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EFFECTS OF REPEATED BLASTINGON A WOOD:FRAME HOUSE

ByMarkS.5Iagg) DavidE. Siskind?Michael b. St~vens,3
, ",' ,', and Chorles H. Dowding,4 '. ',' ,',

"

' ...... /

ABSTR1\.CT

';rhe Bureau 'of Mines arranged to have, a wood-trame testhouse built·in
the pat.h of an advancLng surface coal mf.ne s o 'i t .cou'l.d c inves,t.:Lgate ,the
effects of, zepeated 'blaSting on .a resi~ential house , StruCtural fatigue
and "damage were ass essed ovel' a 2-yr period. 'The house was subjected to
vibrat;i.'ons l'rom, 587 production bLas t.s with. .,partiele "veloeities that

'varied' l'rom 0.10 ta. '6.94 in/s" Later, the enÜre house was shaken
mechanâ caL'Ly to. producefatigue cracking. FaÜure s train , chaz-act.erf.s-c
tics of const ruct.Lon materi'üs weie evaluated as a basis ' l'or coDiparing'
strains 'induced by blasting, and shaker loading to,thpse induced by
weacher . and,' household ac t Lvd t.Les ;

Cosineticor hairliile cracks" 0.01 to 0.10 mm wide .occurred du ring cou
struction'ot the, houseand ,also'duiiri.g periods when no blasts,were

, "de t onat.ed, The 'formation of 'cosmetic cracks increased l'rom 0.3 to .1.0
cracks per week .when ground motLons exceeded ,La ,in/s. Human 'activity
and" changes in'temperature and'humidity caused,strainsin walls that
were equivalent, to chose. produced by ground 'motions. up "to 1.,2 fn/s.'

,Whèn the entLre s t ructure was .mechanfca.Ll.y vshaken , the ,finit. crack
appeared al' ter 56,000 'cycles, the equivalènt' of 28 yr" of 'shaking by
b.Las t.-genexated . g'r ound. raot.Lons of 0.5. iil/s twice a day.

'1ci.vi.L engineér., TWin Ci ties R~search Center·, Burea,u of Min~s, Mi:nn~·apoli's·, MN.
2supervisory geophysici'st, 'Twio' Cities Research Ce'nter.'
3Mi ning , engineer" . Twin )Ci,tieS' Res~a.~ch Center (now ~ th Burea,u of '.Lana. ,ReC~9-mation,

, u. s. Department of' the. Interior, 'Denver, CO j • , '
4AsSCiCiate' pzofess or. of" ci.vi 1 engi:neering, N?rthwe:=>te.rri ~ni v:ersi:ty, Evanston, IL.

,- '

1



-,,
'lNTRODUCTION

in residential ,construction ·have been
+imited and inconsistent (2,4-10). They

. do, 'howev'er, 'sugges t t.hat; fatigue 'effects
are possible both from vibrations and

·.natun'l. causes (7~10)•.

Toass~ss (l) the fatigue· behavf.or of
structural materials when repeatedly
làaded'byblast-inducéd vibrations· and

.. (2)' the . role ·of· natarra'll.y". occurring
stresses,. thé Buteau 'conducted a long
t erm . field and laboratory , study• Re- .
.searchers studied .the .vibration and
strain response of·atypical co"tractor
bùilt . home'in the path of an adva~cing
surface coa1 .mine over a 2~yr period.

.Upon. complet ion of . the blasting tests,
.mechanâcaf shakers we:c:e used ,to simulate
an. increase in the tOtal. number of Load
cycles . weIl beyond . that . expected from

·natural stress-inducing. 'phenomena and
bl,asting ·to ensure' a complete. fatigue
ass'essment; ~.

Ground .vibrations· from surface mine
blasting can bea -serious 'pJ;obIem for .the
m'irting' iridustry, .go:vernm'mtal· agencf.es
'r'esponsiblefàr 'regtÙating their adverse'
envf.r-onmenta.l .effects,·. and. 'the .public

'whichis subjected to them. 'The Bureau·
.of ..Mines r ecentIy ' completed . two maj or
studies which determined the ·.ground vi~

bratian and ai~blast lévels that cOrre
. sponde ta s t ructuna.I 'vibration response
and cracking of Lnterî.o'r walls (1-2) .5
These studiés éstablished levels'for bath
aâ rbl'as t. and.. ground vibrations. above·
which the.. probabf.Ltty of b.Las n-pr-oduced
'damage increases.TheY includéd a'study

. of 68 residences and 9 .other'rélated
b.Las t Lng ' s tudLes , Théy were, by' design,.'
short ·.·term ·studies· at .rela.1::ively high.
vibration' values. .

Several authors have postulated' that
repeated low~level vibrations accelerate

, the, ,normal cracking' process caused .by én-.
vironmental f actor.s. suchias age, "èt1::1e
ment; win:d, temperature, humidity,' and
human actfvities .(3'"'6). Reseazch results
on fatigu'e andf"ilure of mateiial~ uséd '.

The cracks observedin . these previous
studies·~ere.primarilY.extensions o~'in

ceptLons of' 'cosmet Lc cracks (0.01 ta 0.1
mm wide). in aIder plaster waf.Ls, How-.
ever, the initial building dis.tortion and Bureau' .researchers a180 conducted a
'preex1sting w,ül .stratns ...· were unknown ," parallel Labor-atory progr.am . ta . obtain

. and little could be learned about fatigue. basic failure properties ofwallboard arid
. 'effects from .repeated blasts.• · In. addi- tnasonry walls •.. The "failure .chanlcteris-.
tian, these s tudLes demons t r'ated rhar : . tics of wallboard in 'shear, tension; and

,even when ,a p~ak'vibration criterion is bending'and of waflboard paper in tension
':,.rtot 'e",ceed,ed," comp.Lafnts. are, still passi- ..lere eva.Luated , These, analyses provfded

bleand often are accompanied ,bye claimsthe basis' for u~ing, strain réadings ta'
of damage attributed ,to fatigue. assess the relative i~pact 'of, blast

'iùduced stresses 'ta t.hosevof human activ":
it1es an.driaturally' occùrring stresses.
Through a Bureau. contrracti ;> the National
Bureau' of ,Standards (NES) per.tarmed simi~

lar property testsori masonry block,walls
(11). This report describes bath the
field and 1aboratory 'studies and presents
the findingsfrom both ,

BACKGROUND

Cracking in structures ,from, .repeated
,blasi:1ng vibrations invol'ves many aspects
that have been previously ,studied, $~ch

as crîteria and construction details to
: prevent ,cracking; ,'causes' of 'c~aèking,

5Underlined
fer ta items
l?recedingtlie

numbers in pa~entheses' re
i.n" , the li st ,of. references

,appendixeS..

inc1uding'eff~cts'of construction, mate
riai. condition," .and building envrronment

'and age; and' the rate of ,new cra~ks from
ambi.ent causes, Sincecracks'are gener
ally uneXpectedand their acceptance var
ies with "idth, location,' and extent, the
role of' human perception' has also'been
investigated., '



.... 3

• ,'Strain rate sèemS t~ affèct'ultimatè
'qr ~otal,iail;;r:é;,butth~,paper,'.'yield
point, ii r~lsti1ely èoristant~ This :al~'
16WS ,t'.Onipa~ison of, ya:i:i6ùs 'lqading fac"':"
tors."(",.,g.,.: blastfng'versus 'oth!,r a,ctivi
ties and environnien.tal fact:0rs);'

The 'Burea1,l 's :J.abora:tory,: analyses' 'of·
wa.Ll.board and Ïnason.iy':'walls ;whiéh, are.
déta:iled' 'in' a"pendix: ,A,' showed, the' .

. f dll~Vlirig:: , "

Fo,r,W;allhoa,rd.,.-'

, ' .. ~Axiai stra:ln is defiried as M,f t", .where,'
"M 'is thé aèforina:Ùon and 'j,{stheorigi
,na:lie~gi:h. ", A,da,lstress;cr, ca"'; be ,re
lated t'a ,str~iri,'E:, bY' Young~s'modulus"
(E).~., cr=,.e:E"'.· .':.:~.:' ...

.....~ '.'

,.oRICI"NS OF 'CRACKS

.' ..

..•. 'piopo~do~a:l(Ünieti~ion Chang~·. (str~in) 6·

·unt~L. plastic deformation' 6rcreep'0~-
Çurreiit house-bufhdf.ng .prai:tiçe~· ad~cùr,s';';i..e.; the (iJraiil: Lncreases rapidly,

dress .basic humarr -safet.y ,".. }janV,.of these' .... aud' üit:l.ma:tély tl:)e'load'-càriying capac'i ty .
practices were·deriv~df.J::oi:n,al1owablè.qe.,. or the' s.bres·s:·: drops .tô' z'ero., . Becaus e .

. flecti.on ". critèria. Ln.: w~tch mateiial. mostmater1ais tests involV:è strain mea-:
cracking potential .is 'considered 02:--14).:.: '~ùrém~nt~,values of..stnaLn .. àretypically,

. Iri . 1~48, Whittèmore (15).' discussèd'.the us ad t o c Lass.Lfy mater;i'ais,' 'fl,eformat:loh'
pro~lém û{.:.th~ Ùck.of..guideiixies fo)',tolerances,Le., 'linear r.espons'erarige.
vibr-atïonsof··floors and "poin:ted o;"tthat :The 'nonl,inear ',st;:8.in: '.response· point or.'

U d'eflectionand vibration can be,de':' i):lÜia:l' yield.is· eashy monf.tor-ed . by .
crèased;'.· but onIy ". "t , an". increase .'in" ,:strafn: aètect:ion 'systèms... Obs'er:vations
priee., "Cl'Ût :(16r"È!choed'Whiüe~ore!$,'of:matetialcracksoccur- 'st etr;ün read::"
conclusion, 'in proposinga>,stâtic 'éri.,., ';Lngs'b,.;yond:the infÜal'yield potnt; :pri-,
terion .basédori 'the' ,riSl<: of cosniét-ic mari1.y- due t.o eye resolü1:I6n limitàt:ï,ons. .
cr"cking. I{e deveIoped a ~OdEq, "pi.rform:-'

" ance criter'ion, "for: f Loor s in', line w:!:th
"human . accep.t.abf.Lf.t.y .' (w±th, , 'respec't "1;:0

'vibrations), 'accor#i:J.g' t.o th~ InternaÙp':"~
a10 .Standards 'Orgil:.riization 's,' O:S()~:"pro~'

, pos éd staridaid,whic!l"has s Lnce been up-'
·dateÇl.,(17).. 'More' 'récentlY;. wéight'ing':,'
, factois"1ïave baen .d",veloPe.d ,for êti~,ves
-trq~ the ISO S,tandard to', LncIude ,effècts ' ,.Tli,e ' gypsi.lIli~ore:faiis~t ~'350 ).Iin/'
'Of the'impu],sive .shock'. (bl,;;,;,ï:) as per-r . in' .Ln 'tension and ,a:t,~: l,DaO, '~in/i,ri ,in
ceived in bliildi':"gs', (18). ' .' "'pen4ing.,: ba~ed" oh tIi.e ,ri6ülinearresponse

"pdints·.:., . . " .' " .'
:rhè<;léteetion of. cl'ackin{is dependent; ' ',,' , ' ',.,'

on, tlii(typ~ of,materf8.1 coveringthe' .;ii6r vi'sualciacking, pape:t'.J;ail~re""
wal'J.s,,'iiS weIl, as enviroIiriiental,loads(in:-i~theeont:rolli.ng Fact.or , ,,' Tts nonliriear

, cludiJ;J,'gvibraÜoh). 'co"nsec:l.uen):Ïy, it 'Ù ,response pqint .occirrs at ,~hOOQto L 200 '
impordant 'to' know how . ,the :mechanical ').liu/in. ,(fig'. ,1). However',visuaJ, obser--:
strén&tn -proper-tt.es of, wallcqveririis in"':; , vationof 'b"ëkl~ng ,or cracking ,is' n0t:'
f Luërice , cracking' diaraëteristies • ,,:All' 'possible' .untH, a slightly 'highèr: str:ain
str~ctJP:es~ "including: .re~id~~tial,b)lÜd-leVEÙ ),8 re;"ched.' '

'ings,,'~:"re' 's"~bjeetèa t o . a:variety' of,,'
str~sses.:'w'bi'è:hare coRti~tia.lli changf.ng',
ExaJ;i1ple's, are .': sh:J?inkage, ,4urîng : niatedal
cüiiùg,: annua1' aIid :daiiy ,'htinddity , ,and
temper:ature,exparislon ,anq, cOIi1;:raètion,
and' f"ost- a]:ld, wate,i-indueed, s05.:1 set'tle-"
ment and':heave. ,1)E:.f'orniations a1.so result
h,om hurnan,aeÙvities . (si,r<'.h,as jumpi':"g,>

"dc'or closings':: and, 'walking)' and, .'whd
',gusts;, or they' :mây', be"'attribu't;:ihle, '100
vibro"':a~ousi:ic sources ,sJ,ich'as, bl":sting,

, vehicle, traffic,,' aireraft" and' interna.I
machinery.-: ' ' ,

" ....

~.

.f.'..

~ :

" ,

L

l

. Masonry' ,wails :and ,'," wallbo'arii unde·r
load are 1,lsually, àssessedÙIlearly ,by a

, ' '. ',' ,"

", ','. ," ....,.• :. ;'
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Bas ed on thé e'l.uaÜon, ,E "'-. i, ." .

,. Obsé rvatLons ',(li: ':t·ensit,e,: cracks.
"at 'al"train-,motrl,tered s,iteshowed'
,that ,stich cxacks . are- first, detect
ed at' strain Level s . weIl" above :"the', ,
firs~' notiÙneai- :responSè, ;po;!.nt, be~a;"se' '
ofnak~de'y,e1imitat.i;'ns', (.J O.OÎto,"
O.l.'minL '

... "

• 'Use .: ,of:',str",:Ln gauga re"'dtngs .co
"'descfibe .crack growth ''to, ,'VfS'ual widths'
, and .beyond "cariqe,ml:s1eading " sincéthe

measui-ed. s t rafri d.s 'dependent 'on" ',the'
stratn gauge 'Lengt.h, "For', '';xample, ': ,
strafns read:,at the threshold of: visual"
.crackâng usLng 'd1fferl';nt' ,'gaugelengths '
give,' '",' diffèrent o:v'ei",li-' st:rain 'read-.

,ing;' 'as' illustratedbeiow." ,,'

....

.',-
in-O,.

2,.: c:ri.c!<:ii that propagàtied acr-oas '
'the' walJ,prior, toultimate failure .Ln
a'steplike'pattèin'along,mortar~block

'fntetfaces. .. The global stra;in ap-"
proach'appeais reasouable'for fci1J,ure
aSsessment;but :;inplan$shearfallure

,,,,às: shown' ro be uùlikely'forhomes
,heêause, of the high'coU;Pressive'loads

, 'required. " , ' "

" :. Twocases, ,ofcra:~king:drieto
',pLine sheà'r testing "'ere 'Qbserved,

1. ,Lim1tecl$:i.t~':"?pec1:Ùc cracks
,.:t hat -can occur ,at:,l.ow, global: 'straius',
These ,cracks .opened .and .cï.osed "up to

, ,thé :p~int, oflI\ilXimum, Load ,aildweri"
,<1ff-f,icuit,to distinguish, .fr orii ex.Ls t--'
ing ,"mci:çtar-block Separ",ti:ciùs, caused '

'by:,,,?rkmanship and shrinkage •

at,

ForiIlas6tiry walis.,.-
, ..

• H~irline,cracks occur,pJ;iina:rily
the ,mèrtar~and"'-bio~~,interfaCe. '

: "

" : :"'. '"
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, ,RATE~OF,CRACK oCCin<R:eNCE~
, , RESIDENTIAl,STRUCTUREp

,4. ShriIJ.kage' and swè:i,ling of wood and'
wooil-paperprodU'Côts. , "

, '

, ' 5,. ,,'Fatigue andjagting' of
iugs•

. . '. '.'

Structures cr~ck'" natural1yovér time, '
and ,this section reports' the' ,resu1ts,'
of several' studies wherein ,the rates
of ,crack":, occurrences, ,w,e,te measured.' ,
Rolmberg ',(:~7)TecenÜyaIialyzed'inspec
,tion reports ',to es'timate",:'a 'crack' ',' rate
for apartment ' buï-'id:Lngs in Swede;'. '1''''0
"apartment~uildings, were', im;pe~ted for
cracks three, times between 1968 and',1980.
The nnmher of observed cracks ,isPl.otted,

"as a fuiti:tion:Of time in f:L.!tI+re 3.' ,AD.,
'aver,ageofiZ"t613 new cracks, pei:: year,
occutredJ:or these particul<,r, structures"

thermal expansion.,:"

2; , ' Stru,eturaiO~er1oading.

3. Ch~mica1 changes ininortar; , bricks,
plaster,' and stucco~ ,

Cosme tic -cracks res'ult·wh~n ' the biaSt-,,'
, irig vibration':"ind~ced ,snain, e:d:':' added
: te. : s ome p reexî.s t î.ng s:t~~iil> '. .E.p" :exçe~ds

the ,c~itic.a~,.'sir:a·in.," ·e:·c '" ya17iàus .,c~i~
te:i:ia"sucl): as peak part.Lcâ.e.. ',velocity;
vector ,,' sum velocity ,' ,:ps'eudo,', 'spe,ctnll :
response velocit:y ,displa'cement ;'andin""'
tegrated, energy hàvebeen 'guggested for'
predicting or" esüinatiIlg ,the pbü,ntial' ' Anothez. SOI+I:ce of iiticaîns' , and, crack-e
for, b.Las t--dnduced cracking in s.truccures, ,'ing":-~one,ri.ot:' 'usual1y, - ,corisidered-,-i8

.However , ' thesetriteria prcvï.de orrLy ,an " ' evaryday, househo'l.dcact.fvî.t.Les , Ear'Ly' in
index ,of', b.Last-d.ndùced .srratns : ,,( e:,j)." the test;ing p'rogram .descrfbed .Ln thisre-, ,
Theyi:;annot, be, telateduniforinlj, 'tci .'the pert,' 'tllèl:espo'ilse of the testh6use to
critical,'wall straiti ,necessary,',for deve l-- ,: typi<;al hutnan' a.ctivitY, was' 'compa.red with
opment or .propagatLon of existing cracks the re~l?brlse ,to hLast.Lng, ,AdditionaJ h,j~
because, ,they do not 'explicitly',consider: ",man"act;ivity data 'i8 also avaï.Labâ,e .f rom
exf.s t f.ng strains :(and , the corréapondf.ng Andrews" study (3) of the bouse dLagr'amed
fatigUest'rength redtlcÙon).Monitoting in: figure 2.' ,Table 1 shows the ,Btireàu's
strain, 'Whicp', dire,ctly repre.sent;s materi-," :ànd' 'Andrews 1. data on wa'l.Lboa'rd s t raf.ris

'al 'défQrmation and thus ,âackingpot'en:', "tesulting 'fro';' various' human'activities.,
tial, , avof.ds thesa' p rob.Lèms, ,H.owever,' -Donr slamniing .produced stra.tns greater
identifYing cr:Ltical ' measurd.ng .LocatLons thail thosè" p,rodu~ed,holil, 'blasting'vibra-",
and thei,ocorresponding pres t raf.ns iLs it-: ,tionsnp, t o o.s in/s. 'Aii'the strairis
self a problem"as .mentü oned ..in a previ- ,,' shown.±n -table 1. <!~f"dynamic ',straiIl,s in
ous Bureau report, ,RI 8507. <.~). " 'duced bythe specified ,:"ctivities; they

',do not, Lnc.Lude ari:yprestrains. ,
, DifferentiaI' fbundation settle';'ent ; ex- '

cesstve strtiètural'loads;' and mâ1;el:ial' Datra ,0:" prest~ainfrom changes in nor
shririkage, indu';", "st~aiUs,resulting 'iri1Jl8.1 'househo.Ld rela:'tiye hlÊlliility and tem~
random :aT;1d/or patterned'àacking'..' Feir" peratur-e ,are-'liinlted to 'pap'E,r,. These" '

-ana.Iyzfng blas1;ingeffects, "thesestrain-,:' factors have' beerish<iw'n to ,gener<>.te pre
Lnducf.ng forc'es' are cmisidereds,tatïc iuidstr,airis of"~ Hlü 'to '200' )Jin/in' :Ln unpro..>
the r"sult:lngstrains !,\re cailed' p re-e 't:ected: papar '(24-Z6)-; For'cyc1i,c chimges
'strains"" Fb'r exainp'le,corisolidation .'of in relative humidity above 65,pct, up t.o

'foundation soilbyth<i transpÙation'pro~ '40l?Ct paperSWe1:i,i;'gandshrinkage can .
cesses of neacby tteeS' ,09) causes dif-' "occuz; (26)~ , " " , '
ferent'ial ,,:, s e t.tLeraent; 'Lnducèd 'preStrain.
The, 'walls :'of ,resideritial 'structures, are ,
always under. s ome straïn; ,although crack- '
ing may'not be àppar-enf-, , The .ccacks 'co';'':'' ,

, m:onlyseen" fnold, homes ,are manife",ta-'
tions' of :such 'pres'trains'. '

'geveral refere,nces pr",s,ent', 'excellent,
summaries of ,the 'multiple ,origins Of
cracks ," , (20-23); , BasîcaÜy, riracks "are
c"usedbyone or a co';'bir:..;aÙon of the"

, fol1owing: ,

1
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TABLE. 1. ~ MaxiiR~m strainsin wallboardfrom b'Last.Lng, housepoldacti~ities,.
and en:VÙ:onmental. ·.factors·, .microinches :per inch.

, '. '. ..
.. .Human -act Iv.i t Les , W:i,nd

St.rad.n location Mine Heel., .ïïoor: s Lams Nail: . Wa1:lçing .' ;tnd/or ..
bl.as t s . Jumps drops' Entr~nce-rSI~ding pounding . Ist :lAttie 't.hunder-:

.... . .:' .: g l.ass " '-. ' . f Loo'r l... storm" '", .

BUREAU OF MINES TEST BOUSE
Ovè r sliding 1·22 ;115 24 9.2 13 21

.. zr . Low .. 'NM NM. . ) .
glass door, , ..

airer south win- ..318 '. 42 20 12 19 9.•3 9.• 1 NM NM
dow in mas ter "

bedroom •.
414,5li

....
OvertLarge door-: . 17 6.:1 8.3 6.2 .. 28. Low NM NM
way inliVin.g : .
r09m."

Over pf.ct.ure, :4'33 17 11 .21 3.6 32 3;2 NM NM
win~ow.·

.. .

'.

".O.veF' entrance· .. ,
door. 436;543 . 13 5.8 140 Low. Low Low NM NM.

' ..ANDREWS' SONIG BOOM STUDY .(3), HOUSE ·1
From figure 2,
Lo'catLon z

'.

A,.·.' .·.···'. ·., ,"· NM NM NM 3-9.1 NM NM NM 10.2 :2.36,
B. ·•·..········ NM NM' .... ID! 17.0 NM NM lm NM· 2 .18
c ..·.·. •·····•·... · NM )JM NM 17.1 NM NM NM NM Low

.D. ·····.'.······ NM NM NM 13.4 NM NM "NM 3.43 3.63
E.

..
NM NM ID! 11. S NM NM NM 'NM 1 .11".... ·" """ ····..F. ····.········ NM NM NM. 12.5 NM .NM NM 66.4 2.38,

G. ············· NM NM NM 1 ID! 1'JM'. NM Ni1 59.0 5.1 5
H~ il' " NM NM NM '. 12 .•5 .. NM NM NM NM 1.89·.. .:. '. •... ··

0.30
0.21

3From peak ground vi'Qranon of .0.29.·J..n/s· •.
i;"/8. 4Fr~~ peakground vibration of 0.3.9 in/s.
in/s •.. ' ·5F~.~m peak ground vib.ration of' 0;32 .in/s.

1;l~O 197.5 '1980

FIGURE' 3;· Building age versus crack ~ccur-..:
renees, after .Holmhèrg (27), .

.·KEY ..' ....
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The" crack :rite4epéilds' upon the type of
. ' .. ' structure:•. ' Rates for Il.' wood'. f r arae

'houses t.hat; wére subj ected. to 26 weeks of
sonf.c booms and '13. weeks' when:' thère' w~re
ndbooms (3). arelisteci in tab1:eZ.

'Crack .rate~- àt"hQIIiés 1""4; ·which.. were
studied dur'Lrig both periods;. wére ·gen..,

r 'erallylo'fer durLng .thé·13..,week rionboom
period.. . ThE,investigators' a Ls o: f ound
evidence . 'of '.. a ..possible~elationship

'wherein relative humidity a~d :'~he number
. of booms maytogethèr'have an . effè.ct. on
"'... :the, .occurrence. 'bf cracks , as shovn in

. figure 4,.: Theyconeluded, "This -Lnves t Lr
gat.Lon hasvnot; exoner';i:ed aondc . booms. as. '
a fàetor ·.influencing thé ra:te ':of st.ruc
ture "deterioration, but; péither :hasit'

.' -,estaJ:>lishèd.a dirèét Cause and 'eff';etre-
. lation"hipbetweensonie. booms- and
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. TABLE. 2, . - .Cr';'ëkratesfot .houaes vsubj ec t ed t o sonï,c booms C])
" ',' -

Numqer -, Number oI cracks per.....
House Of Area, Foundation .Age, Finish Occu-- week

-sto'rLes ftZ: yr Ent.è r Lor .Ext.er Lor. pied .Boom .Noriboom
·

,. . :p.,riod 'period
1., • , 1 1,560 Concrete 5' Wallboard •• Bri.ck .... Yes.'. 3,7- 1.9

slab•. ."
..

2. ,'. '.. 2. 1>7.50 .• .. •.do , .. .. ~ New .. ".. do .. o· .. '... . .... .. do"..... No. ... 8.2 3.3
3, '. :1 1',470 <..do ... ··..~·. .. 8 .. .. .do, .... • '~ •. ', •• ..de....~ No, • , 8.8 1.5

'4 .. .. 1 . J ,.160 CQU'cret e 18 .. .. .do ~ ~ . ; .do • N,p ...'. ' '. 6;1 .. 1.8· ... . ..
-s t em walL

5 •• · 2' 2,S70 Masonty • '>50 Pl<ister.. As:bestos NQ.·~ • NU 23
.. stem wall. .and Lat.h , -. "iding• -

6, ' . . 1 1;100 Con'cretè 25 , , .do i:«. .'. .Stone, .. Yeso • NM : 2..6'
stem wall.

.'

,1'. ., 1 1,090 '~ ...do,.....,."... 30. Lath.and Wood lap Yes •• ·.·NM i.4
.. '. wallboard;

1~iGk.·~ ..s·•.• " l 1,2S0 ., .do.•.. .; ...• 30 P'Las t er .and YeS ., NM 3.3
.. Larh, .

9 •• · 2 2,000 Masonry .' 40 . paper on Woodlap Yes , • NM 3.0
' ... .... ,

.s trem w'ilL. plaster

•
and lath;

10 .. , 2 '. ,2 ,370. Cancre t e. '. 35 P:LastÙ .arid ..,. ". do,_." .. Yes ... ' NM. 14
.scem walL ·iath•. '.' .

11. .. 1 1,330 Concrete , S. ·WaÜbo~rd:. . Brick••• Yes •• NM 2.2
slab•.

..
.

NM. Not measured.

. \

" .... .

'Th~se datap~i';'t out th,atnew ~osmeÏ:ic .
The large range in the crack . rates re-« cracks are .J,lkely .to· occur wlienmonths

po:rtedi'; the. separate s'tudies .by Holin.~. .pàss between. pre':' and -pos t-d.nspect Lons •
.berg , Andrews·· (t.ab.Le 2),': and Wall. is.Thel;efore·; any . post-rb.îàs t; inspection is
indicative of the wide .range . of'susceP:- .Lf.keLy : .to tind new 'crad,s that are the
tibility of housesto cxackâng; The' . r esuLt; of nature.L àgf.ng , . The. time frame.
rates ranged froJjl near zero. t.o : 23 c r anks' . for.... inspections ·..and difficulties of ob-' "

'per week. (The cr'acks-eper--year; ·""iiè '. sér"ring cracks are df.scus sed in the "Re-
reportea· bY· Hôlmberg' Lndf.cates. 'a' cracks-sults'" sect.Lon. " . , .
pér-week"rate of near ze ro ,) None of the

. AtKNOWLÈDGMENTS . .
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Indianapolis, ··..IN,and emp.l.oyees .of its' ':re1at:ions manage r ; George' J,furtin, gen
Ayrshire Mine. (site of the' t:est house) eral mine manager; ·.Mike . ·Pàdgett,. senior'

,:"

defec.t.s df.scovered. at ··.thet.~st h~uses.". in:vestigators· report.ed . crack rates. of
. the.- crack races .ofi:4.tO 23' cracks'pet '. zero; iThe ll\rge differ:ences' in the rates

week duringthe'nonboOin périod· are quùe·repo·Ï=ted.·.!u;e ..partially li resu'lt oithe
highco)llpared to the .race .èbsèrv:ed ·by· ... difficulty Of de:ü'ning ç:racks. For exata-'
Wall. (28) in a study vof 4:1 single-st(>ry • ·ple,. in wili; s repart,.., shrLnkagevcracka
·ç:oncreteblo.ç:k hous es overva 26-..-wee)c..per~· were. îgno.rêd, .and' .ouly new cracks 'in the
.lod;· "he r'epor t ed . a crack rate '012.5' 1llod~rat'" (easLl.y : distinguisliable) range
cracks -.per . day.·, for the 43· houses .(~l .rererepoited. '" . ' . .
cr-ack pel; week 'per hous e ), .
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driJ,ling' and 'S!lOOti~g' :sllpervisor; . and '. by i\lvin . Engler , . e.Lec.t'rLcs.l, engineer;
John ·Smith,manage.rOfdrilling .·and . Kevfn King,. electrical 'engineering Stll- .

· shoot:(.ng •. · Valuable t echnt.cal, support and 'dent; and G.. Robert' . Vandenbos, e.Léctrron
'advi.ce on.: stratn . gange ". 'instrumentation ·..Les technician, employi;es of .the Bur-eau 'os
.andtmè chandcaI p.rohl.ems .. enccuirtared: ·d~:r- :Nin Ci't;iesResearch center, Minn~apolis,
ing this blàstingreséarch 'were provided ··MN~

4.' Exterided'fatigue loading 'using me-
'. .

chanical vibrators;

. . '.' .. ' , '. .' ,

DESIGN AND .CONSTRUCnàN o~ TEST·flOUSE'

2. Long"-t""';" monitoring of l:owsttain'
Leve.Ls resul t tng from blastinga~d ot.her
phenol,llena.

3. H:ï:gh-stra.'iù"-level 'qlasting as coal,
. lnïning reacaed . the. experimentàl 'strüc':'
,.ture~. . .

consisted of.i:hef~i-

......

: Theinvestlgation
Lowfng tphases s.

. .
.Thè Bureau' chose a 10c;Üon at' th~ Ayr

shire'Mine naar Evansvd.Ll.e , 'IN, for con
struction of···.thetest hous'a , . a";d siting
of . the house :there was made possible
throvghanagréement with Aj1AX. Coal Co.,

,the ownér' of the mine.· Figure 5 : shows
théte:st~s,ite. location and.thelo.cations
.<if. the' blasts :relative.to the. house dur"-

. . ing :the ·2-ryr . test penLod , The siteloca
'. ·tiOn ·allowec1.. a, responseiof at ·least 1. yr

1.. . Des Lgn and' construction. of .' the t o .nattrra'L stress-duducfng' influences be-.
test' house 'and . inst~nation ·of . monf--' fore the 'bhst vcLbratIonswouldreach a·
t.ortng.' systems' for vibration strain,. . .LeveL .of .about 0.75 iri/s, thé Lowes t 'lev~
s t at.Lc dëformaÜo~, . and .'mvitonmental· el at wh!ch a probabf.Lf.ty Of . cracking
condit.ions·...· waÙboard hait been observed' in previous

. xesearch (2h .

~he . fatigue." research irive~tigati,on';.
fromjurÎe 1979to ·December 1981,' was
·b~sed. on ~easutements'of ,str~ctural 'cori"-'
.dition~, dynamfc and' .stal:ic . r~sI'on~es" .
andrcr-ackâng at ç.fuÜ~sc·ale· test hous'e "
Locat.ed riea~ an operatIng surface inïne ....
Followirig the f Le Ld. s,tudies;. cOjllpl6'llleiJ.-·
t ary Laborato'ry' .tes ts .Çappendfx : .A)· wère
performed ~ .' . , . .

. '.. Afte,r .: site selection, the Blireau con
tacted' the 10ca:l. carpenters' union to eS~

, tablisb" the typical" bouse dasLgrr, then
chose asplit-level modeL, The 1,144":ft2

,. test hoùse:(fig•.6)had a . cQricre.te .block·
basement; ,brick yeneer, and «brick fire,
p.Lace i . Inte'rior walls were l/.2-in wall
board with t.aped and p.Ias t.ezed joints.
Thekltchen"-dining room «rea received an
addidonai ·'3/16-in coat; of .:verieer plas-
ter; . Plùmbing, 'ctipbo';rds, finish mold
Lng , . 'and' inte,rior .doors. were" not. in

. stalled,1?tit7 5,co,?-cret,e blockS werè used
to simulaté 'noml household 'loads. De-r
sigri detailsare shown in apperidLx B. Ed

: ·Scheesele. .& Sons,' 'a local corrtraccor ..
·Th~. ·exp"Ùmental· . plan calIed for:' a " buf.Lt; the' structure. b~tw:een Jqne . and' oe

res'ideni:ial. test" s t.ructure . typical' .of '. t ober '1979 ~ . ·AS a. cost-saving measure,
· models ·curre:ntly 'built .in the te€;t':"site the Bur-eau arr~nged fora localengineer
area.•<.. 'n1e .planalso spec1fied the use of' ing'tlrm,VME-Nitro Consu.lt , Inc·. (VME),

· common ccns nructaou'. materials·. of.the,' ,type'·. ta 'conducc ·c6ns·tructtou'·· insp.ections. at
commonLy cla,imed. t;o haveibeen damaged py' . 'the . ·.completion of the following stages:
blasting. Although pluinbing.and- interïor (l).·footings-.,.bef·ore pouring, (2) founda-
t'inïshwork ..suchasinside doors .and tian,' (3).franleand masoniy, (4) .electri-

, '. cupbqatds were. 'not . i:nduded, structural cai,: and (5) finish. ' .
. '.'



, ........ ,
-,

" ,

11

-IS' .

. -J9 '

: a2'.Q

'21

··17

·IS'

:21,0'
.~ ,.' ..

.'

20S'

207

~

n·
Q

W
>- '2.0,6-c
z
<;
0:
0
0
0

.x.
>-
=' 205
0

"'.,
x'·
>-
0:
0
a

2Q'l:.

201

·3
·2· '

·1

.-'

.aJ5. ,

'13

Shcts ' " .. Coordinates
. 6ff grcp~' North south ..

3.0 . 2.04,6.·6~ ?96127'1

.3'8. 21.è,4~a ~?4~250

.71,
." • '7'0'
,6S·

,·Sl·

....

"8

'9
·10 '
.all. "

'12

400 401

EAST-WE'ST~C90~DrNATES, 103 ft·

FIGURES•.. " Test house, cndsbot [occfions,'.

A02



12

- ,

FIGURE i., Fionr,viewoft'~sthous~.

. 7R$f e r e nc e .to spec.1fic' .j;iroducts . does
not imp'1Y.' èndozaemerrt; by , ,the 'Bureaùof

"Mines." .

'Low-~evel Blastin~Tests .>

'ou~ing the' early,phases O:f' the'study,

, s taticl"nd 's16wlyvarying i~f1:ù~iJ,ces were
"stud:ted. . 'Sea,sanil :wel"ther'condition~,
'l''nd 'effects "of se t t.Lement ": and " inside

,
• , . . 1

T1;l.ere :was, . one major .davfatIon .' from the" envirqriment on s t acd.c s t-raf.ns: .' cinq- defor-l
-cons rruct Lon plan:~" Th~ roo:Ltram:Lng was . 'mations' were. measirred "seniim,onthly' at 67',

'changed bythe, coutractor' ta ibllow local' locations within' the hou'se.' 'DetaÜed'\
building ',pr;'etices Uig. B:"6). '7:h~ in-:,'i:la,mage 'ini;p~ct;ions were conduct.ed d";r:l.ng,

'spection' at; ',c,o'ns,trueCion ' comp.le td.on 'r~-: ., :th~ :oemimonthly, ,t~stin~. ' , '
':vealed a,' .number of hai.rLï.ne cracks,'

as sumed to , be ,fi:om'shrinkag~, lil 'wal:i;-" '< 'Gontinuo~s memit:odng 'of a LL b.Las t Lng
,'board corners and basement b'Lock joints. ':'and weather conditi6ns (both inside ,and

outsf.dé envi.ronment') was,st3.rt~d ,on OCto- ' "
ber ::JO, 1979, 'and eontintied, ,thtoughout ,
thestudy. A'niillas' Lnst'ruaent.s ;.' Iric , , '

Amultifacete4 inoIÏitot'ing program mea- model,.ST-4': sfüf-tÙ'ggered:sei'smograph7
, sured the eÙeets .of ' bath netural fdrces: recorde,douts1de' vibraùons' end âhblast.'
and,blasting ,'vibratiims 'on -tha test ,Six Rustrak 3b-day'chart .recorders,'(Gul

"hous e , Bureau -pezsonneL installed'thetan Indus'tries, Ine.), monf t ored 't:e~peq,.,.
mond t or-ï.ng instrument'ation' "at; the "start' txrre , hU1J!.idity, wirid" and , .Late r in the
of the program and topet-at'ed. the systems s tudy , .two channeLs 'of" i:lifferential'dis-:

, at; cricical, per'Lods , At ocher times, VME p'Lacèment; :(strain). ,Theauthon; expected
(unde.r contract.) col.l.ecced thé :recordings, " ,thl"t , the annua.L.' tempei:I"ture andihumï.df ty
'and .shf.pped: "hein t.o: the, 'Bureau ',s ' Twin' 'èycle,., as' 'well ,l''S daily t'emperl"ture'
Cities, Research', Cèntér : for 'procëssi~g., changes; "ould' introduce cycles ofslowly
Both'Bur,e,lU and VME, per-scnne'l. ,were on- varyâng": stress' and consequent s t raf.n ,
.si.te 'for,thefiria.l blastsand mechanical" 'Theyalso an.ticipated' t,hatthe annual
f at.Lgue teSts, in addition: ta an engf.naar : changes. (Le., cross.,.gr'3:in', wood 'shrink
'f rom anot.her company, who :was .resp,onsi,ble', ' age) 'wotiid ' show, up ,in the s'emimonthly
:f'or the mecham.ca.L .vibratOr systiems ; , strain measurements., To ..test ,for daily

'varil"tioris, 'il 'Karaàri Sciênces'COrp,. di,s'-
p'Lacement; , :systi,m wa's ",used as des crLbed
lâter, in the' "Dynamî.c Stràin" sectrî.on , .
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.'Groove coinparitor.

Wind .speed and .d.irec t.Lon •.' .

. Température, outside..and Lns Lde •.

elevaÙ;ù survey(~~a~
of the. outsideç,f the

. ~

Chang~ the ST~4 seiSmogr",;h tapes.

HUIl)idity. '..

3.

1. Perform an
s it . i e';'e1 'Loop )
test hous e,

'. Perlodically' . durIng . the low:-vibration
.LeveL. phase, dynamf.c. -raeasuretaents were
'made ·nt .~~rain and .vil:iration··respons.es.;
partic.ulat1y whenthe mining' cyé Le
bt-ought; the; b.l as t Ing' :re1ati,vely. c Lose to

'". the ,test ·hbu$e.··· .. .
. . .

The'duration of .the low':'levei vibration
phasewasn; m;n:ths ;.~ti~ingwhichthe

. test:hotise.was· subjeète:d , to '645 tidning
. ·bia;'ts with ground vibrations: of, <Q.75
·i,n!speakpartic1e·veiaCitY•. __ An' attempt.

. .. was made 'to .hold .the·vibr'ati.on . leve1 of :
.., b.Las t.s durâng this. period to . that .1.e"el

4. Coriduct; s t rat.n measur'ements utiliz~' . «O.Z 5: in/s},which Ls': ·,he recoimnended
ing,c..:c peak·.' lévelfoJ;DJ;ywall.houses (2)'- Ouly

·· ... one.,shotex:eeeded this LeveL, -by .0.03
iu!s;"which ... was":within the . to'l.erance of
the s'Ùsmograph ~ s caÜbration (±1 a pet).
The house 's rèsponse . to shot.s '. l to 44
(fig~ .5) 'wa~ recorded durf.ng .thfs period.

'2 •..Change .chart;: recorder tapes' 'each'
.month. for--'- . ..1 .

. The semimonthly . evaluations· .were 'made 5.' Inspect; ·the· s cructure ' for crack-
far .the Bureau oyVME, whichwas requiréd .Lng; pe rform ·tt;appingand photographing;

. toda the following. for. 'eac.h·visit:. . and ·"ote·crack J,éngths' andrapp roxdraat e
. widths.

". FIGURE]~·House relafÎtinship tcpit (south~iew)~..
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-: Tw.o 'main s tudy oPtions ',wete' cO,nsi.dered.
'The first 'was relocation of the'house and
contLnuatLon 'of theblasting ,"tests;, the
second' ,was accaLer-ated. t'atigue, 'induced
by '" mechanf.caf sh'i;iker"Rel~i::ationwas

, consf.dered : impractical, because . ,of op-
,erational,' constraints t.hat would have
been 'imposed 0'; the 'mining' cyà~,: cos t s ,
and, ,likeiy aqditioIial damage. 'Themain

T~sts ,,'

, ' ,

" High-LevelBÙSting

Mechanical Vib~atloIi:Tests,

The b'l.as t.Lngvphasevof. the' study ceased
when the highwall bad reacl;i.èd ta withiri

':.300' 'ft 'of the test. housa , Although'the
, .house had sust.afnedrb.Las t~inducedcrack:-

'J;n March 1981;' tb,e miniTig operation,ing, by this time" cracking .was 'hairline
brought; th;' blasting close enough , to the ',(èx~ept'at one corner of ,the, basemént ) ,
house,' fOT "thevi1>rations' 'at ' the "test' , and ,'structurai ':'tàbnity , 'hadnot', been
:!louse co exceed '0;75in/s.Blasting at affected. Sf.nce. "",jar 'damage had not; 'Jet
the,working-,face',areS" (fLgs ," r-8),toi:>koccurred,' a de'cisionwas' made' te examine
appr6xiinatelyl week, t.o ipass by thè house ',fatlgUe ' ef f ec t s ,byusing , mechanic.al

.durtng the, mont.lr-Long ,t:raverse,o~' .t.he . ,shakers 1:0 s.:!-riiulil.te:the 'dfects of re
mLLe-long, highwall.',l)uring' that ' ,l;-week' peat.ed :Loadf.ng ' froni. mi.ue b'La s t s , While
perf.od , det,aiied dynamf,c measurement.s and, ,rest,Üs,:us:!.ng:s,hort-term ,c.0ntinuous
damage LnapectLons were per.forméd , " For ',cycliclo'ading would p robabfy not, bethe

, each'blast; 'strain 'and v:lbn<tion': Ùme' samea:s' results from , Long-rt erm repeated '
hfs t ordes were recorded ' , rhroughout : th~ioading from' mine blasts, tl>ey, were 'none;-
house (pàrÜcuia:ày at crit:!.cal' areas tlieless expe,ctedto ,i?rovid,,- an-Lndd.ca t Lon

:rieàr doorWi'-Ys, windows, imdcorIieÙ).' 'At of potenthd 'fatigue probieills. ,The house
, times, as"many 'as: 50 'FM' tape..recordei' 'had been' sllbject'ed' to 'as man)" bLas ts : as

channeLs were, used to record the, data, ' ' are typ:l;caUy received by' a' structure
,uear an ' advancfng co'al ,mne.. " 'However,

" Struc,ture 'response.. 'a'rid c:i:~;'king ,mea-", cases involving Long-rterm (quarry)blast-' '
.sureaents .,ere ,inadeperiodic.àliyaver' the, ',ing lIidicated' that,further' investigation
Las't; 9 mont.hs, ,'The house .was subjected . 'ofcYclic. Loadd.ng ,was war-rant.ed , '
to apprax:!.matelyl08 hLas t s '>0. 5inls ànd,

"one ;3.$.,' h:i.gh -as 6.94 in/fi,. , ',B1ast:s within
aoo -t0700' ft and scaled distances of' 11
to '30 n/ib 1/.2 caused the' hâ.ghès t ~rouhd:'
v'Lbra t Lons , ','

FiGURES•• Ho~~~ ielati~nshipl~pit(lior.ih view),
, '

, -,
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and Mas6nry ~alls

Strength'and c~itièal 'strain levéls of.
.wallooa:(-d' andtotlcrete .bfock walis were"
.~lso·measured. in. ~helaboratorY. to ~dm~
plemeritthe full:-sc;ale ffeidtests. . The.
results of' thése . tests.. and tèsts by
.other Lnves tigators' are 'reportèd ln
ap·p:endi:l<~A.; , ' . .

.' ;.,' . .

were bblted(fig.12) .tèrensureefficient
horizontal loadtransmtssion.. during the·

. p.o;:e t.han . 100,000:load±ng cycles'. The
tests. involved. ïilduClng 'equivalent s cruc
'ture r esponse untd.I fatigue '. cracktng .. was
obs erved.. in·' the 'wallboard or: until
100,000 .cyeLès was r~acb.e<J.at each 'level

. (if .v.ibratiol)•

· problemwithsha!>er-induced fatigue ,test:-'.·
Lng wasthe ttmeavailable . f9r t estLng ,
There were only'two weeks aHerthe fina:).
bLas t Lng . tests in whièht;osetup and

· condùct the shaker: study' before the'
,presence of. the "house .woul.d interrupt
draglineoperatfons •.

. An' expedmental plailhadbeen prepared
.for.thef:lnal. series of t.es t.s , andac6n- .
tract was let witl) ANCc>.:Engineers,. lue.,'
to provf.de 'and' . operate:.· the'· mechanical ..
shaking. system.:ANCO provided dual-: Duringthe field t'esti pzogram, Labora-
synchronized shakers )Ieveloped during a tory' suppor t; .. was . requt.red in several'
prevd.ous study of. Nor,th,Sea oil drilling, . areas... Spècial strain'-ID.èasuring devf.ces
p.Lat farms , . These shakeis.were used' ïn wer'e :'designédibuÙt"tested',' and cali
the hous e .for accel.erated . fatigue' t:ésts .brated. Efife ctrs of cemper-ature .on 'strain

'with excitation 1ev.els . based upon· th.e .gauges.· wereinèasured "Ln'.. ·a co Ld : room.
structure respoiise . méasureddùi:!.ng . the' Effect;s'Qf mount Lng metho.ds. and sens
.b.Las t Lng t'es cs ; Shakerswêr:e" installed f.ng lengths. were. "a.Ls o "mèasunèd , .'The
on 'plywo6d boltedacr'6ss ·the '. ceiling'" :stra:l.n~easuring apP'!ratus·. andtmourrtLng
j oists. pictured in .figure9, at 'e'aeh: end procedures' adopt-ed are' describedin
of ,tliétest. houae •..• Figure 10 .' .shows .the appendï.x A•.. ..' .' , .
'installed shaker at' the south. end . of' the
test hous e , TabIti' '3' pres'ents the :speci'"

·fications of the shake'r system: To avoid
stressingthe ceiling joists; . the shaker

'weight was 'transffiitted to the foundation
by addf t Lona.L coiùmrisupports. (fLgs , Ü.'
and B-7).·. In addition, ceÜirigjoist.ànd

:wall-:stud connections ,near . the shakers

TA.BLE 3. ,- Mechanical' shaker anddriv~ system speciHcatioIl~
2 LdentLcal. units 'capable ~f befng.dri;'en at .

. s peed and in phase t o : deHirer dLrec.t Lonà L:
s Lnuaod.da.L f6rc~s at ZdiHeretlt. LocatLons •..

Operating f requéncy range•••. 1.·5-15.:0Hz,.. :·. .::-, .."
Fz-equency controL, •••••• '••• ;. 1 .• 0-0.2 pct: over opar-atLng range •..
Forceiout.put", maximum:•• ;. ~ ••. 10,000 lbf' (44, 500 'm"per shaker •

. Force .range ·adjustment.;.... O-lOOpêt of maximumatanygivti'n fièquencY.
Weight including dri;"'e.motor 1 ,300 lb (5~Okg); .... .',' .
Sfze ;" •• : •••••••. ,; 24by 24by24 in (0·.6byO.6 by 0;6 ml.
Drivemotois, •••• " :., .... , •••. 5. Ochpsynchronious .induction 'type,

explos,ioriproof. .
: Electri,~~:al.· r·e.q~ire~ertts::·

. Power , ~ " ~ ~.. 7.·6 kW .. '
. Vo~tag~ •••·•• .:'•.~.~.~ •••••.•.. 230 v.

'1;,YPe:., io ,.' ,~_'.~ .. ~ ~ , ~. "" •3.ph~se',.<
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F'IGURE 9. .~. Rool joist prepar<,Ntin Iormechcnlcc l shakerinstailation.

1 i

1

,

: !

1

,

\ !

-. FiGURE la., Instcilled..south-end shaker.
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FIGURE 11. . North.end shoker support,

FIGURË12•• CeiJ.îngjoist; b~ing bclred towaHstuds.
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INSTRUMENTATION 'ANDMEASUREMENTS
" ' AT TEST flOUSE'

'temperature and humldity). Table, '4 Sum
mari~es the instruments used in the'moni~
tot1i;tg:"program. ,,'The :lis,ted .a'ccuractas

A Lange variéty of measurement . tèch- r~present',the"c.ombitied,:'limitâti<ms of the
, niques, was ,rïeeded ,100, quaiJ.Üfystrairi-" instruments and the least division of the
, producf.ng, ' ,env:l.ron!"entàl 'c.hanges 'with ,chart papers. Locationsqf " 'a:lli.nstru
cycUc pet-Lods 'thât r'anged .from 0;02 s menrationaresMwn infigùres 13~16.

, (e.g. ,blasting) 100 1 y(, (e.g., 'seâ~oIliü '

"0..

'~:

KEY
p.,t'èasur.ement-l"o·cat.ions
for». :' .
A Accelercmeter
K·'Kamün senso; .
L" LYDT "
S . "Sfrcln .leot

. :".

FiGURE 13.~' Ac~el~romet~rand strain .system measuremÈmt,Iocatiqn5 on main Heer,

: .'
.....

,. ,



, 1 1 . '1

. .

. TABLE 4.-Fi~ld· mea~u:re';ent'program foras:~essing '''trains and ciacking. from. bLas t Lng ,
-hou$eh<;>1.d activities', and envfronment.aL' factors' .

. . ..." . .

See.·text·.. " I.-'c 1,060 . I-'~ . 6"1 12-9

Accuracy ilumb.er of :.réadings'
. Semimonthly Every 3' h Ilynandc

Se e f
e
.
xt

'1,.' "NAP1.·"'t "C
NAp •..••.••••••• "--·c.· _ _ __.4.8' . NAp , . 258

/
-: /

. NAp.·

NAp

·NAp·

1., 9.7 5:

1
NAp

NAp.

NÀp

133

470

'NAp

1;830 .. 133 . 1·' "NAp

83 ..133.' .,.: 'NAp

96 1· 133 1 . : NAp ;
/ ,

8.5 . 1 133 1 NAp

85 1 133 1 :"NAp

NAp ·'I,NAp r 1;372

.1,359 .

NAp

2 nd/h, 7.5 0 F ••.

•. ~ .do ••.; •._••••.• -,

l'O. F .,', ~ • "•.• .: •••

3 pet; "'. ".• -, "••

See, t cxn••• ·ô. ...· •.•

0.005 .ft; •.••• ~ ......

Not- kÙô-.;.ffi~·••.•. ~.....

. . - .".
'2° F.".:~ •• ~ ... ~.~ ..

.Ina t'rumentatLon'!

~i~:til~~~~~~iv~0~~m~:~~t~~~~~~~~~~~i;;ià;5: :::: ::g:gg~5i~~::::::: I}
kamim· Sciences .Corp , , ~2611 .,ec6rded on Gultan ·'See.·tàble 5 .
.Ruatràk chàrt; recorder 388·.·· ' ..
Kà;""n.,: l<D-261i dispLacement system; .Schaevii:z ··llngi.
.neering} "df.sp'l.acement; tfansdtiêér; Vfs~~y Inter-.·
,tEù:~hhology, Lnc, ,Mfcro Measp.rem~nt··.strain. gauges;
BLH Electtonics' s t raï,n gauges; Strain-l~af'dis~ .
placement sys.tem~ .... " _ . _ .:. ,..... . ,

(S'ame as for scructure vfbr-atdon rasponaaiand
dynamfc strain.)· . .. . . .

'(Maps :and···ph()to_graph~)•• :< ;, - ~ "'_!'>. ~ ..

Dallas Instruments ,. Inc •., ST-4; Geo-Spacé Corp.,
VLJI-LP-3D;Vibrà;!1.éti:!.cs .Ine. ;'MF-lio;' :Validyne"
Engfneering Corp , , DP-7..;· . .

Weathêr' Measur~ment Gorp.:,. Racordârig Wind . .Sys t am
VI 224. .'...

hnei::ièan Instruméots ço; .. Hygroserisor L15-181OD
with' Hyg'rodynandcs .Inc , ,:.liygromÙer .Indfcato·r
15'-3001; .recorded on ·GU1ùn.· Industries, Inc.,
Rus trak chart; . recorder 228. . . . ... ...' .....

{Dat à Er'om Dr'es s Reg.Lona'l 'Airp~:r:t ;.: Ev.ans.~i).le,_ .~~?~~

G~~tan; Rustrak·t~mperatu;e.récorder2133F137 with
temperature .aensor :1334. '.

:Gultan, Rustr~k temparature recorder Ù44with.
1 t.emperacura- sensor'1332; .'

! .Vibra-"Metr:i:cs,. MB ·r"ZO, t rans ducè rs ; ~ + ~ ~ ~ ~'

Br'ue.L 6. 'Kj aer' Ins·trti~en.t·s"'" Ine •.', 4370· aceelerôme":' .':
.tera wlth 2615 charge atnplifièr.,.integratoi: •.
UnholtZD:lckieC6rp. ,1060pA. :acceler\:lDiéter. with ..
. 2216 II signalcoriditione.r;. '. .
K. Lt.et;z rnc , , B"'Z Philadelphia aucomat.Lc.. -Leve'L z-od

w".. th v~rriiel'. .

MeasureIiient

Out.sLde .... ~"••..•

Outside •.•.~ ......
Temperature i

. InsJde·~. ~ ..".......

Strucbire
vib,ation
·r~e:s·po.n-se•.

Blas.t vibra-'
t Lons and
ÙrbÙst.

witld speed and
'. direction.
Humidity:

. lriside ....... ~,;"

Dynamf.c.... "...... ".

Stridn: .... ' '.
Semimonthly ••.

Do ; ........ o. ..

'Évery··3 h ..

:Settleniént".: .. ~ ," ..

Houii~hold
activities·. .

·(inspections) •• ·
Ni'w' Not app.Lf.cab.Le , . . . . ..'
INumbers and letter-number combinationsidentify specific models.·

>-'
cc

.:)
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'~.

. ~ .

" .~,'

.. :~., ' .

. ••..• .r :

,,' ,

·.·'~EY .'

., ..

Meo sureme nt loc'ations,
, for, '

.' A " Ac~eieio';'~ier .
L' LVDT.
S' Straln, leaf.

. '.~.'."
~ .'

, .

St!
~ ..
Ale....
L.3'.

. .
Sf(j

. '.

FI GUR E.14, ~ Acce 1ét~met~r and strutn system meusurementloeuf onsIn bcsement, '.:"

:., Ho~sehold 'MÙvîties

l'he ·dynamic.· meastrrement; ,systems..a1so
, r.èsponded no .human housé1;lOldactivities.

, :Measurement'; . ·were 'made, of .•,t.he .v:ibration'
'and, stra:i.n produced bi :'1' yarieIT' -. of nor";

WeatherEnv1:t-ônment '. "mal activities suchas 'walking; jumping,
.Ô: • '. door sl'lJllIDing;' and iriafL poundd.ng',

Weather " .condLt.Lons ;"otiità~ng: 'was
an essential part ,of this study.

. . '., . .

Ground v:i.bràti~ri aridAirhlast '. ·.T~ID:penitur-e$ensots wer~ i~cated, bcith .in-
. . .. s ï.de and -outsLde .the structure. '. flumidity

.As' ment.Loned .earÜer, . ; a .self-triggered. 'was' measured 'inàide, and wind speed and.
three-:component s!,ismàgraph and af.nb.Las t; direction,. g.auges· l'lere" ·located on the
inonito'r recorQ.ecj·e'lery. blast. from ·:the . châmney ,' ,'. AlI. 'devices', w;;,re cormect.ed ta
house-iconstirucüfoa phasE,', to ',fiel!! s tudy. ':3ô'-day' ·chart.recorders. which samp Led at

. compLe t.Lonv.: ,At' ,times . durd.ng thE;' stiudy ,.' Zr-s ' intervils; ,: Additional data were ob
oth.er instrumènts 'were 'used either uext- tainedfrom the' Evansv.LLl.e Dress Regional

, to'thfs reference: trarisd\lëe~: orat the Airport, 5 mi 'fi,om the ,tes't' structure.
--. opposLce co rnervof th~ house , .Up .zo' iz

. chantiels' of ground vibr'atiori, Ume his- '
tories were,recordè'd ~ri magnet.Le tape for '
.Late'r :analYl'is.' .. :rhisiristruID:entaÙonis .
describedin detaH in:two earUer Burea~
reports, RI!i5ô6 (29) and Ri: SSOS (30):~:,

" .
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L-I

Cm' .
.' .. "

...~•..•.

.. .Ez. '.

SP

• 65'

.KEY .'

. Mecsurement. tocctlcnsj ." \7---"-~----'~-~-'-~--'-I
fo r:. . .

s: Ext ensométer
G '.Gro~v~ .comcurltor

. If . ·Humi.dity· . .

T.' 'Temp~~~"ture'

SP . Surve y point

. FiGURE ts. > Semimonthly struin, temperature,'aryd hoinidity rnecsurement Iccctlcns, and'
survey points on rnqin Hoor; . " ....

..~.J-.:_:_-..,.--I.

SP

.. .



$1'

'oS?

~.'

.~.'

.... '6
Z0'

"..'.

KEY
.Measuremen·t· 'locciionS
·for: ..

E Extens'om'eter'"
G Grooye cO,rnparitor
$? .Survey poin.t.':

~ ,.

. .

~
..

'6 ..~I .

... FIGURE 16.- SémimonihrY'itrairi;meas~re~ent locat.iori~, cndsurveypoints in bcsement, ..' .

.Settlement :

(uoruh , .eas t , ",tc.). The large .numbero.f
:channels allowed·a.more cokplete analysis
t.han was 'possible' il), .' previous studies.

. Measurements' in 'OPIlOSÜe 'conlers allowed
det.ezmt.nat.Lon O.I..rotational versus: trrans -.
latiori vibratiorial modes •.

. StructureVib:ration Response

· ·Structui",l.· vibrations produced by:
. bf.as t Ing and ·other. t rans Lerrt.: phenomana
"were monitoredusing methodblogy.. that·was

similar to " but mor.e èomplete' than,. t.hat.
·usea in the.studie" des crLbed in RI 8485'
(i) and Ri 8507(2). InSidethe hquse,
Vibràtion nesponses were : measured. -at :
corners .(high and. J.ow points). andiat; mïd-'Differe:ntial .settlement· "of .t.he s t ruc-:
wa~n.!nidqoor, and midceiling loçati~ùs~' ture was deteimirièd bymeasuring eiev'a-'
A .rotal. of .t4:recorder channeLs was used . ··.tians "at" the survey points (SP) . shoWn' in

· to'-record StI;uctu~al.v:Lbration•. ' Vàrj'ing' figu:res. i5 and,' 16 •. ' ,. The e'Leva.tLon r od .
the ::transd,.cer· .confï.gua-atdon ràised thé . re'sted 'on a StaiIl1ess .steeL .aphere which

· total· number' of maasùrâng points'to '20.. was ,weided. toa. stainless steel. stud and
These pof.nt.s.vare : shoWn infiglires '13 and gr'ouned 'iuto the top :course, of the block
14 as the acceLer-omet e r measUrement'laca,:""' walLA.:brass benchIiIark obtaï.ned from

· t Ions (Al' .A2, A3' etc,,);' 'At .each corner' the U·.S. 'Geolog'icaI Survey' was Lns t a.LLed .
location, up to four' uieaau'remerit.s were . 50 ft from the house :;;0 chat; each eleva
made;these we:re dèsdgnated as "high" CIi tion survey woùld 'completea .910sed loop

· "low'" (near ' t.he cef.Lfng. oi néar ·.the· around the bouse and thereby ideritify any
·j'loor). and accord.Ing to thair· 'direction:'· .differenti,il sE\ttlement. .
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The '. ,.dYnaillic .sl:rain instrumentation
. is .desèribed in· detail ·in tables.

The... Kaman' sensor; .Lmear variable:"
Theextensometer (fig. il) . 'a:ndg;ooye 'differex)tia1 t rans former-s (LVDT'$), . and

comparLtcr . (fig·.··18)measurèd .. the' d ï.s-. '. ·s:tain-lèaf displacement . syst.emsvrequî.red
tance' between setrefere'nç~ 'points' . ~. 10 inounting' f Lxtures , : These devf.ces are
ta 30ft apart ;'nd-·3in apatt ,~espe';-shown in:Èigures 19-21, r~spe,cÜ"e1y;
tivEny.· . The. reference . points' foi' t.hes e Resis tance-wirestrai". gauges were ap-'

: two' devf.ces wereperma)lentlymounted. 'plied dir'eCt1y t:a the' wa:11 ,coveringma-'
stainiess. steelspheresànddimp1ed stee.l 't.er1ali;', i Time and care:were reqùired t o
bLocks ;" . They were ..i:nstàl1ed 'over.. cr1Ù- "moùnt .'the ,ù:rairr gauges. Even with a
cal aréàs of. interesta,( deta±1ecl .in jig- '. dummy gàuge,:i;onst<int, ba1àncingwas nec
ures. 15' and 1.6 (pof.nt.s Cl, Ca ,Gi3' et·c:).; essary toadjust.·for temperature and

'Differences in'lengl:h,.between that mea~ .. electronic· dtift •. Srichrequiremerits'made
. sured init;:l,allyand at .·any . Lat.er' time,' . ·field· use of the strain gauges tedieus
.were·divided by the. inïtiallepgth t;o ' .ob-and' diff1Cult •.. rhese problenis were re,:
tain ,the, 'strain values.' ··A 45° roSette . duced . by 'us'i:ng '" a system 'of "four strain
was empLoyed at' êa~h" groove. compai:it6r gauges .Lns ta.Ll.ed on.. 'a meta11e;;lf ,in a
.Locat.Lon ,on wallboarcl; . and' for masonryv v.comp.Lene bridge arrangenent ; ,these 'ganges
joints" 'bqth the 'vernr.cal, andihorttzontaf, . were'emplÇlyed ·ln a 45° rosette pattern. to

.axes :'of ,the bldckOr bÜ~k weie. i1lS'tru~', . aliow cal.cul.atton of prÜ1;cipa1strains at
nient.ed , (Sites .' (!JB'-C16 (maaonry 10ca-" wallboard locations. . .'

, t.Lons ) are'not shown.becaùse ,the 'refer-
ence 'blocksdiS10dged',afte~ 2:' ';;onths; .. Two LVDTl,swith ,custain-m;'de',;'mp1ifiers
however, thesè sites' .were: proplpt1y re-, were used to'recorddifferentialm9yeinent
p1aced ' by 'si t.esGl ?~CaO • CErCai3 were .across black' .and . brick jolI)tsç.ndcrack
additio.nalsitesilJ;struniei;tedduring in- operrlngii, eapecd a.l.Ly . outsldéthe house.
s t e Ll.atLon of the ,replacement sites.) 'ln Low~gain' amplifier';' 'wei:erequired to ..
aU; a tpl:a1: 4, 49 groove comparLtor mea-. boos.t routpuc-voLcages to des f r ed Level.s , .

'surements and 17· axt.eris omet.ez-..: me.a.g.ùre~ . '.' ,', .. ' "
menes . Weremiltk aach sendmo;"i:Ji1y dat.a ,TwoK~in:an'systems, which are ~nherent1Y
collectioJ;lpet:i0d: . (Useo~ siteBJ4.was s t ab'Le agafnst; temperat;:t!re changes and
df.s conr ï.nued 'after .3months due .t;o 'Looa-r-: 'e·1ect·roriic ,drff·t, were used during the
errl.ngtof the 'refèrence sphere.) -Raad-; bal: 6 .. months 'of the .study ; ,They docu
ings wer'e corcected .for temper'aturè dH":' .'mented .dt.sp.Lacement measurements on char t :

"ferences .as 'det:eiminêdWith'Invar-bar" r ecor-ders '(l)caurlymeasureme;"ts) and re-'
standards ~ , '. '. 'Coided vibrat:tons·froni, b.Last.Lng (dynarafc

Dynamic Strain'mea·surements)., Earlièr efforts to morri.r-
: torhour1;/ st):-ai1't failed because of LVDT ,

Straïu' measurenients were 'made' at '26 d:dft, and, lack,Of'· sensitivity 'of ,the
loéations :thraughoutthe ,test house' ,groove 'comp''''itor."Calibration of the,
(points KrKa, Li-LB.; Sl:"Sli3, andSls-S16 ' Kanianr,ys'tem for tenipe'rature changes con
in figures. r~ and .14,;. the 'gauge 'at' site' .si'sted of, lnountirig 'the ,systein on . an a11l~

S14failed). ". Ail màjor .. ·perimeter, walls lnimim. bai: andcomp;'rlng, theoretical and
were, monitered with .gaùges:· on. insi'de 'measnred' values ,for. length change', at .'.

, surfaces'. Gauges were' ,ils0 'monnt'ed' .over' :v'ariocis :knowÙ' .. têmperai:ure. diff erences·. '.
those doo.rway arches 'and 'o/indo";openings . Over. temp"râture range .of ' .. interest;' 50°.
that'were :assumed to.:be areas' 'of'highes,t· ':100.90° F, e~ors were le"1s ,thanlO l'ct.'
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25 .
25
25

,,,,,,,,h.il· ':Ü.fècUve
le:t1.gth

.OOOCI<:L003 '.i.: 25..:g0

.0001· 1d~OOl 2S,,:90

OA'00635.,[ O.' .0031.8.·
.000&35. . .0159<

'NA '.00:3-18
. [ .

0.0063
.0013
~ OO'p:3

. '.- .. . .. '-.
Fr'éq'Uènëy ..

rI1lige , H,;tin:êiÙ~:tty... - . - ..

._. ". i. ~.. "....' _

Them,,· ,Resolu"': . _
'~ëng{t.iv'ity~ .: t:LO:t1. 1. ity. mmr cr :. ." '1: :. • r...... " J .. ~._~,-. d.... . .

c.zsl ~lOV/mii\'''~ 0-50,000 L.<±.ootz.sl -. d.004

Il "'lV/tmil~ ••• 1 0..:50,0001 '. â.fjO$ . 1 . <±.oo4

0'.258

lÜ

Nominàl.
Madel . '1 iinearr<rngê [S'eirs:teivity

'050 GCD
'ZSOGCD
. 05(jHGD

..... .. .c :.· ·.. 1 . -l ' . 1 .. , 1. .,

'Ù.25 2~8V/mm•• ~.t36.,.
:1;6· ~l.&V/T!llli.. .0.,."2 .

i1.,24~8 V/mm••• '.' :0r-, ·

,Sèi:leqt'

DisplâCément
syStem. .'

Sëhl1èVie~ Lyntl •

Kaman KU,,;z6.ti i
Eddy current ...

'.

BLH: ... : .' .: '1'"
Strain .gguge.;A-9-3tlij''':120 140;000 Ilin/inl -0,005 V/li8

MFIM'Faeniiçondüctor 1 SPEt-"~5-500.
s train· gange ~

57Sllin/ifil--:O.02 V'ï If 8.

1'iA

NA

:REl! REt NA

··)\lA
::r .~l:

.Micr01lleasurèiilentf Ea"13~125Hz
stl'a,iI\ Lëàf . '. -350
Sy8t~!U.".

±o.lol&--O,005\T/1Jl1li1 Hl'" 100

1

N~ NA <.0002

,.
"

NA 15.,.90

.- ~-_.'--- -~-:-~. ----

. NA . Not ·l1vaHablé. ".. .'
RE~ Reference èQmpany·s~eèificatioris.
V/ jlt :Volt p~r nl:LcrbstrâitLr .
lt,ineat·variiiblé.dHfeténÜal trans:fo:riiler~'

2with BÙtéiluamplifiet output ùi> to ilO ·v/ttim. : '. ..' '. .
. 3l1ppétfrè~uericy l:Lliiitsp<ic:L;Çied âtlCJtl~; shaketablè 'èâlibrl1tea.to 100 H,;, .
4lndividua:Ltest '" ±CJ; 002., nnh. '. .
5Limitea to. ampHfieroutplit. ". .

.6With iiüteàù ànipHHet output from 25 to2:sà V/mm.
- :....-:-._ .._--, - --_.. - ... , -".- ....,.- .- .... --'--,- .--- ....-,.-- ".-~.' - -. -- -- -,.-' .

..•..
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. fiGURE 17. . Exl~nsometèr•.



'" ... "

FiGURE 19, - Kcimandisplcice~~';t5ystèl11iij)p)ti~d 124-mm ;trctin gauge »Ô,

.:" ". ' .
", '

,'. "

.. ,'. '
FIGURE20.• LVDT. .

, ' ..
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,HGURE21.- Si,ciiri-j eafri1ea,surein~riisY~fem. '

".' .

, Of the 50 FM channeLs . avaf.Lab.Le ~cir re-,
cordf.ng dynamï,c dat'a,' ,27.' were .. usua'lly
used for r.ecordings'train" time: ,histories'
(16 s t r ai.n. Leaf , 9 LVJiT~' and 2 Kaman) , A

,variety ofgaugesiTlstal1ed in, the mas ter
bedroom Ls. shown in figure '22. Before
, and af t e r the study, a .frequency 'response.
calibration" xrom'2'to lbOHi;was'per-,
fio rmed on 81.1 ays t ems iuaf.ng the Bureau "s
soo-rse shaker ,system,' ,as des,cril:ied, in
RI 8,506 (29). '

Visual Inspection

Crack inspec,tionv were conducted
throughout; the stU9.Y" Dur'Lng:' each in
speètion, ,crack eXt,ension ,éridpoints'weie
marked .and the 'map of cracks : àt th',,',

termination of construction was updated
, for ,aU Crack extens i.ons ,.. nail ' pops, and

new ' cracks , Two fnspectors document.ed
any "ext·ensiqns·',,.. n~w··c.rac1<:s·, .o~, ,:ri.ail,· pops

'visiQle t o the naked eye"usiùg à t roub.Le
.light to highiight the ,visible f eat.urea, '
In addition, verydétailed' inspections
werevconducted twièe' .each.L'montih bi YME

,persoi:me1. ,They made pre- and' pos t-eb Las t.
"inspect'ions whenever,' dyn"ritic' readings
.were taken. ,The '1:imè' betweén:s,hots .on
thé samed;iY wassométiIiies 'l,imited:; 80

the, iilspectorsdocumented material crack
ing " accoiding, t o ,an 'est~blis,)led, pian.
When,',V:Ürations greater, than 1.0 iu/s',
wete expected., ,'Bureau 'pi?-rsonnel, were af.s o
present to'~o~ûment,c~àcking' and 'assist
in inonitoring.
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.FIGURE 22•• Measu'ement~ystenisinni6st~r.bëdioom•

. RESULTS.

'Ttie resuli:s:of' this study are diseussed
w:Lth' the folloWirigobjeetives':

1; To compar-e . strat.n. levels' produced
by'blasting :with·those indueed by natural
~veJ;lts.

··Z •. To deseribe .how ·these nàtural and
manmade . évents 'combine' to . cause crackf.ng

- - ci-rr-a-hWs'è.-::·'-':'-'- ':";'-'-'-'-.-._....,-,-,-;~---

.. 3.·t~ document; the .eHectof bias~ing
'.0'0 the crack rate' for th", t est; housé,"

ST'RUCTURE ~SPCiNSE TO NATURAL, PHE~oMÈ~A .

. . Insight" into. the poteritial, Of l;ilast-'
.ing to 'induee crackâng'. was gaâned from

. -.

compariso:nOf.irtrains produeed 'by vibra-
.. .tLons and natura.l events 'with the ·s·train

levelat.'whi'::h wallboard' taÜure oec.urs.
The' strai:n level 'requireà: for wallboard

·failure.wasdeterIDfned .. from 'laboratory
.teSting.· Previous' reseacch and th", lat-
·est Bureau t.est.sXappendfx A) .show first
:craeking of'~omposite'w~lboard . to·oeeur
around 1,000 t.o l,ZOO. }.lin/in, régardless
of Llre~ll:e':-or-fa:thrie--{-hend±rrg-':'or-ten-

· s Lon) and. rate of"Loadâng • Table 6 lists
· .the strainsindueed in'· the' test . house

wall.s· iri ." ,èspoIise .to ,variolls' natural
'; '(l.e., nonb.Las t): 'events; f o'r each event',
"it, , ·also lists' .. the ccrreaponddng blast
vibi:ÙiQnlevel. " A -det.af.Led '. :diseussion

'Qf' the s t ruczure 'resp'orÎsestô' the ,events .
listed in'table 6 fôllows.'
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.TABà6. - Comp.aœLson 91' s.trà:tn. le:,'<'els fnduced by"
daUy envfronment.alchanges, 1:iouseholda'ctiV±-'
ties •. and hlasting

.: '

Lo adfrig phenomena .. Si:,te1

Daily envirpnine,ntal'
·change·s•.. ' •.....
HousehoLd ·acÙvities:.

Wal~ip.g••.•• ,:~ ••• ~ •.•.•
:H.ee.l·',diop .. ,.: ~ .• '. ~ •• ~ '"
•Jumpf.ng' ~: • "i

.Dô.o·~· s Lam, ~. it. ~••

."Pounding·.à Iiai:l., o'

.'

82
8,&
82
$]
Bis

Induèed
q:t::(~i~,
~inhll

.i49
~8,5

9.;1
20.0
37 .s
4S.8
88.7

.Càrre,spollding
brait vf.bra-«.
don J,evd,-"

fnN' .
i..2
3.0 .... "

.03
;Q3
.28. '.
;$0 ....

.88

,'" .

LFrom figur-e 13. . ..
2Based on envelope Li.ne Ù "train';er~~s grciind

vibration plo.t.'

'.;

20.0
-~ "150

.~ 10'0

Z 50
~. 0
a: .
t:; '.-:-50

-J'op
-1 5 0 L-:,--'--~-L...,_-'--~-7c-'L...,--'-'--'--_--.,.'---'-'-c-'-:""":'_L...,--,-,--.L--.,._L...,--'--.L__'---'--"l:.~~L...,~..,.J

90
'" ..:.-.---....._.~ ., . ',' .

~~ ~'.g~~;:::... . ;K...~~"'----~_..:'--~--~-:~---;-""," ...,//......_---->:':-:----_.
60 . '.. : ..... "':" .....~_--
59 . Inside

40
, .'

::- 90~80 ~.
'70 ..

'sot-.
50
40 L..-_-'----'-_L..-_-'-- ,....,-~ -'--......:.-.L..- --'-~--.,..L-~--'-~ .L.-'-....J.--'--..)....-......1.,....,.'--.-L-~,-l

'"a:

~
a:
'"...
'"'"....

'-

',9 ,·'12-

North-souf" . '

15 .21 . 24 ..3·{7Ml. 'ô
riME'

9 . :'12 . '15

..... ...., ....
'.

. FIGURE 23••. Sirain and enYir~nl)1e~tal factors versus .lime, site. K l'
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Respons,,; toliaily Environm~ni:al Changes

. Stia-:ln = -:Cb ,-f; .G1:}{1'" +'. CiXi.
T C4X4,whe'l;e' Co 'and Cl" C2, ',<:;'3"

,are, ilie, Lntezcep t and ,coefficients, and
':X1" Xz','X3> ' and, X4,' are' 'the, 'humidity,

The Kaman- .dfspLacement. system, ,which 'teJiJpèrature,':wind,: and,ground vibration
has-hf.gh ·stabilit:y.with respect to tein.,dafa, : respectiVely. Assutilirig normal
i'erattire, changas " and ,', electronic drift; 'distribution,' a t-test vias' applied 'at
was ' used t o monïtorprestrain, resuftrng ,'the lO-"p"t, significance '1evel " tci èlimi
from 'cy,c:lie ,changes in' 'temperat~,re, ,nate' ,factors.: '(Thai 'Ls ;when· t values
hunu.dâ t.y , 'and wind.T!;'o 'monitoriJjg (,'wè:r:e greater than 1. II ,for site Kl and
Locati.ons were, chos'en across" taped ." "l'; 65 for, site K2' the ,null ' hypo t hesLs
joints' (Xl :,and K2' in, figure 13) • Site K2 ",t'hàt , the coefficient 'of the, factor " =,0
was in an a rea of pcss i.b.Le high stress, .was 'rejected.) The. t-t,es,t s t atLs t.Lca.LLy

.concentrations.' ',evaluated : mnd, ',temperature,' 'huraîdâ ty ,"
'and" vibration for' their .dégree~of-fit'

'with 'the' 'resultingstrain.' if one' of
thèse factorsdid not fit ,90 Pc,t'of the

.. timè, it 'was dropped 'from the equatf.on ,
Sevéral ,combil1ationswere. invési:igated,
,inci~dini:' humidity ·as a' time-delayed
'effèct.:, ,When vsrf.abLes ,could, be elimi-:
nated, coefficients were recalculated •
Coeffiéients arrd 'st;'tistics" for, thethrée :

: equations"with' the ,be~t 'correla.tiori~ are

.. ,

Rèadil1gs wei€; taken in 3-h increments.'
Figures 23;'nd 24 displaythè dataJ;ora
2"-day, ,period,.' Because' the str af.n ,was'
prodnced' by ,at ,léast four environmental
f actors , 'lll\lIt;iple Lf.near regres's:Lorianal
,ygis was nsed t o .quantify, the :tac'tors', '

...: .

J,

. ... --_............

12 15..

·North-'South·

ra 21 24 " .' ,3(!3/I"jl" ~'

"TIME

lB ,21

, -,



-:
. 'v . 31

humidity lnside;

.7•.. ' For. ~xample,' . t he .. The ··ground:vibra~.ion ..factor . dropped
atsite K2 .from equation .'. out of the equations .beè"ûse· the .·data

were'ta\<en dU7'ingperiods of.1ittle
· .blasLactivity, The -best . fit' for. 'site .
K2,. equation. 3·, .. with·.R '" .·OJ653,.uti
lizeda Lag .of the. LnsLde humidity;

: Le.·., .the .3,. 0, 'and 9"0' cIock Teadings
became the· 6, '.9, ·and 12··'0' c Lock read-'

· .Lngs..,. etc., . Equat.Lon 2 .prov.Lded a com-
· . p arLs an .. of. the stratus at 'sitesX1 and
.Ki· base d oh the:unlagged.' data. Althaugh,
. s omè envirqnméi:J.tal·· variables' dropped
out for" site Xl' (equation '.' 1);' . they

·were aIl present atK2 (equa~ions 2 and
3) •. The'· correlations were appar-antl.y

· va:Ùd because the Wind . perp~ndicular to
·the wall produced the ·major . strain re
spons e (shear) at. the ... monitored .int·erior
wans .

. reiativ.e
-. p c.t ,.:

e"w:Lndsp~edfromn~rtht o
,south,mi/h;

R = 0.7524,

relative
.pèt', .

T t. = température. in8id8,' OF;

. T 0 ';" tempera:i:;':teo;'ts:tde, ~F':>

W .
··N-.S

. St r ad.n resulting. 'from' each ·envi- .
.ronmencaû factor can' be' pre.dicted by
multiplyingthe·tange of . i:h~ factor

... by the factor' s. coefficient. . For.·:exam
pIe,': the.13'-pct change in' relatiVe hu-'
midity' .could·prodrice· a 'maximum"strain

of 202.' ~in/in(~~: 5p~:X13 '.pet) .•

Raùges'ofeachfactor aQ.d co,responding
maximum strrai.ns .are .pnasant.ad in' table' 8,

. R .. corte:lat~on ~oefficient.-. . . .

TABLE 7.'':' Coefficients a'udstatistics 1 for strain· induceCiby :reJ,ative
humidity, teinpe~atUl:e,.and.wind .

.WE~W=w:L,.d .apeedifrom eas t ta
,wés,t, mi/h, .

Z = number of standard
'deviat:lQns, ." .

- 2.28 (WE- w) .±8 6 . 0 .( Z) , ·.. ·

with' .

and

'given in .table
.miàostrain (]JE:)
2 Ls' equaI ro:

- 4010 + 6.28 (RH j ) +9.24 (RHo )

+21.0 (T· i ) ~. 1~.9(T<;)+8.24

.where

"
Factot· .Equation 1 Equation 2 .Equation 3

C + S t. value C.+S .;: .value C + S t value
Relative huffiidity:

Inside•.•.•...• ~ . 15• .5 ± 1.61 1 9.61 . 6.28 ± 2.65 2.37 .. 29.40 :!: 2.82 3.33
Outside••••• ~ •• ~ N1l,p Nlj.p ·9;24 .± 1.12 8.26 9.31 ± 1.09' . 8.55

Tempei.ature; .'

Ins·ide.' •. '..'..'. . • N1l,p ..NAp.· 21.• 0 ± 4.93 4.25 18.3 ± 4:81 3.80,
Outis Lde.• "•• ~,~ _."- ~ ~ '0.40 .± i, i( 5.54 18.8 ± .2.15 8.7(" .19.7 ± 2.08 9.48

Wind: "

.- -Nortl:i:-s4uth: ... _.' ····NAp NA' . 8.24:'± 2.60· '3.17 6.24 .:± 2.68 2.33p
East-west~ . s', ,•.•. ~. Ln .± 0.867 2;04· -2.28 ± 1.20 -1.90 .. -3.02 ± 'L20 -2.50

',' . .

.Equation ,;3 ..
-4,03Q ± 83.•8

Êqu';tio~ 2 .'
-4,010 ±86:0

C Coefficient.
S" .Standarddevia:Ùon·; .
NAP.. ' Not applicable;1.;e." factor not; s t at.Ls t Lca'Ll.y signifi~a:,.t•.
lEquati<>n statfsHcs; :, .'

, .'. .'. EquatLon L
In:t~tcept± S... 1,240:1: 2 S. 7
Correlation .

coeHicient.....0:7822·0.• 7524 " 0.7653

,2Inside relative h~idity for equat.Lon 3 was best tit. bY lagging dat;'·i. period.·
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TABLE 8,.- Predicted increase'in'strains at'sites Xl and~2
(fig •. 13) f rom.maxfmura observed changes in re:liJ.tive·

.h)JIIlÏdity,. ·temperature~ and wind·

Factpr and equat.Lon :from
. tabl",7.

'Range of. 'factor Strain,
Ili n/i .

Inside relative qumidity:
"~ " .. ' ~/~.' ' ' ..
2.· ,•••• ~ ,; ••
3.·.·~ •...• ~/O •••••••••• ~'•••·· .•••

OutsideJ:elatiyehw"idÜy: .
2... ~ ....•••..••• ~ ••..•••

.~3 ••.•• ~ •.•. ~,.·.~.~•••.. ~~_..
Inside. temperature':'

2": •••••.•• ~~ _·.;..•: .
,.3 ;, ~ .::. .. •,.;~ •.~ .

Outside témperature:
·l~ •••·..••••••••••.,•••••, .
2 ' '
3 '. ~ "•.~ ~. ~

2 •• • .• •"•••'..... _._ • ~ •• -,•••••
3· ~.•• ,.:~.•••.• ·••••••.••

East-west wind:
l~ .• '., .•.••.•• ~·.••,••. ~ •• ~·

·2.,.~ ·•••
3 ·~~ ••.•• ~;·.•,•••.••• ~

'4'4~57 .pct; .:..... •., ,u." • ;~ ..

40- 59 pet; .. :~.•:~',.-; .,'- -li ..

~0'-.s9 pct·...... ".' ••.•••• ,
. . "

.:53"'""88 pet .
53-88. pct " ,.' ..

. ';, . . . . ..
".0 :. 0"" .' '.

70 -82 . F " " ..

7.4°":"92°,. F " ..
59°,.,.86·° F ••.••·•••••·••·••.
5'9°'- .86'.° F'.... "... ,!" ............ • ~.

'.
Ni4.1,S 8.ln mi!h~ •.•
N 14 •.1,8 8;81 mi/h•••

·E 5.31, WiS,79 mi/h..
E 14.77, W 16.0Z mi/ho
s 14.77 ,. W 16. QZ mi/ho

" ..

ZO~'

llB
179

3Z~

3ZP.

2511
2Z0

.U5
50~

5~l'-

18~.

14(j

4Z.
-70.
~93.p

and temp·erature--bo.th cbnditions that
lead·to maximum ·stress •. 1

'., ~Ilimum, b,last vibrations of 1.2sIld 3.0
. in/s wo.uld be needed to pr duce thé 149
and 385-llin/in microsb:ai S, observed at
~ites.Kl andKE ;·respectiv Ly , .For exaa-

. ple,.the K2' eqid.valericY ca: :be ,foundfrom
the'ellvelope' line·for 'the strain versus
maximùm'gJ:ound 'vibration a K2 as plotted.
fn.figure. 2.5.

nges
hl.

. ' .

:R.e~p~nse to Mon

St rains "f rom daily envfronmenta.L
'changes coul.d cause core f ai.Lure or pos
sible . paper . cracking. The maximum
Strains'observed .at, Xl and K2 . we:re +149'
and +385 vin/iIi, respectivelY. Tlle total
maximum strains .cal.cul.ated f rom . the cor'-'
relation· e1uatious 1-3 (as . de~cribed in
table 7)', assumingthe ...wotst·· 'case for
each' of'.the f ac'to'r s , .were +242 . t o' -118,.

· +665 to-796,. and +675 to -:'817llin/in,
ièspectiv'ely •. -. Aqsum!ng linear responSe,.·

· s t raf,n values at an· adjacent lo'cation
wauld. be '.'simÜar t.o :s'trains acr~ss the'
mouitored taped·joints. Since wallboard
was -observed .in the 'laboratory to crack.
at I ,.076to 1,420' Ilin/in; it· can bevcon.- Monthlyenvi'ronmentai d ta were col-

·c Iuded that 'a confluence' of .environmenta1 -Lect.èd .from grobve compari or and .exteri
.. ,e,ffects'oIiiy sÜghtly.greater '.than those. soineter ·re';dipgs putw;"re ..ot used in the

indica,tedby .the last . two . r anges given. final' analysls bêcause. in .kome cases cal-
· above (.l'rom. equations'2 'and 3) " would 'be . .ciÙated strains.should. :haveproduced .
.sufficient:: to crackwallboard. iri faèt, .. crackip.g," and .in ot.he'r !Oa es . not' enough
.one of ·the· authors 'observed 'theoëcur- dat'; were 'cbllected'to .p rmit a 'valid
r-enee . ofa' wallboard' cr":ck' in : h1s own·.: 'staÙst1cal ana.LyaLs, Th . data wer.e· am-

· home dfrecrLy ovar .. a dootway on a cold' :·biguous.'· .·~xten!?ometer re dings at loca
winter' evening.(2.0° :F" outs Lde tempera~ . tions.El .and.E2 (fig~ 15) gave conflict-.
ture) during;' perd.od of miriimum hcimidityirig ·res'illts. . For exampl, for s t.raï.ns

· -.
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read .' over. virtually' t.he : same .at ructarraI . enveLope lirt~ as s'hown in fig"re .'.2&) and
ar'ea , 'muLtLpLe linéar regression anà.Iys â s ' "on a iLeas t-rsquazes : regression-cline' arialy.,
eliininated. the s et t Lement factor" for··lo-. ses: .: For examp.Le, the s t.raï,n re.cordedrat;
cation' E2 buf.not for El; .ThiS s houLd 10caCi<;u$1 U.ig. i3) by s Lamraî.ng the
not.: occur for sites on .t.he samewall. sliding door was .4'8.8 )Jin/in. The e qu Lv-;

. aLent g'roimd vibratiot).·levels·weré rea.d
The accuracy .of the readings dependedfroin the plot· presented .' in figure . 26,

Largè.Ly on .operator' effii::l,.<mcy, att·ach.,-which shows s tzaf.n versus peak .ground
ment .:appaz-atus , and· 'mourrtLng t'echnfquee,'. ··vibration. at .sitë.Sl •. ·· Tlle envelope- and
'The g'roove compard.tor ' reà.dihgs· were high':" -. reg.1'essibn-'line . equivalent . blast vibra
.Iy , suspect .because of Ümited.· ·gauge . tian . i'evels -are 0:50·.andl •.40in/s, Û.:.
accuracy (ilOO )Jin/in) and'methodology. spect.Lve.Ly , "'as' Lndf.cated . by: .the broken
Ques t fonsvaros e aS,.to· whether. compari.tor Unes in f'fgure 26. ·.TheO~50-in!s .va.lue

· tip alignment: 'was done in the sàma-manner .±s·a .wors t-écase Pt'<;diction' bas ed on
from . one perLod t o a':"other and ··ti1e:.pos:;- s.trafn-producâug ".gr-ound . vibration· being
'sibility 'of foreign mat t ar . ':séttling' on: .the. Lndepeudent '·vari'aole;. B1ast. vibra'-

· the b l.ocks : wherè 'tire' measuring t Lps t Lon levels .,e'quivalent:· ta .human ac t Lv.Lr- .
,rested. 'The extensometar requüred 40..1btfes· are·.up,·to 0.88,0.59',. and'O~92 in/s
of .:appUe:d .tension: on' .the . raeasu'remeut; based .on enve'Lope ariaLys î.s . {worst. case)
tape,,' and t'hiS pull' may have. affected . of strain,' st";;'ctUJ;e ..motLon , and inidwa,ll

·strain' :read~ng~, dependâng : onbow weil r espons'e; 'ùspectively; and SiIlli,l"riy; up
the attac:hment points were' anchored intoto 1.44; OSO ; and "2.1& in!s 'based on
the'. wall. . The 'comparito'raIld' 'exten-: '. T'ègression-Üne ana'lysLs •..
somecer .sYstems 'weie de"igried tqdïsplay .

.: displacemehts '. caus'ed . by differentiai STRUèTuRE RES~ON:SETO B:r,AST VIBRATiONS
·seUlement. . ;rhe :restiits' . of the ·.1evel-.
'160~'surveyi~g'·showed. that differentlal
settlements' observed: across. the· wails

·Were· negli.gible '(;"0.01 in) •. Becaus.e
of chase uncer t afntLes , long. terril . ef~
·fects. weie examiried with re~pect té Gtack
:t/lte changes, ·which.aJ;edescribedin·a

·1atersection. ("LongTerm '. Crackd.ng'
Observations"). .

-, The strainandstrtictuie motion Lnduced
in a -house. by bla"t',vibrations are dè-e

.:pendent on :the. -tr anafe r icf ground vibra.,
"tion energy rhrough. '::the' foundation·and
'thehbuse's'wooden tramework (superstruc
ture).· .to .. the at.tached .wa;l.l . covering.
Airblast Lnduces addd.t.Lorïa-l, .• 's,train . 'and
~truÙure matio1).as .itshakes .. the super-

.striJ.~·ture. 'Typical structural s r ra.ï,n and..
: Response to .Hous·ehold Activities . velocity time·· hist·oriesm.easl;lred· .at;

co.rner, midw.all, and. ground-LeveL. Loca..·>
Sevez.aL human.'activ:l.ties sucll as jump., t.Lons . are shÇlwn.in figures 27 -and 28.

ing, docirsla~ng; ·waikirig,·· and, nail High:-corner east':"wàll.·vèlocitY waveforms
· poundf.ng.. were ··Illonitored··. 'lt.· .the test .A4.. and Al .areout..'of phase;' indicating
·:·house. "The results showed i:hat these ·t'bat :shot·· 123 subjected .. the. superst:i:uc.,
'act:LviÙes indti'cè'l" strains' 'simi,lir t.o.· ·tu:ceto ..torsionalmoti.on, . Bcith transla
th'ose ind~ced' .by . g~otind .lilQi:ïons. froin tianal and torsiciIlalresponse ·were, mea.
blastirig. .' Table 9" lis.ts· .the equivalentsüred;regar:dlès.s 0:1; shot. location, . Fig
ground:' vibratl.on levels oased 'on compara:-.. "ùre' 27 illùstrates. thé· ..simi1arity' of

.. tive' ',strah 0;' strûeture-motion response •.. wsveforms' that rèsultéd fl."om thegr.ound
These . ground motion . equivaJ,encies' .are .~otl.on and' . triose'. tliSt re,sulted' .from .the

·based on a. wors t-case analyses :(using ail' . induced st!:4ctuJ;eniaüon."

-.
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. TABLE 9. - H;umana~tivi.ties M,d equivalent groundvibiat:lbn Leve Ls .

0..07 0.29

.005
,

.07

;03 .09
;·06 .24

.
;.06 ••.17
.O~ .20
.OS :11)

.26 .92
,

~29 .74

.15 ;52

.21) .62,.
•09 ;22 .
..
.13 .•52
:27 .60

.. .51 .90

, ,
.50 {;'40..
.; 31)·· .80

.59 :89

.92 2.16

.11) .41
;38 .87
:1)8 ,1.44

..

·Groundvibration eq'uivalency, in/s
Enve10J;ie2· Regi~ssion)ine3

Illri/iri.•.
ii;JJs. ~ .~ ~ •.

9:1 iJin/in ..
0.14 in/s;; ..

0.65 inls .
2Ôliinlin .
0,12 in/s .•••.

l;l)in!s .•.•••.
0.31 in!s ..... '

O:16in!S .....

Induced ·strain
(llii:Jj in) or

.. structure.
motion. (in/s);

1.3 in/s ••.•.••
21 l-dn/în~ .
0.87 i\l/s.~.~.

48.8
·0.51

'O.039.in/s ....

3'.9. ·.·iu/s· ..•..•••
21 Ilili/in.....
32 .. ,~iIi./iÙ. .••••
88 .Tlli.n/in. •• '

. .. ':.

).2 in/s •. : ...
42' ·J.linlin.·.,~ •.•

.0.18 ·i~/s'. •••.•

·O.6?1n/s •••••

44, Low corner ;
south .wall.

.A4; lo.w· corner,"
east wall.

,..Sl·~"" .:. ~ .• ": ~ ...... ,,:'.
A4; . 10w-corner ,'
. eas t :walL ..
:A5 '. 10." 'corner,
.. wést.. wa11.' ,

.. A2 ,niidwall .
, , Sl'~.:,·.'~'~ .•.•: .
. S8 .' ' ' ..
'''812"".'.. : " ..

Walking.•. , ., ••

Entrrance doo.r
s Lam,

Sinking nails.
for pictures.. . . '

S2 ....... ··~···,··!'·.·,·.·
Heel:<irop.: .•.• A4;·10w co'rna r ,"

-sout'h walL·
A2, i1idwall. •••.•
S2·'·.·.··· .. ~·.··,·~····

Low jll'lllp·; ....•• , .·A4 , .10.", .co't"nei,
. south wall.:
A2 , niidwaii; .••.

lli.'gh jump....... . A4.; 'Low corné,
.:·.south walL·.
Ail'; .midwall •••..
S2 " ,. '. ,.
~4 ~ :19~' cornar;
.eaat W!,ll.

A 3,. !1ddwall. -. ,.,;
."·S8~··" ~ .,.". -: ...... ,.

Sifd:lng gÙiss . .,A1' hf.gh corner,
do Or s Lam, east wall: .

.:1p.romf~gur.e·13.·:.: :..' .
. 2Based'on "nvelopeof stra1n or·structu~emotionversuS ground ";'ibrai::là~ data •
.3Based on. regress:lon·line.through strain. orstructüre motion versus .groundvibra7

. tion dat.a ,'. .

. '.
'.. '

: "

...
". "
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Vertical

. SHOr .34 .

". ".. :, Gro~hd ..

'. -40

.:.- 6 bL--L.~_Lo.--L--l.-,-.L-.L..----'L---'-L-'-'

Ground

",. ,-

.!g. :'-20. '

cJ :-40
·0
::Y
1- -60 L.--L-'-'-.L..--L"-'-"--'-'--"-_.L.-'-_...L---:-'_--"
.'-'
0..' ,

". :;; .
. .«

w.>.
1-'
«'

''-'
li! '. -.60 L·_L--l_--L~...L-"-L---l_--L_..L..LL....L:J

·Narth_south·

A41 lo~ 'c<?rher, eost'wet!
V'v'-Â~"""L-- -":"

Block

. .' .:.. ' .:... :.,. Ô. .-

. '~/~I hi~~ -corner, e~st,·~.a.1 i· : . Blqck

':80 l--4'.......JL.-'..L--l.-'-'-..L--l.--'...L--l._-'----'.J

. 0 ,..-".--":"'~-'-'~--r-...,..-~--":"'-'rc-,-'---'

-20 .

-40

··_60.···

20 :40 60

'FREQUENCY,' H.'

..FIGURÈ ir.: Typlcu] 9;9000 Yibrritionandstructur~re~ponsë wcveforrns forsho! 34 w.i.th
tor.responding spectre,' :CDesjgh~tionssu2h asAq,.corr.espcihd.to!ocatii:ms shown·.infi'9ures 13
and 14.) '. . ..

. '.'
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Wpl:lboprd·~ A~, high .corner, acst wail'
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. -40.

, .."

- 60 L---L-J...,-cL..---L-'-'-L-..:.L..:-J_..L.c-'-'-~
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. Wallboard

....

~20

., -40

:··-60·

. ·":80 L.--L.L-L--L_L.--L_L--L---JL--L...-J
,0··20· 40· .60. ·80 100

.. .. FREQUENCY, 'Hz .

FfqURE28. ~. Typlcc] grpohd.yibratipn.andsti~çtu~ere~p~nse w~~eIormsiar shot mwith
c6rresponding .specrrc; ··(Des,ig~atio'ns such asA4 correspond ta Ïccoficns shown :;n figures-l3
Qhd 14.) ..
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Low~ and.' ....high-corner: re.spor):ses..à.re:

plotted against ~ximum' grou~d~ibration
(ground.peak particle.velochy) inÜgut"e

'29.:· A . large," df.f fè.rence exfs t s 'in ·the.
. s Lopes vof theenvelcipesof'thé nigh- 'and

·iow~corne~ . 'responses "~nd' ~TI . t·he s cat t e r
of<data, . The~iJ:ope<if .theenvelope of
st.ructure niOti<lll . varsus . maximumgr.o~rid
vf.bnatfcn la. a.l;(f6d'''.âpproxiniad.bn . of the
maxtnum. amp.Lï.f'LcatIon ·factor.. Structure
responsedepends <iri the frequency of.tne
excitation.J:l),e Large-s cat ter of data in

·.figUre· 29 :·resultèdfrom·the· wide varia-
tion in' èxcÜati.o.~ Erequencf.es ;' which'te~

. suLted Ln diff~rent amounts'of ampÜfica-
, '", .... ,' '.' ....

t Lon; .: The· e"ffect of ·excit<;'tiop. f.requency
oilampliflcation,· fact,i;,s .ls shown in fig-
ure' 30. . . .
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SHAKER-INDÛCED RESPONSE

ThE! strain le~èl 'at first . cracking of
mas.onry .wal.Ls is no 'to 7;700 Pi.n/iJ:i

. usLng : a visual displacément .raage of
O.Ol:to:· 0.10 JIlin" for Joints 13 mm w'i·de.
Fo'r site' s trains cbserved . at the tes t
bouse . to reach the . 3, 2.70-jJin/iJ:ilevel
observed by Crawtord durï'ng a. blàst(31),

.' partiel"; veloç.iÜes would have .to exceed
. ,O.75.ïn/s~ . It,il'; . not kn?wu whether a'

strain or ·displacement ,cr~~~rion .should
be us.ed: .f.or ·the' .propagation .of s t.ep-:
ükè cracks: 'aéross a wall, but research

. plannedfor i9il4' by' thé 'National Bureau
of standards" . ~;,hou1d: pcovfde additional
.insighi::s •. ' .

'. As' Ll.Lus t rated u.n.. figure 32, ··strain n:eshaker . piogram'beg~n, .immediàteiy
response ·is·· a combinatiori of. .both·shear upon. completion of :tl;1e. blasting. ·work.
and flexurai d~forID.ation of' .the· :walls " Eecause of : time . cous t'raï.uts . . and the
Plots'. of str;":Ùi.. versus ·ma:rimum ground' "superstructilre'S r~sistari.ce·tolo'W-l.evel
vibration'. are"'showIi" for wallboard .. and. bLas t . vibrations, plans' were to operàte
plaster, . wàliboard' tape joints,. 'block t.hè 'shakers at levels that would 'produce

'. joints,.' and brf.ck-veneer , .·.and fireplace . a' s tructnrre. ·';esponse. equivalent to,. the
brick joints"in f'igures. 33-37,.respec-. . .response. cauaed ..by .ground· Vibrations of
tiiTeiy•. 'Thegraphqfpeak 'waÜboard and O.~5 'to 2.0' 'in/s~ ··.:The.response of the
plasterstrain· (fig~.3:3) . shows'. a largetransducer at location: A4;' . high corner,'
scatter of data again. (as ·in. figur.e 29).' .east; ,wall., .was used to. set· shaker force.'
due to 'differences in· excitation" fre-(See' f'igures 13 'and 28.) Stràin Level.s
quency '. and mode' 'at . the -. sam~ . marlmum vi-'. .and the riuinber of' cycles. te érackiIig wexe
bration level,: 'or peak' particle' velocij:y. ·of prîniaryinterest, so eaèh test wàs run
Wallboard and tape:d 'joints were e;ipased' ilnùi cracking ,was. ·obser.ved .. ?r - 100,000
to maxim.um st·rains. of 250 'to' 5'50' jJin/in, ·cycles..was· r·eached•.. The house was shakeri .

.which .is consi,Ierably .' b.elow. ·the·. 1 ;000' . at a constant . amplitude. w'itha frequency .
. ~fn/in necèssâry for .:visible cracking', sw;eep from 2 bo . 12 .Hz. betore arid after

.. However, these arE:. dynamic strains " and ··each test t'ci. :Êindany 'changes in: dynamic
'. t.hey do not include prestràfris.: Since no properties of . naturà.l. 'frequency and

cracks'. were'ohs·erved:. ·in. the wallboard;' : damP:lng.•
the pr~str:ai)1swere probably :.less than
500 ViIi/in. .

,S:triünsin .wa.l.i,s frqm . ai~blast are. . Wallboard crack r'es Ls t ance is influ-
shawn· in figure 31., Based On the worst'- -enced by fle;"'ibilÙY ln end .constraints
case enviilop~s of airbiast and. ground suchias .nails·.· these end const.ratnts do
vibraÙon . versus strain,. an aï.rb.Last; of . not .etficiEù,ÜY t ransfer vibration enez'gy

.132. dB produces' the. same :wall s t ratns ·from· the. supers truczure ta 'the ·waJ:iboard.
· as .a· ground .vibration of, 1 ·'in/s··. '.: This Acéordingly, lt was 'obs erved: rhat 'éracks
eciua1:i.t.)r appLf.es only .t.o .airblas.tswhose . deveLoped primarily .in.' the p.Las t.e red
peak' .amplitudes. occur "~t fi:~quenCies··jo'int;;.at' wall corners . and 'in. pLas t e r

. ',with;in the : range of ,the f requenct.es of' . coverârigs over naf.Lheads,
t he .. · st.ructuré.t s rnidwalls.. .. Othetwfse ..
typical·airblaSts. 'in t.has e tests. iriduced .
strai,ns of Less thl'n25 jJin/ib.; even for'

· airMas ts app'roachdng '132 dB.' J;l)e ;nea
sured . strafns were. '_equivalent te those

: p roduced vby .a. ground . .vibra·tion . of ·0.25
.it\/s. In the time histories; 'the. maximum
s t rat.n responses usuaâ.Ly cod.ncf.ded with'
the' arr.ï.vaL of Jrequencies·. near the
s t rucrurevs natunal. frequéncy.·Figure. 31
"Iso Lnc.ludas the 'Lnduced 's cHins ie
corded :Ln one of the.' houses in .t.he previ-.

·ouslydiscussed: .s onf.c-boom . 'study (3).
'. ',The,' La rger structure 'response: from' the

"mine" b.Las t scï,s .. the result of a bet·ter·
match of . the freq";ency' content " of nhe.:
confined.blasts.to· the' nàtural frequency·
of .thé wall pane.Ls; . .


