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FIGURE 32. -Shea~arid flmre;esponse ofwcll s (~.
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Tabl~.i6 'displays the 'sliaker sweep:and
fatigue' data in' the:order inwhich'the

· tests. were run.•. The house sresponse co
sweepsl and 2 provided' initiaift~quen

'.<:.y and -. ampiitud,o' 'datawhich : were . us ed
. to es t tmat;e .shaker fior-ce settings and.
confi.rm '..the ·type· of superstructure. and
iEoutidation:excitation. EqU:ivalentground
motions ar-e a.Lso given in table· 10; for'
eachrun, .'one' equiyalent ..' is ·bàsed on·

, the" respon.se. at A4 (hf.gh corner, .aàs t;
:wall)~. and. thé pther on, the . response at'
1<'2. (fig. 13).·' . Based :on the .responses
t o the 'first ,40 shots,. a .ground .vi.bra
ti.on 'amplification ·fac.tor. of '3' was.. em-.

,pJ.oyed· (Le;,. Lf . a O;S,--in/sground vibra~
· t.Lon .equf.vaLency was dè"ired, the oùtput
at A4, high co rner ; east waÙ ,had .to
be'loS J:n/s).· At 'frequencies' ot'har than
res onance;' the .amp.Id.fLcat.Lon facto!: -wou.Ld
he 'Leas than 3.:' .

Bendlnq

. :: .

.. rD.
CD

" '. .
TABLE 10.-"·Meçhani.cal shaker program description

..
(at

Ground vibra:- Numbe'r . .. Rea onarice .Damp-' 'Ac ceLer atrLon , :-G:
Test tionequiva~ of " "Mode · .frequency " . irig, At At· . Cycles

. Lency , I: inls shakers : excd.t'ed Hz. pct: 'north s out.h achf.eved

'. A4' 'X2
.

. gauge gauge

Sweep 1.. NAp .' NAp 2 :J,'ranslation : 7.40 11 •.2 NA '0.15 &,000
Sweep 2, NAp: ~Ap 2 T,orsîon•• '~ •. 9.35 5~9 NA -. .36 8,000
~weep' .3. NAp ~Ap :2 Ti;"ri~latiori. 7 •.20 10.5 NA .;28 8,000
Run 1.... 0.44' 0.61 2 .:•• ~d'O:. ~' ••", 7.20 NA 0.18 ,26 '100,192
Sweep .4. NAp . •.'.do .......~,•

"',"" .
8,000NAp 2 6;95 .'11.0 .. ·.NA .• 2,6

SWeep .:5'~ NAp NAp 2 To·r'sion•• .; ." 8.65 NA NA .35 .: 8,000
Run 2 ~ • ~ . .55 .71 2 .;'• • do .... "• . ... . .8.65, NA .31 ;35 100,171.'
Sweep 6/ .NAp NAp 2' ~ •• dov , ..... 8.30. NA .NA

. '.'

.•41 8,000
S'weep 7. NAp NAp 2 Tran'slation 6.•:80 6.2 NA; .J,2 '. 8,000
Run 3 .... .' .30' •.29 21 ..Torsion·••• ~' 7~00 NA .12 . .24 60,000
Sweep 8. NAp !;lAI' .21. .; ~do •• ~. ~".' 6.65 NA NA .36 8,000
Sweep 9; NAp NAp 21 .:.'" •do, ., ..,i"...;. " 6.45 NA' ,NA ~46,' 8,000

'Run 4 ••• .• 73 . . •49 .2i. '. •••do , ...-••• 6:45 NA .21 .44 . 60,070
10 NAp

. '
21 12.5 NA' •42 .8,000 .Sweep NAp ••.s do ••• ~ •• 6.25

Sweep !l. .NAp. NAp " 21 • ,••40' ... "•• :~,~ 5.90
.

NA' NA, .58 8,000
1'.1 .. 21 5.90 NA

.,

Run"5 •.•". '.53 , ' ,.'•• dov, , ~ •• NA .58 36;240. .'NA Not avaf.Lab.l.e , NAp Not appl1cable. . ' .
. IBased on envèlqpè'line of st.raân (ar site K2 in figure.. 1;)). or·st.ructure.niqtion
. ·site A4 in' figure 1;3.;' high corlier; east wali) versus ground;iribration .dat;a•.

.. 2At. south end of test hous e o,nly;:"

..
.1
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Lat.er 'çYcl;l.c, "t.es t a va:ded from, the l'uns;, 'and 'the' vibration equivaleiJ.'cy
p.Lanned ',appro,aC4beca\lse, 'th~ shakerat' ,dropped t o - '0',.30 ,iri/s, rOI' 'l'un: ",3 '(table,
then:orth, end" of thè housë,falled prior ,10). Runs (, ~uld S ,wère al.so performed '
t o run 3., ,Thele;felof excitation "'aS' with only on", ;hakerarid, hence produç,ed
readjusted for tesponse, variances caused 'predom1natèly, torsion; ,.Thus" .tihe ,re:-,
.by one driving Shaker." While, the, 'des Lr'ed ,spon(Jes atÀ-j, high , corner, e.as t wall,'
0.50-in/s ground vâ.bz at.Lon : equ1và1.ericy ,arid 'K2 were!'ot s:i;ni:l.l.ar: s Lnce.' Ki wa s
was "ttained' for,iuns" l:'and '2, thè,' eceen-',' Located close to the, instantaneo\1.s, center'
triclty "of ,the: ooly, operating ',shaker ' of rotation.' " ';
(southend) was notchàii,gedfQr subsequent ", '
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CRA~KHIG OBSERVED IN TEST HOUSE .
.. .

around . O. ci 1 to 0.1 min, . Th" '. minimum'
. ". '.' .... .: . width.sat which .craeks· 'were detect.ed var-

. The meth~ds uS'"ci .to obsèrve cracking in. ied,4epending 'on the Lnspector and'
.the hOilsê depended ..' on.va rium.b~r: Of fac':" . whethe.t or not the . trouble' light. was
tors.' Regarcilessof' thelllâterial, . the .. properly us ed , . Cr.ackswere diffièult to

". firstcracks became visible at wicithsof .find . with6ut.proper s.idelighting ,and
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', 5i , " j c, I.owesf torslonol '

, frequency..
55' ,0 Lowest 'lranslationc] :

, ',,. , tre quency , "
's.i:>.: Rz ' ,S Fr equency sweep .,6'\

R Run

'5 ' " " ,',

~R3,,',
',~ 5
S4~7,
, , ,.oL' R3 " , 59

' ,S8 " --p. R :

5~01,

.from p~ebiast' "and', postblasti~spectioùs'
conduct éd within l' h 'of shootf.ng , Coruer

"crack èxtenst.oûs appear'ed .aft.er ' 'shot 89,
which' produced a, peak, ground. vibration of
'0,8,8 iiJ./s" ,With,' respect' toci"cking,
wallboardcor,ner jointswere, f ound l:o be
the. we:ake:staieas, in 'the' t.es.c hous e , As',
previous1y mentloned" 'corme'r cracks' are',
als6, ca\ised by,humari,acttvity in conjunc
tion withmatérïal dLying': i.hd,"shLinkage.
At peak ground ',vibrations'" r angtng from'
~ 1.8 :t<f'2.2 in/s, cracking of wailboard

~ was 'lïm.1t.ed ta joInt: 'coIilpound over
nad.Lheads , , " "

Biast;"induced Cracking

, 5 " ' " "
o 1,000 '2,000 ,3,000 '4,000 '5,000
,APPLIED DYNAMIC FORcEPER SHAKÉR;lbf '

" FIGURE 38,· R~sonQm:~ freq~encies versus
,opplied dyndmic force during shokerl~sls. : '. . '. .' . . . . . . .

.. " 1"" ';.'

Cracks observed from hlasting are' list- ,
ed. întab~e 11. The,se' weredetèrùiined

Local 'cracks in':mason~y wa~ls' were ob-'
s erved at :lnterfaces :of morta r joints' and' ,
bricks or, concreteblocksat, peak gro\l-nd,'
':vi,brations of, i... 3, 4',and ' 6,2 ,f.n/s,." respec~ ,

'Hvely(tablé '11), A diagonal' s'teplike
cr.ack ''in the .soutbeas t; "pasemeIlt,'wall,

, starting~t ground 'height 'and procèeding,
.upwazds , was ôbs erved aftér 's]:lOt48,' At'
,'the 'time' shots 4~48 :were' det'onated;

'many' th~t" were found pxobab.Ly ' wou.Id not theii -vd.br at.Lon 'levels. ..(ràngingfrom·
have been noticed byhomeowners. Witli' ~ .1 ;:0, ,to,L 5 ijjJs) 'were thé highest' re-'
normal 'enviréinmental' cycling, l:hese~ordedini:he~tudy, 'But. because ob-'
cracks w:i.dened,. over : tiine'and: 'became 'Servat:i.on of 'cracks in masoriry,is 'diffh

'cleai:1y v'Ls'LbLe withouj;: ,'sidelighting; ,cult,'Ùremains unknown whBtber bLas t.Lng
C"acki,ng . at: bl.o.ck joints :W;3.S' ',extiemeiy" or ot.her . events cause'd,: t.h.Ls ,steplike
diffi~ult' to :quimtify,sin~e :,most'arèas ,c:rack. "

'aheady ha:d,shrinkage 'separation, at the ".',
joints, as .was found dul:ïngt}leiriitial: W:l.dening' of waliboardand,maso"ry
inspection.' Dur'Lng blasting';, one lusp'e'c-crackswas ' .observed to , occur, from both

,t,or exami.ned ',specific areas in', ,t1:iè, ,con-' ':blast,f.ng, .and na'tural events.,', ,Often,
, èrete black' bas ement; . for cracks •.butv'at":., bàrely visible, cracks became c.learly.'
: Lous Lnspectrors :,perfonned' thes'enumonthiy ,'visible due', to ,overnïght en,vironinental-

obs ervatLons over the: whole:area, As -a : Ly, induced 'stre,s'ses or :,'upon 'inspection
" , consequence •. the concre t e b.Lo'ck cracking' foÏlowiilg" a' shot;: Et; . was notuntil

,reports' weredisregarde'd 'rOI" the, semi-shot.126 thatbl~s'ting wideued .a crack
mont.hl.y anakysLs , , beyond ,the' width' t.hat; ,would have oc-r

cutired iri theabsetice 'of a, b'l.as t., The
" peak gr~tind :vihraÙèm' forthi; shot' was

6.94 in/s,•

: '. ,"



East-west North-south
vibration level, i'o./s,

~1.03 '0.54
1:32 .71
1.47.71

.96 .49

-,

Shot

45." ' ..
',46,. ~ ." ' '" '~

47 :..
:48,~ .• '" ,~'~' •• .. ..

'8'2 ','..........' ; .... ' ...•
" '

1?3,~ " .
8.4 : \••' ..

a'9 ...., ~.• ': :."
·89 ••• · ~ •. ,;.
..9.7," .... ," '" .. ~':"• •"......

~ . . .'" .
101 ,; " ..
102' ~ " .
114.~·•.•.• ',......
115.·,..... ~ •• ~.·.

126'!' ••••• ;·••••

,Groun,d
,V~rtical

"0.38
.44
".,48" -.
;48

2.21

, 3.05 '",
2·F "

.85

.40
1.i7

3.12
4;,77

,3.33
6.19
6.19

1.41

2.75:,
2.01

1.34 '
, .88'.
" 1.11

3~52,
3.21
3;43
6.22
6.94

1. 75

+64
1.44

1'.15
.78

1;81

2;19
4.25

fiA
j.52
,5;27

, ,
49 .:

Crack obs~rvatioh,

1

Diagonal ste~like 'crack. in concrete
b'Lock.waf.l ; F,oun,d' during de t aLLed '

:''inspei::tiofl af t e r shot 48; unknown
if' existed pri9rto shots '45-58;

.Crack it', j oint compound ovar
naï.Ihead; "

Corner crack, extsns Lon;
•Crack 'in' j oint "compound' over
',nililhead.., ' , ' '
2' 'corner ,~r"ck extensLoris
Corner crack, ~xt~nsion.

, Crack in joint compound over , '
,'nàilhea4., '" ".," '
.Corner ccackvext.ens Lon,
, ]?lyWood ,kiibflcior Crack. l '
Brick' veneer mort ar 'joint: crack.
Bas~m~nt,:block'moitar joint cr,acks.
Chimney mor t ar cracks" all sides.

.., : Baaetaent; 'blo~kmorl:arjoirit separa'-
td.on; ,tnfii:oi damage, ' ' ',,'

NA Not avaf.Lab.Ie , , '
ITest hou~e 'hall silbf100r ,?nly--no unde!.rlaYment or finishfIooi.

'Shakei~Ind;"~éd'Cracking' blasi:ip,1!; atlevels >,N 0;5 in/s' (500),
, " ' , 'and sweep te~ts(2,500/sw;eep at Level s

cra~kingprodÙcedbym~chanicaicycl,iC >-005 in/s).' '
loading Ls .preaent.ed in table 12 ~ ,As ' ' , "" '
no t èd in the discussion ofshaker-inciùced ,Si~ce', no. strain, gauges were installed
'strueture:respimsè,most ;"allb'oardcrack- at i,he site, of ',the taped~joint Crack;, the
iul!; (o ther Chan' at the corners) was1:tm- 'dynamic ~haker s t raf,n and" pres t ra.Ln lev
ited "t;o joint' "compound' ,o:irernailhea4s,.' 'eLs . aremot; known , Rbwever, data" from
Add,itionaUy,. one tapedjoint fai,lèd',and the shaker te$b,(tabl'e'12) 'and' the sin-

, several' brick, and ,blocl-;' mortar-joint gl'e fati~e'test 'of, wallboard<:liscussed
'crack ,extensions 'occurred., The" total in' appendfx.' A (table, A-6) , conftrmthat ,
-number ~f ,cycies :Eor eachocc;"rrence of' mariyloa<:ling cycLes ' .are,needed .fatLgue
cracking ,the 'last coIumn of 'table 1,2 j Ls' when ""wal,lboara 'is .cyc.Lf.caLl.y Loaded at
basad on the :est:lmated total 'cydes' in'- vibration levels 'èquivalent', t.o, <, i in/s
duced 'by 2,yr 'of llaHy ènvirdrimental' 'grotind vibrati.o.n:: ' '
changes (700), ,hUinan' activities, (300)',

'.:

'. " .
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'. TABLE Ù.· - .Crac~'s observed af t.e r shaker "excf.t.at.Lon

. . 'R;"n . . . Total2. . .'
Nurabez 'of .cyCles at c:r:acking

>-1

>1:

56,000

56·,000

56,000.

293,500 .

339,SOO

>339,500,

>.3$9,506 :

'" 229,500

239,000

>108,500
'.>108,500

·>1
>1.

52,000

52,000 .:

rs.ooo .
25,000:

52'000 .'. " .

1.

1

14;500.

'..60,000

" . " "

· Shaker' vibration' equi.vaLency- and
· . crack deS'cription .

Run 1, ~;0.5 in/s: . ". '.. " ." .
.Entryway t apa -joint crack. ~,'~ ,,~,~ ..... ' ......
Cr;"ck in joint compound'overnaÜhe.ad·.
in mas ter .bed room•. " . " ;'. ~ , , ..', ......•.

'. Firepl';'.ce nortar j oint crack· ..'. . . 1" .' .' . .
ext.ensLon " ' ' ' ' .

. Run 2, ~·O. 5 in!e i> . . ..', .
Chimney trim broken 100s'e 'Hom . .l ". '.
sddf.ng ._.' "~ '••' : ,; ~"••.

Mortar joint cra.ck attop of chfrnney ,
.Run 3, ·~·0.3· in!s, .
. Brick Yeneer· morcar joint' cracks.•• ~ .;

4'cracks' iri'jalnt compou~dovêr
. . .' , '\ .' ,

· .nad.Lhaads .. ~' ....'..... ~ ~..~ .... ~ .'" ...... ~ "•.~ '•.
, Run 4, '" 0..7 5f.ri!s: '. .

. " ,. .• ....• .1

Ve.rtical'crackth'rough'·bri'ck 'veneer'
· inoz t ar , ~ .~' .. ,;,' '.; '~'. ~ ~:.~ • • ~ ..
Cracks in. joint. compound over " '. .
·'na:ilheads" .: ~ ' ••.•.• ,; .•.•.•. ,.~ ~,,~.

Basement; .blockmo~ta:r: j~int crack
· .ext'ensions :, ~ ~., ,.,0. ~ .' ~ ~ •.•..'.

,',Ru;; 5, ~ i.a in!s',
Brick venee~.mor t.ar f,iÙing out; •••••.
Basement· .block morcar -j ointcraÇ'k . .

Ctacks obseJovedin: the test.' ho.use <!ur-' '
ing the' "eniimonthly iI).~peci:ions are list
ed in tabl,e 13. 'The 'cnack.rrat.e , or num
ber of' new .cracks·per. irispectlo~; a10ng
with the·number of blasts thatproduced

l~ase~ on envelope response from plbt of g~ound,vibrationversus
.<structure taot.Lon ai: site A4 (fig; 13),higr, cor-ner, . east waLL, as

s t rùcture was .' at .reaonence ; . ;
2At vib.ration.ëquiv;"l~ncy of::' 0.5 in!s; . Lnc'ludIùg cycles iridu~ëd

by blasting and .frequenÇ'y.·sweeps.
3èracking .suapect; .because . 'superstructure' .was" Ï::~cked agad.ns t; rio'r-:

mally foundaÜo.ri-drivenfireplace. '. '". ~

Shâk~r:"induced ,~asonry cracking'. oc-' "Blast-'Idduc~dCracking': sêction) func-
cùr-red .at. brick: or block. mor t ar-e] oInt 11,1- .. ' t.Loned -as an ar-ea .of strain relief during
t;erfaces.' As merrtLoned , visible cracking 'shaker' ruris. '.Energy' transmitted by the'
is obse'rved at; ·di,''-placenien·ts "of 0..01 ta "shakers ·.into thë ·superstructure and .foun-

·O.Imm;.' which. correspond t o.: 'st.raï.ns of dati<;>~'was 'à:lssipatediJ;i' -areas of pre-
no and 7 ;700liin!-in accoss . .jOint wi,dths'. viouscra1oking. Therefore.,. new .. cracks

· of .B·.inm., ' As' Ls dîscussed iuâppell,ÜxA, . observed: .durLng the shakertéstswere
averall.wall integrity.' Ls heavily dep;m-' '··.p:r:imarily. ,:exte1,lsions of.· cracks". that had
dent on . workmanship, 'and cracks .or this' .a.Lready occurred •

. width (à.01 to O,l'plID)willinevi-tably ·.qe .. ',' . . '
f.ound :after construction'(32-~4);' ,Addi-' LOng"teP\l Crack1ngObservations

· tional caüse.sor .cracks thi5::' s.ize . are .
mor t'ar 'shrinkage, riâtural évent.", . 'and!or.' .
vibrations. No .. steplike Crack pnopaga-:

· tions weie observed across brick 'or black'
· walls.' The existing. steplike',crackin
the southeast'basemént wall (discussed in'
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5
ND.
ND

, ND

ND
ND
ND
ND
ND
ND
~p
ND
ND

.ND
ND
ND
ND
ND
ND
ND
ND
Nil
ND

I
ND

·.ND
ND
ND
ND
ND
ND.
NI)
ND
ND
ND
ND

1
ND
ND
JID
ND
ND
ND
ND.
ND
ND
ND.
ND

'1
ND
ND'

5

'Nail
"Corners pops

6
!ID

6
·ND

ND
ND

4
ND

1 • Ni:>
ND
ND

3
'1

IND
2

'38
l:
1
'0
.1.
2
1
5

ND
1

.ND.:
ND

5
. 2

5
2
1

ND
ND
ND

.ND
ND

··'·ND
ND.
ND.
ND.
ND
.ND

1
1

ND
ND

3
1

:rw
2

2
!ID
!ID

..ND
ND·' .. '
ND
ND
ND

·.ND
ND

3
.,·ND

ND
ND

'.' Nil
1

ND.'.
ND
Nil .. '
ND
l

ND.
, ·ND

ND
ND
ND
ND

.NJ;i.'
ND
ND
ND

..ND
1.

:ND
ND
'ND

r· ND
ND
ND
ND
ND
ND
ND
ND

·ND '.
ND
!ID
·ND.
ND
ND.
ND

3
··ND.

ND
. ND','

ND
1

ND
.ND
ND
ND
..r'
ND.
ND.

·ND
ND
ND.
ND ..

·.ND
ND
ND,

'. ND

Nil
.ND
ND
ND
·ND
Nil.

i...
··.ND·
Nil
ND

.. r
2

ND
'. ND
1 ND',.

ND
ND

..ND
.' ND. '.

ND
Nil
ND
ND
.ND
ND
Nîl
ND
ND
ND

. ND

Wa11board
Wallboard :. j o.tnt;s

20 21
···:ND. '8'

ND ·.. ND
ND !ID
ND !ID'
.!ID'. ND

3 1. ND '.'.
:ND .. ND
:ND, ND
.ND ND
ND .ND
Nil 1

.ND ND"
ND ND
ND' .. ND

6" ND
ND. ND
.ND. ND
ND' ND"
ND ND.

". ·ND· c ND'
ND ND
.ND. ND
ND' ND
ND '. '. ND
ND ND.
NIl ND
ND ND
ND ND
ND ND
ND.' ND
ND ND

, ND . 'ND
'6 ND

ND .NIl·
ND ND

.ND ND
5 '1

ND ND
'ND.ND
ND ··ND.
ND·. .ND
ND, .... ND
ND ND
ND ND

.ND ND
ND ND
·-:8·.. ND:

ND ..ND
ND' ND
ND ND

. .. Brick .' Fïrepl"ce
veneer .'. chimney"
joints joints

DateInspection. period

16., ..
l·i .. ~ .. ~.· ...~~~ ....

26.·:'............ •'.~ •.•

1.1 ", '

4 ~ ..
3 ~ ..

21 .... ,"'." ~ .."~ .. .. ".: .... ~.~ ..

. '.
19 .. ,", '. ! '~" ,-:\ ;~ -.
20; •• ;~~·•• ~·~.~~~~·

18.~ ...•..•..:~ •• ~·

36 ~ .' .

30 .',~-:. .'.••.'••••.•.

1,5 ", ..
14 ••·•• ~ ••••.••••.• ~

12 ' ' ' ..

2,. '" .. '" ......', ... ., ,,' .:~, •.

31.~..'•.... - ..

29io~· '~ •.•

lO••• ·.~ •••••••·•••

34:.· ... .. .'; ~ ..... . ......

.1..... '..... io ~ .~ .. .. . ' .. ~ .' '

33 ••••• ~ •••• ~ •• ~·.

39~ ••••••.• ~~ ••• ~.

32 ••• ·~ .

·13 ·~ .. ,," ..

.25.•·., ," •.

'27 ••:.' .•• ~' ,•.•'• .........~ ..
27 1•• '.'••• ' ',.'

. 23.· .•.. '.........•.
·22.~•••••••••••••

.'28 ".'."~ :
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g r ound vibrations>0.5ü in/s,and >LO' Crack rates duririgperiods'o~'hi~h-'and
, inl s', is shown in. figure 39 .', .The hf.s no-' 10,\<-le"é1 groun:d yibration are compared
,giam.of aU peak gr'ouud ,vibrati,?n 'lev'~ls" ,inta:~ie 14,.' IWo .métrhods were used for
is ,shown,in.figure 40. ,'11:le grou'n.dvib,a-> Lnt.e rprèt.Lng this'data. In .the first, Lt.
t.Lon levels were eitherrecorded': by the, wii.s'assumed thatblastin.g Ls f atLgue>
seH:-trigge,ing equ~pmentor: 'back 'ca.l.cù-' 'damagirig in 'nature'': (i.è;, 'it 'low,ers
'Lat.ed 'usi"g 'propagation' équations ,inthe' stratn leve):s neces.sary 'for' fai:!.ure) • In
O~OI- .to ,O.lÔ-cin!s, rarige. '(Of"the' 475' the second ,mei:hod,: it was assumed t'hat;
vibration LeveLs in this range';: 25Dwerèbiasting- ,pioduces' a tdggering'" st.rai.n
.calctilatéd.) (whïch'when.' "add ed t.o an ,existing strain

exceeds the erîticpJ: straiil).' , the tirs t
,Some' ofthè crack .rat.es shown 'in fig.: method requ1rediuvestigation of consecu

ure" 39' inC1;"desmall ' h<iirlirie', corner Uve, inspecü;;' per:J.ods, "sLnce high crack,
cracks, and .some do, not;' ',The .majo~it:y: rates may occur even duririg nonb'Last; per
ofcorn~r ct~èk:soccUrr~d ,in,thehrStiods.For b~th methods,aground vibra'-'
<3 months., 'Crack,s' Wère "f()und in' ,riearly,,', 'tioi>' 1evei 'of :0.5 inl s was chosen," as the'
every corner in' the hûuse;,but .were ig-- 'lowest vibration'level f,orstudy becaus e
noz-ed . up,to inspeàionperi6d' 15.. 'J'hen ,a 0.59'-irils" vibraù'on'was ,foti~d ',to pro
it wasdédd,ed t o rigorously':obs,erve ihem, 'duce' :thesame ,strain 1evcl 'as" norMl,

'despit:e .che1rnrlniScuJ,e :'sizê;, Co.rner, household ,act1vities (table 9)., A ve-r
cracks" are aninev:Ita1>le ',cm,sequence ofloc:lty .of 1.0 i.n!s'"waschosen, for t.he ul'~
the, cur'Lng of th,;, t ape vcoinpound ': and are l'er boundibécause tbere were ins,uffident '
eti;bancéil,bydynamic: strains ;!.n<Jucedby'" <J'ata' ath;Lghér Leve.Ls ~
human' activity. ", ,,' , ,"" ' ,

" " " \ , ' Themlluber of new cracks per we~kèlid
,Differeùces, wére,found' 'in the number : noi,' incr~ase,wit:h,Ume;' , indièating t'hat

of crackscbservedbythetwo ':team,s'of: "blast.vibration.s do, notcause fatigue,
Luspect.or-s '(VME', a:nd ,Bureau' pars'onnej.) 'r~lai:ed damage. Resu1ts' interpreted us-«
during perLodsî l ,l'S" and 36" 'The 'most' 'ingthe'", s'econd .method indicated that

, pzonounced ,d'lfference 'was' for petiod ,15. g'rouud - v:tbrations'>l.O' 'in/s' were as so
The ,decision:, to ':L'nclude,smi:ln ,:corner" cf.ated with C:biclli,ratésof 1.8' cracks
cracks was, .mad.e afte, \!ME,: bad ,comp1eted'per, ,week; .. while vibrations <1.0 in/s
its inspection for that', per-Lod ,but, 1>e-' 'wére a:ssociatedwitlÏ rates "of Ù'.9 cracks '
fore the: Bureau hadC:o,mjHeted ,'lts Lnspec-. per 'week.' ','The incr~ase,'in crack. ,rate
ti,on "for përLod 15. 'Gtherwis'e, differ,- Fitq:, ground vibration: le'l;ie11ndicates '

, encee :in: the: numberof cr~èks 6bs~rved,' that" biast:Lng do,e" produce ,à triggering
, we,ean irievitab1e 'consequence, ,of ' the, strain, at about'l;O iri/s; ,

diff:iculty" of o,1>serving" hairliile4<idth ' ,
, (0.01' to" 0.1 1DJll) ,cracks'. ,Pe:riods 'l, 15, , ", Thé Jowcrac:k~fcrmation, ratesréported
'l:lnd 3:6 vere omîtt,ed' in, "cal!Oulations of '" are' ,reasonablê ,since,'thé test, housewas
cr,ack,rates. 'Peiiodà w:Lth un"sua1 exter- new, showed no' ,differentlal:. settlement,
,:nal,inf1u~nces,:,includingan,earthquake and ,w~s, ~otreg1,1larly , occupied. 'These
and $'oil r,emoval by aS'craper 4D,ftf,rom' condÙionif' result' iulow' 'natura1crack-'
the test house, wete ,includeil, 'The self.,- 'form.àtion, rates"which 'alloW, the' àeatest

,ttiggering'i'lêismographrecûrded 'a 0;06'- sensi:tivity to the ItPpéarailce ofonly a
i..'1./s vlbr,ation ,f.or the 'scraper activit:y ,few, hiast-related cracks. ,In' other
butdid not' trigger during the ,earth- w6~ds; the low 'natura:l. c~aek rates, tonnd
qùake., Stra:in meaSurements:did not vaty '" in thes~' tests allowed, a fe"'" blast.,
from, n:p:rmal fluctuations' during the'teiated crados ,to ' significantly, affect
earthqUake. " 'crack-formati6n ra~es. '

.. ' ..
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TABLE,14:~ ,- .Crack 'rate 'versus bf.as t' vilirationlevel .'

Bbs t vibr~Üon leve1',. inls . "Inspection per;o~sl
. Number'of'cracks ·per.week2

'Total:' l' Excluding; .
'. . corner ,crf3.cks·'.

METROD i (FATIGUE DAMAGING; ACCUMULATIVE WEAKENING OF MATERIAL)
~ l ~ O'" .. :~ '.....,.. '..... '"...."..... ~ ,,' ~ ~ ,,' .. ' '
'<1.(). ~,.'.:~' -.~.~'-. / •• '" .. ~.• ~ l' ..... ,.' ,~

>0;5, <i.o~··•• i, ~ .' ..... ~'::~ •.~.:'.' ~ ....

40-47 . 1.4 0;88
1~14h~:2(0.96) .6.1 (0.35)
16-321.1.35
1-14 )..2 (.96). ;61 '(.35)
20~32·1.4' .•46

.METROD 2 (TRIGGERING.EFFECT;. SUM OF DyNAMIC AND EXISTING.STRAIN
"IN EXCESS'OF THRESiIOLD) .

.>1·.0 ·,. ·., · ·~,.'..•• · ·~3., 40;.·4243; . .4:5",.47:' 1.8
<1.9···· ••.••••• '.• ··; •• ;.·••••• ; 1~14,<16-:32, 34-35, 37,-3'9, ...94 (0.8.6)

. . . .41, 44, 4'6,
>0.5., <1;0 .••• , ••••• , ••••• ; -.»:·: l, 4; 9..,10, 14, .20,.22-23, '1.2,' (.8-~)

. '25, 30
.<.50••• , ••.; .... ,.;.;; ...... :.· 2~3.,. 5-8;11~13,16-19;.21: .•84.

'24, 26-29, 31"':32, 34-35, ..
31-3~, 41,44, 46 .',.. ' .

1.0
.38 (0.29) .

(.33)

.28

, '"Périods 'liSted in .'table 1'3;'2 weeks. each , .
2va i u e s in parentheses are rates' cafcu.Lated without period~l,data.to .account for

cracks resuiting. :from.. ··ç,uring 'after' construction.·' .
. "

• .,1" "
SüNMARYAND'CONCLUSIO~S .

\:.

N{"merous ha1Ùine: cracks ,~' O.Ol·to 0.1
mm'wide, appeared iu.the·test· house'dur
ing construction. Cracks of . this size

· Cratk Appearanée ..

· "A full-s.ëaÙ residential test 'hoùse ~~s.areé:lifficult to see' and are "ùsua.LLy not
subj ected to, ;2. yr .of' .vibration produced riotic~d. by : the·. homeowi1:er.. .'Wallboard
by; adjacent " sul::fai;:e' llllIung. For théciacks. #om blastingocëurred primarily
first time," . the ··s·t·r.ain response- of. a in' corners and .around naï.Iheads 'in' the
house .w.asfully·· :docume.rited~ Long tierm joint compound.' . One' bairIine crack Ina

· :strain meàsuremeIits . ~llowea. th~. bf.ast.-' waU"c6rner ext.ended 'after 'a ,blast that
Lnduced s.t.razns to be' compa'red with. those·.. p~oduced·a.peak..ground vÜll"ation '.ofO.88
prodùced by changes' in ei>viTo~ent,,+ .fac- -. in/s. This . was' thelowest oQserved vi':"

· . tors .' such à,stemp",rature,' hurai.dd t.y, 'and' bration' .that ,modified.an exist;ing crack
human açtivity,.·Continued visaal.inspec'-· pattern. WaI:(bi;>a:rd·eracksals.o appeazed ,
tians for cracks dùringthe 2.,-Yri pe·i:iod· widèned, an.é:l/or .extended durLng periods
allo,wéd. thé ,calculation·. of .' crack"- of' rio, bLas tdng ," . Thus, otrhe'r . phenomena
formation ·rates. for 'correlation . with vi- al.so caused ,.. widened., .and :.extended. these
.bration .LeveLs , ,After' the' s tudy of, cracks;'.' ·Therefoie;.· observations of'
b.l.àsc-d.nduced cracks ,was 'cqmpleted, -th.e czackf.ng are. bette.r·e.valuatediri t.erms of

· èntiré. house. wail shak'en ,inechariically 100' the 'nuinbel" '. of new' .crack.s . obser'ved . per
· deteiinine :the·' threshold .of 'fati'gue c~ac~-':' Ume'· Lntecvaf, rather' .than .thènulnQer of.
oing. of "the' :W~ll cov~rings."'",L~bor~t'6ry "cracks' seen 'at" a sing~~ i,:ns~e~.tion•

.'. tes ts were conduct.èd to· aidin .eva.IuatLon .
-of the field observations •. The 'following Blast-'induted iocal masonry· cr~cking
conclusions.. :arebased~p~n.the observa'- afong 'mo'rtar joint .and block 'intEirfaces
tions ·.made dur-tng this·fti:Ll-Scale fieldwas hard ta distinguish.from thenumerous
s.tudy: ..,preexistlng • cracks' t.hat; resultedfrom

shrinkageand. ·wor!<ID.anship. A. diagonal
s'teplike crack acrossvttie .aoutheaet; base-: ..
ment.wall,: 'whichwas f ound' 'afte;: . fout
'shotsranging, from 1.0 tQ 1;5 .irils. was
moxe' readily 'observed:,

. .' .
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Environmènt'"l 'Factors"
W"ll,Str"ins As~ociâted.With

. The -. sïna.l.Leè t; . gtoundyibriltions ·.th"t
· . wouLd produce the' aqufv"lent .'. of '., envf.rorr
.' menta'l, anddooi-sla:IDmlng, straius in walls
.are 1.2 and 0.5.in/s; respectiv"ly.. . " ,-

Fatigue Tesi:s-~WallB9ard'

2. ·Siskind, D.• E.·', : M.• S .• 'Stagg,; ,J •. w.
'Kopp, a,nô .'C,a:Dowding.·. Stmet.ureRe-'-·
spo.use "tid pain"ge produced by . Ground Vi- .

. bra,t:lon From Surfa.:ce .Mining. ]lIas ting.
BuMines RI 8507, 1980, 74 pp.

.motion .at ..s t ra.in LeveIs in'· the 'house'
",quivaJ,ent. to thosèJ;esl1:lting'from. a

Labo~atory t~stsand· . previoùsstudies" blast with a peak gr6ûiidvibration of
·indicat.e· t.hatthe. :lniti.al·. papez failure rr Ù; y inis.· Adëling 4;000 cycles' for en-'

· of gypsum ;"'ailboard occursvat a··"train of .:vironmentâlly 'j,nducel s'trains bringsthe
a ppr-oxf.raatieLy 1; OOOi!in/in and itrhat; vds L~ n,wber. of cYCles."i: ÙH~re to 56,000.

· .ble. cracks appear cat .str."üis. slightly be~' A$sumi:i:lg 200 workd"ys per ye,,!' x.2 shots
'. yondthis : point:. . Coucnet;e :block' shows·' per d"y x'S cycLes .per· shot,tq:ls' .shakt.ng .

visÜie loc"lized cracks' at'Diortar:"j\:iin,tsw"s. equf.va.Lent . to:sübject:l.ng the -hous e t.o
s traf.ns of. "ppr'oxim"tely 3,000'. )l1.n!:i.n 28 yi:: ofblastî-ng twice· a day •.

. when va .: gange..width ·.of13' mm'. ls us ed , ',.. ': .. ,. ' .....
Globiil s t r aân appearsYo be t he bes t; pr~:"F~t:tgue"Tests~-MasonryW"Us
dâ.ct.or' of dLagona.l. stepÙke cracks , "Conf
f Lrmatrf.orr 'of these .result's " and further Bec,a,ïseof the 'ct"ckedcondition , of
defi~itîoi 'of,.th't:eshbld, reveis~re'an- .. ,'the· mas orrry- wall'; ,,'1: the' test ,house,
ticip"ted from waf.L testing .p.l.ànned ,by.cy'èifC,:. tests were conducted ,with·NBS.'
.the N"Uo'n,,1 Bu.reau of, St andard (NBS) for .... uSing ot.liervtes t wà.lls: Fatigueeffects
fiscal 19'84;' " . , '::... "ppea.reci "mi,nor ',:untÜ' stre1;,s., LeveLs .

, weJ:"e 'near ul·t;ï.m"te ca,p"eity,' but: further-
· "nillysis' aw"i t s the. 1984' tests mentioned
earlier.

Tempèr"i1.lI:-e'- . and humiciity-dndu~ed.CrackRilte .
straf.ne' acr-cs s : w"llbO"i:.d ,taped·.: j'oints,' .,':." .

. .were as high~s '14.9."nd 3..85 .)l'ta!iIi, .' Door Threshold-t;ype c~"cksa,ppear~d ~th
slainDiing produced. str"ins of 1:' up .: to 140'. "nd without ..bf.astdng ,: Therefore, changes

, )lin/iri üi w"iibo."rd. . . " ". '. . ........' ,in the: rateiif . tbresho.Id crack .occur-
'. . . . . . l" .' " rances. "re.' be.tte:r indièà,tors of' the e:f-

Wa.ll 'Strains ASsOciated Witt. IÙ~sting' .facts ofblil.sting 'on crackingtha:n ob-
servat.fons of' individual ·cr"cks.·· The

.. r"te •• of. threshold '. cràckirigwhen groune!
motiqns were '<0; 5 in/s was'uot signifi-

· cilntly. âifierent·than·~hen.. motions 'were
bÈotween 0.5 à,id' 10Q iri/s. . H6wever, when

"ground, . mot Lons :E!xceeded '1.0 'in!s , .the
". rate of .cr-ack. formation". was . more,th"n'

. thr.ee: .times·· ,the. rate' .observèd . when :mo-
Mechanical:v:ibi:"tion cr"ckeci" waÙ':' tions'l'i-ere<Lo in/s';' .

board t.ape . jointafter52, 000 . cycLé s of

l.Süikind~· D• ..iL, V. j" SÙchura, 3. . 1lr).drews ,D; : K. , .. G., W. ZU)llwût,
M. S. S.tagg, and J. W" Kopp:. ,Struei:ure R. L' .Lowery , 'J.; W. Gillespie, andTr, R.

, Reapons e-. and Damage Produced by :Aftbl"st .. ·Low. Structure' Respons'e .ù; 'SonicÉooms.
From ::;urfàce. 'Minirig; . BuMines ln. 848.5, '(U.S~, 'F.AAcQI!tra:ct FA"':64"'::AO.c6-526"An- .
1980, ·111 pp; ..,drews·ASsoc1;îtes inC:. a,ndHudgins;Thomp""

sqn;B«ll. and Assocbtès' Inc;~" OklahQm"
· City, . OKY;' ·Rep,.AD61,0822 ,.Feb. 5; 1965;
. 228 PP',;. a,vailàble iro;" nèfenseDocumen

tatioiJ. Cent.,canieron Sta,., Bidg. 5,: 5010
ri41ce,St.; Alex"ndriil., VA 22314.
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. Effects of·
July' 1969,'

, ,,'

1;.' lriternational'~t~ndards'o~ganiza
tion. Guideror the Evaluation .0f'Human
Exposu're .... ta, Whole-Bo{y '. V±br'!-t:lon. ISO
2631'-1~78(E).,'1978'. 15. pp,

. ·i5, 'Whitteniore, \1. ·L., .1';'$; 'Gotter~
:A' ·H.·' Stang , .and V, ..B. Phe.Lan •... Strength .
· of"· Hous'es-":'Appl'icaÜ61;l' 'of . Engineering
.PÙnciple!3to : Structural. Design, NES
· Bldg; MaJ;<;'r';' 'and SJ;rutturesRep. BMS 109,

Apr, '1':148, 131 pp;;:NTISCom-,;-73'-10986.

:", .

. 8.. Koe~n;'r, R.li., and. J. L;. Roserr-
·fatb. Feasi1;>ilityof Fatigue 'Àss'essment
of' Black' Wal:J,s . From Labor-ato'ry . Scal,e .
Methods;(côntract. J028,50i3);' BtllliIles"
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,.tŒPENDIX A.":-FAILURE OF WALLBOARD AND'MASONRY WALLS

..Cyclic ' strain readtngs. from the mea
sur-sment . systems'Wïth varyâ.ng "gauge
lengths are listed in, table A-2. ,Al
though thevarious methods and lengths
gave" cons i,s tent res,ults;, an Lncnease in
load induced, core failure and resulted in
s t raf.n . localization in the' papercover

-Lng , The post-m()unted, strrat.n systems
produced, reasonable .. results, but some

'error resnlted because'of th", relatively
)arge "s Lze of, the mount.Lng base. A
'smaller diameter mounting base would in-
crease the ac~uracybut' wouldbe diffi
cult to install. Figure A-4' shows the
details of' the post-mounted system.

samples 'were kept in the same environment
'for 2 'months prior .co testing. This al
lowèd a relative' evaluation.' of failure
propert ï.es ,

Wallb.oard

Paper tests were conducted fèllowing
Ame,ricanSocietY for Testing, , and Materf

,aIs (ASTM) et.andardites t; method D 828':'60;
"Tensile ,Breaking Strength of Paperand
Paperboard," 'using an Instron mèdel TM
lOO-kg, universaltesting machf.ne (fig,
A-ct). Wallboard and wallboard ,paper'

Wallboardtensile tests' were'conducted
'on a 2504bf MTSSystenis ' Corp. electro
hydraulic Servocontrol loading, frame
(fig., , A-2). Load rates' varLed from
0.00008 to 0.2 in/s. Conversion of fail"
ure tiine to frequency, .assuàri.ng 1/[, wave
length at failure, gave f requencî.ea of 5
to 0.;002, .Hz .," Straiu detectors were
mounted across the 'center of the specimen
(fig. A-3),;'and outP.u,t wa,s recorded and
processed on the'system described in RI
8507. ,Tests'were runon notched ,and 'un
notch",d,' s ampLes , , : Notched samples were
used to ,determine effects of gauge length
and : pos'LtLorri.ng; thé' specimens " were
not.ched to Lnduce failure at the 's.train
sensing location. 'Unnotched samples gave

Modern .. houses ',typically .. have interior,' the, dat'a u'sed to "determ;ine absol.ut.e fail
walls ,of .gypsùm wallboard, a.Lso caLLed ure levels. Specimen size' was based on
gypsum " board" 'Sheetrock,' and' ,Drywall. 'end constraints that exist in, a housa
Wallboard Ls. a compo~ite: 'mater1<,<1' con- (i.e., ,pariel size,over a doorWay or win-,

"sisting of a core 0:1: gypsuni pLas t.e'r of dowof approxîmat.eLy 12by 16' in) and the
variable, thickness bonded on .bot.h -sLdes "Loadf.ng frame "s sLze limitations; Strain
bysmooth O.Ol5-:-in-thick paper , ; Al.t.hough ganges were glued to the ,sample, with aci
not cousLdered a structural' mat.érLa.L, hesIve , and mount.Lng . 'bases' for,' the
'wallboard is often stressed and sometimes straf.n-Leaf and" Kaman :-dLsp.Lacemant; sys
visibly cracked , Table 'A-c1 lists berid-: 'tems' were aÙached' with a fast-cdrying
irig"shear, and ten~ile strains of wall-, epoxy. .The cyciic response of the load-'
board and related materials at failure as Lng.: frame system and test 'iiPparatus was
,reporte,d in p'revâ.ous- 's.t\ldieS' (2, '6,. '10, Ü:mited' t.o 2" Hz, and the, maximum strain
35-36). .Co re faÜure for' both bending produced was - 50 )Jin/in.
(4)and'tensHe stresses (2), was ,identi
fied at- 1,000 llin/in in :-RI 8507 (2).
Tensile failure' tests on gypsum ,'core
conduct.ad by Be.ck (19) showad. f af.Lure ' to

, o ccur- at ~ 350llinlin;, 'Beèause ofthese
differences; addi'tionai. data were sought
by runnâng further tests' onbbthwall

,board and wallboard paper.

Analysisof wallbord failure data fot ,a
previous ,study (2) produ,cedseveral, ques-:
tions., An, expanded 'wallboard testing
program was'developed to 'identify c()re
failure and examine the LargeivarLacf.on
'of strain readings, the effect 'of'strain
,rate, : and measurement .met.hod ,on 's'train
readings; cyclic response,'and 'the'rela
tive strength conttibutions ,of the,co~~
posite , mat.erLaLs , "Additionally, cycl.ï.c

,and monotonic shear tests, wereconducted
with thé'National Bureau of Standards
(l'lBS) on ' 5- 'by 5-ft, masonry 'walls' and
corner :walls with ' s-r/z-ee legs, ,(11).

'Ea,ch, materi.al is df.scus sed: below 'with'
regird 'to elastic'response to faillire and

'nonlinear response during the 'time' when
cracks were, widening; t o 'the po tnt; .. at
which,visual observation bécam~ 'possible.



TAB~E A-l. - Failure characteristics of plaater, wailboard, .and hardbo~rdl.

NA Not available.
IFrom labor~tory te~ts. except that Iast line of datà from ~iss

wee from in situ test. '.' .
2Core failure. .
3Ul.t1mate failU1::e; paper hminate damage. '.'
~Measured on test'sample; othér'investigators used platen di$p~acement.

. -:/
/

'"1-'

NA 8Ô lb/it). ·width. • •• do •.•.•.••• Nk.
NA, ..180 Ib/in2.width • •• do •••• : ••• NA•

·NA 50· lbf/in ••••• .... ;do •••••••• NA •
NA' 600 ·lbf/inZ••' •• • ••do •••'••••• NA.

NA
. 7 .' . .90 pç-t

1
••.·..........do••• ,•••••. 4.17 nrtn-,

NA 85 pet •••••••••·•• do ••• ; •••• 15 min •
NA 80 peti'·~ •• ! ..... '-.do.:.~•••• 75 mn•
NA zo pet7..... ;.:· ·••• do ; ••• ·•••• '23.6.h.
NA . 60 pct7........ • ••do........ 12.7 deys • .;

'NA
. 7 .

/55 pcti'.:~.~ ........de ••••·..... 81.• 0. days ,
NA 50 pet. •••••••• • •• do. ;.•••••.•. 347 days ,

·NA 85 pet7••••• :.. 8100'......... 6.6 B·~· .

N.\.' 80 pet; ••••••.• ·• ·:450;·........ ~O s.
NA' ao pet •••••••• 1,200 ........ 1.33 min.
NA 70 pet 7........ 87.000 ....... 7.-8:rmin.
NA 60 pet 7......... 875,000 ••• ; •• 1.39 h.
NA ·55 'pet7.......... 8300.000 ••••• -5.56 h ,
NA '·50 ·pet7.:....... 8l,ioo· I ·000 ••• ·20.~·h.

5Cycted at 10 Hz;., ..
6Repotted ~n RI 8507 'às'core:~ailure. b~t new analysis +ndicates.

initial pape'r- failure.: . . .
7pereent of st~essat failure j defined .as the ratio of load a~

failure· ta 10ad at. failure ·at unifQrm rate of 1 in/min.
·8CyCled at 15 Hz.

o
o
o
o
o
o

'0
o
o
o
.0

. 49~5
46.8
M
38.5
33
JO.3
27.5

-
tlÜ:-ek-' Prestrain, pet serain, pin/in gcrese cycles' ta Time ta

ness, Lrr fai.Iure fal1ure

NA 0 460 300 ·lbf/inz••••. u«. (stat;ie). NA.
3/8 0 365 ·300 Ibf/in2.~•• 1 ••• .-•••••••• NA•

a/s 0 260 ZOO Ibf/in2·••.• 10 ;000....... 33.3 min.
3/8 0 21,230" ~920 lbf/inZ.• • • • 1/4. (s tattc) •
3/8 0 33,300. 3i,450 Ib~!in2•• ••• do.•• ~ ••••• NA.··

1/2 0 ~l.J 100 . 2650 Ibf/inZ'•• "'. ....do., ~ •••••• ·NA~

1/2· 0 34;700 . 31,iOO Ihf/inZ•• •• !do •••••• '.'- NA.
3/8 0 2840 4580 Ibtïinz·..... •, .d.o ••••••• ', NA •
3/8 0 33 770 '. 37851hf/lu2•••• • ••do •••••.•.•• NA.
1/2 O' i 910 . 2380.lhf/in2•••• · •• vdo •••••••• NA.

1/2 O' 32,400 3580·lbf/i"n2.~.••• • ••do •••• ~'." NA•
NA 'NA 1,160, . :NA ••• ; .••.•••• s••• NA' (bLas t Lng ) .NA.

5/8 0 '130 . NA••••••••.•.••••• 1/4 (statie). 1 NA.

5/8 O· . 80' (62 pcc) NA•••.••••.•••••••. ,51,000 •••• ~ •• 1.67 min.
5/8 0 50 (38 'pet) )lA.·....... ·.. ; .. • ~18;.00O •••••• 30 min ..

ste 20 (26~i~/in) . 90 (69· pcc)" ·NA................. 5330"; •••.••••• 33· s •.
st». 20· (26 ~in/in) ·76 (58 pcc) NA·••.•.••.••••••••• · 5:!j9ÔO.·•••••• 3.11 min.
5/8 20 (26 ~in/in) 56. (43 pct) .NA·••••.•••••••••• 58,500 ••.•••• : . 14'.2 mtn ,
5/8 20 (26 pin/in). 2340 .. NA................ 1/4 (s reui.c) , NÀ.
5/8' 3>1,400. NA.-••••• ~ ..... ; •• ••• do·; ••••••• NA.
3/8 '0 61,24à· 6185 IbfJ~n2•••• · •..•-.do ••• .-; ••• NA.
3/8 O'. . 33;400 ~28~ Ibf/i~~•••• •• •do •••••••• NA•
1/2 . 0 61,420 170 lbf/in ••.•• . •• do •••.••••• NA•

1/2 . 0 33,210 32501bf/in2 •••• ••• do , ••••••• .NA.

5/8' . 0 91,·445 Q140 lbf/lo2 •••• ~.' .do ••.• i •• ·•• NA;

s/a O.' 33,450 323q lbf/iuz•••• • ... do •••••••• NA.

•••do ••••• ~ ••••• : ••••••• ~ ~·.··

•••do ••••••• ~ •••••• ~ .
•••do , •••••••• : ..:~ -.•••••••.•·••
•••do ~ •• ·•••••••·••·•• ·•••••••.••
• •• do •••••••.• ; .
• ·••do •••• ~ •••••• ' .
•••do •••.•••••• ". 0-.-. •• : .••• ' .••.••••• ~ •••••
••• do•••••••••••••••.••••••••••••••••••

••• do .•• ·;; ••••••• ·•••• .ô ... ;.~ ••••• •••••• ••

•.•• do ••••• : •.••• ·.~.· •••••••••• .- ..
• ••do '.";

.••• do .•• : .• .-•..•••••••.•.•.• : ••••• '." '.' •.••••.

Gypsum wel.Lboard , transverse eectton-, . '1/2
.Gypsum wallboard, longitudi~al section: '1/2
.Gypsum, wallboard ••••.•• : •••• ; ••••••.• '.. 1/2

' ••• do .-. 1/2
'fempe.rud hardboard ••.••••••• '. '• .-.... 1/4
....do .••••••• .-•••••• '••• ;.:•••.••••••••••·• 1/4·
•• •do •.• ~ •••••.••••••.•••., •• , .'~ •••••••• ~;, '1/4·

': :.:~~.:':.:::::: :.:.':::::..::'::.:: ~ :.:.:'::::: :.:: '. ~~t
. 1/4.

1/4
1/4
1/4
1/4
1/.
1/4
1/4
1/4

Materlal

Plaster beam ••.•••••••••••••••• ~ ••••••• '
• ~.do • .-: ·•••••••••••••••••••·
•• •do ••••••••••• '~.•:." .:••••.••••••.•• ~ ••••

'Gypsum wall~oard, long~tudin~l section
• ••do ••••••••• , • ~ •••••••••••.•••••••• , •
• :·.do •••• ~ ••••••• ;·••••••••••••••••••••
•••de .....; ••••• ·•••·•.•••• : ••••••••••• ~ ••
Gypsùm wallboard, transverse section••.
•••do •.•••••••• ;"••• , .••••••• ·•••••• : ••••• ·
• ••db •••• '.' .
•••db •••• ~ •••••••••'•••• .v., .
Gypsum wallhoard; •• ~ •••• '•••••. ; •.••• '••.••
Gypsum wallboard core with paper lami-
·uate removed ••.• : •••••.••• ' ~ ••
•••do ••••:.: ••••.••,•••••••• ~ ••••••••••••
•·•• do ••••••••••••••• ~ •.••••••••••·•••• i .•

" .do ••••••• ~ ~ •••••••••••••••••
•••do ':.••
•••do •••••••••• '••.•••• : •••••••••.•• ;.; ••
Gypsum wailboard. '••.•• .-••••••••••••••• r

• '-.do ••••• '.' ••• ' ; •••.••.••••••.•.
•• .do., ••••••••••• ·••••••••••••••.•••.•• ••·

"" •• do •••••••••••••••••.••••••••••••••••
~.~do••••••••••••• ~: .

Wiss (35), benddug •••••.•••.:.

Inv~st1ga~or and type
of .ratLure

Bu~eau of ·Mines (~), tensile

LeLgh <,~), . tensdLe .

Beek (.!2-) •. ebear•• '.' -. ••.•••• i

u.s , Gypsum co. (·36):
.Tensile •.••• '.' ~ .::~ .

Shear••••••.•••••• ~ ••••••••
Compressive.' .

McNatt (.!Q.) •. tension. ~ .



6.2

FIGURE A.l•• lnstron TM lOQ·kgunivérsp 1
te;t.i~g machin~ wilb.test specimen•. '

F.IGURE M •• MTS250~lbfelectro.hydraùlic
16ading f.ramewith test specimen,

'TABLE A-2; - Effec.t· of ga,",.ge. Langth on wallboard strain
measurement; ;"

. ,

.Strain· Effec.tivé CyeUe straf.n , 2.lliri/i'n
Loèation1 .Lengt.h,

'.
Initial After Increa~edsystem. mm

. 4.45 h ·load
A• .; <li••• • • -. Gauge. ·3.18 80. 82 470
B.· .. ...... . . . ••do ..~ 124 .50 .6.5' 58.
c. . ... . .'. ~ . Leaf•• 378. ri . 86. 105
D... <Jo,e ~ ••• Gauge •.. 3.•18 6.9 6.9 320
E• • ~ ~ .'•• ', ..do~. . 3.18 50 45 340
lSee f1gure A-3.
2Cyeled at 3,5 Hz.
3Center-to-eeJ;lter distance· between pos t s ,
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, ,

,eye)bucklingdr ~rai;kinir occurs slightly
beyond this pof.nt,

, • Strain rate and orientation (trans
verse, versus lo~gitudinal) ~ppear' to'af-,
fect ultimatefailure, point È, ' but the
strain",at point A 'is relative1y constant,
- 790 to 840 '].lin/in for notched samples
(and 1,000' co 1,400 ]lin/iri ,for unnot ched
samples, as s hown: in ,t,able k-3);

• ,'Cia~king'was visuàlly observed at
strain 'levels slightly, beyond' the yield
strain ..

Bock

KEY

,1

Front

l, 7" -1

1 l 1
A, D

B C

r
10

11

l!---'c'----!

l,

A Strain gauge

B Straln gauge

C Struin-Ienf system

,D Stroin gouge

E Strain' gauge '

FIGURE; A·3•• Wallboard test specimen und
strcin instrumentation,

The yield point' "nd 'ultiniate,' paper
failure data atvarying 's t rai.n rates .are
,listed in table A-3. The loading frame
load 'versus' deformation data for tests
with differeni: paper orientatians are
presentedin'figureA-S. Typically, 'the
yield point, point A, in figure A~S, was
assumed to be the paint of 'initial care ,
failure; point B represents ultimate pa-
per f aï.Lure , 'FoT a given sampLe , 'whén
,output from the ,strain measuring systems'
(table A-4) and YheLr corresponding load-"

,defarmation ,'curves' (fig. A-6) , are com~'

pared , ,discrepancies arise. Analysis of
the readangs in table' 'A-4, paints, out
that,'"

., Core failure, pointA" on the strain
time histories (fig. 'k,.6)" occurs. at
- 300 to 400' ].lin/in and, may not be visi
bleon the load-deformation curve.

• .The 'initial yield point at'Ain fig-,
'ures A-S and A-6, ofren attributed' to
core failure, is actually the first yield
point of paper, 'although' visual (naked

Paper is the controlling 'factor, for
visual -crackf.ng in wallboard, an,dthe;re-

'fore, irs' failure characte rf.atLcs 'were
further examined. 'Filament and paper
,failure', havevbeen 'discussed 'by'several
authors (37-42).' For filament aud paper
shaats, there-is "a question as t o the
variation vof ,the total 'elongation at
break, caused by strain rate (43-45). As
shciwu' in' table , A~S,average-'-fail';re
s.t.raâns can reach', - 13,000' and 2.0,000"
].lin/in for longitudinal and transverse
papar s amp.Lés, 'respeàively'~ But for
longitudinal and transverse wallboard
s amp.Les : (table A-3), the initial yield
,point does'not ~ary appreciably, nor does
the ultimatefailure 'typically ,reach
these magnitudes; .Dnce the core cracks',
the" paper strainlocalizes ',across ' the
cr'ack , ,and further elongation 'is limited
untLl, à break occurs , . The'average load
at failure of wal.Lboard' ,paper, j'rom' table

A:"'S, agr'eed 'with the failure Load for un-e.
notched wà:1lboard in, t'este;' Le., 89
lb/in (lpngltudinal direction) ~ 2 (for
bothsides) is approximately equalto the,
average of the,load~er-width values in'
table A-,.3,176 lb/in" and values reported
by the U. S. Gypsum Co. (table, A-l); How
ever, ,the transverse load test data did ' '
not agree; Le., 2,x 20;'7 Ib/in ,for paper

,as compared, ta 58 lb/in" foi wallboard
(t.abâe A-3) versus 80 lb/i.n (U.S. Gypsum,'
a.Lso "foI) w~llb?ard)., Sample prepacatLon
'alone could account ,for the ,variation

, (26).
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3.50·'
.. 0'0..12~.
0.024-.11 .

.0.175
OJ75
r,:-0.3Ü

0.15-+1 jJ<:-0.10
-i-I ..' 4 strain gages

0.34 -k4>+J::W- '2 sides each

0.0.82 t7 0.16 rad
diam

. .' . ~0.195 . '. _._~O.l25 diorn

... cmA~ft~22·.57.·5di"m '---sc 25

. 45°">1" ~ V . .'

." ().I8~~.~75··

21tf!~.··
. 4 heles, 0.19 deep .

A.ll dimensions in Inches

o.101r-i.OO.l . '.. j$._.0.7.5:iam-{FI-----+-- .
.'. ,.'

, ' . . .,,' ,
0.125 dlorn ... ...

_
i. ,.

..' - -tt-~ 0.50
0:125 .• ' . ". .'
dlorn .~,

;:j0.60C

0.19 ru 0.19. 1!
- ;·f 0.50 _. -

'1 ---.--i '
o 12 . ,LO'25

. . 5 diom . 2-56 head
2 hales

FiGURE A-4"- Detc ils.cf po;t-mounted stiain ~ystem•

.Fatigue' assessment was limited ta. a
cursory look' at·the hardboard data pre-.
sentêd in table 11.-1 and a'limited'fatig~e

tést.· Table'A-Z displays'the res~lts.for

cyClic tests' of wallboard ·~nder.di;place"':···
ment control.' As cyclic strain data were
so~ght, strain systemswere" balanced to
zero out baseline shift due to system
drift and paper ctreep, i\.bsoi~te·.'dis- .

. . placement . wa~not' avaï.Lab.Le•. Load. cou
.tr.ol was then ~tilized.Figure 11.-7 shows.
a wallboard .test·specime~, .and the' test
ies~ltsare. listedin table A-6~ System
tesJ?onse on 10ad control' limitéd strain
output; to 'about; 50 ·.J1iù/in at .an upper
f requency of 2 ·Hz.· . The test was s t opped
'at 66 h,after475,OOO cycles •.Since. the

.. apparat~s limited' f~rther" tests, hard
bcard screep -and fatigue data are presenc-: .
éd, in·table 11.-1; asa geoeralization of'
the. response of woodproduets t o .cyc.l.f,c
and long term Loads (l0).. Load versus
numbe r of cycles. to f af.Lure (fatigue) iS.
plotted' in figureA-8, and loadvers~s

Q. '{uQ- ,0..20, :0.30- . DAo 0.50
ofSPLACEMENT, mm

.. FIGURE A,5. - Effect ~f pcper orientation on ten
sile' foi.lure .cerves for 1/2-in~thré:k wollboard.
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.TABLE A-3.- Resul t s vof laboratoryten;ile failure
. '. '., ..

. " . ,'. .' . . .

t es ts onl/2-in-th:1ck w~llboard. , .

6.5

'. Specimen'
Yiéld point1 Ultimate faïiure

Length·,. Width, Lo ad , Str a.Ln, Lo ad , Strain, Lead
in' iri·· 11> pin/in.· lb pin/in lb/iu.

.... ' ..' ~dili

L9a d
,rate·,
'inIs'

Time to
f'ailure,

s

1,180 ld3 3,170. 117
945 899 2;700 128

. 787 "956.2,460 137'
NA 1,80011 ,560 180

1 ,260 'NA,NA NA.
1,428 NA 'NA NA,
1,9.76 ,1,550 8,..~60 17-2 ,\

0.000079. 480
.00157 17
.0157, 1.6
',0098412

NA NA
NA NA:

.00984 '14.

Longitudinal; .
With no t ch •• ; ••'

.'Withcut not.ch , '.

Transverse: .
liith no.t ch.. ~ ..

Wit.hout; ':'otèh.;

10.
io
10
10
10
10
16

io.
10
10
10
10

'10
10
10
10.'

6
7
'7
9
9
9
9

7
7

. 7,
7
7,
Y

.9
9
9

,

528
,585·
618

NA.
'618.
607

'(i18

3.60
332

NA
NA,

'349 '
354
,512
512
517',

906
",866

,NA
NA

846
935.

1'\00, .

. 1; Ibo,
.1,160

365 11540 '52'.1
. '.

371 1,810 '53;0
332 1,420 45.7
410' 925 59.0
380 1,61054.6
377, 1,620 53.4.
490 1,540: 56'.9
490 1; 540 '56.9
540 1;500 60..0

.• 00394
,.00394
•.197

.• 197
'.00394 '

.000787

.00394
'. ;00394

.00394

,4.0
14.6"·

.0 ri.

.047
4;3

21
3.9

.'3;9

3.8
NA Not avaf.Iab.Le , , '

", INonline!,r response pdnt Of load-deform':Ù:ioncurvè.

ÙBLÉ~~4.'::'Goiilparison,of;i:rain readings from ';"Ü1board test specimen
and froin,'IoadingÛamè "

, .

Gauge 10catLon i. Measuring system .Effective' gauge Str'ad.n , '\lin/in
, . 'lenith,,'~ "'ioint:Ao 2PointA Zpoirit B

LOading fra1;D.e.: ~ ... ;t,VDT~ .... ~: •• '.,.. ~ .. ~... .. 0.254 Nl,.. 787. 2,460 ",
1 ..... .. .. " ....~ ........... ', .' .. Strain.'leaf. ....... '3]7.8.5 " 352 724 NA
2.:

.
351.2 839,' 'NA.. '..... ..."... '................ " Kaman .......'• . .... 376

3··•. ~: •.~.;, .... ~ .', ~.•.• Strain gauge • • • " '. 12.7 " 334 ,'817 NA. .. . ..
. NA . Not avadLab Le , ..

Ipee.figure A~6, 'diagram,of'~est specimen~:
,2Se e figti,e 'A-6, plots' 'of .strat.n "respoJ;lses;

. 3Centet-to:"cente,rdis'tance, betwéen mounting pos.t s ,
, ,

TABLE A'-5.' ':"]j,eiuits of t erisLl,e faH""é t~~t~ onw~11board p<l-per '

SampLe 'lfumber ',FaiIure . Load , Tinie t;o. sanip.1e 'Numbe:r . 'Fa:Huré .Load , Time t o :
gr.oup " ·of s t rat.n; lb/in failure,. group of .'strafn , .. lb/in failure:;

,samples '!Jin/ih s s amp.les pin/iD. s
A(L) •• 10' 12,600 .. 88 ' .14.0 E(T).; 1 22,500 21 26.0
A(T) •• 1 25,300 .20.··· 29.0. F(L) •• 7, 11 ,700 87 12.6
BeL). , 9 15,000 '97 16;6 F(T) •• '.2 ,21,100, 18.5 ' 23.0
B(T) .. 3 24,700 ,

28 28.3 G(L) .. 9 13,200 90 L4.5
C(L) •• 12 ' 11.; 900

,.

87 13.4 " G(t} .. 1. 21,900 i8 25.3
DeL)•• 5 1.4,600 92 H(L).:

.,

12,600 81 13:813;7 7
D(T) .. 8

.
22,900 .20 26.1 R(T) .. 5 20,800 .19 ' 23.6

ECL) •• 7 13,300 90 ,13.8
(L)Longitudl,naI. (T) , Transverse •.
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.TABLE A-6. c.. R~s~l'ts of ;"ycÙc1o.ad t es t s on )i2-i~"':i:hick
wall~Qard:

Location1
Strain Effective Cycl.Lc straln,2 'llin/in',
systèm ;gal1ge . :Initial .After·· .After After

.length, .. mm 18.5 h 45.5 h '66'h
,A .. .. ~' ,."• .. . .. ". Gaug'e ... ,; 12.7 42 39 40 41
·B~·- ... •.~ •.••". '.....do ...... 12·7 . 51 5Q 51 51
:c~.~ ..~ .•.. ~ "Leaf .:.... ~ i76 • 3,5 .64 .64 '66 65
]) .... .. . -..... '.... ·Kçim~n ..... . 19.75 53 . 53 53 53
.,E•. ~ ~ .......~'. '....do .". ~". 76~70 : 5Y 53 NA. 56
NA Not available.
~see figure<4:"7 •.

.' .. Cycled at 2··11z.· ... :. '.. .
. 3.èenter':;to-c~';'t~r dist.ancebetween moùnting post's •.'

· ·time ·tO railure(creep) 'Ls ..plott.ed· . in been st':"died.b; othe;i:s .(46.,.55) ~' .. Th.es e
· figure.A-9..Aiso piotted ~n the creep 'investigators.have· :l,ndicateT that the

curvs (fig. A-9) is the'numbe'r' of cycles stren:gth of a masorrry wall depends on the
.to failure (fromf:Lguré.A-8).' converted t o mode··of ..' , fa:l.iure, .compressive.load,
time; The ratio . of creepstièss t o f~" . lÉ!ngth-to":hèight riltio:, amount 'of 'rein
niù", stre",s appears to beiridepende~t.'of. for.cement:; . bond s,trengtl;J.; rate .of Load->.
the nme to failu're aM'is ,.; i.,S, jending .' .:Lng, . grout;ing, and 'lua:Ùty.of workman
itself. to stat;ic d<;!sign; Ùnde r repe:ated shiji.·· 'Workm<!nship aï.one canvaf f e ct; the
cyc.Lf.c Loadf.ng,' the fiJ.ilure . stress will' wall strength bY.60 ta 80 pct(56).
be '0-.67' 'tim,es (-70·pct).that· of,static' '.' . -
Loadf.ng , . By analyzlng enve.Iope data ob"; .The . deflni tion of: cr-acks 'in brick and

· tained :·atthe . test 'house, it >tas fcund: black waHs is.heing debat.ed , cranston
· that a ground Vibrationleve1 Of i.oinfs (32)" Green. (33) ,'a"d . Wroth. (34) :note

would Lnduce a st'ralnof. ~ 100. uin/in in· that aÙbrlck"":arid black "'àlls .have sma.l.L
wallboard; . TMs is :oIllylà. pèt -of the O.l-'-mm cracks upon ..~àmplet:i.on;·. Green
striiinrequi'redfor fail)!re, meaufng t hat; . stafud thatO:l4nn>. cracks. a.re diff1cult
'a .large .preS'train 1$ needed ta aÙaln the co : .s ee. and:.'.'therefore do' not. cause con
cyclie fÇl:l.lurestreso3 lev~l. C:i~li<; en-. carn «" ·Up ta Load failure, . elasHc ap-r
vd ronmental, factors are thérefOretheina- ···proxlmatlou· of the. g:!.obal deforniation
,Sor strain. prod~èer;not.blasting" '. Sev~' :response' appeazs reasonable (55). . How-·.
.eral'. assumptions 'were 'made ". in painting. ever , .after cracking .at; local sites, thé
out ·th.at blasting does not:' causèfatigue matèriç) Ls" rio longer .. a . COntinuum, and
failure; 'however; the.paperfatigue t ests . . the' theory of' elastlèity"does '. not app1y •.

. .did polnt out .·thai: a .large .numbar . of cy- In'lie\l'ofusfng: strain, .acrack-width
· cLes are requï.red to··producefa:l.lure•...àit';ria hasbeen. pz-oposed for cosmet.Lc
Figure A-lOshows wiss" measurement;s. on" cracks ·.that.·do not affect load-carrying
gypsum wallboard (35). durd.ng an Ùter-'capacity (33)... However, theacceptabil~
lude in. à.progra!l). tO"" del1'bèrately induc'e ity of'l'rack wi~ths varies w:l.i:h mat·erial.

· cracking by ,blas.t1ng. '. Dal1,Y envltonmen- ..Fo1:conerète,O.Z5 ·mDi.is. the. ·limit of
.tal cycles induced.openlng and.. closingof' 'aceeptabllity (57), .. while: 1 mm is. the
cracks' o'f up to 0:1. mm. "W:lss foimdthe' ·lim.t· ofacceptabi11ty. for brickwork
'cyc11e widènlngand closing of'.cracks .to(34)~ . The acc",pt;abiÙtyof crack widths
be una;Efected byblastiIlgaetivity. . a:lso depends dn .who ls: D)aklng. the judg-

.ment of', <'lcceptabHity.; the .pub1ic will
generally ac:ceptcracks uptoO.2 _ ..wide

. . .ill ·concrete,. but the' liDÛt fOI; engineers
:The~espotlse'ofma,Sonry walls t6shear;' ls '0. 25 'mm. (57).

f·lemre,. and/or :.compressive· loads.'has· .. -.-
.. '\
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Màsonryblock and, "!trick' .wall fài1ure
da,ta' ',from .severà L. sour-ces , are p res ented
in, table' A-7, ior ,bothblasting- and
Laboxat.or-y-Lnduced f ai.Lure , "Ji "'ide range

,'of s,train' values:,is:' evident .' from these
, da.t a , ' 'V'ariàtionswere causedrby use Of

"'differimtstrain desèriptors (global
y~rsus' local strains)' and'str,ün gauge~

'of di-ffe,entlengths.Crawford ,(31) re
poz t.ed dynanri.c" "trains of - 300}:;in/in',
:acrossb16à ;'drta.,' joi';ts and, 30 \lin/,in
'on ,i:he'block ;ai: fa;Üure; but thé,authol:,
'correcting for' g';'uge',' length:' .ca.LcuLated
a 'dYnamié strain of'3,270 'vin/in across,
the jqint$ ai,,' failure. '. The.calculated
val\ie was based :on :the' 'assumption th:ii

',thedifferentÜü dfspLacement occurs 'af
'the': mortar joint..,.blo2k.', ,interface, 'not
:'unit'ornily, over 'the' :'entite 6-'-in, s t ratn

, .gauge ,le,ngth;USing a j ôlnt 'width of 0.5
:in, " thé 300-:-,iJin!irire,éLding, :was. adjusted :
by su],tràc,tingthe 5.5 in of ' ~ 30 lJin/in '
st'rain, converttag : ,ta t rue displaéement'

,1>y 'multiPlyingbythe' 6':':iIi gauge Lengnh ,
:aiid tben ~àl<::-ulaÜng' "train .by' divid":'
ing by t.he 0 ~5-iti joint "width s : i.,e.,

Ob.'

, 'ob.

, \1,"., .. b.

Bock"

. ::'

1,0

Stro,in gau,ge,
'Siràingauge '
.' , ' '.

Strain-Ieof 'system,

Kaman system,

, Komon system

A

B

C

o
ç

IL
,AB

FIGURE A.7;.Wal,lbaard specimen cndstruin
systemsfested underIOad contre], , , '
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fat~gu~ .t~stingofmasoriry blockwalls ~
A~ynopsis of t hf.s investig~Ù6n:E(illows.

. .woodward (U)', Lniau ms report, df.s cuss -:
. The·. uniformity' of strain readings ,at "stnis èontrâct investigation ingreater

-. jointsi:hroughoUt thewalland. the rela~ "det ad.L•. ·.Theinvestigators· stùdied load
tion8hip :to global. s trra.Ln was. studied in 'defâi;'Inatio;''' response up·to first'cracking
tests. è6nductE,d undarvcont ract ' atthe . and nonl.tnear. response duringcra,ck width
National' Buraaù of' Standards" (NBS)Tri-growth.· . Additionally,fatigue: .effects
Directional ·TeSt .Fadiity. '," . 'eweree:Kainin.ed ' because:.:previous -res èarch

.: " . .'.. '. results (7"';9, 46-56, (0)'were lilllited.
Fatigue rèsting ~:E M<!sonry WaJ,1s . .

. -. . . . . . " .' . Test~\ we.re run on t.en . 'pf.anar 64'- by
. NBS(St~ctur~. DiV:i.~{on, . Center . for , ·64-i1\ walls(fig. À-,Ù) and five angle
Building'. Technology) -, carried out . the . ·walls.(i4in.high wit;:h 48.,.in-long· legs
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TABLE;\.-7,:" Faill're characteristicsof block .and : br'Lck .walls ...,

o

~~~es~igi~Qr ànd·type.of material
.Dynamic
s txad.n ,
~iti/in

'Strain
gài,ige.

'length

Longitudinal
partiele

'velodty,
in/s'

Type'of' .
Q.racking·

. Mode'. of
deformati<m

.-4CalclIlated value of' s trrad.n de.fotmation occur-rLng . Ln.
. 13"1l1m:?wide mortar j oillt',' ". '. . .
,5Gl oba l strain.computed ..from tVDT displacemènt maa-:
surements at' co rners. and' midwaIIs . when cracking was
observed, . .

./
.;

/ .:

.)

, /
-', /

, /
.. " 1

'; .D.C? .:

·:Do. :

Do.
Do,

. bo;
Do.·

Do.
·Do.
DO,
Do':

])6~

..ne ,
·Do•.
Do .:

Pr'edomf.narrtLy .
flexure. .

Do,
·Do·.
.1:>.0.:

Shear;

Flexure; 'without
. compres s:i:v.e,;·,·loa:d·ll

.. "~o.~ ... ~..
:~". ·.do· .... ~

''',•• do .

• , •do •.;. ,
.' do' .
..... do.•• ~.

~ ••-do••~....

•.... do ~ •••
Minor••••

-Norie'! .. ~.';

· ; :. ~'do •• o' ....

' .••• do .".. '••.

None.", _.' •
Threshold
Mino"r.", ••

·.Ma.1 or.. ;'.~ •

·None·.~. ~.

· Threshol.d
: ••.do •••:.,.
;.,.do~"! .:•

2.0

4.8
"10.6

10.0

3;4
'4,S
7

io

3.'
3
3

.'10

NAp

NAp

NAp

NAp

NAp
IlAp

..NAp··
NAp

. l NAp'

NAp 3 ,.•

NAp 3 , "
3 .

!lApe.' •

>160 NApS ..
>160NAp5 ...
>160 NA,p5..

'. .. 5'
>2~0 NAp "

11S5. ,2300 1NAi?3, "

on

.·.11S0, ·.21S0'.
'1375,21~OOO

14'SO" '650

40' 6 in;"
4S. :6' in'~f:'

1 45' '6' 1.-u:,'
80 6' in"

30 6 in••
.' '300' 6 Ln ,',

43,270 13 ~,
. '100' 6 in ..

>SOo' NAp5~,

,>600 1 NAp 5.,

::~: j ::::::

mounted
walls.,

NAR .Not applicable.
1Wall. longitudinal'to blast.,.'
2Wall transverse' to b l ast ,..
3Global .strain measured by' gauges

steel straps fastened diagonally across

.;..

Crawford (30):
8"';. and' l():"iri concret;e .bLock , •• ~ ...... ', ....... '"' ," •• li

8- and lü-in concret" blockmor.tar. Joints .., ~ '.'

Northwcod :(S9), . stione .and . mort.ar ~alls . .
(per·peridic~lar to shot) . li !:~ ••••'.~'. _.' ~".' ~.~ .••,;'. ,',

..1-, .and. -9--in poured ~qnc-re.t~.~",o',.,'.••.•' '.' ..."•• '~. 1 ••

Mayes. (9) ,8-'1n -ho.l.Low. black. piers (aspect . .
"ratio .2)'..... ..', •., ... ~ •• '; ;:... "1 • ~ •••-~ •••• -••• ,".

HÜdalgo ' (7) ; .. ... .' .' '.' .... ' : . .

·8~inhol.low 'plo'ck' piets' (fu1l.ygr·outëd;,
aspect ratio O.S;· with 'verUcàl rebir),,;. .:',

,4:"in' brick (füny.grouted; aspect; " .. '.
ratio ·O~5). ~ .•• ~.••••.•.. -. •• ~ ••..•.••.•• ~ •• ~ ••••••.,',.

Yok.il (l0); .,..' . . . '. , .
. 8~iD. hollow block wail, .high:"bond morter", ", "
.' . .

4-~~.brick.wali:. . .
-Type, A, ·):;1,:4·ntortar·..~ •• · · · •• :••••••-.•• ··'-
type' A,_ .high bond .~0rtar•.•. ~ ' ~ ~' ~ -.

"Type S'),' ..hfgh-rbcnd mor t'ar - ~ ~ •.•.••• :
T·ype B., high~bond ~-9rtar ~ ~ '•• '"f ~ ••

8-in hol.Low block.4~in.tipe~B brick, 1:3
". iRortar (compoe i.t.e wall) .~. ~.'~. ~ ~ .':: fi' ~. Of.·._-_. - .. '

Edw'!rds:(~8),. 'stone' and 'mortar 'basement wails
"·ta t.o·2'47't1. thick~,.,~.:.;,,_'-••••·,,~~,,~;,,""~'_'~"
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, , FiGUREA-l1: ,~"ln.pfacè5.by5.limo~onrybl~c'k wall atN!3St;idirecfionaÙe~t Fa~ility;, v,
" '\ " ' . .' . .' '". ." . '. ..' ": .

(fig. Ji.-12) ." Botih figtireS ~howaii. epo,,':' ,wère ','ri,.;,' on< inortar (mor t ar' type "li) and
ièd 'ïn':"plac.e ' 'wall. . 'Wallswere, 'laid d.n ' ' prisms "(3 , lùocksstackedvertfcally)., '
.runrrl.ngrbond , 1 anc1sta"cia'rd ,ÂSTM tests AÙ walls'were, mamrfact.uxed 30 days piior

ta ties t Ing ;" ' , '

1Blocks were laid oyerlapping, 50 pçt,
with head 'joiI"l:ts in :alterriate, courses :in "
·ver:tical'. ali,gnment.



. FIGURE A.l.2. , ln-place angle wail wjlh4.fi.l~ng I~gs al NBSTridireciiarial Test Facility.

Stra:Lns were meas uzed .acrcas vthe Jaintscracks. of 0.1 mm;' .UponcOlIlp:Letion of the
and assesrsed:.by LVDT'globiil'dispiaceinent" test;'at.·u:Lti,ll\ate faUure,'a map of the.
af·the w:all.· .'Voltage. outputs .··from ·the'. mq.j.or ·cracking. pàtt:ern was draWll.
Bureaù of Mines .strain systemswere digi-

· tized . by: NES for direCt ":r:eadouts .ofTne test' program was' varied ·ta -defLne
·.stàin. lriiÙàltes'is at., 26 strain sites underwhat. condit:ionsbl;iSting couLd in

revealed' th;itè..·.vertical gauges would,·not duce : failu:re.· Inhially, .global·· dis""
· pick upany sheardisplacement•. Conse~ '~la:cement and straincharacteristtcs at

qùent:Ly,' only. '15 gauges. were · ..needed for' cracking wez:e ass,essed·. Cy'clictests
the:remainder . of:.the. tests." These were were·'then conducted,' ..ith.. and without
pri,marUy..hort:2:ontal.except for vertical· p):"estrains,depending on 'previorisly ob'-

· gauges' mo'nitoring fle~re' stress and' a 'servedfailùre,displacemenis·. Each;test
.gauge On ,the" black'., Pig~re'A-Î,3shows il. . was ù$ed,to: definelimiting conditions,
'typical test aamp Le , ;including' the strat.n" and ..' therefore' few replicate. in-plane
gauge 'Locat.Lons , 'LVDT global. df.sp.Lacè-: shear." t escs were run s: The·.tests were
nenti , and pretest 'crack ,lpcatibiis. pre- 'êonduCted. as foliows:'
:estè.racks "ere Iiiappéd to . delîtieate the
!xient;'of " sb,rinkage.an.d 'vorkmanship .• -Thewalls were 'epcxï.ed in' placeto
:racking .. froin.. one.' specï.men toàno't)i.er. the'uppe:r: and lower footing 'by loweJ:'ing
:racking· obs arved . was similar·'·in "aLL . the;upper ·'orosi3head·.:on the ·bedded .epoxY
'a11s',: but the: extent .varï.ed , Crac);: in,- 'ontÜ'a load ofSOO to 1,500. lbf was
pectionswere conducted at 1/2-h inter- . sens'ed;The iriitiai set took L h, and no
a.Ls or when':ri>ajor' strain. changes ·we';e test~' were run untiiit had.. · nardened at.
bserved , . These inidtest'inspections ,'re.-, )~éasi: 16h;' '.. Loading' "as •applied by the
>t,el! the ,aid ,or;m eye9iece, with a 'inag~" upper crosshead ' .;tnth~ diréctioiiof the
~fication of.' 7 'x toeasily distinguish LVDT azrows .ill figùres A-13 and A-'.14.
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,LVDT qlobcl wcl! displccernérit
locations "

,.Oc----<>', Sfroin gouge [occtlons ,

Pretest crccks observed .ot
mortor-brocktnterfnces .:

F'IGUREA; 13. ~Typical LvDTglobal displacème~lai\dsfraingauge [occtions wlrhpretest
crack observctions, .' . . .;' ',,' .. " . '. . . ' .

• ,Monotoni,cor raÎnp loading : was eX<lm~'faHure' leve:\.- àt·, rates \=quivalent . to
ined ffrst.to esi:ablishin~pianetop~wall-. frequencies of. 0',,003 and 3 .He , . Theiest:
gLobaL dfspLacements ' and c r ackf.ng ' char àc-: .. indieated that·, rate did . not;": affe.ct re

. ,t~ris't.ics'" ,:Fiye ~,te8ts' of' this ,type, we're 'sponse. H9we,vê;~,,"',a.'f·t.~'r t,est;,ing 'was cour
. run,at varioustimes,to confLrm res,.l1ts' . , pléted,it wasobserved,. t.hat one wall did
seen .undez; cyclic: 'Loadf.ng but ïnissed in . have a higher 'faUùre' lever whencsubject-

. p.revious. 't"ests. ed . to f aster Loadï.ng , 'AS di'scussed in
the "next "paragraph, this cycLLc rate.

,•..The'effect· .of st:rain .rate was ..as- 'eHect is beLi.eved tôbe small '. when con-.
. . .sessed glbb<lÙj sine", -t.he. qcÙC response .. s Ldered ,foI:' .:bl<lsting, sinç.efrequenéies

Q'f the ,. system was linùt:ed te,'irilder S'Hz . of, '6.5 Hz . were acht.eved in: 'cycl:i.rig the'
'foi large cycl:ic displacements. The'wall wall that"had the. higher failure level.
'Was disp'1aced' to'.up te' .one-hal.f the

:."
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J:i-mitations and alack of cracking, the

, ,ampl,itude was incre;;rSed"unti'l- a diagonal
'c'rack,- b.06,':in ",ide occurredv Displace-'
.ment 'levels, were, beyond' tùose expect ed
from blasting (i,.e., assuming s LmpLe har-:

'monie' mo t f'on and that, "displacement oul.y
occurs 'at .the uppe r 'corner of the base
ment ,wall, 'a 1.0~în/s groun(motio~gives

, a' di,splaeem"nt of 0~024 'in .at; 6.,5 Hz). '

-,A'Prestrain' was ,th~n added by dis
plaeing the waIl: f"om 0.002 to '0;044 in.
Cycling re,suined at ±0.003in df.spLacement
for 100,000 'eyclesor: te>: faîlure. '

'.. Simi~armonotonicatld cycliè tests,
,we;"e condùcted on the angle waJ,ls. ,The
'first wailwas,failed m?notonically along
the' diagonal (fig. A~14); , The 'wail 'dis
p,layed,:,failure 'displacem"n,t' , levels equal,
t'o thé ,-resultant::of the d.np.Laue resist

-anca 'of '''''.ch leg., Consequently, ,remairi
'ing ,tes,ts' we,e '" conduct.ed inplarie along,
'Que leg (fig,. ,(l,-l.4)., Tlle ouzscandang leg
Was' f ound to 'have'little effect .on 'the'
in-plane, leg' s'i;,alI .capaef.ty or' failure

'·'mode.'. . . . .

, The ,', 6bservations of cz-ackf.ng ,'and giobal
versus "local ~,train' readangs fr,om these

'tests are, des cr'Lbed ,below. '

',Cr~cking

" ..:. . . ,

iN-PLA~E ~I~PLACEO. ONE LEG

FIGURE A.14.,' L;'~ding orienta~ioris of angle
wall~longtbe diogqnai and in~p[am;(one leg).

. . , .
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TABLE A-8," -'Masonry'waÙ: test parame t ars q..!)

IMax~mum·.·

2At po·iIit. of ,;,a~mumin-pla~e load';

-

'Preco'inp:r:ession
. .....

Loadâ.rigrhd.s t ory' In7iane'. AxiaL .In-plane diS placement ,2 in
Wall aXial 1.08.d',· . and 'type '. . load, load·., 2 .- .Raln Wall'

lbf " ; lbf l lM
·.1~ .- '14 Cyclic, .preStrairi . .24.4 28.8 0.087 0 •.050
. 2, , ·14.' .' M6nbt'oniè) .ramps'.: . 22.2. 29.6. .226 .073
3~.

.
14 . Gytlic, p)::estrain 21,2 3~.6· ,135 .061

4 •• 14 ~'•• do'.' .......,•.~ •• ., ..... 27.0 35.9 .:162 ,'106
.5 ..'. .'4, '. Cyc.Lf.c , revers ed• 17.5 1{i.9. .0.82 .053
6. ~ 5 Monotçnic,. ·.ramps li 27.3 33;0

-, .' :167 .129
T•• .. 18 CYcli.c, preE(~.ra·tn. 30.0 37.2

.
,1~1 :°87

8 •• 13 .Gyclic',
..

r ever-sed.; . 19 •.4 .- 21.8 , .093 .063
9.; ·16 . . CycLf.c , prestràïn :23,2 54.1 .256 ;136.

10 •• 16 ;,.·.âo·••:•••••' ••• ·.~ .2L7 .35• .5 . .138 .080
11 .. 16 ,Monotonie ••• '•• la"'; '. 19.1 :iL7 .1.29 .084
12.~ 16. '~ ..do ~ •.:. ~........... ~ .' , 17:6 30.6 .129 .084

..

Strains

. ' , .

simila;" t o the one. observed·in· thesouth~ gauge :i~accuraciès".:this' compares to the
east . base';'entwallof . ti>:e test h~us".·pr"dièted visual· chreshoâd -. of-700.to.
However, a crack ofthi,s. kind.·. wotild riot :7,600 ~in/i.n. ·Host··of .. the,' "train oc-

· be 'gcinÈÜ',\,te,diri' a·'hous" by. in:':pian"shear cur:r:ed. across joints " which··!:)a<i· an as
aione becaase th" . large vertical. compres-v. . sumed ave-rage Width·· of" 13.'mm.. Strains

· sive' loads'needed to·proquce thistype pf . me~sured ori·the wails varied ~onsiderably

'faÜÎirè{>65 Ib/in2) «re notpresent in a.ftomÙmsion to compression,' Thefefore,'
·.typical res.Ident f al house., .. .. rea<lingshad .tabe asses.sed· over .the. en~

tirewaÜ' t o predict 'what . df.agonal, path
tl,e ';'aj'o" fa.llure crack.would· follow,
As· .:it '. turned out , predict:Lug. 'the, exact·

S·trains. zead .at; local .s f t es . ahowed au ... diagonar. for.. finai faillre . was d:i.:ff.icult,
-inflecÙon' point .at . - 100 l.Jiri/in, but'.·· due to boch loading .·h:i.stôry, ·.and over-a.Ll.
·v
5
. 1:

0'·sollat
l
o

crackf.ng occurred<iny'where'fromdiffer~nces. in·. s-amp.Le cond:i.t:lo·n;: ..There
1,000o-irl:n/in•. Allowing .for varia- .. a.ppear!=d . to 'be a' '.Ulinimal . ·global . dis

.tLous . in· mor t ar tliickness' and straf.n placement or . stirat,n at whie,hthe .majqr

,.s· .
'.+,004.5

:i'
t
;: 0

, .:>:::
~.,

0::" .-'-'.00.45q

KEY
00 ..elnside

ooo() 0 0 ...., 0 Outside
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diaional~'~'t-a~k9CCUrred(~60011in/in:). ,tüdening~f èrack~,' inmasonry joints
Cyc1ingat .Lowg.IobeL strains (50, 'to 100 has > bèèn: discussedby others ,(28, 62).
vin/in) appeared not' to aff ect the' global ';Figure ,A~15'shows 'Wall '8' (28) meastire.,.

'failu,r.e' s t r aï,n " nec,essary, forcraC:king. ,ments of changes in, crack.width in con:"
CYè1,.ingat ,50 t o .rOO' llin/in 'about an. off.,., crete, block'walls with' daiiy' tempera
set; displacement' near the 'glÇ>hal'failure cure variations' in' a' desert, envf ronment ,
leve1' appeared ta sh1ft the abs o.lut;e glo- ,A$ in . hous~~ w:j.th: wal.Lboard•. datiy en
bai failure strid:n' ta a '!iigher, \rait,e., , vironmèntè,lcYcHng,induce.d crack width
Whi;j.e:in-:plane shear ,fÙ1ure,is ',not 'àp-, changes i.vof up to '0.1 mm.' Long , term
pLâcab'Le :J;orhouses due 'to the, highcom'- ~hangesin ,brickwork piers, are~fected,

pressive 108ds: it requhes,:.the s trairi, bymoistùre" 'flùctuating temperaüwzs,
, results are stüi v'ànd. Research;;Lt NES ',type, of bi:ièk 'arid mor-tar , , and' the pi:es
'sèhedU:Ùd for fiscal 19$4'wùl continue, ence 'of a'dampprootcours,e {63-64).
e"';mÙl~tiàn',of masonrywaj.ï, .f.at.Lure (61).' ' '--,

':»:

....



•.......................•.........•...............'........•............... >
. ABPENnIXB ,--DES1Gti ,DETAILS OFTEStHOUS~.·

77

. ..

~ ,

" ~,

'.
.'

: \'::'1'-0"-

. ee== .
,-

~ .ra in Hctdbocrd lep sidiflg
,

.b==.. .,
f=='=='

. '. .

NORTH, ËLÉVATioN .'

W.EST. ELEVATION

·.FIGURE B.(" North and wes; side elevali6n.views{a;chit~~I·sdrawi~g)•.. :
. .. ,.. .'.' .

',; .

. )



".....

"

~

~
~

'~,

"
-

--12'- 0 0
]'- .;. ... ',",

A ·~l''-.O''·. =+=
"

-"--
, l .." 1 ,""", ' •

,h",,,-'":;do: , "=~~'-:
. -SaUTt-!' 'ELEVATION

",,~

o

'OJ'~'D" ,

," ,.~-

- =~t;c: 1

,,; "li ", " =--=:
, '

o
"~

, Il> ')

,

: ~ .

.... ,'

".~ EAST ..ELEVArJO:~

FIGURE 13.2•• Sovth, and east s,ide ej~vationvjew;. ,','



-'

, i

79

" -.

-
=~. ..... Master·
,-- . Dining'

,,-
'KitPh,en . bedrcom,- room Bath,

~
, "

,

" - r -•
Holl" , ,

!"" •
.. '\r, , ,

-".

Bedro~m" ..
'"

~ c--'
,

" ücwn-
~

" " ~

:F.o ye ,
1 1

.... ' '-'l, ,
..

2-24(~8C,
. ,4:-29~xI6OC "
·IOt,.'O'~ . .' .. ' ,1 , 8~-O" ..

4'-0'" 4'-0" 2'-4"1 13'-8"...
..

24*-O'~ 20''-0'( <i-o'! fS'-u".
"

68-0

" ,.
24'-0'.' 44'-0"'"

..
,

..
:.17'.:-4"16!~6" . 1'01_2'"

-, ": ·'·~(2~t~~}.'· "(:2~t~~ ,

"'~"'. .... . ", .: .
1: 11 1 i6xS' Cant'. ftg's Ile' IO"Co'nc btks

1
1 3~-6" Selo'w ground - .raxe cene: ftÇl~ 1 1.

e" c ee, bl1<.s; 3 fCo,ne. 'tlocr
] " 1

~ "

1

]
1

1
4" ccec. curb .

"
~2:);6 a116"0.<:., 'Y" COOO M' '9~6" ",. :}16X8 Cor:u:.hos

UNE'X'CAVATEb. ,', 1±.h b
~2i16X- t..J- ,. ~22.·~2.i. ;;,

N

2"Q. .s-,
" r:-

"'6 z =9:
'"-'

, ..
~ ,

2x.4 at IS"O.'C. 1 ~
1

" • S·x,lO"Conc. blk~i ,]
1.

"'? .1
"..

" 'It (8~8 ceee. fias 11
,

7
. .. " .. 1

FE';. 01 jo;;~4-2;r3~C .. ,j
~l

-1
1 2:~r3~C" .: -"0,.

'cantilever eeove : . Il' .. e'-o"
". 10"-0"" .' '" .' ~!'~ -: 1

r. ,
<;>O~Ô" s-o" 16'-O~

,

,FIGURE·B+ ~Basemènt Hoar plori.
" ,

1

',,' .'



<. 80
<,

."

~.···...• 0.·,
. ~ . , '. ' .

'. ". .'
. .'

: ':.,' ... ' ".

j
t-.

..·:·······LJ2'-O".·.
.;.... :-;:......~~~~===~

. .~

, ;

7 R's
3-2xia

3!IlCom:i: fJoor
,.'2 '.' .'

......

FlqURE B.5.•• Desiçn deiails:

.'.

......



F1GI:JRE B~6.

81

. c-:Ô, KE~

<"~>"\'.. 1
t;.~>~"»'(" ;7: 4~ x ?'.sheet plywocd and, .

. ,'...~ " cddltionclbrncinq -ce needeu

. NOTE:' Tr~sses andjoist's 2'·x 6'~.
AI'I'j<Ü~ts under .plywcod .
'sheej bolted .fo top plote
as, "in insert,' .

Roollra~i'ng ailér l)1odificofj~ris~



82.

. ~ ..

~ ..

.....~.

11}····0

FIGURE 8,7. ~ Structural n\odjf,icati~ns~frilOinfI~QL a~d bosemenr to cccept shaker;.
(Modilicatj ons shcwn as darkened feotures.) . ... .. . '. . ..' -",. .

" ."

...~.


