The sulution of the equation of motion for o mass acted on by force p
is well-known (6., 2. 87) and is:

:ﬁgz!;—mcua (ol ~8). (8)

Ag tho maximum value that the cosine term enn stiain ia 1, maximum

z will be:
EINg,

maz, »

Substituting for p the valuo for pu, just found:

A 0%ing  madaoning
L e

i
whero,
[47) :
sing= s
m\/ (wg?— ) + e
Thus, :
, = Yoy =4 —=ﬂlq......_.-—--—'—~ » [{1)]
ML, ning o o;’

log? 2=

which is the cquation of motion in terms of the maximum displace~
ment and thoe frequeney of yibration of the framewark, the natural fre-
quency of the weight (floor) system, and the damping.

If, however, tho same systemn (fig. 32) is caused to vibrato by
shalcer type of foree (foree thut varies aa the squars of the Mrequoncy)
neting direetly on the mass (floor), the {ollowing derivation holds;

= I’-%i,:T"Jccui {wl =48}, {8
Tho forea is the centrifugal foree of the shaker, thus

pesahrwl, .
whpr]n my=masa of unbalaneed weight, and r,=radius of unbalanced
weight,

Substituting for p in equation 8,
=“:u]r.euealr..'l con (w1},
nyrywding
LT ks B
but, as before
sinfe .uuﬂgrﬂ-zr(%—ﬁ'
m‘/(m..'--w’)"i"-;r?
Therefore,
[ T S
" Y (w.’—w’)"i'%;%"
ar let
=min
M=
then
‘,,I
Trnaw, = Nl e
(““I_ul}i.{.g“.'.’

wd
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which is in the sene form as equation 9, obinined Jor the moving
support.

With both Lypes of vibration the spring represents the clasticity of
the fluor nnd the drmping the Irictionnd forees,

Severnl points can bo advanced 10 show that for procticn] purpnses
the pancls tested ngres with the nssumed conditions—singlo degreo of
freedom, restoring force proportional to displacement, constant mnss,
und viseous damping (tlamping proportionn! to the veloeily).

L. M ls known that a wall or floor panel 1 mueh mors resistnnt to Aiplaceinenis
In Hz plune than rlln\lnbwumcnm normial to lts plene,  Thus, if tho foree §s applicd
normal 1o the plane the panel has, f()l‘]lmct.lcul purpuses, it one degres of freedom,

2, "I'he resonanco ourves recorded In theso tents nro of the shnpe obtained with
o dinear spring syster (that Is, the spring constant dogs not depepd an the dis-
plicement), A nounlinear system will dintorl the resonubeo ourve beenuso the
naturnl frequonay iy dependent on the smplitude,

3, It Bs obvious dhat, In cominon with virtually all mechanienl systems, the
mnss fa constant in theso tosts,

4, The choico of viseous damping s rj:mtiﬂml by the faot that the observed
phase antd amplitiude curves botls agreo falely woll with eomnparable curves can-
stritoted from the equation thab nssunies viseous domplng,  If, for examplo, the
damplng were dry damping, whiel is independent of the magnitude of the
velooity but which opposes it, the phase angle would show a diseontinuous jutnp
ab resonnney (13, p. a61) rather than passing theaugh resonanee in the munner
shown in figure 17. [furthermore, tho «displacements at resonance, axcept those
of extremae amplliude (0,25 Inch or wmore), wore found to bo approximately
proportional 1o the shaker force, which Indiestes that tho damping could bo cons
sidered viseous,

BUMMARY

1. Both buildings and panels in buildings ean vibrate in definite
modes which may e excited either by mechanier]l means or by quarry
blnsting, Floor panels were sliown to hava definite modes-of vibra-
tion charncterized by elliptical jsoanismals, It was observed that the
construction (direction of joista) delermined the major axes of the
ellipses,  Iurthermore, it was shown that the mode of vibration
depends on the frequency.

2, Under tho condiions of these tosts, amplitudes of vibration esn
be estimnted acenvstely for vibiating floor paucls by cmpirien]l for-
mulns developed in this ehupier,

3. Vibrations produced by a shaker that induces a foree propor-
tionnl te the square of the frequensy hinve the swme Lype of motion in
f simplo gystem ns thet produeced in the samo systemn by movement
of its supports,

For exnmple, when a floor panal is exeited by n shaker nt 1ho eenter,
it moves in the same monner as when excited by vertieal ntovement
of the supporting walls, becsuse, for practienl purposes, the panel is
& simple system,

4, Vibrations of buildings may be complieated by overlapping of
modes or by coupling.

DAMPING

1f a body is set in vibration and the driving force remevod, the
vibration will die out in time. The fuetor responsible for tho deeline
and final ecssation of vibration is termed “damping.”  Damnping may
be attributed (o o number of causes, including internal frietion in-
herent in the vibrating body, external friction, and air resistance.
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The responge of a vibpating structurs ul resonnnea depends lurgely
on tha amount of dumping, A number of methads ecan bo employed
to detormine the damping factor for o simple™ vibrating body.
Anong these are methods that use either the relationship between
phase and frequency or et between amplitude and frequency,  As
damping exerts its greatest imfluence ab resonaneo, it is more nccurato
to mensure it at er near the resonant frequency, .

The damping fnetor may be determined through tho uso of Uin
phase-frequency eurve obluined with the meelmpieal ghaker, This
factor was ovaluated in Lerms of the slope of the plinse-frecuency curvo
at resonance, us follows: .

Tho expression for tho pheso angle hotwoen foree and displecement,
according to Wood (84, p. 37), is:

¢=tan—=2xn~;-__%,, (10}
whore ¢==phaso angle,
K=dumping cosflicient,
p=forced nngular valecity,
n=natural angulur veloeity.

If tho phose angle is plotted ngainst the forced angular volneity

(@r Xloreed frequency), the slope al any point on the curve from

clemontary caleulus (16, p. 42) will be 6.%'
Subatituting equation 10 for ¢ tho slope will be

ﬂud(tnn-IQE',_L‘;_ ,,:)B 2K (nd-t )
&p ap (=) 7+ (2K

When the forced {ronuency copials the untural frequoney, p=n, so
the slopo at the netural frequoney is
by AKm 1
Sl AR ®

Thus, the slope ab resonunce equals the reciproenl of Lthe damping
cocfliciont, This equation provides n convenient moethed of dulermin-
ing dumping from &w phass-liequency eurve,

{, however, the amplitude-frequency curve from the shaker tests

. i8 used o difforent method applies.  The sharpness of resonnnes is

measired by noting the dovistion of the frequency from resonunee
necessary to eeuse the amplitude to drop a eertain percentago, Tho
dnmping can then he evalunted by an expression derived ns follows:

Trom equation 0 the amplitude, in terms of the natural frequency,
forced frequency, and damping, is:

[ L SN—
A= T iR
in which A=amplitudoe of displacement,
p=forced angular veloeity,
a=natural or frep nngular veloeity,
Fe=dumping eoelliciont,
- my=n constent depending on the mass vibrated, the unbal-
anced mass of the vibrator, and the eceentricity of
the unbulaneed mass,

[ —
1 8lngla dogroo of freertom, viscans (lamplng, shd slmple Jnemanie moton ssamed,
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It the damping [actor iz small compnred to the netursl frequency,
then the maximum amplitude will occur when the foreed [requency
coincides with the natural frequency, that is, when p=n, Thorefore

Amar, = m.z—"ﬂ.a

ir whieh Agpe,=maximum amplitude, and

ot S 1.3 L—
:Lnu, "\’m"—li’)—'-iﬂl KII‘I'

<
2lipas

l = 2K ey
2 ny =i akips

PO {n1=—p)

T

-1t
=l

If A s nssumed to be %{dma.), then

Substituting,

which recuees to

whera 71 is the angular veloeity at which the amplitude is one-hulf the
maximum and K<<ln,

With this expression the dnmping constant ean be evalunted from
the amplitudo-frequency curve provided, of course, the necessary
conditions of simple hammonie motion, viscous dumping, ete., exist,

BUMMARY

The damping, an important physienl eharaeteristic of puy structure,
may be determined from either the phase-frequeney or the amplitude-
frc(Euuncy graph by simple expressions derived in the preceding

annlyaes,
STRUCTURAL DAMAGE FROM VIBRATION

A common complaint near busling oporations is that plaster has
been eracked, Because of this and hﬂcm:su cracked plaster ig nsso-
cinted with the initinl stages of structoral damage from earthqunkes—
intensity & and 8 of the Modified Morealli Intensity Seals of 1031
(68)—it is convenient te uiilize tho failure of plister in determining
an index of damuge,

It is wall-known from the studies of others ({, §, 35) that plaster
mny crack from many enuses other than vibeation.  The types and
causes of defects are expluined and deseribed in detail in clinpter 10
of Nationnl Burenu of Standards Cirenlar 151 (51). A cmnprulm:mive
list vf ransons why walls and ceilings erack is givon in Monthly Service
Bulletin 44 of tho Architeets' Small House Scrvico Burean of the
United States, Ine. (40) nd is reprodueed hore heenuse of its general
interest,

Forty rensons why walls and ceilings erncl:

Rullding & house on a fill,

Falluro to make tho footings wide enough,

Failure to earry tho footings below the Trost line,

Witth of footings not mnde proportional to the loads 1hey carry,

Tho pasts In the basemont not provided witl separate footings,
Fallure to provide a base raised above the basemwnt floor Une for the

setling of wooden posts,
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Nol enough ecemont used in the concreto,

Dirty nnnd or gravel used in the eoncrote,

Fallure to proteet beama and sills frmn rotting through dampnesa,
Butting floor joists one end on maosonry and the other on woad,

Wooden benms used o stupport inesonry over opeaings,

Morlar, plaster, or conercte work nllewpd to freezo before solling,
Braces omitted in wooden walls,

Bhieathing omlitted In wooden walls (excepting in "hock-plostered” eon-

atruationy.
Draingge water from roof not earrind away fram foundations.
Floor %olutu Lon lht, .
Floor jolsts not bridged.

Bupporiing posts too pmall,

Cross bepms too light,

Butfloaring omitied,

Waooden walls not frameil go a8 to equinlizo shrinkage.
Poor malerinls used [u plagter.

Plastor applled too thin,

Lath placed too closo together,

Lath run hehind studs al corners,

Motal reloforcoment onltted In plasier nt cornors,
Motal relnforecment omitied whero woaden walls joln masanty,
Matal lath omitted on wido expanses of ceiling.
Plaater applied direotly on masonry nt chimney stack.
Plaster applled on lath that are too dry,

Toa wmuch cement In the plucco,

Blueoo not kept wob until sot,

8ubaoll dralnage not enrried nway from walls.

Firut cont of plastar not properly keyed to ncking,
I'loor jolsts placed too far apart.

Waood bemng spanned toe long betweon nposia,

Inilure to o doublo Jolsts undor unsupported partitions,
Toa fow nuils usod,

Raftors too light or too far apart.

Fuilura to erect trusses avor wide woodan openinga,

It should be noted, however, that oven when failure of plaster ia
taken as the criterion, damugo is not sharply defined hut gradunl
Visually, the initial indication of damago is the extension of old eracks
or dust falling from them. As the severity of vibration is incrensed
new fino eracks are formed, and the ‘])Iu_stnr may flnke or spall slightly,
A furtlier inerease in the severity of vibrntion causes more plaster to
cruck and finuily lnrge aress to drop.

Numerous IDL]lE!l‘ actors alrendy mentioned, swel ns funliy con-
struction, aging, sottling, and shrinkage, may couse damage an
theroby prohilit determinalion of » unique destructivo indes that is
applicablo in all instances, but these fuclors do not excludo delermina-
tion of an index that is applicable in most instances and is bused upon
& Inrgo amouont of feld data. . .. )

No damage resulted in any of the Masting operations invesligated
over the S-yenr period, although hundreds of observations were made
at about 30 quarries or mines, Henee, all blasting dntn, except thoso
for specinl test shots (45, 46), gave no ovidence of demage; however,
the shaler E‘mduccd damaging vibrations ns well as nondamnging
vibrations, Therefore the procedure was to determine the barder lino
between damage and no ¢ umnﬁc for the shaker tests nnd correlato

the shot data with the shaker observations.
INDEX OF BAMAGE

Figura 33 indieates tho distribution of dats obtained from 160
shaker testa of 10 ceiling ponels in 6 Luildings about the damnge
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border line, Tt ean bo seen that thoe solid line delineates o “damage”
region. Thus the mathematicnl equation of tha line determines tho
destenctive Index. Tho equation of this line represents (approxi-
mately) tho nceoleration of gravity; that is, every paint on the lino
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Fitunk 33,—Dnmage harder line,

ropresents an amplitude at a certain frequoncy, and the values of these
Iactors are such that Lho product of 422 times tho frequency squared
anl the amplitudo {in feet) is 32,24 fect per sceond squared, Tho
dashed line, purallel to the full line, alse ropresents an acceleration,
whoao valus, however, is 3.% feet por second squared.,
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It is convenient to ¢xpress the seeclevation in proportionnl parts of
tho aceelerntion of gravily, for cxemple, 08 one-tenth pravity (0.1 gh
The acecloration can then be computed ! from the equation:

a='il”!fal,

12

in which e=neccelersiion, in terms of acecleration of gravity;
J={requency, eyeles per second ;
A=uwmplitude, inchos;
g==nccelerntion of gravity, feel per secnid®==32.2,

Thus,

el 01 an

RS EF G R
From this equation it enn be seent that an amplitude of 0.1 inch at
10 cycles gives an ncecleration equal to that of gravity.

a1 X 100X0,1=10g, N

When all the data (g, 33) were considered an eeceleration of 1.0 ¢

roved to be tho best index of damage.  Slight damage, or the pre-
Enlinnry phases of dnmage, fell within 0.1 and 1.0 ¢,

For comparison the maximum aceelerations fram 43 quarey shots
were eomputed,  These shots were made st 10 quareies wd were re-
corded in 14 buildings,  Table 5 gives the duta from which the neeel-
arntions were compuled aud figure 34 their frequerey of neeorrence,
The greatest secelerntion recorded was 0,1 g 111115 the lowest 1L,0002 g,
The typical or most [requent value was 0,01 g,

Tho points of maximanm neeeleration were seleeted by study of the
osgillograpl reecrds.  Vilwations of very low amplitude mul shore
duration were negleeted, even thongh the neeelepntions may lhiave heen
high, beeauseo these conditions wera noticenble in Uie records of many
testa that did not enusy damage.  Although the average of Lhe Tro-
quencies tabulated in table & is about 10, o few high froquenties occwr;
hawever, these bigh frequencies are generally associnted with small
displncemnents, so tlhint tho resulting aceclerntion is low,

TanLy bo—dccelerations in buildings .

Freqquoney, .
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TanLg 5,—.deeeleralions in buildingas— Continued
¥roquoncy, nese
Bielding Test No, Bejsmameter arlontation "ﬂ','l{‘.l'l'[‘;‘éh e;:i l:]ln]‘ll‘:r "‘:}J&“
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Figure 34 shows elearly that vibrations from Llnsiing are well below
the index of damage, Tho vibrations recorded in special tests (45), in
which a structure was damaged by abnermal hlusting, indicated necels
crations of the ordor of 1.0 g at the damago point, heneo thoy further
confirm tho ndequacy of the index derived from the shnker tests,

The classification of the index of dumage as an aceelernlion does nat
mean that aceelerntion is the causo of (Inmn[.v,n but simply that the
use of aceeleration s an index will givo o workable method for deter-
mining the imminence of damago.
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Tnbles 6 and 7 facililate cstimalion of damaging +ibration in torms
of weight of explosive charge and distance.” These tables, based
upon empirical data, permit quick calenlation of whether n certnin
combinntion of weight and distunco is likely to produce an neeelorn-
tion of dnngerous magnitude. Corrections are mtroduced (ng foot-
notes o thoe tables) te compensate for differences in overburden,

E 10 € Indax of damoge
3

&

5

é 0.1 E— -
§- e—

o

fs o

& F 1
§ 0oL

g 0001 —

NUMBER OF OQBSERVATIONS

Piounk 3i—Fraquency of ocoueronce of accelorntions,

Tiwo sample compuiations illustrute the uso of the table, Assume
that o quarry sperator plans to firs n blast of 300 pounds of explasive,
The nenrest dwelling is situated on wvernge overburden 2,000 feot
from the shot. Table6indicates that 300 pounds at 2,000 feot should
produce a displacement of 0.0022 inch, IPu table 7 the nearest dis-
placement to 0.0022 inch is 0.002, This figure, combined with the
typicul residentinl strysture frequency of 10 cycles, represonts an
aceeleration of 0.02 that of gravity, {(Sco tablo 7.) Damage would
not oceur beeause the aceeleration, 0,02 g, is in the aafe region,
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5000

overburden

4£.000
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TaBLE 6—Displacement 1 Jor various weights of explosive, inch

Distance, fred

‘Weight of explosive,
pounds

mmh.;gsgl;tgdamtaurmorubmdm {compntad trom equation 5 1.35).  For oulerops dlvide smplitude by 100 For sbrormap (deep or sand-gravel-loam}
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Tanre T.—Acceleration ¢n lerma of gt

Frlqum:y,z cycles par second

Dispiacement,
Ineh 2 a 5 [ 0 15 20
0.24 0.1 ©.3 0,06 ) 2.4 5.4 9.6
,22 .09 .58 .19 4y 22 4.0 8.8
.20 ,080 %2 2 13 g20 4.5 8.0
.18 072 .20 .65 1.2 Lige 41 7.2
V16 .04 .26 .58 1,0 16 ANE 6.4
b .056 22 .50 90 14 3,26 5.6
12 .04 e 043 K1 r2 2.1 4.8
L 10 .040 16 364 64 1.4 2,2 4.0
.08 032 .13 29 U 8 1.8 3.2
.08 024 .10 .22 382 6 t.3 2.4
Lot 016 .06 2 K 1.6
.02 .008 .03 “ .8
.ol 004 .06 036 ¥, n
.008 L0032 L0I3 ,029 .03 .08 .2 3
006 0024 .00 .022 .03 0 ] .2
004 L0016 ¥ 006 014 ,076 .04 .09 .2
002 -0008 003 o .007 013 02 .04 .08
001 L0006 .OB6 L0056 006 ol .02 .04
, 0008 0003 L0013 0020, 005 005 .02 .03
L0006 fL00027 .00l 0022 006 ,006 L1 .02
L0004 0002 L0006 LODH4 00264 004 .o 016
.0002 L0001 .00 L0007  .0013  .o002 004 ,008
L0001 L0000 .0002 0004 L0006 .00} .002 .00

 Competed frotn oaustion 1, R 8],

3 Aprormal svarburdan, 4 to 10 oyeles; average averhurdon, 19 16 20 ul:'clu: outerah, 20 to K eyclea,

R e los: Avorsgo burdun, 18 eyolad; ebnormal overiurdon, ) cyele; tesiduntial
struciure, 1t oyclos,

On the pther hand, an 8,000-pound shot et a distance of 500 feet
would be danperous because from table 6 the amplitude would be
0.14 inch, Table 7 shows that 0.14 inchi at 10 cyeles produces an
acceleration of 1.4 g, whicli is in the damage region,

As 0 whole, the regions in table 7 are conservative for quarry shots;
that is, n combinatisn that results in an acceleralion in the damago
region moy not produce damage. If the combination of weight,
distunce, and averburden indicates an acceleration in tho safe region,
howaver, no dumage will cceur from grohind vibration, The region
marked “enution’ represents combinations approaching dangerous

proportiona,
MISCELLANEQUS INVESTIGATIONS

DELAY BLABTING

Soveral tests were made to necertain tho feasibility of using delay
blasting lo reduce ground vibrations. Delay blasting is the process
of fiving o quantily of explosive in twoe or more scctions with an
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interval of time between seetions.  Although the iden of using delay
blpsting to reduce ground vibrations is not new,' usunlly jts appliea~
tion has been restricted to geophysieal prospecting, In this field
intercennected geophones or pick-ups are spaeed so as to introdueo a
time delay between the respenses of individual units, Thus, the
undesirabie wave is not recorded but still exists in the groumnd,

By applieation of delay blasting to quarry practice it was hoped
that tho several sections of o delay shot could be timed so that the
vibrational effect of one would be out of phaso and counternet that
of the preceding scetion and thus reduce vibeational movement,

The problem of minimizing ground vibrations consists of deereasing
the vibration at & given point or over a given area. A decrease is .
desirable only insofar as i represents n beae deereaso in the vibrtion

H1l4 Hla
S, SelsFrometors» Hipo —
v ~—

PROAILE THROUGH H14-H7
Fiourx 35—Mount Weather lesting ailt,

of the ground. The investigntion utilized commercinl blusting opera-
tions as well as experimental shooting so Lhat the results would hiave
praclical significance,

As electyie deley-blasting eaps are in common use, the (irst eompre-
hensive tosts were made with them. DBeenuse the amount of delay
in the caps ennuol bo controlled by the blaster, the main objective was
to determing how the wave trums from different deluys combined
under actual blasting conditions, so that shooting of this Lype eould
ba dealt with intelligently in the problem of damage from quarry and
mine blasting,

TESTS USING DELAY-DLABTING CAPS
This invesligation was conducted at ihe Bureau of Mines Export-
mantal adit, Mount Weather, Vo, The adit, whicl is being driven

through mat.amnylphoacd basalt, is indicated in figure 35 and
deseribed in dotnil in other Bureau publications (32).

W Paylor, H. Q., Method of Rocording Bofernle Wavon: U, B, Patont 1,760,308, Apr, 7, 1031,
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The customary drilling and shooting mothods were followed in tho
mine, excopt that one of the five shots was o test shot for another
investigation (21). This test (shot 591) represents controlled shoot-
ing, in which thoe location of holes, amount of clmrgc, and other Ine-
tors wora known to o high degree of accuracy. IMigures 36 and 37
s}low the arrangemoent OF holes for a regular shot and for the test
ghot. .

The recording was done on the surfaes of the ground with 10
seismometers, Threa of thom (V6, 17, 1I8) were orienicd ulon
threo mutually perpendicular nxes; the other soven wero arrango
to measure horizontal movement tlong a stroight line extending from
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Holes 8 feet deep-delay number shown in hole
i0ukx 30.—Halo urrangoment for regular ahat (delit).

a point above the adit heading, The instruments wore placed an
reok “oulcropa,” which were probably large boulders or Iragments
rather than outerops of rocl in place,

The shots were loaded as shown in table 8. Each blast was
detonaied in five sections—ono instantancous and four delays.

Tazsue B.—Delay shols

Disst Delayscharge welght, pounds
Teat No, Laocatlon ¥ tance, Total

feet | g 1 2 a 1
181 14.2 4.3 .7 7.8 na 51
182 2.7 &7 by 10.8 10.0 0
187 . .1 e 108 22,7 o
| e 1| oy wa| za7 BO
B3 7.1 B.4 4.4 (3] 7.1 a4

1 Bee Ng, 33,
1 Btraight-Hoe distance Lo sclsmometer I14,
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The totel clapsed timo for dotenation of all sections was 3 seconds
or moro. After the instantancous or zero-delay section detonuted, 1
second elapsod before the No. 1 delny group detonated.

Inspection of tho records showed thet the number of individual
wava trains oxcooded the number of naminal delays in ench round,
For exnmplo, test 600 conpisted of five delay sections (zero through
No. 4), yot the record indicates six distinet wave trains, Further-
more, A8 the timo intervals batween sections wera so great, the wave
tenins from sopurate groupa could rarely, il ever, combine to form
an ineronsed amplitude under the conditions of the tests, In fnot,
tho problem was not how tho vibrations combined but rather how
thoy separated to form more wave trains than dolayed shots.

It waas also notod that mera than five reports wore heard from many
of the rounds, Varintion in the cap timing in one delay group was

L 6’

I

5
.

'

\
N,

L@ 6. 6. 6 @

Heles 4 feet deep~delay number shown in hole
Frgunx 37,—Halo porangoanent for Lot shot (adit).

suggested as the repson for more “impulses'! than shots, For ox-
amplo, o group of No. 4 delay eaps might havo enough difference in
timing to cause two or more impulses, allthough the caps supposcdly
woro designed to datonnte at the samo instant, Accordingly, tosts
were made on tho eaps to ascertuin the amount of varintion within
each group,

TIMING OF ELECTRIC DELAY-BLASTING CAPS

Three groups of delay caps were fired separately by Batieries,
Euch group consisted of five deloy caps (zere Lln'ough No. 4) svleetod
at random und connected in series. 'I‘imu of detonation waa obtained
by sovering o amall copper wire tied arowul the active ond of each
cap. Each detonation opened o resistance in s group of purallel
resisthnees, thus chunging the total eurront in the {iming civenit.
The timing-circuit current wns recorded on a Duddell-type oscilla-

graph. .
Timo could ho read within about 40,003 second.  The differences
in timp aro given in tablo 0,
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Tanve 8.—"Time differences between zero delay and olher delays, seconde

N, Neo, 2 Nn. 3 N, 4

Teat Na. telny dulny dolay delay
1,003 2.18) 2,10 310
1630 $ 21k 74 3,22t
1633 L0 P E1) 3. 200

Trom table 9 it is evident thaot the spread in cap timing of ono
group may be nn appreciable peresstago of the interval [Tml.wuun
roups. Ifor example, the variation in the Na, 4 delay caps for the
irat two tests is 3,321 =3,140, or 0,181 second, The varintion is
about 35 percent of the 0,511-second dilference belween Nos, 3 and 4
eaps of tho last test.

DIBPLACEMENT FROM LELAY CAl TEBTS

A atudy of the amplitudes of vibration shows that the initial or
zero-delny impulse is much greater than any of the following im-
pulse&a. Table 10 givea the amplitudes recorded from thoe different
rounds,

Table 11 shows the predominance of tho zero-delay amplitude,
For each seismometer it gives the ratio of maximum zero-delay ampli-
tude to maximum amplitude of each wave train following the zern
delay. All major wavo traing were measured and numbered in
seqtience (1, 2, 3, ete.) following the zero delay, The ratios were
avoraged, and it was found that the amplitude of the zero delny was
11 times that of any othor impulse,

Tamm 10.—Displacements

Tme s Bebmometer No,—mulnum single emplitude, lnch

Teat No, | pulse
No. | iy 1 1 2 $ 4 [} ] 1 5

870, 0 caunss

[ PP

[+ P

=0 e 30 1 5 O e 9 D e T S ot (S O T M LS St O S P 3 I e

1 Nok readabls,
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TanLe 11,—Ruifos

1 Sclamometer No,~maxlmum slugle smplitade, rotta

e

Teat No, plllso

14 15 1 T a 4. & i 1 8

L. ¥ L1 P 1 7 7 11 12 10 L} & 5 1q 10
n2 ] 7 10 i2 ?g ] 1n I 1] ]
0:1 13 mn an ¢ i Pl 1 20 10
+4d 12 10 " L] 10 i 2 [} 10 HH
(i) 7 1] £ 13 H [ I 1 b11] [{]
0 1 5 13 a4 ] o+ [11] ] 1t

11~ [ il [] M Ik a3 L] 17 - 1] 12 12 [£)
7 4 14 u H 5 B 1 H R 4}
(1] 4 12 L] 9 ] 1 L H N Ik
04 . Ei) " 18 ] 17 m ] 12 3
(L] ) 13 11 11 b ] ] b 4 1
0:6 .3 14 @ 1n 4 4 |; [} 1] i
0.7 H a L] a2 3y 7 ) [} 12 )
[ 4 12 f n 1 4 (L) [ (1] i)

L a;1 { 4 o] & 7 b i 1 10
0:3 ¥ 0 7 (D] 7 7 3 13 H 10
LUK 1] & " (] 15 i) m 3 ‘n &N
Oid ] 1 o ] A 7 10 4 n 10
0:A n 1 i n & A 5 L] 7 ki

", I ol 0 1 L e ] 13 o0 5 11 7
0:2 " 40 {0 45 7 1 .1} 3 n 10
n3 ] ] 7 T 4 7 il 3 ] ]
(L] ] 40 17 14 4 i a 3 13 1n
a:5 1] ® 38 13 4 10 0 & 13 1)

[.11) PR 0:1 7 3 [ 5 L] 10 5 A & 10
0:2 7 8 ] 5 10 n pii) [} -} 10
0:3 7 & ] & 10 12 L] A b n
O:d ) it [} ] 4 3 5 ] 4 A
LT [ 3 q{ ] 4 q u 4 { 4
04 3 d 1 1] 3 2 5 4 L] 2
o7 0 10 w 17 10 10 1] B | 10

1 Amiplitudo ton smnt) for determinntlan of raléo,
7 Nat readnhlo,

Tablo 8§ shows that in every roumd at lenst one delay shot was
compnrable in weight of explosive churgoe to the zero-delny shot,
therefore the high initinl amplitude eannot bewxplained by woight of
explosive alone. It is itaportant Lo observe, however, that all of the
explosive in uny one doloy shot does not necessarily detonato at the
samo instant beeause of irregularitios in cap timing. Thus, tho total
weight of explosive of any delay shot does nob necessarily detonate
at the same instant but at two or more diserete intervals, 1f the
charge for any delay group detenates at more than one inferval, it
isﬂ&bvious that the displacement at any ane interval cannot eqgual

M of the full churge if detonated simultancously; that is, the churgea
~wisted in tublo 8 ma

y produce less vibrational effect than normnl for
the weighta listed, :
The deerenso in vibralion frons this couse would be expected to
predominate in the Inte delays insofar ns Lhe lurger irvegulnrities in
time were found in theso groups, Therefore, delay No. 1 probubly
will appronch [l effectiveness. Inspection of table 8, however,
shows t]lmt, in general the No, 1 delay shot {reliever) is a relalively
small charge and even if fully offective {detonating at the samo
instant) could net be expeeted to produce the amplituds observed
far the initinl or zero-deluy vibration, .
Another factor that relates to the intensity of vibration is the
amount of burden on the holes, or the “lightnesa’ of the shiot.  Ampli-
tude of ground vibration decreases with deerense in the burden
earried by tho hole (44).  The zevo-delay shot (eut holes), in addition
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to heing & heavy charge, is the “tightest’ of the round, henee it will
produce more vibration under the same conditiona,

Tuble 12 lists tho explosives for ench shot., For all drift shots n
higher-grade dynnmite was used for the zero and No, 1 delays,

TanLe 12.—Dynamite ! uaed in delay shots

Dalay.No.
“Tost Nn.
] 1 i ¥ 4
A A 43 f (4]
A A n M I
A A 1) ) n
A A B B I
A A A A A

li\-m.mrmmnmmnuin gelntln (0,71 pound par allckg.
O UmroRE Airestareh (o gs ity suleip 1
The higher-grade explosive may have physical charncteristics asso«
cinted with grenter vibrationsl effect, wRich also might incrense the
amplitiude of the zero and No. 1 delnys.
Thesa factars—enp timing, burden, and explosive charneteristics—
probably explain the rolatively large initial or zero-delny nmplitudes
observed on the scismic records,

BUMMAHRY

1. The wave trains from the separnte delay groups of 2 round fired
with olectric delay caps do not combine or overlap to increase the
amplitude.

2, Bnch delay group of a round produces nt least one vibrational
impulse or wave brain, and groups of greater delny generally produce
two or more wave tening,

3, The additionn] wave trains are erused by irregularities in the eap
timing,

4. Tho zero-deley explosive produces by far tha lergest selsmic dis-
turbanes, The smplitude averages 11 times that of any later delny,
aven though the later delay may contain an equel weighf of explosive,

5, The compuratively large zero-delay amplitude ean be ncconnted
for by three [actors; (1) Cap timing, (2) burden on the shot, and
()] pllysicnl charactoristics of the explosive.

6. Tho vibrations from ench round Insted 3 seeonds or longer, and
the interval botween tho zero-delay and the first imptilso of the No, 1
delny wag never leas than 1 second,

EXPERIMENTAL DELAY SHOTS

As eloctrie blasting eaps aro reanufnctured so as to have compar-
atively long intervaig of time between delay groups and are not con-
sistent within a group, some other method of du{uy must be used if
controlled or synthetie vibration is Lo be produced,
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Instantanecus eaps can be usod and the delny produced by external
means, For experimental work it proved cenvenient to take advan.
tngo of the current-time characleristics of clectric enps, This charne-
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Fioung 38 —T'yplcab ureoii-timo churacterlatio of electele blnating cops,

teristic is illustrated in fignre 38, which indicrtes that the detonntion
of a eap muy be delayed |J‘r’.(]L'L‘[‘l!!15il\F tho number of amperes of cur-
rent passing through'it, ltigure 30 shows a cireuit that permits con-

Ne -3 |
Flring switch 4}%:‘_*

114,
3
g
#
£

Ehctne blasling cap

Dely eonlroling sheostal, R Ml“k

” Electric blaating cap

Finunk 30,=Uwlay fring cironil for twa capa,

trol of this type.  The current and thereforo the delay in detonation
are voried by ndjusting the rheostat,  This method s restrieled lo
deluys of about 0.01 to 0,03 second and can be used to advantagn
only with eaps in which the time charncleristics nve been closely
dupliented,
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With this delsy method, small charges (¥ pound} wore fired nbout
30 feot from the recording stalion, which comprisod threo mutually
perpendiculnr aclamomotaers, .

First, o single shot was fired and the vibration recorded, The
frequency of one horizontal component was fairly constant, ns shown
by test 404, figurs 40, A. The firing apparatus was then ndjusted so
a3 to have & time delay cqual to a half period of the vibration,

Two charges, each equal to the charpoe of test 404, wore then fired
at the snme spob with the time deiny between them, The resulting
vibration record is shown in figure 40, B, test 407, Although tho
vibration (along tho component being considered) is not climtnated,
# substantinl reduction is apparent (fig. 40, (), especially when it is

Tast
A%

A superimposed on B

c

Fuouke 40,—Timo-delny ahots.

remembered that the weight of shot 407 was Lwice that of shot 404,

If the frequency is not fnirly constant, and often it is not, it is
impossiblo to achieve substantial redvetion in vibration by this
simplo method. Tt is possible, however, to eancel or eliminnte o
particulnr “peak” of the vibration, as iMustrated in figure 41, This
test diflers from ihe proviets one in that the delay was obtained not
hy employing delayed detonation but by spacing_the charges so as
1o take advantage of iho aeiamic travel times through the carth.
In test 486 the charge was ¥ pound of dynamite 50 foet from the record-
ing poiut, whereas in test 488 it was }§ pound 30 feet from the recording
point and diametrieally opposed to test 480. The lupger weight of
oxplosive in tesl 486 was necessary to compensale for the greater
distance. In tesb 40, nlso shown in figure 41, the shots of tests 480
and 488 were fired simultancously,  Thoe result shows complete climin-
ation of the first lnrgo peak, m:d the displacement very nearly cquals
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the algebraic sum of the individunl displacements, as can be seen by
comparing the sum {dotted curve, fig, 41) with the curve of test 460,
Introducing the delny thraugh proper spacing required considerable

Time—>

Test
486

Peaks to concel
488

Canceled pank

Fraunz {1, —8pnco-lelny shata,
manipulation of both charge and distance, hence thie moethod is
impractical for commereinl work,
DELAY SHOTS IN QUARLY BLABTING

.As the cxperimental delay shota showed some promise of reducing
vibratien, o number of quarry blasts were shot nusing delayed firing.

Approximale
R in meg, delay tima, seconds
3 7

H s 40 ohms
1 2 e ANANS
LE:]

g
M

Mormally closed

Far natmally open clresit =% 10K
W x, reverse polarity of biag ']'?
baiteries

¥
T

Frivig 42,—Dolny fring clratit,

The technique for producing the deluy differed from that in the experi-
mental shots because o Jelny range of about 0.02 to 15 scconds was
neceasury and the number of eaps could not be restricted.  Figure 42
gives the cireuit dovised for this control, The functioning of the
circuil follows:



e

DETAILS OF TECHNICAL BSTUDIRG 77

1, The_ initis) or_instantencous detonstion opuns the cirevit at X
(by severing a wire), ) . .

2, Opening the cireuit at X introduces a new voltage in tho grid
cirenit. The new voltage is not applied immediately fto the grid
because of the drop in resistance & cnused by the charge of current
taken by condenser &, ]

The time m(iun'ed to chargo €' to about 63 porcent of its full value
is approximately C X E, whero € is the vondenser capacity in farads
and B2 the resistance in ohms, When the valtage across £ has
inerensed sufficiently, the gas in the tube breaks down and beeomes a
conductor, thus acting ns u switch to cloge the relay cireuit, which in
turn fires the deluyed shot. .

The minimum dolay is approximately the time nocosanry for closing
tha relay, The maximufi possible time is well over 15 seconds,

The ‘delayed section, when detonated, opens the cireuit at ¥
through & “positive break” line and thus euts ofl the plate current,

CTE g,
&

et 4 1
1y

F%-:M;ww

Fravrx 4.—Wiring eircuit fee delay ahot,

Tigure 43 indicates the mothod of inserting this delay and reluy
unit into the blnstingbcircmt.

The first delayed-blast test was arranged at n limestono quarry,
Seismometers werp placed on overburden about 5,600 feet from the
blaets, A record was made of & regular shot that contained 1,050

ounds of explosive, This record showed & fairly regular vibration
1n the direction of the shot with a predominant peried of 0.13 second
(frequency, about 8 cycles)., This low frequency was characteristic
of the region in which tho observation was made,  The delay unit was
ndjuated to give o deluy of one-half the observed period, then inserled
in the next comparable shet, Iech of tho two scotions of this shot
comrnscd 750 pounds of oxplosive,

Tho maximum amplitude resulting from the regular shot was 0,0006
inch, whereas that for the delay shot was 0,0002 in¢h, The difTerence
in weight of explosive is not enough to aceount for this drop, With-
out further datn, however, it is PresumpLuous Lo aseribo the docronse
in amplitude to the deluy alone. The result warranted further
mvestigntion.

Tests were made ot the samp quarry to determine the leasibility of
doorensing the amplitude by adjusting the delny to correspond to the
frequency obscrved at tho quarry as differentiated from frequencies
recorded 5,500 feot away. The records obtained in the quarry from
regular shots, however, showed n very complex vibmtion with no
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re;l:]p]ar frequency, hence the adjustment of delsy was mare or less
arbitrary, Furthermore, the tests showod that tho effoctivencss of
tho delny shot in reducing vibration under these conditions was nil,

To study the effectivencss of delayed shots where the deley interyal
was determined by a comparatively low frequency ot the observation
point, a number nf delay shots were fired at o second quarry,

Observations wera mado on tho first floor of a house and the ground
outside, Measurcments on floors above the firat were influenced
largely by the structure itself and wore not used for these tests, Tho
house was situnted on o sand-gravel-loam deposit with characleristio
low frequency of vibration,

Saven shota were recorded, and, of these, two wera deley shots in
which the delny was based upon the predominant frequency ut the

0.006

/

e

DISPLACEMENT, INCH
o

B

@ Regutar shol
& Pelay sheot

[
1,000 00G 2,000 4,000
DISTANCE, FEET

Frousg 44, —Comparison of delay and recular alots, table 13,

house, Table 13 gives the characteristics of the shots and the dis-
placements obtained, To comgnro tho shois on an nmplitude-
distance grth, allowanee must ho mnde for the effect of weight of
explosive. 'The correction of amplitude for weight is made by multi-
Elying the observed amplitude by the square root of the ratio of a

ase weight of explosive to the true weight, The corrocted displace-
ments, liated in tnbls 13, are plotted agninst distanco in figuro 44.
Study of this graph shows that the two delay shots did not result in
an appreciable decrease in amplitude.

Tanne 13,—Characleristics of shota

‘Total welght Jteaultant { Corrsctod
Bbat No. al explosive, Dl’,&’gm' displnoomont, 4 isplsoatnont,
pounds Inch inah
332 3,040 0,D03% 0.6032 -
2,032 4.380 J038 L0038
% 3,400 085 L004
2,081 2,420 03 015
7,080 1,878 SO us
4,450 3, 310 ,00% 0034
3,442 & 650 L0038 00T

I Dalny ahot; flat sactlan, 2,318 peunds; seoond section, 2,143 ponnds,
1 Delay ntiot; Aret soction, 2,230 gounds; second soctlan, 1,201 paunds,
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A similar series of lests wns made in the samng quarry, but the
recording was done in another house situated on comparatively
shallow overburden ruther than on the sand-gravel-lonm deposit.
Aguin measurements were made on the ground and on tho first floor
for seven shols, two of which were delay shots,

Tho displacements are recorded in table 14, Thay were corrected
for weight ns in the preceding test. The corrected displacements are

G008 y
® Regular shot
@ Delay shot

~ .
T

000 3,000
DISTAMCE, FEET
Finune 45—Cutnparison of deluy and regulne aliots, (ahle 4.

DRSPLACEMENT, INCH
B

o
1000 4,000

plotted ngainst the distance in fipure 45, From this graph it is
apparent that the delay shots did not apprecinbly decrease the
amplitude. '

Tavue . —Characlerislica of shola

Tota) welght Resultant | Correctod

Bhot Na, of erploalve, Distanca Hisplidu= displnoos

;mlt‘:mu feet mens, tuch | ment, jnck
2,318 2,978 0.00M 0,001%
+ 2,810 LO0L4 0Uld
&aH 3,450 AL 001
¥ BA 1,k 0 -2
LA 1,02 LU0l »00Ls.
4,50 1,10 . U004 +003
1,410 2,8m 004 S0z

1 Dolay shut; Arat sectlon, 1,693 pounds; second soetlon, 46 pounds,
1 Dedny shot; first ancting, 2,220 potnds; pecumt sectlon, 2,220 poiels,

Deluy-shot tests were also made in a mine.  In these tests a delny-
blasting machine was used, The time interval on a machine of this
typs is not readily adjustable, is quite restricted in range, and de-

cnds on the gpeed at which tha muchine is operated, IPurthermore,
1f the machino hes the firing cireuits in puru{)lcl, misfires muy occur
in the delayed scetions owing to a short ncross the cireuit of the
inftinl or zero-deluy section, The slhort may be ceused by the lead
wires touching or grounding or by the eap wires contacting the cap
shell, These faulis are especially likely to oceur in unci’ﬂrgmund
work but may be oliminated for the most part by insertion of a
positive-break cap, which cuts off its own leg wires, at & point that
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will not be disturbod by the blast, The results, given in a provious
wper (44}, algo showed that the delay sheoting had ne ndvantage
tomn A solamic standpoint.

BUMMARY

It is difficult to decrease vibration by deluy blasting beeause ofton
the vibration hns ne regular frequeney, elimimtion of one component
frequently does not nppreeinbly affect the resultent smplitude, and
the timing method must be quite lexiblo yel necurale,

It is coneluded, thercfore, that delsy shooting of the type deseribed
in this papor is not practienl for reducing vibration in ecommoreinl
practice,

GENERAL SUMMARY

This study is based upon duta collected from records of several
Twndred tests conducted ut 28 stone quarries situnted in 11 Southern
and Enstern Stetes, in o limestono mine, and in 20 residential sirue-
tures of varions types.

Tho tests covered the detonation of explosive eharges in regular
quarry practice renging in weight from 1.5 to 42,000 pounds, Dis-
tances betwoeen shot paint and seismometor stations ranged from 100
foot to 2 miles, Transmitling mediuma througls which the seismic
waves wers propagated ranged from anilva through Hmestones,
shales, and clhys to unconsolidated sand and gravel heda,

Amplitudes of ground digplacement as recorded ranged from 0.0001
to 0,06 inch and similar movemnants in structures from 0,0001 Lo 0,01
inch for quarry blasts and up to 0,3% ineh for mechanical vi-
brations, TFrequencies of the seismic waves ranged from 3 Lo 80
cyclos per sscond and the dueation of individual vibeations from

0.1 te 8 socomds.
CONCLUSIONB

1, Seismie vibrations emanating from quarry blusting, in which the
size of the shota and the distances from shat to stricture are not
abnormsl compared to customnry quarry prietico, produco no greator
displacenents of ground and residential structures thon those produced
by normal ]ivinF netivities within tho structuro or ordinary traffie
conditiona outside,

2, Tho magnitude of seismie displacemoent enused by quurry hlnsts
cen be predieted nccurntely enough for proctieal purposes if the
weight of tho oxplosive charga and the distunce botweon shot point
and structure are known,

3, Unconsolidated or abnermally thick overburden causes greator
displacemont at lower frequency than solid rock at equal distanees and
for equal weights of explosive charge,

4, Ground and structural displacemonts rnged from 0.0001 to
0.08 inch for quarry shots ranging in woight of explosivo chargo from
4 pounds at ((!listunco of 185 feot to 15,400 pounds at 600 fept,

. 5. Buildings of one, two, or thres stories ean bo vibrated in definite
modes; their resonant frequencies and damping can bo evaluaied;
henee their susceptibility to vibration can be determined,

6. Vibration of n residentinl structure at resonanco does not in
itgelfl couse damage because of the rostraining effect of damping
inherent in tho building,
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7. Within the range of the tests made in this investigation, an
n;:t:ielurntinn equal to gravity (g=32.2 ft. per sec.?) is a practical index
of damage. . :

8, Customnry vibrationa! disturhanees from quarry blasting result
in displucemnents and {requencies that represent aceeleralions of abeut
0.01 of gravity,

9, In tests enrried to the drmage point, damage occurred only
when tha aceclerntion nearly equuled or exceeded grivvity,

10, Tho seismic vibration necessnry to damango residential structures
of tho type tested in this study is much greater than that from ordi-
nary quarry blasting.
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