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ABSTRACT 

There is considerable evidence tha t more 
rational damage criLeria need to be genc r cltcd 
with r egard to l ow- rise struc tures s ubjec ted 
t o blasting vibrations . Ther e is not suffi­
cient bas i s !or s peci fying a n1a::imu m ground 
particle ve l ocity damage cri t erior1, such as 
2 inches/secon~ , ~nd such s~ecific~tions h~ve 
p roven to be unacceptable i n a number o f rec ­
ent cases. A peak ground velocity guideline 
does not c urrentl y take into account a number 
of sisnificant parameter s , including the pr9 -
d ominant f r equenc i es of the ground motio n ex­
cita tion a nd the structure being excited. 
Alt hough a number of states have adopted, or 
are adopting, maximum partic l e velocity cr i ­
teria, su ch criteria h ave b0en ruled ina~equ­
ate i n certain l egal decisions af f e c ting 
blas ting operati ons . The developmen t of more 
rational damage criteri a is thus of signifi ­
cant i mport<>.nce . 

Morc ·rcf incd procedurez have been u til i ­
zed in d0ternining tha damage potential asso ­
ciated with the ground motions resulting from 
underground nucl ear detonations, and efforts 
arc conlinuing i n that area . A recent applied 
research effort (Medearis, 19 76) involved the 
structural r espo nse and dam&ge p redic t ions fo r 
nuc l ear gas st j mulation Project Rio Blanco. 
One instrumented res idential structure (Med~ 
earl s , 1975) on l y 6 miles f r om thE! deto1 •8 tion 
sustained a maximum ground particle ve loci ty 
of 3 inches/second with no daMage . Of in ter­
est was the fact t he maximum ve locity record­
ed on the house r oof \vas o n the o r der of 9 
i nches/sec ond , i. e . , about t h r ee t ime s as 
great. Such amplifica tion i~ obviously of 
importance in assess ing damage potential . I t 
thus follows Lhat structural damage cri t eria 
should i nc lude considerations o£ the respon!;e 
of structures, as we l l as t he r0sponse of the 
groun-~. 
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The ground motions p roduced b y nuc lear 
explosions are somewhat different f rom those 
produced by commercial b l asting, but the 
b asic str uctural dynamics so l ution principles 
are t he same . Ve r y little analys ~s has been 
done with r egard to detercining the dynareic 
character i stics of blas tinq ground motions, 
however . A signifi can t part of this research 
effort i nvo lvo:><i th e d ctP.rmjnation o f thPsP. 
characteristics for a s izeable nucber o f act­
ua l b lasting records u sing appropriate theor­
etical a nd computer analyses. 

The dynamics of lo1-:- r ise residential­
t y pe structures are also relative l y unknown . 
Such s tructures are typically character ized 
as having f undamental frequencies in the 
rather broad range of 5- 30 Hz. Such ' a r ange 
clearly n eeds to be narr owed fo r response 
predictions . Pertinent paramet~r~ suc h ~s 

the height of the s truc ture , type o f ·const­
ruction , etc. need to be con sidered . t-lodern 
micro - v ibrati on t echniques (~edearis, 19 76) 
wer e util ized in the i nvestigation of a 
reasonably l arge number o f exist ing low-rise 
s t ructures. The freque ncy and damping char­
a cteristics wer e then dete r mined u sing the 
micro-vibration r ecords . 

The d yna mic characteris tics of b l asting ­
g rou nd motions and low-rise str u ctures were 
then utili zed in conju nction with a vailable, 
reliDble d ata defining actual thr£shold dam­
age to develop a rational d~mage criteria. 
These cri te:ria a!:e based o n appropriate stat­
istical models of t h e sizeabl e amount of data 
obtaine d dur ing tho course o f the investiga­
tion. They thu s have c onsiderabl e basis, bo t l 
experimental a nd theoretical. No previous 
research effort known to t he authors ha s such 
a basis, thus the resu lts shou ld ue of signif ­
icant value in predicting, and p r eventing, 
damage due to blas~ing viurations . App l ica­
t ion of these cri teria to specific cases is 
desirable to f urther r efine the data base. 



ANALYSIS--HOUSE DYNANIC CHAR!'.CTERISTICS 

A total of 63 residences were subjected 
to micro-vibration testing and ana lys1s in 
order to assess their dynamic charact '=ristics . 
The vibrations w0rc induced by slaQming doors 
o r by bu~ping appropriate structural components , 
the resulting mot ions being recorded u s1ng sen­
sitive seismic units . A numbe r of readings 
were t aken along the major axes of the house 
in each case, ~1th the seismo~eter(sl placed 
on floo~s inside t he house, or/a~d on the roof . 

Measurements were t ak~n nn residences in 
four states so as to include a vari0ty of 
constructio n types . Spcci!ically , micro -vib­
rations wc1·e recorded on 40 houses i n Colorado , 
1 1 i n I llinois, 7 in CalJforn la, and 5 in New 
Kexico . The house ages ran~cd from l ess than 
one year to nine ty- six years. Pertinent des­
cr i ptive data were tabulated and each house 
categorize d with respect to h eight, 27 being 
classed as 1-story, 8 as 1!~-slory , and 26 as 
2- story. Twn units we re eliminated as beinq 
of untypical construct i on. The construction 
types included masonry be~ring wall , v1ood 
frame , and wood f r ame 1vith masonry or stucco 
veneer. All but h;o of the houses had cra1-1l 
spaces , partial basements, o r full base~cnts. 

In general, Lhere were no observable 
tendencies oC fundamental frequency to vary 
directly with age or location, although taller 
houses have lower frequencies and older houses 
often tend to be taller . 'l'hus, fo r example , 
the house sample from Il lino1s was found to 
have a relative ly lov; av~::rc.ge frequency, but 
that is clearly d ue to the height of the hoc pcs 
tested r ather than local constntctio:~ techni­
que& . There appear ed to be no correlation of 
frC<!uency with ylan di~ension , possibly because 
houses are u sual ly partitioned into somewhat 
square rooms regardless of Lhe e xterior dim­
ensions. 

It was detcr~ined tha t f u ndgmen tal freq­
uenc i es were normallv distributed a bout thei r 
means for the three divisions of houses by 
story height. A linear reg r ession 1,•as perform­
ed r elating f r equency in Hz to height to the 
r oof peak.in feet , with the intercept, a, and 
the slop<:!, b, being dctermin\:d in the lE:asL­
squares sense. The best fit line for all 
houses, as well as li n es of plus or minus one 
stand~rd deviation, a re plotted in Figure 1. 
The structure frequencies r<1ng0d fr om 4 -18 Hz. 
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D<1mping values for the houses showed no 
clear tendency to vary with location, a~e, 
dimension, or freque:~cy . A lognornal dtst­
ribut io:1 1-1as found t:O give a satisfactory 
fit to the observed C.ata . The median darn!_:l-
ing valu e was found to be 5 . 2%. House d~mp­
i ng values , in general , would be greater fo r 
motions of a magni tude tha t might cause damage . 

AN.l>.LYSIS--GROUND HOTIO~ DYN.i:>-'IIC CHA?..A.CTERIST:rCS 

Vibra-Tech Engineers, I:1c., of Hazleton, 
Pa., provided recorcings of 74 com~crcial 
blasts occurring in the eastern Untted States 
o ver the period of 1~74-19~5 . Of these blasts, 
44 were associa ted with quarry operations , ll 
with strip mining, 10 with pi p eline or sewer 
work, 6 with general construction, and 3 with 
r oad construction . The detonations typica lly 
origina t e d in firm rock and ~ere monitored on 
soil near a residence o r other structure . 

Three orthogonc. l components o! velocity -
vertical, radial, and transverse - plus the 
sound of the blast were reco rded on cassette 
tapes with Vibra-Tech Mark II four channe l 
electronic recorders . The cassette tapes 
were played back on a Dallas I nstr~~ents TR-
4A reproducer, and digital records of the 
velocity produced utilJ zing analo~- ~o-digi t:l 
equi~r.tcnt· . The resulting d.igi tal =ecords :·:==e 
of 4 . 8 seconds duration with 1000 ~oints oe = 
second. Digital acceleration recc~d s wer~ 
generated from the velocitf records using t~e 
s ame t) me interval and a dura ti o:1 on the ord.er 
of one second. 

The peak amplitudes of v elocity and acc­
eleration were then curve fit to the form 

x,x = a L b vic ( 1) 

wher e x, x are th e peak groun d veloci ty in 
inches/second a nd the peak g round accelerat~on 
in g' s, respecttvel~, L is the dis~ance f r=~ 
the d otonation in f eet , ~ is the ~iXlmum ~~:gh : 
in pounds of explos~ve per de l ay, a~d a, b, 
and c are arbitrary constants determined by 
regression analysis in the log dorr. ~in . The 
resulting expression predicts the ~edian of 
a pe~k ampli tude which is lcgnorrnally dist ­
r ibut ed ~t·any give~ charge and distance . It 
was found that peak ground acceleration a tt­
enuates more rapi dly with distance and is more 
widely dispersed tfi&n peak g r ound ~e loci ty. 
The predicted median and standard error of 
estimate velocities are pio~ted in Figure 2. 
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The next step in the blast recor ding ana­
lyses involved the d~velopment of response 
spectra for the records . A response speccr um 
ru~y be defined as the curve represented by 
the locus o! the maximum resconsc values (dis­
placement, velocity, or acce ierationl of a 
single degree-of-freedom system , with or with­
out d amping, when s ubjec ted to a trans ient 
ground motion forcing function, as determined 
for various values of the system natural fre­
quency . From Lhe r esidential and other damp­
ing studies (Medearis , 1964 and 1966), it was 
concluded tht.L 5% damped zpectr~ ~re relevant 
f or r esidential s truc tu r es,and coc~crvative at 
damage- inducinQ l evels o f ground mo tion . 
Pseudo spectral relative velocity (PSRV) was 
utilized in this r esearch effort, ra Lh0r than 
true soec tral relative velocitv (TSRV). Peak 
values. of PSRV and TSRV arc no~mally quite 
simi lar in magnitude, and PSRV are easily 
r elated to system spectral relative d isplace­
ment and ab;.olute acceleration. Specifically, 
Lhc spectral relative d i~pl~ccme~t i s obtain­
ed by dividing t h e pseudo relative velocity 
by the system circula r frequency: t h e pseudo 
spectra l absolute acceleration is obta1ned 
by mul tiplying the pseudo relative velocity 
by t he system c ircular frequency . The mean 
and one standard d~viation curves of the 5% 
damped pseudo relative vcloc1ty are plotted 
in Figure 3, along with the maximum spectral 
values. Peak response occurs at about 40 Hz, 
although response is fairly constant from 20 
to 50 Hz . 
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Figur e 3 . Blasting Operation PSRV-5% Damping 

In order to evaluate the variation of 
the spectra with charge and distanc e , th~ 5% 
damped p~eudo relative velocity response to 
radial ground motion was curve fit to the 
form of Eq. 1, where~ is now the r esponse at 
a specific frequency . PSRV values 1-:cre eval­
uated for sample cases with a charge of 1000 
lbs and distances of 50', 500', and 5000' . 
They were then normaliz.E'd by di vi cling by the 
predic ted median value of radia l ground vel­
ocity, the r esults bei ng given in Figure 4. 
These curves indicate Lhcrc is considerable 
variation o! response with distance for freq ­
uencies of 20 Hz or less, i . e ., t he frequency 
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range common to r esidences, as previously 
discussed. '!'his clearly indicates that . 
neither peak ground velocity o r peak ground 
acceleration are optimum predictors of damage 
to residences . 
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The residential structur e r esults were 
then u sed to determine probable res~oence r e s­
ponse. Histograms of 5% darr.ped pseudo relative 
v elocity response were obtained for each story 
height utilizing f r equencies weighted a ccord­
ing to the aiscributLons for the di~ierent 
categories &nd summing the resultln~ r•sponses. 
These respons~s were then normalize~ by div­
iding by the median peak radial gro~nd velocity, 
a typi cal h i stogr am being g1ven in ~igure 5 . 
This histogram may b e interpret ed a~ Lhe dist­
r ibution of r esidential respons e to a unit peak 

.ground velocity . It may ce no ted the distribut­
~on is approxima tely lognormal . All of th~ 
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F"igure 5. Normalized 5% Damped PSRV Histogram 

previously noted concepts ~ere then incorp­
orated to obtain the predicted median response 
of the various house groups in the form of 
Eq. 1. 

Severa l aspec ts of the response spectra 
generat jon should be noted. Good statjstica l 
c onvergence was atta ined usi ng about 30 records 
although a ll r e cords were uti li zed ~or certain t~ 
No significant difference in amplif ication was 
found between results for component~ 1n the 



three orthogonal directions . It should be k e9t 
in mi nd the r esults presented are va lues for 
blasts in r ock, the assocint~d ground motions 
b eing r ecorded on soil . Soil t ends to have 
natural frequencies similar to those of r esi­
dencies, ~:hi l e the natural freq u encies of: rock 
tend to be h igher , i .e., g r ea te r t han 20Hz. 
It s houl d thu s be expec t ed tha t spectra for 
blast vibrations transmit t ed through r ock 
would exhibit peaks at higher frequencies, and 
h ave s ma ll amplitudes in tne r esidenti al f r eq­
uency r ange l han the s pectra presented . It is 
probab le the reverse might re~ult if the det­
onation were , !or some rc~~on , in soil. It 
mus t b e remembe~ed the c iL~d results arc pri­
mari ly applicable to v ibratio ns in soil result­
from detonations in rock . 

THRESHOLD DA:·IAGE CORRELi'\TIO:-: AND CRITERIA 

Intuitively , structura l damage due to 
blasting g r ound motions must be related to the 
r esponse of the structure as a result of its 
u nique vibra tory characteristics . This concep t 
is s omeHhat verified by te:sts 1·1here1.n blasts 
c lose to a st:ructt..: rc re:; ultcd in luc a li z:::d c;;.:n­
age to components emphasizing high frequency 
r espons e , such as basement ~!alls, whi l e blasts 
farther away caused da~age to the superstruct­
ure . This may be at least partia lly explained 
by the increase in spectra l re sponse a ffiplifi­
cation with distance i n the range o f f r equencies 
of most residences . This variation of rcspo~se 
wilh d is t ance in the range o! r esident ial freq ­
u enci es, i.e., with incr e asi ng response ~clow 
10 liz and decreas ing response bct~o.'ee n 10 and 
30 Hz , cannot L~ accounted for by any dv~tage 
criteria based solely on p~ak g r ound motion . 
Consi deratio n of t hese poir.ls i r.dica t ed tha t 
~orrAl~tion of p r edicted spectral response 
with t hresho ld structural ciamage meri ted care­
fu l consideratio n . 

Pas t studies , ho1.,eve r, h a ve te nded to 
correlate peak ground moLion par3me t ers with 
damage threshold~ . A rev i e w of these studies 
was thus carried out i ni tially . The best 
sources of data were deemed to b& Swedish 
(Lange fors, Hestcrber g, and l;ihlstrom,l9!)8} 
and Canadian (Ed~3rds a nd ~orthwood , 1960 , 
and Northwood, Crawford , and Edwards , 1963) 
s tudies . These data s uf ferE'd from cer tain 
limi t atio ns , the primary one being a lack of 
tho rough damage correlation for one - story 
r esidences . AnalyEes were performed to obtain 
a general idea of daRage thresholds for low­
rise structures . f"o r the r ange of applicabi ­
lity of the tes t s, the probability of damage 
at partic le velocities less than t he commonly 
specified 2 inches/second was found t o be on 
t he order o f 2% . "It should be noted this 
probabili ty value has s i gnificance only if 
peak particle v~locity i s ~tatistically the 
most valid damage predictor. 'l'hese r esults 
thus r aised questions with reg a rd to several 
studies that have indica ted significan t damage 
at peak particle velocities almos t a n ord~r 

·of ma gn i tude less than 2 in/sec. However, 
ana lyses of these studies revealed , in general , 
ei ther questionable damage asncssce nt techni­
ques , ques tio~ahlc or incorr~ct sta ti s t ical 
ana lyses, or both . Virtually none had u t i l i:::cd 
pre-and post-sh0t observaL ions of damage , rely­
ing primarily on damage claims or complain l s , 
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generalizations, etc. It is unfortunate that 
much of the nuclear detonation damag e data is 
deemed to be somewhat unreli able because of 
t he lack of scientific basis for establishing 
credible damage (Ham . .'non a nd HamQon , 1968) . 
Damage has frequent ly been acknowledged solely 
on the bas.i s of p<J!:> t -~h<J t i11vesLiga Lions , a 
r elatively u nre liable procedure in most cases. 
Also , ground motions for all locations wi thi n 
an e nt ire town or area have been based (in 
some Ca$CS , necessarily) on a single record . 
It is also kno~n , fro~ actual experie~ce, 
that a nuffibe:r of c laims have been settled on 
t he basis of public r e lations , po t ential legal 
c osts , etc . The r e is some ra tion a le for s uch 
s et t l ements , especially with small claim s . 
Unfortunate ly, the claims have subsequen t l y 
been cited as l egit imate damage, resulting 
in invali d statistics . Onlv dat a from ore­
and post-shot blasting da~age observati~ns 
were thus considered in the prediction effort. 
Here data of this kind need t o be la~en. 

No p r e vious r ese arch effort has a~pa-
r ently corre l ated da~age w1th the actual 
fund<Jmental frC>quencics 9f resid~11ces . 

~ls~ , ~~st d~rn~gc i~~cs:ig~~io~3 h~ve t~ndad 
t o give only minimal descriptions of the 
houses tested . It was possible to estimate 
the f r equencies of seven tested houses (Ed-
1-lards and Northl·lOOd, 1960, _a:1d \·:iss, 19721, 
ho~ever, using their heights, numbe r of s t o ­
r ies , and the p r e v iously develo~ed f r e;ucncy­
heigh t relationships. Two orthogonal ground 
motion components, r adia l and vertical, had 
b een measured fo r each of t he t ests . Eleven 
differen t tests were considered, and the re­
sults organized into several d ata sets fo r 
sta t istica l analysis. In several cases, 
some judgment wa s necessary in estimat1.nq 
pertinent parameters at the threshold damage 
leve l, Sl. nce the t esting did no t always 
clos ely defint the poi n t of incipient damage. 

Predicted r esponse and ground mo tion 
parameters were comp~ted fo r e&ch test usi ng 
the previous ly developed r elationsh1ps based 
on cha rge , dis~ance, and res idence estimated 
frequency . S~atistical studies and compari­
sons \.;ere then aadc bet\,een various damage 
predict ion alternati\·cs . 'l'he statistical 
dispersion of damage predic t ion using predict­
ed PSRV was foun d to be less, in t erms of 
both standard erro r o! es.tir..ate and coeff i ­
c i ent of variation, than predicted PSAA, pre­
dicted and measured peak g round ve locity , a r.d 
p r edicted and measured peak ground acceler a ­
tio n . In p a r ticular, spectra l absolute acc ­
eleration was found to be less pr~ci~n. pHrt ­
ially because of the effects of high freque­
ncy c omponents . Statistical correlation of 
predicted spectral relative di s p l acement was 
found to be good, but data for damagc-1nduc ­
i ng di splacements are both sparse and variable. 
Pseudo s pectral r espon £.e velocity (PSRV) is 
t hus deemed to be the best p redictor of damage 
due to blas t ing vibrations . 

Lognormal distributions were found to 
fit the PSRV dat a quite \·:ell . These nodels, 
deve l oped using c ontrol band t echn i que£. , r e ­
prese n t a bas i s for est i mat i ng the probabi l i t y 
of threshold damage at a gi ven predicted 
pseudo r elative velocity r esponse . For a 
predi cted PSRV of 1.5 inches/sec ond , the 
probabilities of damage for the data set~ 



analyzed ranged from 0 + % to 1.0%. The log­
normal distributions of predicted PSRV were 
.previously d eveloped for the vKrious hous e 
groups . The dis tribution of damage , given 
pred i cted PSRV, was then statistically com­
b ined with the distribution of pr edict~d PSRV 
fpr a g1vcn charge and di stance l1mit to ob­
tain probabilities of d amage . The distributio n 
most c a r efully investi gated was tha t correspond­
ing to a limit of cha r ge and dis tance such that 
the one standbrd error of es timate resconse is 
equal t o 1.5 inches/second , i.e., the ~robabi­
lity of pred icted PS RV l ess tha n 1.5 in/sec 
is 8 4. 1%. By combining t he two p robabilistic 
distributions, the upper bound probability of 
damage was found to be about 3. 8~ . This value 
is deemed to Le qui te cons ervative since it 
reflects bo t h the scatter in r esponse fo r given 
blast p a rameters a nd the v ari ation o f damage 
with r esponse . Further , that figure i s con­
s idered to be a reasonable r isk to assume for 
convent iona l bl a sti ng, a nd a ny associated dam­
age should b e very mi nor i~ natu re . I t s hou ld 
be noted that if the a c tual measured, or com­
puted, PSRV values were 1.5 in/sec or less , 
the damage p rooao1lity i s estimated at no mo~e 
t han 1%. It i s thus recommended that charge 
and distanc e be limi ted such tha t t he standard 

-error of estima te , single degree-of- f r eedom, 
pseudo relative veloc i ty r esponse is l ess than 
1.5 inches/s uc ond. 

velocities for the various house groups vs . 
distance are g ive n in Figure 7. It will be 
noted the 1·eco mmended vcloci ties are s ome­
wha t l ess th~m t he commonly cited 2 in/sec 
f or distanc es greater than about 500 ft., 
a nd the a llowable values decrease with dis­
tance . 
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Curves r ela ting minimum requi red 
t o charge per de lay f or the suggested 
standard error PSRV limit a r e plotted 
ure 6 for the various house g r oups . 
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I t is also possible to estimate t he pre­
dicted one standard error of e s timate peak 
ground velo cities fo1· th e various limi ti ng 
charges a nd dis tances using previously d esc­
ribed relationships. Cu r ves depicting these 
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There are a number of items that should 
be pointe d ou t in regard to this damage cri­
t eria study . First, the primary objective has 
b een to generate relevant information with 
regard t o d amage threshold c riteria . It has 
not been concerned with the criter1a f or 

·structural fd ilure . A . vast majority of com­
pla ints a ssocia ted with b las ting grou nd mo­
tions (conventional o r n uc lear) involve r e ­
latively minor items such as hai rline cracks 
in maso nry walls, stucco, gypsum wallboa rd, 
and plaster, occasiona l oreakage of window 
glass , etc., and not f a ilure , or even potent­
ial !ailure, of the p rimary structure . It 
follows the elastic r ange is of ~rimary im-

. portance , and that inelastic act ion need not 
be considered. 

Second , this study is only concerne d with 
the effects of conven tional blasting on resi ­
denti al st ruc tures. As such , i t has concentra­
ted on dete r mining the characteristics o f blast­
ing ground motions and re s iden tial structu res . 
Co ntrary t o popular belief, very little res pons e 
data are a vai lable fo r either . Of significan c e 
i s th e fact that results obtained for residen~­
ial desi~n and cons truction in quite different 
parts of the United Sta t e s were found to be 
quite s i mi lar . Th e r e \~il l be, of course, cer­
t a in exceptions, but these should re?re sent a 
distinc t minori ty fo r a g i ven si t uation . 

Third , this study h as not devo ted major 
c onsideration t o the possibi lity of fatigu e 
d amag e t o structures a s a resu lt of blasting 
vibrat ions . It is well known that component 
f atigue damage potential is related t o the 
c omponent loa d ing l evel. Research tes t re­
sults obtained b y a n umber of investigators 
(for example, Medearis , 1964 and 19G6 ) fo r 
c yclic loading of t ypical, fu ll-scale, resi-
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dential structural components , i ncluding wal ls, 
indicate little proba bility of such damag e occ­
uring. Residential structurar components are 
usually lightly loaded in rela tion to their 
capacities . For example, the wal l s tested in 
the cited studies all ~u~tained more than 3 
~imes their design loadings wi thout failure . 
The increase in compone n t stress levels due 
to blasting vibrations should be relatively 
nominal by compar ison. Further, non-struct­
ural components , such as gypsum wallboa rd , 
should only incur dynamic stresses . As in­
dicated, such stresses are typically well be­
low component yield and u l timat e streng ths 
and, as such, should not pt·eci pi tat e damag-
ing effects due to the cyclic blasting vibra­
tion loadings. 

A rational basis for precluding damag~ 
has been derive d, subject to the limits of 
available data. That basis 1ncorpo rates the 
dynamic characteristics of res jciential struct­
ures and blasting ground mo t i ons . The asso ­
ciated ~LiLeria are ~omcwh•t more restrictJ v~ 
than current practice with regard t o on~-stcry 
r eoidences, and somewhat l ess r estrictive 
wi~h respect to two-story resicirutces. 1~ is 
a nticipated the results will b e of significant 
value, but it should be noted that additional 
research in this area is desirable . 
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