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ABSTRACT 

Th is  r e p o r t  p resen ts  t h e  r e s u l t s  o f  a  s t a t i s t i c a l  c o r r e l a t i o n  

s tudy  conducted u s i n g  observed ground mot ion  and s t r u c t u r e  

damage d a t a  o b t a i n e d  f rom t h e  RULISON underground n u c l e a r  ex- 

p l o s i o n  gas s t i m u l a t i o n  exper iment.  

S t a t i s t i c a l l y  d e r i v e d  r e l a t i o n s h i p s  between pseudo a b s o l u t e  

a c c e l e r a t i o n  response s p e c t r u v  va lues  and damage r a t i o s  f o r  

t h e  m s t  f r e q u e n t l y  damaged components o f  l o w - r i s e  b u i l d i n g s  

a r e  g iven .  Resu l t s  show t h e  r e l a t i v e  v u l n e r a b i l i t y  t o  damage 

o f  chimneys, i n t e r i o r  w a l l s ,  e x t e r i o r  w a l l s ,  and f o u n d a t i o n s  

f o r  v a r i o u s  s p e c t r a l  i n t e n s i t i e s .  The d e r i v e d  motion-damage 

r e l a t i o n s h i p s  and o t h e r  conc lus ions  g i v e n  i n  t h i s  r e p o r t  

shou ld  be a p p l i c a b l e  t o  o t h e r  l o c a t i o n s  where b u i l d i n g  charac- 

t e r i s t i c s  a r e  s i m i l a r  t o  those o f  t h e  P r o j e c t  RULISON area. 



I. INTRODUCTION 

John A. Blume & Associates (JAB) conducts s t r u c t u r a l  response and 

damage inves t i ga t i ons  f o r  the Atomic Energy Commission's Nevada 

Operations O f f i c e  (O f f i ce  o f  E f f e c t s   valuation) t o  determine the  

e f f e c t s  o f  ground motion on a wide v a r i e t y  o f  s t ruc tu res .  The 

e f f o r t  described here in  i s  d i r e c t e d  toward studying the r e l a t i o n -  

ships between ground motion and low- r ise  b u i l d i n g  damage t h a t  were 

observed f o r  the  RULISON event. These and add i t i ona l  data a r e  

being u t i l i z e d  t o  improve methods f o r  p r e d i c t i n g  damage t o  low- 

r i s e  b u i l d i n g s  caused by ground motion. 

P ro jec t  R U L I S O N ~  was a nuclear  gas s t i m u l a t i o n  experiment spon- 

sored j o i n t l y  by Aust ra l  O i l  Company Incorporated, Houston, Texas, 

the U. S. Atomic Energy Commission, and the Department o f  the i n t e -  

r i o r ,  w i t h  the  program management prov ided by CER Geonuclear Cor- 

pora t ion  o f  Las Vegas, Nevada, under con t rac t  t o  Aust ra l .  I t s  

purpose was t o  study the economic and techn ica l  f e a s i b i l i t y  o f  

underground nuclear  explosions t o  s t imu la te  product ion o f  na tu ra l  

gas from t h e  low-permeabi l i ty,  gas-bearing Mesaverde Formation i n  

the Rul ison f i e l d  i n  western Colorado. The nuclear explos ive f o r  

P ro jec t  RULISON was detonated success fu l l y  a t  approximately 3:00 PM 

Mountain Day l igh t  Time, September 10, 1969, a t  a depth o f  approxi -  

mate ly  8425 f e e t  below ground l e v e l ,  and was completely contained. 

Pre l im inary  r e s u l t s  i n d i c a t e  t h a t  the RULISON device behaved about 

as expected, i.e., w i t h  a y i e l d  o f  approximately 43 k i l o t o n s .  

A. Background 

P r e d i c t i o n  o f  damage t o  l ow- r i se  b u i l d i n g s  subjected t o  ground 

motion i s  a necessary step i n  eva lua t ing  the p o t e n t i a l  damage 

and hazards f o r  p ro jec ts  r e q u i r i n g  the  use o f  underground nu- 

c l e a r  explos ives.  I t  i s  a l s o  a step toward improving design 

and cons t ruc t i on  p rac t i ces  t o  prov ide b e t t e r  res is tance o f  

b u i l d i n g s  t o  ground motion. 



There a r e  two somewhat d i s t i n c t  procedures t h a t  may be employed 

f o r  e i t h e r  p r e d i c t i n g  o r  i n v e s t i g a t i n g  s t r u c t u r e  damage caused 

by ground mot ion :  fundamental and t e c h n i c a l  procedures.  The 

fundamental procedure i n v o l v e s  f i r s t  deve lop ing  a  model o f  t h e  

s t r u c t u r e  and s u b j e c t i n g  i t  t o  a  ground mot ion  t o  o b t a i n  r e -  

sponse, and then comparing a p p r o p r i a t e  damage c r i t e r i a  w i t h  t h e  

response t o  a r r i v e  a t  an e f f e c t s  p r e d i c t i o n .  A l t e r n a t i v e l y ,  t h e  

t e c h n i c a l  procedure more d i r e c t l y  i n v o l v e s  comparing a  ground 

mot ion w i t h  a p p r o p r i a t e  damage c r i t e r i a  t o  a r r i v e  a t  an e f f e c t s  

p r e d i c t i o n .  The fundamental procedure i s  more a p p l i c a b l e  f o r  

i n v e s t i g a t i o n s  o f  i n d i v i d u a l  s t r u c t u r e s ;  t h e  t e c h n i c a l  p roce-  

dure i s  more a p p l i c a b l e  t o  groups o f  s t r u c t u r e s .  The s tudy  de- 

s c r i b e d  h e r e i n  was conducted a long  t h e  l i n e s  o f  t h e , t e c h n i c a l  

method o f  i n v e s t i g a t i n g  ground mot ion  - damage r e l a t i o n s h i p s .  

The RULISON exper iment  has p r o v i d e d  t h e  f i r s t  good o p p o r t u n i t y  

t o  o b t a i n  t h e  d a t a  r e q u i r e d  t o  e f f e c t i v e l y  s t u d y  ground m o t i o n  

and s t r u c t u r e  damage r e l a t i o n s h i p s  f o r  l o w - r i s e  b u i l d i n g s .  I n  

a  p r e v i o u s l y  r e p o r t e d  i n v e s t i g a t i ~ n , ~  RULISON ground mot ion  and 

s t r u c t u r e  damage d a t a  were s t a t i s t i c a l l y  s t u d i e d  to  o b t a i n  mo- 

t i o n  and damage r e l a t i o n s h i p s  f o r  t h e  o v e r a l l  s t r u c t u r e  system 

w i t h o u t  r e f e r e n c e  t o  any s p e c i f i c  t y p e  o f  damage. I n  t h i s  r e p o r t ,  

mo t ion  and damage r e l a t i o n s h i p s  a r e  s t u d i e d  f o r  those components 

o f  l o w - r i s e  b u i l d i n g s  t h a t  were most f r e q u e n t l y  damaged. 

B. Purpose and Scope 

The purpose o f  t h i s  r e p o r t  i s  t o  p r e s e n t  t h e  r e s u l t s  o f  t h e  

s t a t i s t i c a l  s t u d y  conducted t o  i n v e s t i g a t e  t h e  r e l a t i o n s h i p s  

between ground mot ion  and damage to components o f  l o w - r i s e  

b u i l d i n g s  u s i n g  a p p r o p r i a t e  d a t a  o b t a i n e d  f r o m  t h e  RULISON 

exper iment .  The s p e c i f i c  b u i l d i n g  components f o r  wh ich  mot ion -  

damage r e l a t i o n s h i p s  a r e  d e r i v e d  a r e :  chimneys, i n t e r i o r  w a l l s ,  

e x t e r i o r  w a l l s ,  and founda t ions .  Window damage i s  d iscussed,  

b u t  because so few windows were broken a  motion-damage r e l a t i o n -  

s h i p  was n o t  d e r i v e d .  



Because o f  the pauc i ty  o f  data samples, mest conclusions made 

i n  t h i s  repo r t  may no t  be general ized f o r  d e f i n i t e  quan t i t a -  

t i v e  damage p r e d i c t i o n  purposes. However, they serve as t h e  

best a v a i l a b l e  guide f o r  comparing re la t i onsh ips  between ground 

motion and damage t o  var ious components o f  low- r ise  bu i l d ings .  

J O H N  A. B L U l t l E  & A S S O C I A T E S  R E S E A R C H  O l Y l S l O N  



I I .  DATA - 

To conduct a s t a t i s t i c a l  ana lys is  c o r r e l a t i n g  s t r u c t u r e  damage 

w i t h  ground motion, three types o f  in fo rmat ion  are  requ i red :  

e ground motion data 

e s t r u c t u r e  inventory data 

0 damage survey data 

The s p e c i f i c  data used i n  t h i s  study are discussed i n  t h i s  chapter. 

There are approximately 2,500 low- r ise  r e s i d e n t i a l  and commercial 

bu i l d ings  f o r  which s t r u c t u r e  inventory and damage survey data are 

a v a i l a b l e  from P r o j e c t  RULISDN. The inventory includes towns and 

r u r a l  loca t ions .  Because o f  the l i m i t e d  number o f  seismometers 

ava i l ab le  fo r  the  event,  most o f  the ground motions obta ined were 

recorded a t  towns i n  the area. Ground motion recordings obta ined 

from r u r a l  l oca t i ons  were l i m i t e d  t o  a few c lose - in  ranches. 

There are f i v e  towns i n  the area located a t  vary ing  distances from 

Ground Zero (GZ) f o r  which s t r u c t u r e  inventory,  damage survey, and 

ground motion data a r e  ava i l ab le :  Coi lbran,  DeBeque, Grand Val ley,  

R i f l e ,  and S i l t .  The combined s t r u c t u r e  popu la t ion  o f  these f i v e  

towns (1,378 bu i l d ings )  c o n s t i t u t e s  s l i g h t l y  more than h a l f  the  

t o t a l  f o r  the area inventor ied  and s i m i l a r l y  inc ludes s l i g h t l y  

more than h a l f  the  damage repor ted i n  the area. I n  cons idera t ion  

o f  these f a c t o r s ,  the  r u r a l  areas were excluded from t h i s  ana lys is .  

The l oca t i ons  o f  the  above-mentioned f i v e  towns w i t h  respect t o  GZ 

are shown i n  F igure 1. 

A. Ground Mo'tion Data 

Several v e l o c i t y  records were obta ined a t  var ious loca t ions  ' 

encompassing a f a i r l y  l a rge  geographical area around Ground 

But, f o r  the  reasons s ta ted  above, o n l y  the  records 

obta ined i n  the  above f i v e  towns are  considered i n  t h i s  study. 

Figures 2 and 3 a re  samples o f  the v e l o c i t y  records obtained. 
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The response spectrum curves,'' Figures 4 through 9,  and d i g i t -  

ized ground motion records used i n  t h i s  study were obta ined 

from Envi ronmentai Research Corporat ion (ERC). A general sum- 

mary o f  observed ground motion f o r  the RULISDN event i s  i n -  

cluded i n  the ERC repo r t . 4  

0 .  St ruc tu re  Data 

The s t r u c t u r e  inventory  o f  the f i v e  towns described was per-  

formed i n  view o f  t h i s  planned s t a t i s t i c a l  research study. 

Therefore, i t  i s  probable t h a t  more d e t a i l e d  in fo rmat ion  was 

obta ined than i s  necessary f o r  damage p r e d i c t i o n  purposes. 

Nevertheless, even w i t h  t h i s  a d d i t i o n a l  e f f o r t ,  d e t a i l e d  i n -  

formation such as chimney cross sect ions,  cons t ruc t i on  mate- 

r i a l s  o f  i n t e r i o r  wa l l s ,  e t c . ,  could n o t  be c o l l e c t e d  because 

o f  t ime and budget l i m i t a t i o n s .  

A sample o f  the s t r u c t u r e  inventory  form used f o r  the f i v e  

towns i s  shown i n  F igure 10. A l l  bu i l d ings  ( r e s i d e n t i a i ,  

commercial, and i n s t i t u t i o n a l )  w i t h i n  the JAB-defined geo- 

g raph ica l  l i m i t s  f o r  the f i v e  towns were inventor ied.  For 

r e s i d e n t i a l  l oca t i ons ,  detached b u i l d i n g s  such as garages and 

sheds were no t  counted as separate b u i l d i n g s .  T r a i l e r  houses 

were excluded from t h i s  ana lys is  because none were damaged. 

C .  Damage Data 

'For t h i s  study, the  f o l l o w i n g  d e f i n i t i o n s  are used: 

Complaint: any complaint made concerning proper ty  dam- 
age whether o r  no t  formal ized as a c l a i m  
( l i m i t e d  to ' t ypes  o f  damage l i s t e d  on the 
f o l  lowing page) 

Credib le Damage: any o f  the above described complaints t ha t  
was def ined as c r e d i b l e  by JAB, GAB (General 
Adjustment Bureau), o r  o ther  i nves t i ga to rs  

;kThe ground motion measurement f o r  the town o f  Co l lb ran  was i n -  
complete i n  t h a t  o n l y  the  f i r s t  3 seconds o f  motion were recorded. 
However, a f t e r  examining and comparing a l l  the records from the  
f i v e  towns, i t  was concluded t h a t  f o r  the pe r iod  range considered 
i n  t h i s  study the  response spectra from these 3-second record ings 
were reasonably re1 i ab le .  

- 8 -  
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,.,,... ...... V e r t i c a l  Component 

---- 

PERIOD-SEC . 
FIGURE 4 5% DAMPED RESPONSE SPECTRUM CURVES 

FOR THE RULISON UNE EVENT OF 
SEPTEMBER 10, 1969: DEBEQUE #1 STATION 
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PERIOD-SEC . 

FIGURE 5 RESPONSE SPECTRA: RULISON S i l t  
JOHft  A. B L U k l E  & A S S O C I E T E S  R E S l  - 10 - 



PERIOD-SEC . 
FIGURE 6 5% DAMPED RESPONSE SPECTRUM CURVES 

FOR THE RULISON UNE EVENT OF 
SEPTEMBER 10, 1969: GRAND VALLEY STATION 
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PERIOD-SEC . 

FIGURE 7 .RESPONSE SPECTRA: RULISON Collbran 
J O H l l  4. B L U h l f  & hSSOCI !TES R E S E b R C H  O l V l S l O h  - 12 - 
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PERIOD-SEC . 

F I G U R E  8 RESPONSE SPECTRA:  RULISON R i f l e  C h u r c h  
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PERIOD-SEC . 
FIGURE 9 RESPONSE SPECTRA: RULISON R i f l e  Hill 
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B u i l d i n g  Locat ion  Data 

C i t y :  Address : 

Locat ion  No. : Owner: 

B u i l d i n g  C l a s s i f i c a t i o n  Data 

Occupancy: Res iden t i a l  Cornnerci a1 I n s t i t u t i o n a l  

Frame Type: Wood 

Masonry 

Adobe Log 

Metal 

B r i c k  Concrete Block E x t e r i o r  Wal ls:  
(S id ing )  

Wood 

Metal Cement Adobe 
Asbestos 

Stone U Other: 

B u i l d i n g  Height :  1  
( S t o r i e s )  

Masonry Masonry 
Foundation Type: Mal l  stone M u d s i l l  Timber 

Metal 
F lue  Ceramic Chimney Type: B r i c k  Stone 

Capped Capped 
B r i c k  Stone Ceramic capped None 

He igh t  o f  Chimney Above Roof (Feet )  

Chimney Locat ion  Center (Ridge) End Eave 

B u i l d i n g  Age ( y r s )  Over 40 

B u i l d i n g  C l a s s i f i c a t i o n  No. 

B u i l d i n g  Value: Est imated $ Assessed $ 

Cond i t ion :  Good F a i r  poor 

FIGURE 10 STRUCTURE INVENTORY FORM 

- 15 - 
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In  a l l  t h e r e  were 458 damage compla in ts  f i l e d  f o r  t h e  R U L I S O N  

even t .  Approx imate ly  h a l f  o f  t h i s  t o t a l  (220) a r e  i n c l u d e d  

i n  t h i s  s tudy.  Most o f  the remain ing comp la in ts  were r e c e i v e d  

f rom t h e  r u r a l  a reas ,  b u t  those i n  t h e  f i v e  towns t h a t  were 

n o t  r e l a t e d  t o  b u i l d i n g s  were a l s o  excluded. The types o f  

comp la in ts  and c r e d i b l e  damage i n c l u d e d  i n  t h i s  s t u d y  a re :  

o chimneys ( i n c l u d i n g  f i r e p l a c e s )  

e i n t e r i o r  w a l l s  

o e x t e r i o r  w a l l s  

0 f ounda t ions  

0 windows 

o o t h e r s  ( b u i l d i n g  o r  household i tems)  

A t o t a l  o f  326 c l a i m s  f i l e d  f o r  t h e  R U L I S O N  e v e n t  were acknowl- 

edged as c r e d i b l e  damage; these i n v o l v e d  damage t o  165 b u i l d i n g s  

i n c l u d e d  i n  t h i s  s t u d y .  The d i s t r i b u t i o n  o f  damage (by type) 

f o r  t h e  f i v e  towns i n c l u d e d  i n  t h i s  s tudy  i s  shown i n  Tab le  1 .  

D. P reprocess ing  o f  Data 

The s t r u c t u r e  i n v e n t o r y  d a t a  and damage data  were p r o g r a m e d  

f o r  computer p rocess ing .  For each s t r u c t u r e ,  b o t h  t ypes  o f  

da ta  were punched on a  computer card.  F i g u r e  1 1  shows t h e  

fo rmat  used for t h e  arrangement o f  t h e  i n f o r m a t i o n  on a  com- 

p u t e r  card. 

J O H f i  4. B L U M E  6 d S S O C I 4 I E S  R E S t d R C H  O l Y l S l O N  



TABLE 1 

DISTRIBUTION OF DAMAGE BY TOWN AND TYPE 

Town 

Col 1 bran 

DeBeque 

Grand Val l e y  

R i f l e  

S i l t  

Buildings 
Number Of 

139 

105 

154 

812 

168 

~ h b e r  of Buildings With 
P a r t i c u l a r  Credible Component Damage 

Chimneys 

0 

1 

43 

2 1 

1 

Windows 

0 

0 

1 

4 

0 

Other Building 
and House- 
hold Items 

1 

0 

9 

4 

0 

Interior 
Wal ls  

3 

5 

40 

46 

2 

Masonry 
Wall s 

1 

1 

15 

11 

1 

A1 1 
Exter ior  
Wall s 

1 

1 

19 

15 

2 

Foundations 

2 

1 

16 

2 1 

0 
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1 1 1 .  IDEALIZATIONS AND DEFINITIONS 

Because o f  the complex nature o f  ground motion and o f  the  causes 

and mani fes ta t ions  o f  s t r u c t u r e  damage, i t  i s  essen t i a l  t o  general -  

i z e  on t h e  parameters p e r t i n e n t  t o  t h i s  type o f  study. This chapter 

prov ides descr ip t ions  o f  s t r u c t u r e  i d e a l i z a t i o n ,  ground motion 

charac ter iza t ions ,  and a  d e f i n i t i o n  o f  the  damage r a t i o  used i n  

the c o r r e l a t i o n  study. 

A. S t ruc tu re  lde'al i z a t i o n  

I n  s tudying the  damage t o  s t ruc tu res  caused by ground motion, 

i t  i s  essen t i a l  t o  consider the  response o f  the  s t ruc tu res .  

A  s t r u c t u r e ' s  response i s  h i g h l y  in f luenced by the  p r o x i m i t y  

of i t s  fundamental per iod  t o  the dominant per iods o f  ground 

motion. Observed data show t h a t  the fundamental per iods o f  

most one- and two-story s t ruc tu res  f a l l  i n  the range o f  0.05 

t o  0.2 seconds. The p a r t i c u l a r  pe r iod  o f  a  b u i l d i n g  i s  i n -  

f luenced by such parameters as: 

o b u i l d i n g  ma te r ia l s  

e frame type 

e dimensions 

0 f e n e s t r a t i o n  

0 age 

e cond i t i on  

0 soi, l  cond i t ions  

e area o f  the i n t e r i o r  and e x t e r i o r  wa l l  

To o b t a i n  b e t t e r  i n s i g h t  concerning t h e  man i fes ta t ions  o f  dam- 

age, the  b u i l d i n g s  were d i v ided  i n t o  two groups. Group 1 con- 

t a i n s  bu i l d ings  w i t h  fundamental per iods  between 0.05 and 0.1 

seconds ( i n c l u s i v e ) ,  and Group 2 conta ins s t ruc tu res  w i t h  p e r i -  

ods i n  the range o f  0.1 t o  0.2 seconds. 



B. Ground Mot ion  C h a r a c t e r i z a t i o n s  

I t  has been p r e v i o u s l y  shown2 t h a t  t h e  v e c t o r  o f  t h e  h o r i z o n -  

t a l  components o f  5% damped response spectrum a c c e l e r a t i o n  (S  ) 
av 

e f f e c t i v e l y  c o r r e l a t e s  ground mot ion  w i t h  l o w - r i s e  b u i l d i n g  

damage. However, because no procedure has been deve loped f o r  

p r e d i c t i n g  S i t  i s  n o t  a conven ien t  v a r i a b l e  f o r  damage p r e -  
a v '  

d i c t i o n .  

A convenient  and a p p l i c a b l e  ground mot ion  c h a r a c t e r i z a t i o n  

f o r  p r e d i c t i n g  damage t o  l o w - r i s e  b u i l d i n g s  i s  t h e  enve lope 

spectrum, d e f i n e d  by t h e  enve lope o f  t h e  a p p r o p r i a t e  com- 

ponent response s p e c t r a .  A comparison o f  enve lope and v e c t o r  

f o r  s e v e r a l  ear thquake and underground n u c l e a r  e x p l o s i o n  ground 

mot ions showed t h a t  t h e  h o r i z o n t a l  component enve lope a c c e l e r a -  

t i o n  response spectrum (S ) approx imates S we1 l i n  t h e  p e r i -  
ae av 

od range o f  0.05 t o  0.2 seconds -- t h e  fundamental p e r i o d  

range o f  most l o w - r i s e  b u i l d i n g s .  T h e r e f o r e  Sae va lues  a r e  

used i n  t h i s  i n v e s t i g a t i o n  t o  s tudy  t h e  ground mot ion  - damagk 

r e l a t i o n s h i p s  f o r  b u i l d i n g  components. 

The 5% damped response spectrum curves used i n  t h i s  s t u d y  a r e  

shown i n  F igu res  4 th rough  9 .  The va lues o f  5% damped Sae ob- 

t a i n e d  by averag ing  t h e  a p p r o p r i a t e  s p e c t r a l  curves o v e r  t h e  

a p p r o p r i a t e  p e r i o d  band f o r  each group o f  b u i l d i n g s  f o r  t h e  

f i v e  towns a r e  shown i n  Tab le  2. 

C .  Damage R a t i o  

To i n v e s t i g a t e  t h e  e f f e c t s  o f  v a r i o u s  parameters on damage, i t  

i s  e s s e n t i a l  t o  deve lop and u t i l i z e  t h e  concept o f  damage r a t i o .  

Damage r a t i o  (DR) f o r  b u i l d i n g s  i s  d e f i n e d  by :  

DR = Number o f  B u i l d i n g s  Damaged 
Number o f  B u i l d i n g s  



TABLE 2 

AVERAGE 5% DAMPED ACCELERATION RESPONSE SPECTRUM VALUES 

* Approximated. Tangential component was ques t ionable  and 

there.fore disregarded.  

 own 

Coll bran 

DeBeque 

Grand Val l e y  

R i f l e  

S i l t  

Envelope Pseudo Absolute 
Accelerat ion,  Sae, (g)  

Group 1 

0.084 

0.11 

0.77 

0.17 

0.063* 

Group 2 

0.12 

0.18 

0.93 

0.22 

0.092* 

Average 

0.11 

0.15 

0.88 

0.20 

0.085* 



DR i s  q u i t e  genera l ,  and f o r  a  da ta  sample i t  can be d e f i n e d  

f o r  v a r i o u s  geograph ica l  areas,  s t r u c t u r e  c lasses ,  and damaged 

components. T h i s  g e n e r a l i z e d  damage r a t i o  concept i s  u t i l i z e d  

e x t e n s i v e l y  i n  t h i s  s tudy ,  and s p e c i f i c  d e f i n i t i o n s  o f  DR a r e  

g i v e n  i n  t h e  ground mot ion  - damage c o r r e l a t i o n s  f o r  t h e  v a r i o u s  

damaged b u i l d i n g  components d e s c r i b e d  i n  t h e  n e x t  c h a p t e r .  



I V. CORRELATION ANALYSIS AND RESULTS 

Using t h e  RULlSON m o t i o n  and damage da ta ,  t h e  s p e c t r a l  va lues  

S were c o r r e l a t e d  w i t h  damage r a t i o s  f o r  t h e  f o l l o w i n g  b u i l d -  
ae 

i n g  components: 

e chimneys 

e i n t e r i o r  w a l l s  

e e x t e r i o r  wal I s  

e f o u n d a t i o n s  

windows 

The da ta  were c o r r e l a t e d  u s i n g  a  l i n e a r  r e g r e s s i o n  a n a l y s i s  i n  t h e  

l o g  domain, and t h e  r e s u l t s  a r e  p resen ted  here  i n  t h e  form o f  p l o t s .  

The c o r r e l a t i o n  r e s u l t s  and p e r t i n e n t  d i s c u s s i o n  a r e  g i v e n  i n  Sec- 

t i o n s  A  t h r o u g h  E below. 

A. chimneys 

The chimney damage r a t i o  i s  d e f i n e d  as:  

OR = 
Number o f  B u i l d i n g s  w i t h  Damaged Chimneys 

Number o f  B u i l d i n g s  w i t h  Chimneys 

Chimney damage r a t i o s ,  c o n s i d e r i n g  f a c t o r s  t h a t  m igh t  i n f l u e n c e  

damage, a r e  g i v e n  i n  Tables 3, 4 ,  and 5." The c o r r e l a t i o n  o f  

chimney damage r a t i o  w i t h  s p e c t r a l  i n t e n s i t y  va lues  f o r  t h e  

v a r i o u s  group ings s p e c i f i e d  i n  these t a b l e s  i s  d i scussed  i n  

S e c t i o n s  2 th rough  5 below. S e c t i o n  6 below g i v e s  a  summary 

o f  t h e  c o r r e l a t i o n  f o r  chimney damage. 

1 .  General Cons ide ra t ions  Concerning RULlSON Chimney Damage 

Chimneys have long been used i n  r e s i d e n t i a l  b u i l d i n g s ,  b u t  

e f f e c t i v e  g u i d e l i n e s  f o r  t h e i r  d e s i g n  and c o n s t r u c t i o n  were 

*Since a  u n i t  p e r t u r b a t i o n  i n  t h e  sample s i z e  o f  t h e  C o l l b r a n  
chimney d a t a  r e s u l t e d  i n  a  change i n  damage r a t i o  o f  more than 
3 4 % ,  t hese  d a t a  were n o t  cons ide red  i n  t h i s  s tudy.  T h i s  same 
c r i t e r i o n  was used t o  exc lude o t h e r  da ta  t h a t  caused s i m i l a r  
s t a t i s t i c a l  b i a s i n g  e f f e c t s .  

J O H l i  A .  B L U l r l E  d A S S O C I A T E S  R E S E A R C H  O l Y l S l O N  



TABLE 3 

CHIMNEY DAMAGE RATIOS BY TOWN 

* Not included i n  regression analysis .  

Town 

DeBeque 

GrandValley 

Rif le  

S i l t  

t Ratios expressed as f ract ions  indicate sample s izes :  number of damaged chimneys over number 

of chimneys. Note t h a t  because some s t ruc ture  inventory sheets were incomplete, the sum of 

the  numerators o r  denominators of one pair  of columns will not necessari ly equal the sum of 

the  numerators o r  denominators of the  other pa i r s  of 'columns . 

Chimney Damage Ratio (%) 

Chimney Type 

Brick 

1 t  
1 - 5 ( s )  

41.9(%) 

4 . )  

Stone 

* (t) 
57.1($) 

1 2 . 5 )  

Building Group 

Group 1 

* ($) 

4 5 . 1 ( 3 )  

4.2(&) 

Building Type 

Masonry 

* (3 
4 2 . 9 ( 4 )  

8.3(&) 

Wood 

l -8  

43.0($) 

3.3(7&-) 

G~~~~ 2 TA1l ~ui ld%<s 

2.1 (a+) 

viith Chimnes 

l e i  (t) 
40.8($$) / 43.0($) 

4 )  4.7 ( )  



TABLE 4 

DAMAGE RATIOS FOR CAPPED A N D  UNCAPPED CHIMNEYS 

t Ratios expressed as  f r a c t i o n s  i n d i c a t e  sample 

s i z e s :  number of  damaged chimneys over  number 

of  chimneys 

1 . O  

1.6 

Town 

Grand Val l e y  

R i f l e  

Chimney Damage Ratio,  D R ,  (%)  

Capped Brick 

20 t 
41.7 ) 

Uncapped br ick  

42.2 (E) 



TABLE 5 

CHIMNEY DAMAGE RATIOS BY CHIMNEY HEIGHT 

* Not included i n  regress ion  ana lys i s  

Chimney Height 

Above Roof Line 

( f t )  

3,  4 ,  and 5 

6 and 7 

Over 7 

t Ratios expressed a s  f r a c t i o n s  i n d i c a t e  sample s i z e s :  number of damaged chimneys 

over number o f  chimneys 

Chimney Damage Ratio (%) 

Grand Val1 ey R i f l e  

Group 1 

33.3 (6) ' 

* (k) 
66.7 ($) 

Average 

3.1 (A) 
6.7 (&) 

10.8  (4) 

Group 1 

2.6 (A) 
3.1 (2) 

12.5 (2) 

Group 2 

24.3 (&) 

25.0 ( k )  

* ( )  

Group 2 

3.8 (A) 
10.7 (&) 

15.4 (&) 

Average 

21 
28.8 (n) 

25.0 ( )  

66.7 ($) 



e s t a b l i s h e d  o n l y  d u r i n g  t h i s  cen tu ry .  Exper ience has shown 

t h a t  a  chimney i s  one o f  t h e  most hazardous components o f  a  

r e s i d e n t i a l  b u i l d i n g  and must be p r o p e r l y  des igned t o  w i t h -  

s tand  l a t e r a l  loads.  A f t e r  t h e  s e i s m i c  r i s k  map was es tab-  

l ished (1927), a l o n g  w i t h  o t h e r  recommendations f o r  e a r t h -  

quake r e s i s t a n t  des ign  o f  b u i l d i n g s ,  some g u i d e l i n e s  f o r  t h e  

c o n s t r u c t i o n  o f  chimneys were a l s o  e s t a b l i s h e d .  The c u r r e n t  

Un i fo rm Bui  I d  i n g  code5 recommends t h a t  chimneys i n  wood- 

frame b u i l d i n g s  i n  moderate and severe se ismic  a c t i v i t y  zones 

(Zone 2 and Zone 3) be r e i n f o r c e d  and anchored l a t e r a l l y  t o  

t h e  b u i l d i n g  a t  s p e c i f i c  p o i n t s .  

Colorado i s  i n  a  r e g i o n  o f  r e l a t i v e l y  low se ismic  a c t i v i t y  

(Zone 1) .  T h e r e f o r e  n e i t h e r  anchorage n o r  re in fo rcement  has 

been r e q u i r e d  f o r  chimneys i n  r e s i d e n t i a l  b u i l d i n g s  i n  t h e  

RULlSON area, and i t  i s  most l i k e l y  t h a t  few chimneys were 

c o n s t r u c t e d  w i t h  these s t r e n g t h e n i n g  measures. T h i s  f a c t  must 

be cons ide red  i n  any a t tempt  t o  a p p l y  t h e  RULlSON chimney m o t i o n -  

damage r e s u l t s ,  g i v e n  below, t o  ano ther  geograph ica l  area.  

2. Chimney Type 

The v a s t  m a j o r i t y  o f  chimneys i n  t h e  RULlSON area  were con- 

s t r u c t e d  o f  s t o n e  o r  b r i c k ,  and t h e r e f o r e  these a r e  the o n l y  

types cons ide red  i n  t h i s  s t u d y .  T a b l e  3 shows t h e  damage r a -  

t i o s  f o r  s t o n e  and b r i c k  chimneys f o r  t h e  s e l e c t e d  towns, and 

p l o t s  o f  these  damage r a t i o s  versus t h e  s p e c t r a l  i n t e n s i t y  

'ae 
a r e  g i v e n  i n  F i g u r e  12.  Damage r a t i o s  equal  t o  z e r o w e r e  

n o t  used i n  t h e  r e g r e s s i o n  a n a l y s i s ,  b u t  -- where p r a c t i c a l  - -  
an e s t i m a t e  o f  t h e i r  upper bounds was made u s i n g  t h e  assump- 

t i o n  t h a t  i f  one more da ta  sample had been i n c l u d e d  i n  t h e  

t e s t ,  one f a i l u r e  would  have occur red .  That  i s ,  

Fo r  x = 0, 
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FIGURE 12 CHIMNEY DAMAGE RATIO (BY CHIMNEY 
TYPE) VS SPECTRAL INTENSITY  



Where a p p r o p r i a t e ,  these upper bound e s t i m a t e s  a r e  shown w i t h  

square symbols i n  t h e  f i g u r e s .  

Because t h e r e  a r e  o n l y  two da ta  p o i n t s  f o r  s t o n e  chimneys, 

the l i n e  drawn through them i s  n o t  r e l i a b l e  f o r  q u a n t i t a t i v e  

a n a l y s i s ,  b u t  t h e  data  a r e  u s e f u l  f o r  q u a l i t a t i v e  compari -  

son. The f i g u r e  i n d i c a t e s  t h a t  s tone  chimneys have a  lower 

damage t h r e s h o l d *  than b r i c k  chimneys. T h i s  o b s e r v a t i o n  i s  

c o n s i s t e n t  w i t h  t h a t  o f  a  s i m i l a r  s tudy6 conducted c o r r e l a t -  

i n g  r e s i d e n t i a l  b u i l d i n g  damage w i t h  ground mot ion  r e s u l t i n g  

f rom t h e  San Fernando, C a l i f o r n i a ,  ear thquake o f  February  9, 

1971. 

Damage r a t i o s  f o r  t h e  two b u i l d i n g  groups and f o r  t h e  two 

bu i  l d i n g  types (wood-frame and masonry) a r e  g i v e n  i n  Table  3 .  

P l o t s  o f  these damage r a t i o s  versus s p e c t r a l  i n t e n s i t y  a r e  

g i v e n  i n  F i g u r e s  13 and 14. 

A l though t h e  number o f  da ta  p o i n t s  f o r  Group 1 and masonry 

b u i l d i n g s  i s  inadequate f o r  q u a n t i t a t i v e  e v a l u a t i o n ,  the d a t a  

a r e  u s e f u l  f o r  q u a l i t a t i v e  comparison. F i g u r e  1 3  shows 

t h a t  f o r  low s p e c t r a l  i n t e n s i t y ,  chimneys i n  masonry b u i l d -  

ings have lower damage t h r e s h o l d s  than chimneys i n  wood- 

f rame b u i l d i n g s ,  b u t  t h a t  as s p e c t r a l  i n t e n s i t y  i nc reases ,  

t h e  d i f f e r e n c e  i n  damage r a t i o  decreases. F i g u r e  14 does n o t  

i n d i c a t e  a  s u b s t a n t i a l  d i f f e r e n c e  i n  t h e  motion-damage r e l a -  

t i o n s h i p s  f o r  chimneys i n  Group 1 and Group 2 b u i l d i n g s .  

4. Chimney C o n d i t i o n  

Because t h e  l a t e r a l  f o r c e  c a r r y i n g  c a p a c i t y  o f  a  chimney i s  

so h i g h l y  dependent upon m o r t a r  s t r e n g t h ,  t h e  c o n d i t i o n  o f  

' I n  t h i s  i n v e s t i g a t i o n ,  an o b j e c t  w i t h  a  low damage t h r e s h o l d  i s  
d e f i n e d  as one t h a t  i s  damaged a t  low s p e c t r a l  mo t ion  i n t e n s i t i e s .  

- 29 - 
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FIGURE 13 CHIMNEY DAMAGE RATIO (BY BUILDING 
TYPE) VS SPECTRAL INTENSITY 
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Pseudo Absolute Acceleration ,Sa,, (g)  
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t h e  m o r t a r  has a  s i g n i f i c a n t  i n f l u e n c e  on a  ch imney 's  sus- 

c e p t i b i l i t y  t o  damage. Weather ing i s  one o f  t h e  main c.auses 

o f  m o r t a r  d e t e r i o r a t i o n ,  and capped chimneys a r e  g e n e r a l l y  

l ess  s u s c e p t i b l e  t o  wea ther ing  than uncapped chimneys. There- 

f o r e ,  damage r a t i o s  f o r  uncapped chimneys may be expected t o  

be h i g h e r  than damage r a t i o s  for  capped chimneys. 

Tab le  4 p resen ts  damage r a t i o s  f o r  capped b r i c k  and uncapped 

b r i c k  chimneys as we1 1  as t h e  C a t i o  o f  t h e  damage r a t i o s  o f  

uncapped o v e r  capped chimneys. These r e s u l t s  show t h a t  f o r  

lower s p e c t r a l  m o t i o n  i n t e n s i t y ,  uncapped chimneys a r e  more 

r e a d i l y  damaged b u t  t h a t  fo r  h i g h e r  m o t i o n  i n t e n s i t y ,  capped 

chimneys a r e  n o t  s i g n i f i c a n t l y  more damage r e i i s t a n t  than  

uncapped chimneys. 

5. Chimney H e i g h t  

Damage r a t i o  i s  c e r t a i n l y  a  f u n c t i o n  o f  chimney h e i g h t .  Chim- 

neys t h a t  t e r m i n a t e  near  t t ie  r o o f  l i n e  o f  a  s t r u c t u r e  a r e  l e s s  

s u s c e p t i b l e  t o  damage than those  t h a t  ex tend  h i g h  above t h e  

r o o f  l i n e .  

Tab le  5  s u m a r i z e s  chimney damage r a t i o s  accord ing  t o  chimy 

ney h e i g h t .  The r e s u l t s  show t h a t  t h e  damage r a t i o  g e n e r a l l y  

increases as t h e  chimney h e i g h t  above t h e  r o o f  l i n e  i n c r e a s e s .  

T h i s  genera l  t r e n d  i s  t r u e  f o r  b o t h  low and h i g h  s p e c t r a l  mo- 

t i o n  i n t e n s i t i e s .  

6. O v e r a l l  Chimney M o t i o n  - Damage R e l a t i o n s h i p  

The v a r i a t i o n  o f  damage r a t i o  f o r  a l l  chimneys w i t h  s p e c t r a l  

m o t i o n  i n t e n s i t y  S i s  shown i n  F i g u r e  15. The f i g u r e  shows ae 
t h a t  a p p r o x i m a t e l y  1% o f  t h e  chimneys s u b j e c t e d  t o  a  s p e c t r a l  

a c c e l e r a t i o n  i n t e n s i t y  Sae  = O. lg  w i l l  be damaged. S i m i l a r l y ,  

f o r  a  s p e c t r a l  a c c e l e r a t i o n  i n t e n s i t y  Sae = 1.09, more than 

50% o f  t h e  chimneys a r e  expected t o  be damaged. 

J O H N  I. B L U h l E  & A S S O C I I I E S  A E S E I R E H  D I V I S I O N  



FIGURE 15 CHIINEY DAMAGE RATIO (FOR ALL BUILDINGS 
WITH CHIMNEYS) VS SPECTRAL INTENSITY 
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B. I n t e r i o r  Wal ls  

The damage r a t i o  f o r  i n t e r i o r  w a l l s  i s  d e f i n e d  as:  

DRi = 
Number o f  B u i l d i n g s  w i t h  Damaged l n t e r i o r  Wa l l s  

Number o f  B u i l d i n g s  

Table  6 p r e s e n t s  t h e  damage r a t i o s  o f  i n t e r i o r  w a l l s  f o r  t h e  v a r -  

ious b u i l d i n g  groups i n  t h e  f i v e  towns. The p l o t s  o f  damage r a t i o  

f o r  w a l l s  i n  masonry and wood-f rame b u i  l d i n g s  ( F i g u r e  16) i n d i c a t e  

t h a t  i n t e r i o r  w a l l s  i n  masonry b u i l d i n g s  a r e  more s u s c e p t i b l e  t o  

damage than i n t e r i o r  w a l l s  i n  wood-frame b u i l d i n g s ,  a l t h o u g h  t h e  

d i f f e r e n c e  decreases as t h e  s p e c t r a l  in' tens i ty increases.  F i g -  

u r e  17 shows t h e  v a r i a t i o n  o f  damage r a t i o  o f  i n t e r i o r  w a l l s  f o r  

t h e  two b u i l d i n g  groups w i t h  s p e c t r a l  i n t e n s i t y  S . These two 
ae 

f i g u r e s  suggest t h a t  t h e  i n t e r i o r  w a l l s  o f  t h e  masonry b u i l d i n g s  

and Group 2 b u i l d i n g s  have t h e  lowest  and t h e  h i g h e s t  damage 

t h r e s h o l d s ,  r e s p e c t i v e l y .  

C .  E x t e r i o r  Wa l l s  

I n  t h e  RULISON area n e a r l y  a l l  e x t e r i o r  w a l l s  a r e  o f  masonry o r  

wood-frame c o n s t r u c t i o n .  I n v e s t i g a t i o n  o f  t h e  ground mot ion  - 
e x t e r i o r  w a l l  damage r e l a t i o n s h i p  i s  necessary because o f  t h e  

i m p o r t a n t  r o l e  o f  e x t e r i o r  w a l l s  i n  t h e  dynamic response and 

s a f e t y  o f  b u i l d i n g s .  

The damage r a t i o  f o r  e x t e r i o r  w a l l s  i s  d e f i n e d  a s :  

Number o f  B u i l d i n g s  w i t h  Damaged 
- DRe - E x t e r i o r  Wal ls  o f  a  P a r t i c u l a r  Type 

Number o f  B u i l d i n g s  w i t h  E x t e r i o r  
Wal ls  o f  a  P a r t i c u l a r  Type 

F i g u r e  18 shows t h e  inc rease  o f  masonry w a l l  damage w i t h  i n c r e a s e  

o f  s p e c t r a l  i n t e n s i t y .  I t  i n d i c a t e s  t h a t  masonry w a l l s  a r e  h i g h -  

l y  s u s c e p t i b l e  t o  damage and t h a t  a t  a  h i g h  s p e c t r a l  i n t e n s i t y ,  

S = l g ,  more than 50% o f  masonry w a l l s  may be damaged. The 
ae 

second l i n e  i n  F i g u r e  18 was p l o t t e d  c o n s i d e r i n g  a l l  damaged ex- 

t e r i o r  w a l l s ,  i r r e s p e c t i v e  o f  t ype .  Compa'ring t h e  two l i n e s ,  i t  



TABLE 6 

INTERIOR WALL DAMAGE RATIOS BY BUILDING GROUP 

t Ratios expressed a s  f r a c t i o n s  i n d i c a t e  

sample s i z e :  number of  damaged i n t e r i o r  

walls  over  number o f  bui ldings 

Town 

Col 1 bran 

DeBeque 

Grand Valley 

R i f l e  

S i l t  

I n t e r i o r  Wall Damage Rat io  (%) 

All Buildings 

2.2 (7%) 

4.8 (&) 

26.0 (G) 
5.7 ($) 

Group 1 

2.7 (&It 
5.1 ( 

30.5 (25) 
82 

5.0 (g) 

Group 2 

2Z. (67) 
4.5 ($) 

20.8 (5) 
7.0  ( 



Pseudo A b s o l u t e  A c c e l e r a t i o n  ,Sac, (g)  

FIGURE 16 DAMAGE RATIO FOR INTERIOR WALLS 
(BY BUILDING TYPE) VS SPECTRAL INTENSITY 
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can be concluded t h a t  nonmasonry w a l l s  have h i g h e r  damage th resh-  

o l d s  than masonry wal  I s .  

D. Foundat ions 

Damage da ta  f o r  founda t ions  were sparse.  T h e r e f o r e  no d i  s t i n c -  

t i o n  by t y p e  was made; o n l y  o v e r a l l  f o u n d a t i o n  damage was con- 

s i d e r e d  i n  t h i s  a n a l y s i s .  

The f o u n d a t i o n  damage r a t i o  i s  d e f i n e d  as: 

Number o f  B u i l d i n g s  w i t h  Damaged Foundat ions 
DR = 

Number o f .  Bu i l d i ngs 

Damage r a t i o s  f o r  founda t ions  p l o t t e d  a g a i n s t  s p e c t r a l  i n t e n -  

s i t y  a r e  g i v e n  i n  F i g u r e  19. The f i g u r e  shows t h a t  f o u n d a t i o n  

damage i s  n o t  s e r i o u s  f o r  t h e  range o f  s p e c t r a l  i n t e n s i t y  i n -  

c luded  i n  t h i s  i n v e s t i g a t i o n .  

E. Windows 

I t  i s  recogn ized  t h a t  d u r i n g  ground mot ion  e x c i t a t i o n ,  windows 

a r e  damaged i n  v a r y i n g  degrees. Damage t o  windows i s  u s u a l l y  

t h e  r e s u l t  o f  excess ive  s t r e s s  caused by skewing o f  window 

frames. The RULISON event  d i d  n o t  cause' damage t o  an adequate 

number o f  windows t o  y i e l d  meaningfu l  s t a t i s t i c a l  motion-damage 

r e l a t i o n s h i p s ,  and t h e r e f o r e  window damage d a t a  were n o t  analyzed. 

J O H A  A. BLUYE d A S S O C I A T E S  R E S E A R C H  D l V l S l O H  



FIGURE 19 DAMAGE RATIO FOR FOUNDATIONS 
VS SPECTRAL INTENSITY 
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V.  SUMMARY AND CONCLUSIONS 

For t h i s  s tudy ,  ground mot ion  and l o w - r i s e  b u i l d i n g  damage d a t a  

f r o m  t h e  RULISON underground n u c l e a r  gas s t i m u l a t i o n  exper imen t  

were a p p r o p r i a t e l y  syn thes ized ,  and r e g r e s s i o n  ana lyses were con- 

ducted t o  d e r i v e  motion-damage r e l a t i o n s h i p s  f o r  t h e  most f r e q u e n t -  

l y  damaged l o w - r i s e  b u i l d i n g  components. 

Summaries o f  t h e  motion-damage r e l a t i o n s h i p s  d e r i v e d  a r e  shown i n  

F i g u r e  20. The f i g u r e  shows t h e  damage r a t i o  v a r i a t i o n s  w i t h  spec- 

t r a l  i n t e n s i t y  f o r  t h e  l o w - r i s e  b u i l d i n g  components: chimney, i n -  

t e r i o r  w a l l ,  e x t e r i o r  w a l l ,  and f o u n d a t i o n .  For r e f e r e n c e ,  t h e  

damage r a t i o  v a r i a t i o n  w i t h  s p e c t r a l  i n t e n s i t y  f o r  o v e r a l l  b u i l d i n g  

damage r a t i o  which i n c l u d e s  a l l  types o f  damage i s  a l s o  g i v e n .  To 

o b t a i n  these damage r a t i o s ,  t h e  number o f  damaged b u i l d i n g s ,  t h e  

number o f  b u i l d i n g s  w i t h  i n t e r i o r  w a l l  damage, t h e  number o f  b u i l d -  

ings w i t h  f o u n d a t i o n  damage, and t h e  number o f  b u i l d i n g s  w i t h  ex -  

t e r i o r  w a l l  damage were norma l i zed  w i t h  respec t  t o  t h e  t o t a l  number 

o f  b u i l d i n g s ;  the number o f  b u i l d i n g s  w i t h  chimney damage were 

norma l i zed  t o  t h e  number o f  b u i l d i n g s  w i t h  chimneys. The s p e c t r a l  

i n t e n s i t y  va lues were o b t a i n e d  by averag ing  t h e  a p p r o p r i a t e  5% 

damped pseudo a b s o l u t e  a c c e l e r a t i o n  s p e c t r a  o v e r  t h e  p e r i o d  band 0.05 

t o  0 .2  seconds. 

A l though  t h e  r e g r e s s i o n  l i n e s  shown i n  F i g u r e  20 have been d e r i v e d  

f r o m  a  l i m i t e d  number o f  sample p o i n t s ,  they  p r o v i d e  u s e f u l  i n f o r -  

mat ion  concern ing  t h e  r e l a t i v e  damage s u s c e p t i b i l i t y  o f  p a r t i c u l a r  

l o w - r i s e  b u i l d i n g  components. The f i g u r e  shows t h a t  f o u n d a t i o n s  

a r e  damage-res is tant  e lements compared w i t h  chimneys and i n t e -  

r i o r  wal I s  (mos t l y  p l a s t e r  c o a t e d ) .  Chimneys s u s t a i n  l e s s  damage 

than w a l l  components , a t  low s p e c t r a l  i n t e n s i t i e s  (Sae < 0.2591, b u t  

t h e  chimney damage r a t i o  increases r a p i d l y  i n  t h e  moderate s p e c t r a l  

i n t e n s i t y  range (0.25g < Sae < 1.Og). 
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FIGURE 20 DAMAGE RATIOS FOR VARIOUS BUILDING 
COMPONENTS VS SPECTRAL INTENSITY 



Because o f  t h e  s i g n i f i c a n c e  o f  and t h e  p o t e n t i a l  hazard r e s u l t i n g  

f rom chimney damage a t  s p e c t r a l  i n t e n s i t i e s  o f  Sae + 1.0g, more 

d e t a i l e d  s tudy  o f  chimney damage was performed. C o r r e l a t i o n  r e -  

s u l t s  i n d i c a t e d  t h a t  f o r  t h e  same s p e c t r a l  i n t e n s i t y ,  t h e  damage 

r a t i o  f o r  uncapped chimneys i s  h i g h e r  than f o r  capped chimneys. 

The s t u d y  a l s o  i n d i c a t e d  t h a t  chimney damage increases w i t h  t h e  

inc rease  o f  chimney h e i g h t  above t h e  r o o f  l i n e .  

I t  i s  notewor thy  t h a t  because Colorado i s  l o c a t e d  i n  a  U n i f o r m  

B u i l d i n g  Code (UBC) se ismic  Zone 1 ,  r e i n f o r c e m e n t  and l a t e r a l  

anchorage a r e  n o t  r e q u i r e d  f o r  chimneys i n  wood-frame r e s i d e n t i a l  

b u i l d i n g s .  I t  i s  l i k e l y  t h a t  few chimneys i n c l u d e d  i n  t h i s  s t u d y  

were r e i n f o r c e d  o r  l a t e r a l l y  r e s t r a i n e d .  I t  i s  most p r o b a b l e  t h a t  

t h i s  f a c t o r  w i l l  have a  s i g n i f i c a n t  e f f e c t  on motion-damage 

r e l a t i o n s h i p s  f o r  chimneys. 

A l though  t h e  s i z e  o f  t h e  da ta  sample was l i m i t e d ,  t h e  q u a l i t a t i v e  

conc lus ions  made concern ing  t h e  r e l a t i v e  damage s u s c e p t i b i l i t y  o f  

t h e  v a r i o u s  b u i l d i n g  components a r e  expected t o  be a p p l i c a b l e  t o  

o t h e r  l o c a t i o n s  where t h e  c h a r a c t e r i s t i c s  o f  t h e  e x i s t i n g  b u i l d -  

i ngs  a r e  s i m i l a r  t o  those  o f  t h e  P r o j e c t  RULISON area .  
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