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PREFACE

In I)ecember 19714 , the Automatic Data Processing (ADP) Center,
Waterways Experiment Station (WES ) submitted a proposal to conduct a

Corps—wi de Conference on Computer—Aided Design in Structural Engineering

( CAD SE) to the O f f i c e , Chief of Engineers (OCE). OCE approved the pro-

posal and efforts were started in February 1975 to conduct this Confer-
ence. The Conference was conducted in New Orleans , Louisiana, 22—26

September 1975 and was attended by 175 engineers from 148 Corps field

of f i ces , OCE , Construction Engineering Research Laboratory (CERL), and
WES .

This volume contains papers from Specialty Session G , State—of—

the—Corps—Art on Earthquake and Dynamic Analysis. Mr. Lucian G. Guthrie ,

Structural Engineer (Civil \.~orks), DAEN—CWE—D , OCE , was session chairman
and presented a paper. Another paper was presented by Mr. Michael M.

Dembo , Chief , Civil—Structures Branch , 1{NDED—CS , Huntsville Division.

The Conference was successful due to the efforts of a multitude of

people . The roles they played were different but they were all directed

toward making a concept on “instant dissemination ” work . The Organizing

Comm ittee for the Conference consisted o f :

COL G. H. Hilt , WEB
Mr. F. H. Brown , WES
Mr. D. L. Netunann , WEB
Mr. J. B. Cheek , Jr. , WES
Dr. N. Radhakrishnan , WES——Conference Coordinator

Mr. W . A . Price WEB
Mr. G. S. Hyde, WEB
Mr. D. H . Dressier , LZ4VD
Mr. W. B. Dodd , UvINDE

Ms. L . Smith , L~~DE
Mr. i~. H. Manson, LMNDE
An OCE Coordinating Con~ ittee also worked enthusiastically to

ensure the success of the Conference. This Committee consisted of:

1
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f’.r. C. F. Corns

Mr. B. I. Delyea

Mr. R. F. Maim, OCE Coordinator

Mr. L. G. Juthrie

Mr. D. B. Baldwin

Mr. H. A. McMurrer

The New Orleans District did a remarkable job in playing hosts

to the Conference.

There were 13 division speakers , 25 moderators , two invi ted

speakers , four technical speakers, and ten session chairmen , who

shared the technical load of the Conference. Also, eight computer
ven.Ior~ showed their ware to the participants.

The editor would like to thank all the individuals who served on

the committees and the speakers and the moderators for sharing their

time and thoughts. Without them the Conference would not have been the

success it was. Mr. Donald Dressier , LMVD , and Mr. William Price , WEB,
are especially thanked for their technical guidance and assistance.

This report was edited by Dr. N. Radhakrishnan , Research Civil

rugineer , Computer Analysis Branch ( CAB ) and Special Technical A ss i s—

t .ur~t , ADP Center , under the direct supervision of Mr. J. B. Cheek , Jr.,
Thief , CAB , ALP Center , and the general supervis ion of ~r . D. L.

T~~urcann , Chi ’- f , ADP Center .

The Director of WEB d:2rin ~ the Conference and the preparation

;Lt t his report was COL G. H. Hilt , CF . Mr. F. R. Brown was Thf hnicai

I roc to
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EARTHQUAKE AND DYNAMIC ANALYSES FOR MILITARY STRUCTURES

by

Michael E. Dembo*

Ir~ addit ion to con formance to mission requi rements and funcLional

criteria , the object ives of design for mi l i t a ry  s t ructures  in a se i smic

environment include :

a. Prevention of serious injury and loss of life .

b . Minim ization of property and equipment damage.

c. Insuring the continuity of critical services .

At present , structural designs for military systems are con-

trolled by TM 5—809—10, “Seismic Design for Buildings .” The TM closely

follows the recommendations of the Lateral Force Requirements of the

Structural Engineers Association of California (SEAOC), 1973. The Uni-

form Building Code 1973 and the SEAOC recommendations are closely

related in all major aspects af f e c t i ng seismic st ructural design .

Inherent in these codes are the objectives stated above , with  the

further clarification in the TM of designation of structures by loss—

potential . The equivalent lateral static force methodolo~~r is the

basis of the design procedure described in the TM and the SEAOC . How-

ever , provision is made in all of these design procedures for mo re
rigorous dynamic analysis procedures depending on the degree of

asymmetry , complexity of the structural system , and distribut ion of

loads .

The equivalent lateral force technique of the TM and SEAOC is

described by the following equation:

V = ZKCW

where
V = the total base shear on the structure

* Chief , Civil Structures Branch , Huntsville Division .
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Z = a factor related to a seismic damage risk zone for the U. S.
This factor does not appear in the SEAOC lateral force
requirements

K = a f ac to r  which allows for the plastic deformation capabili—
ties ~f various type structures.

C = the seismic coefficient ; the critical factor in the equiva-
lent later al force technique which attempts to relate the
base— shear force of the structure through the fundamental
1 r ~ ~ ~f vibration of the structure

= t:~. t;~l we ight L the structure
: ; ~~~ V a ,  i. ’. f L a r e  . h w r ~ in the following tabulation :

_______ 
V t i u e ~; of Z

}
~ ~ ior~ ; ~~ ‘ . t Regions East

~:
‘ ~~~~~~~~~ of 106° Longitude

High Loss Low Loss

o 0 0

0.25 O. ;5 0.25*

0.50 0.50 0.50*

L0O 1.00 0.50

~.oo - -

•, r ~ni ~~ r~ . .
~, 

ra’~ mechanical!
- 

~~~~~t it~~ ir ~ - ie~; j :, I r~~’ 
f  r specif ic

~ r. .~~~~
‘ . ,. 

~~~ r u~- t i Lt . , ‘ F S  i v ’ • r  f r  the equivalent

t .era 1 f’ rr~ ai— t hn’1~ 1~~—~ to e rr artiL 1 ~~~j I  F:; j r  a conventional

If : .  i..’ .c ir.a.ysIu (e.g., a r ’ - ru .~ “ i’ i~ ’ ~t : a l y~~is )  are shown in the fol—

• o

* Ray W. Clough , “Dynamic Effects of Earthquakes ,” ASCE , Journal of
the Structural Division , April 1960.
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( oroa~’~ r r ~ of  Dyo’c’C ‘ h~~ j ’ w i t,h CEAUC ( ‘ o l r ’  an I TC

‘a ~~ ic il icorf C FAaC Tooc arid TN

W n ~~a. a. V kCW

b. = f (T) 
b. C =

( 4  
~~

_________ accounts for : veloci ty
a w spectrum , ef fect ive wei~ ht ,

xn X higher modes , ine las t ic
action

~xnwx (V-.F
~

) w
~
h
~

F v c. F
xn n 

~~xnWx X 
~ w•h

1. In e L a rt i c  action greatly d. k = 0.67 to 1.33 for buildings
affects magnitudes of .

dynamic forces 
accounts for varying yield
capacity of different types
of co nstruction

n = modal response number

T natural periui

S = maximum velocity produced in the structure by the earthquake
v noti  a .  C is obtained from a velocity—response spectrum

displacement of “x ” floor level

x = floor level

F = force (lb)

6



At the ri:;k •f ~-e ner a1  1 :~:iL ioa , for  Ihe bu lk  of mi l i t a ry  s t ruc—

t. r i re~; (buili i n ; ’: ;)  whi  ~h or ’  w , on e— t ,  three—story  s t ruc tures ,

t h e  ~~ w i  C}’~’4 T F r  v i  ~~ ‘ ta ‘tfecl I y e procedure for seismic design .

For : 1 . t hr . ; t r .  ‘ ‘  ,:“ . ,  tac N a n i  SEAOC will , in general , under—

e the :ya’~~~ ~‘ r ’ ’ o ç ta ; e in eras of’ s tory shears obtained through

~~,
‘ :~~~~ ‘ c r :’ l 4:~~~ .’si ; ; . A~ r ;~~~’ ’ l  ‘ar l i er , where d i s c o n t i n u i tie s  in

0 ’ F .~~~ 
j : ‘ s O  ~~~.- is ’ i i .  ‘ t i  ! r ’an ’:; r e 3 i s t it i~T lateral loads , the abil —

~‘ :~‘ f’ ‘ ~~‘ 
‘ 

~ ‘ ~~~ ‘ r r  v~ I ’  ‘H ;  1 i : t t e  la te ra l  resistance is questionable.

I t ’ , 1 , sir ; tl i ’ i n~ Lh actual  ine r t i a i  forces by means

.i v l ; ’r r  ~
‘ o r , to; a 0 X I  r ecent  the rea l i ty  of the dynamic

S i ’  , ‘r i n .  For ni~~ . i , r o : ,’ sty ’  ~cL u r e c , there can be major a ip l i f ica—

h - :’ o:i ~ c c  r ec i i  i i i ri,~ in s i g n i f i c a n t  forces in the

:‘rih L c t : ” t r r ; i ng  : . . : :,ber c .  Codes such as the SEAOC and the TM are

ott  a c h i ; ’v i a c  min imum res is tance;  some damage is ant ic ipated

in a I c - a t , ’  ;‘arthquakec . Finally ,  the evidence of the San Fernando

earthquak e in 1971 ind ica tes  that the funct ional  aspects of a

s t r u c t u r e/ f a c i l i t y  must be considered in seismic design . Where nec-

essary , a s t ruc ture  should be designed to remain operable subsequent

to an earthquake of postulated magnitude . This implies that the non—

structural systems in such structures must remain functional . As an

example, for hosp itals, power generation and communi cation faciliti es

should be desiCne 1 to survive earthquakes with only minor interruption
of their performance.

It• is considered that the next advance in design of structures

to resist  seismic induced forces will  be through use of the shock

response spectrum . Major advances have been made in this area in

recent time motivated by design considerations for nuclear reactors .

In a report by Newmark , Bluine, and Kapur , “Design Response Spectra for

Nuclear Power Plants , Atomic Energy Commission , 1973,” recommended

response spectra for seismic designs are developed . These have been

incorporated into the regulatory guides of the former Atomic Energy

7
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‘ . ‘mir;issi a (F i g ur e ;-  l a — b )  . * The t Iv a r i t : t g e c  of the spectral a{J r ;aca f ,

it ’firtiti ut ; of earthquake criteria it ; lude: (a) design spectra inc~. a Ic

the entire frequeri ’y range f i nte res t , r i t n i ’ ; r  than m e r e l y  the j~~~k : i ’ —

c e L e r a t i : r n , ( b )  the spe -~ r aJ  appr oach can Le a :aj ted to acro cnt for  s i te

: t o It i  o t i s  r y  u s i ng  re;; y’ to  t ,t a i  n e t  at s i t e .;  w it a  s i n i  lar coa l i t i ar a ;

(c ) ~he ;;~ t ’ c t r ;  c an .  be a c t  as in i p o t  to a iyr ; arr ;ic ;vna.h’cis ‘1’ a st r ac —

t a re  L Y  t t ;c a o i e  c;4 10e r~~ s i t  ion met l i  ~i .  Where inc i :tO t i c  Ic f r i ; ;at lan s

are a t i t i c i j u t e t , i t  is necessary  t o use direct integrati r; p r o c ed u r e : :

Examples of military facilities desi,-ried by the Huritsvifle

L i , ’ i s m r i i n clu d e  i n d u s t r i al  f a c i l i t i e s  s i m i l a r  to those ill i s t r t t o ” l

:‘~ l o~’~ ; ,ently in this cci ort  and c e r t a in  f ac i l i t i e s  for I D e  SAFEGUARD

‘vot ers . For the indus t,  ial f a c i l i t i e s , the g ov er r ; in ;~ criteri a wer’

the previously re fe renced  ~fM .  In general , manual c a l c ula t ion s  w ’ r ’

used , sup p o r t  ed by I CE C / C T R C I ) I  as requi red for l i m e d  5 t

• ‘ : : ; m :!’ Ap I ; , : tn;t lys c ; :  of seismic response for shock isolat ion system

w’ :’~’ made for faciLities intended to be constructed in the Great Falls ,

L~ :,~a;r,u , rca .  ,, , i c~~c ’ir w e a j a r i s  e f f e c t s  on s t r uc tu r e s  are iOYi’C.~Y a
‘: Ho;” i ’ r ’o tuer l ’y phenomenon , i.e., accelerat ion responses induce the

forces in ~.he structural members . Since this design approach

he L ls for shock isolation systems as well , a check was made to verify

hat the I ow frequency motions induced by earthquakes would not exceed

c r i t e r i a  for allowable hor izon ta l  displacement  of shock i s°—

I a ‘~ l p 1 a~ fj r r : r s

An ir;tf’reotinr ;o-runple of military facilities designed and

‘t:.’ 4 lyzed for : ;“ i sr n i c  loads are the Letterman and Hays General Hospi-

t als located in California. Both these facilities are strongly in—

fi ~eace i  by the we I 1—known San Andreas Fault in the San Francisco and

E r t e r e y  Pay areas . Ceismic analyses for the two hospitals have

recently been m a le  by the Construction Engineering Research Laboratory

(CERL). An illustrat ion of Letterman Hospital and an example of the

* U. . Atami ’ Energy Commission , Regulatory Guide , Revision 1, Decem-
ber l97~ , Regulatory Guide .1.60, “Design Response Spectra for
Seismic Design of Nuclear Power Plants.”

8
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med al  response are provided in Figurer 2 anal 3, respectively. The
to] win ’ tabulation illustrat es the extent of differences in response
I:: ‘e m s  f story shear provided by the different analysis routines .

Shear (in Kips ) for 10—Story Hospi tal
Subjected to Typical Earthquake*

Time 1968
Histo ry Spectral SEAOC Code

_____ 
Analysis Analysis Design Value

10 7,517 6,511 725

9 11,675 10,085 1,1914

8 17,2146 114,080 1,5146
7 20,5147 16,1470 1,780

6 23,090 18,380 1,899
5 214,8914 20,600 2,919

14 25,890 22,760 -1 ,779

3 30,896 29,020 6,1429

2 37,559 PC ,780 7,8114
1 39,000 33,290 8,55 14

* Agbabian Associates , Existing Capacity and C t r ’ c t , ~ t t i c r i —
Inc  Concept s for Letterman ar:d Hays Hosp i ta l s  (Task 8 ) ,
Ir a ft  report (Const ruc t ion  E n g i n e e r i ng  Research l a b  c i —
tory , April 19714).

F r  the hosp i tal  dynamic anal y s i s , t i ; . ’ IIENCAP C ole was ‘ t O O l .

i’his code is a version of the original Wilson SAP Code . GENSAP is a

three—dimensional , elastic finite element computer program , whi ch can

solve static or dynamic problems . Arbitrary time—dependent kinematic

or other forcing functions can be appliod as input boundary conditions.

‘ihi’ Code can solve the dynamic problem by direct integration or by the

niorr il mode analysi s procedure . A description of GENSAP is provided

in Users dui te for GENSAP Code, May 1972, U. S. Army Corps of Engi—
neernr, Huntsville Division. Artificial time—dependent earthquake

not ions were developed based on analysis of site dependent soil

11
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0 all 1. t i n s  and geola~~i and wect used as the d r i v i n g  fu n c t i o ns  in the

r s a I h~~c’i ’ ; f l a l  models of the structures . A detailed analysis of the
• t a C i t ,  ao l  h ays General Hospitals is given in “A Ceismic Design

C r U e t - i t  — iD ’h Ib i  t i t a t  ion; of Existing Hospital Facilities , Task k -port ,

V . .: 1, ” by Agbabian Associates , Contract DACA23—73—C—0033, Mar ch

I 97I~ , for -  Ci’13i .

A p1 . t . ci’ seismic act i v i t y  in the United States is shown; in

F l  ‘nrc’ 14 .

I n ;  re l at ion  to Central and Eastern U. C., the main areas of seis-

mic motivity are noted in the Middle Mississ ippi Valley in the we l l—

known; LIew Madrid Fault Zone. Other areas of seismic activity which

Sh ou t be considered carefully in design of military facilities

include the Southern Appri a chians , the area around Charleston , South
Carolina , and the New York , New England area (influenced by seismic

- . 
.‘ a t iv i ’ .y in the St. Lawrence Valley). Figure 5 shows the location of

Arr ay Ammunition Plants as related to the zonal seismic risk map pre-

scribed by the TM. Where appropriate , the fac ilit ies at these

Arar A r i t l o n  Plants must be analyzed for seismic effects particularly

concerning response of automated electronically controlled monitoring

a n i  ;o nit , roi systems . These systems control the manufacturing and

pro cess in , - of hazardous chemicals and explosives . The control systems

are susceptible to d isrupt ion due to the motions anticipated as a
resuLt of’ regional seismic activity . A summary of seismic activity

ir~ iiautern; U. S. is presented in the following tabulation.

Earthquakes — Eastern U. S.

Summary

o Considering historic time , damaging earthquakes
have occurred in most of Eastern U.S. (East of
105° Longitude)

o No major (Intensity Ix) earthquakes since 1900

o Eastern U.S. damaging earthquakes fewer than
Western ; however , area of damage in Eastern U.S.
greater than Western

(Continued )
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— In long time , damage risk in Eastern U.S.
same as Western U.C .

o Recurrence (varies by area)

— In tens i ty  < I X  — 50 years

— Intensity IX — 75 years
— Intensity IX—X — 150 years
— Intensity XI — 500 years

o Areas of greatest concern:

— M i ssi ssipp i Valley (1895 — IX , 1968 — V I I )
— Char les ton , S.C . (1886 — x)
— Southern Appalachian Mountains (1951 — VI)
— St. Lawrence Valley

o St atistically — a major damaging earthquake (~ vi)
expecte d in Miss iss ippi Valley in next 20 years

Dynamic Analysis in Military Construction

In a d i l t i o n  t o  dynamic loads due to seismic effects , other time—

depot lent loads , which require application of dynamic analysis tech-

ni ques , ‘ire the ground shock and airblast loads due to nuclear weapons

effects arid chemical explosions .

About 50% of the total ener~~’ of a nuclear explosion is re-

leased in the form of blast and shock. For military protective sys-

tems , the dynamic loading resulting on a structure is felt as airbiast

on exposed portion s of the building and as ground shock on below—

i- r i le por t i ns . i n  the  SAFEGUAR D System , the structures designed by

h (‘ n-ps which hat to f un c t i o n  during and after a nuclear attack ,

i.e., h ;ar l e r o l , i n o - l u l e l :  radar buildings (semiburied and above—

-t’ i I e ) ,  b ut - le t ; w ’ ’ l I m i t s , r C i s s i l e  silos , and ancillary structures .

I n all ui these stn’ n’tiz- e’s , system criteria related to allowable
;,r;nsi’ r ;~ Ci a I. ’r r .’m ’n;t displacements , rotation , and tilt had to be

met,. Con ; t t t i n t - ’ l  within these str uct ures were radar and data processing
t .’ I J i l f r i e n i t ,  r .’luire l for the command/control function . These equipments

also had I. e be hardened . The result, was the necessity for generating

i n ; — r t . n ’u r t , ir ”  environments (dynamic response) containing Information on

i ’ :; dynamic cha rac t e r i s t i c s  of a much more sophisticated nature than
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would hn ve been required fur a strictly structural analysis to also

the members . I n f o r m a t i o n  on dynamic response up t ,o 100 Hz was re-

quired for design and t i n t i n g  of t h e  4’Lec- t ,ronn ic radar equipment.

Permanent c i t  i t  j u t ;  and ti lt of missile silos were limited to less than

one d o g n o ’  from a l o ngi t u d i n a l  ax is .  Radar systems contained automatic

d isp lac a ’ni control mechanisms which require accurate determinations

of  the Ce ticipat e’I transient and pe rmanent displacements. The result

was the n ecessity for a ri gorous dynamic analysis of the structure .

A rrra,ior research and development program supported the analysis and
provided nie -essary empirical data to verify that requi red system
hair iness ha t been achieved. Figures 6 and 7 show longitudi nal sect ions

t n n u ; ’l; the Missile Cite Control Building and the Perimeter Acquisi-

t ion Ha iCi r Building . A special characteristic of the loading function

in CAF ’iJ ;UARD was the time relationship of the ground shock and the
air-blast. overpressure on the structures . Figure 8 shows a typical

plo t of’ the combined ground shock and airblast. Note the oscillatory

nature of the ground mot ion  envi ronment  ( analogous to earthquake

motions ) .i n i  the more impu lsive  ai rhiast  charac ter ized  by the sharp

io ’e1e rt~ ion spike.

I b C  ly n ’ c i c  analyses of t h e  st..r iuc tnr -”s were accomplished through

a ~~~~~ I. or routine s . In ge n e ra l  , the generation of the fre—

r o t - i  a; , m Ic .r i ;a j cs , ana l associated dynamical matrices were accom—

1 1 i i . ’ I u s in g I t ’ l l  ‘t a r — i  f . . ru to e leae ’n ;t  programs. Figure 9 shows
a” fini r ’ i e m ’ n ; t .  model f r ’ por t ions  of the N. ssile Site Coni,rjl

sal I :  i t s .  lb l ’velup rn enit of dynamic force magnification factors for

structura. 1 les ign; and time—motion histories of response at selected

lo ’nt t , i nis were through programs created specifically for that purpose.

At each fl ier , respons e spectra were developed for specified locations ,
the response spectra were then enveloped to cover an entire fl oor.

F’i~~ur-e 10 shows a noridimensional example of the enveloping procedure .

The Ral ph M. Parsons Co. was the analyst for the Missile Site Control

Buildi ng and Ammann and Whitney designed the Perimeter Acquisition

Radar Building.
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Fe’r SAFEGUARD, the connection of the mathematical  model of the

structure to the soil was through a discrete “spring dash—pot” inter—

actor at e r i ch ;  node point as shown in Figure 11. A major problem in

the use of t h i s  model is the reliable determi nat ion of the s t i f f n e ss

and damping c o e f f i c i e n t  parameters and the i r  spatial d i s t r i bu t ion .

The main advantage of the discrete iriteractor is its relative sim-

plici ty .

The GENSAP Computer Program was not available at the time the

SAFEGUAR D desi gns were made . GENSAP was used for analyses as part of

a hardness verification program.

Further advances in Ballistic Missile Defense technolo~~r have

led to a second generation system , Site Defense. In this system , the

radars are smaller versions of the SAFEGUARD Missile Site Control

building ; however , the overpressure and groun d shock hardness cr i ter ia
are increased . With the development of GENSAP for structural analysis

and a reli able gr o u n d  motion prediction code , LAYER , a research pro-

gram was started t .’ develop a procedure to couple together the ground

motion and structural analysis programs. By this means , the problems

of incompatib i l i ty between ~he soil consti tu t ive  models in the free

field (ground motion ) and in ‘he si ll adjacent to the structure

(as occurred durin g use of t t o’ ~i ‘r n’ ’ to interactors previously de-

scribed) should be resolved. To treat the inelastic soil response

problem , the FEDIA* Code was use i for the interaction and structural

analys is. FEDIA is a dynamic , inelas t ic, two—dimensional continuous

finite element code . The code can be used to solve dynamic inelastic

axisyinmetric or plane strain problems.

The first problem which must be overcome is that of transmitting

criteria input motions to the structure realistically . This is done

by means of the soil island technique , in which the criteria motions

* J. Isenberg , Agbabian Associates , “Users Guide for FEDIA Code,”
Contract DACA87-73—C—0005 , prepared for the Huntsville Division ,
May 1973.
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Figure 11. Soil/structure
interaction model
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are inil la l ly  generated by a finite dit’terence (LAYER Code) analysis.

The motions along the boundaries of a fictitious soil island are

stored during the finite difference calculation . These motions are

t hen; applied to the  boundaries of a finite element soil island (GENSAP

or FEDIA Codes) which contains a model of the structure; the a’irblast

pressure is applied to the sur face of the ground and to the ex posed

parts of the structure . Figures 12—114 illustrate the structure in

the free—field halfspace. It has been shown that excellent compati-

bility can be achieved between the free field and soil island models

so long as the constitutive properties of the soil are the same in

both cases . Excellent compatibility was demonstrated between LAYER
and F’EDIA , inelastic axisy-mmetric finite difference and finite element

codes , respectively. Sat is factory compatibil i ty was demonstrated

between LAYER and GENSAP when suitable elastic properties and damping

coe f f i c i en t s  were used to simulate material nonlineari ty.

The final analysis of the Site Defense Radar Structure* is now

in progress. It is considered that the soil island procedure offers

a more reliable method for calculating dynamic structural response

than that described for SAFEGUARD. However , the analysis, in terms

of necessary suppor t ing  dat a , computer storage , and run times , will

l imi t the class of problems to those for which accurate predictions
ot ’ time—related dynamic environments are required for critical equip-

ment designs.

Design of military st ructures to provide protection against

accidental explosion of conventional munitions is a major feature of’

the Army Materiel Command ’s Modernization and Expansion Program for

Army Ammunition Plants (AAP’ s). The Huntsville Division is the coor-

dinating office for the Corps for the Program and is responsible for

design of certain of the plants , and the validat iun of all blast

resistant designs . The structures involved are of the industrial

* Weidlinger Associates, “Analysis of Soil Structure Interaction on
Site Defense (SD) Type Semi—Buried Structures, Parts I and II, Con-
tract DACA87—714—C—00514, prepared for the Huntsville Division.
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type and vary from built—up and prefabricat ed steel and (-nr (’r (’t,e

g a b l e  bents to steel frame structures of advanced design . The heavi-

est s t a t i c  loads in these s t ruc tures  are due to indus t r i a l  t’! , ir  i n a i s ,

rails , metal forming presses and mills , anti special supports for

i ’h ;eni .isai processes. Figure 15 shows a model of the lO~ —mn ~‘~ ‘ta I ar -t

huildino - now being designed by the H u n t s v i ll e  D iv i s ion  for  the Lone

~ ta ;- Arm y Ammunit ion Plant in Texas .

Dynamic’ loads are induced as a result ~if  rti-ri dent ,ni l •‘xt ii ,o; i ii!; ~~~~

Based on sys t em criteria related to location , quantity , r i u r l  type of

chemical  explosive involved , airblast overpressure loads are i r ’t e r r i n ; c ’ l

on the structures to be analyzed . Care is taken to determine load

p a t h s  t .  the main load carrying members . In the H u n L sv i l l e  Dj v f s l o n ,

~‘i’Rt .’Lt’ , is used fan- the dynamic analyses . Figure 16 shows the pr oce1;n-e

;s’ i t ’~~r l e t e rm~ n ; i r i g  the airblast loads on the structure . i r -~r ’  l~
ind icates the design loading and Figure 18 shows the appropri’~- . ’ pe~k

airblast ‘u;d positive phase duration of the loads . The n f  n -mrs i t .

pradai -eI by the STRUD L output is shown in  the following t ’;b,, ’s on.

STRUD L Analysis Output
L~rnamic Characteristics Time Dependent Flesponse

a. Frequencies a. Moments

b . Mode shapes b . Shears

e. Axial forces

d. Joint deflections

e. Joint rotations

For wind loads, the Huntsville Division uses the appropriate

Corps manuals and the American National Standards Building Code Re-

qui rements for Minimum Design Loads in Buildings and Other Structures.

No particular structural analysis codes have been adopted to date for

windload problems .
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/, /
I4A RDENED

PROCESS BUILD I~4O / AREA

1~ ~~~~~~~~~~~~~~~~~~~~~~~

_ _ _ _ _ _

/

SIORAG€ I

• 1200 lb EXPt.OSSVES (7N7 EOUiV o eon

Figure 16. Accidental explosion
( AAP M&E program )

~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~4 %.,

~ 
.. .i —I~~~ -.-.------ ..

STPt,MX’DVNAI. RUN • I

MEMIER JOINTS ME~~ ER SIZE A , Ii

I I - 2 *301172 50.7 990

2 2-  3 *101172 507  950

3 3 — 4  *301172 507 950

4 4 .  3 *301172 50 1 950

S • 3 *Sa 7 7  2 2 7  290

• 7 - S  WIls??  2 2 7  290

7 - 3. S *30a172 50 7 990
—

9 9- 9 *10*172 50 7 1930
9 10 ’- 9 *30,172 507 1930
10 I I  - 10 *30,172 50 1 1930

Figure 17. Process building frame
(28.5—ft spacing)
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PRESSURE P1 (t) ~r (FRONT WALL )

— 5 6  psI ~~~~~
(t )  0 0

Pr
PRESSURE P2 Ct ) (FRONT ROOF)
• 152.0 me

• 33.2 nfl

• 4.46 pe 1

(4)

PRESSURE P3 Ct) (BACK ROOF)
— 171.0 mc p

to 40 + 4 4 40 + 4 0

PRESSURE P4 Ct) (BACK WALL)

• 195.0 ms 
F’

- 130 mc
— 55.0 mc

— I.34 p,i

~0 ‘j # to

Fi gure 18. Load-time curves

Summary of Specialty Session

The TM 5—809—10, Seismic Design for Buildings , 1973, is an
adequate tool for design of military facilities for structures (build-

ings ) that are not critical (i.e., where there is no, or limited

likelihood of loss of life , damage or requirement to replace expensive

equipment , or disruption of critical services). The TM provides

guidance here in the context of “high” and “low” loss potential . The

manual is applicable to structures that are “simple,” i.e., symmetrical

or nearly so, and where there are no sharp discontinuities in “stiff-

ness” (i.e., dynamic characteristics).

Where structures do not fall in the above categories, more
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r ig o ro u s  analysis r o u t in e s  are necessary . At present these can be

accomplished t h r ou gh  use of the response spectra approach to obta in

aci -e~~er a t . i o n ;  levels at the various locat ions in a s t ruc tu re, or by

app l i c a t i on  of t ime—mot ion  h i s to r i e s  to “dr ive ” the mathemat ica l

tel sf t h e  structure . In both these cases , it is necessary to per—

torn o dynamic analysis. In the dynamic analysis , mode superposit ion

pr ‘.‘ i i e~ a powen- fr.i~ tool for e las t ic  analysis;  determinat ion of mode

shapes and frequencies is critical. Lumped mass models can be used;

p .
~~~~~~~~~~~~~ , where it is necessary to model a complex geometry or to

o b t a i n  r e l i a b l e  i n — st r u ct u r e  environments for equipment des ign , the

c n t iniuu’n rmine l is preferable. Direct integration procedures must

be used for cases of inelastic response. They should be used where

t h e  input  mot ions  are not constant across the foundation .

The “spring dashpot” interaction mechanism is valid for low
f r e n ’ A e r cy not ions ( e .c . ,  from an ear thquake) .  The f i n i t e  element

continuum model of structure and ground is more realistic , but may

not. be requir ’e l for relatively stiff structures , such as mil i tary

pro t ective structures.

For frames which can be represented as 2—D models , a specialized

n orposc code such  as STRUDL, GENSAP, ANSYS, or whatever , that will
h - u t i l e  ~ln e  j r  t ier , is preferable to general purpose codes l ike SAP IV

a n n  i~Nl~A } . 2he special ized codes are equally as ef f i c i e n t  for the

case at Pan t  arid are less expensive to use.

C- tr -~ should be taken wi th the use of response spectra such as

:; ‘!~ ‘ax - Regulatory Agency procedures since they may not be corn—

n atible with local soil conditions , i.e., a very soft or a very hard

site , or a layered site with both soft and hard layers . The response

spec tra approach to dynamic analys is is more realistic in depicting

the It -i vin~ motions and resultant forces than the equivalent lateral

t a t  method .

Present  proven tools for dynamic analysis are limited to the

f-Las tic case of complex structures . Some symmetrical or plane strain

structures can be analyzed with confidence for inelastic response.
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Even so , i i ~~~AI or- ~Ai IV p r o v i d er ;  a powerfu l  tool fo r mast, Corps iC—

signs and analyses in m i l i t a ry  construct ion . The b e r t , t ’ r i tu n’es of

~iAF IV ant i t~P~’At  should be combined in one code and ti dupli .r a t l a n

terminated.

General Comments

In hun t sville , good support exis ts  from top management concern —

ing c rrr p n t er  use for structural engineering (o~.her disci plines are

niegat i ye)

The Tektronix or other interactive graphic hardware could be

use .1 to good advantage for mi l i t a ry  constru ction structural analyses

and desicns.

The reason is not clear , but in Military Const ruction , the per-

centage of work done in—house Is small. This limits the ability t.~
optimi ze use of computers for  s t ructural  engineers .

The CDC 7600 has enabled the Huntsville Division to process
our analysis and l e s i g r i  work very efficiently——this hardware should

be considered for Corps use.

The Huntsville Division has established an excellent working re—

i a t l s r ; sh i p  w~ito the U. ~~. Army Engineer  Waterway s Experiment ft a t l n

( w t ~) ,  in terms of b~ tP personnel ant facilities. WFt~ provi des c .nsu , —

triri t . service and “ computer -ur ien t e t ” personnel as required for special

pr b ienit s in the Huntsville Division.
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GTA l E-OF—TI1 E— COHRi ART

IN

EAFtTIIQUAKE AND DYNAMIC AN ALYSES

FOR

CIVIL WO~KS STRUCTURES

by

Lucian G. Guthrie*

In t roduc t ion

Pr - ocedures and methods for the seisnn i c ics I to; of c o n r r e t .e c rav i ty

ircflr; are n re’;sn tiy changing from the cr,nvert t i onal seismi c coeffi rieni t

method to procedures  incorpora t ing  the computed lyriamic rescense of the

StrlA t i re wi th  es t imated fu t ure groun d mot i r i s .  th e l a t t e r  rr;etho 1 is a

more rational one and couples the structure ’s iynia rrii: properties and

the characteristics of the ground m o t i o n .

Pr ser t. ty we are proposing to check the designs of new and exist-

ing hydraulic structures in h i g h  risk seismic zones by both the seismic

coefficient and dynamic rnn€ thoIs of analysis. The reason for r equir i r rg

both meth ods of analysis is t h a t .  t h y- ’ are still uncertainties involved

i n  e s t a b l i s h in g  the d r - s i g n  e r i r t . h j s t k e ( s )  and set t ing the dynamic per-

formance requl r rr i ent ; ;  of the  st r u t o r . - .

The purpose of t h is  paper is to r i l ey  the present “sta’e of the

art” for the seismic design of hydraulic structures. The present

earthquake des ign  procedure is r ev i ewe l , the dynamic response procedures

which are evolving from recent Ie v r-I . pm l-n t.s in earthquake engineering

* Structural Engineer , Struct ures Branch, givil Works Directorate
Office , OCE.
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resi rird ; irs teni n- ibed , and the earthquake engineering training cou r s e s

i ’  van lable dynajnii c analysis cornipnn t . r programs are I i  scnn :;sed.

Present Earthquake Dr si~~rn Proce dure

Inertial I c r 0 05

The pi-eseut earthquake method of s t ruc tura l  analysis for hydrau—

h o  st rin ’trnre;; is the seismic coefficient method . A selected seismic

co.’ffic i - n i t  , wh ich represent s the ratio of an assumed acce le ra t ion  of

the o~ 1~’ n u n - c  i .e the accelerat ion of g rav i ty ,  is mu l t i plied by the

w ’ish t of the structure to o b t a i n  the  ine r t i a l  force .  The earthquake

‘i cy I r .- r n n t i o n n  is assumed to act un i formly over the height of the dam.

Tine r r i i n i i nn n urn h o r i z o n t a l  earthquake acceleration coef f ic ien t s  are 0.10 g

f..r se i s m ic  su i tes  3 arid 2, 0.05 g for seismic zone 1, and 0 for seismic

s o m e  0 ( r eV :  ETL 1110—2—109, 21 October 70).

The vertical earthquake acceleration effects are ignored. The

reasoning behind this is that vertical acceleration changes the weight

of the s tructure and the water in the sane ratio. Considering these

elements alone , th e resultant is not displaced from the posi t ion it

would occupy if there were no vertical acceleration. Also , uplift is

assumed to be unaffected by earthquake accelerations (ref: EM 1110—2—

2200 , Gravity Dam Design, page 5 ) .
Hydrod~ynamic forces

The hydrodynamic forces f i r  g r av i t y  t rim s are computed by us ing

the seismic coefficient in the W eni t. ergni it-d formula , which ass umes the

structure to be rigid. The tnethod is bits-I on the idea that the hydro—

I y n r -i mi c  force  is of an i ne r t i a  t~ pe and c an t  therefore be represented
as an added mass. The added mass , which is forced to vibrate with the

dam , is represented by a body of water confined between a certain

parabola and the upstream face of the dam (ref: EM lllO~-2—22O0,

page 5).
For intake towers the increased water pressure is found by the

added mass concept also . The seismic coefficient is multiplied by
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the weight of the r id ic i mass of water which is assumed t o  be excited

L i n t  nn c t ion by vibration of the t o w - i- .  For a tower of (-ircuj ar section

the :~ t ied mass I ; ;  equal to the  mass of the volum e of water  d isp laced

by t ine  tower . For a t.~ w et -  of rectangular  sect ion the added mass is

obtained from the volume of writer in ann imaginary  solid of revolu t ion .

This “soli d” is formed by rotating the vertical ji ro 3’ -ctior i of the

t ower  w r I t , which is normal to the direction of the seism ic force ,
about a vertical axis through the centroid of the area (EM lllO~ 2~ 2lrOO ,

~t ruc tural Design of Spiliway and Outlet Works , page 27). In other

wo rds , the added mass is represented by a semicircular cylinder of

water attached to each face of the tower normal to the direction of

t he earthquake acceleration .

Dytnarnic earth forces

The dynamic earth pressure magnitude for retaining walls is

approximated by the Mononobe—Okabe method . In t h i s  method the seismic

c o e t t i c - j ent is mul t ip l ied  by the weigh t of the Coulomb sl iding wedge

to produce the horizontal resultant earth pressure on the wall. The

resultant  is applied at 2/3 the fill height above the base. I-or a

typical backf i l l  material  the dynamic earth pressure increase can be

taken as about 10 and 20 percent of the static earth pressure for ac-

celerations of 0.05 and 0.10 g, respectively. If there is a saturation

leve l behi nd the wall , the hydrodynamic force is determined by the

Westergaard formula (ref: EM 1110—2—2502, Retaining Walls , page 5).

Performance requirements

The performance requirements for hydraulic structures ant l er

these seism ic loadings are specified principally in terms of o~ en-t5 n- r; —

ing and sliding stabilities. For the normal operating condition with

a seismi c loading , the resultant locat ion at any horizontal plane is

allowed to be anywhere w it hin the limits of the struc ture , so long as

the allowable compressive stresses are not exceeded . The resultant

location of the normal operating condition without the seismic loading

has a “within the kern” requirement. The minimum shear—friction factor

of safety is two and two—thirds for the normal operating condition with
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J seismic .~oadings, compared to a required minimum of four without seismic

loadings .

Concrete stresses usually have not been a controlling factor in

the desi gn of gravity structures; in general an increase of one—third

over the normal working stresses is permitted when seismic loading is

combined wi th  normal loads . Li t t le  attention has been paid to dynamic

concrete tensile stresses under seismic loading. Acceptance of the

resultant location outside of the kern of the section with earthquake

loading, however , recognizes the existence of tensile stresses;
rarely have computations been made to determine the stress magnitudes.

Stress and stability analyses have usually assumed a condition of only

compression normal to any horizontal plane .

Dynamic Response Procedures

The design earthquake

The principles and techniques for performing dynamic response

analyses of dam structures have been available to the designer for a
number of years. However , until very recently there has been a general

reluctance to include such procedures in the design process , in part

because of a lack of confidence in the suitability of the earthquake

motion input data. Analyses for the most part used the recorded

ground motion of some particular earthquake, such as the El Centro

1914 0 event , or idealized earthquakes , which were not necessarily com-

patible with local or regional geological features . However, substan-

tial progress has recently been made in formulating procedures for

estimating earthquake ground motions likely to occur at any specific

location. Essentially , these procedures involve assessment of the

seismic history of the region , the location and study of faults within

the zone of influence , and stress—strain properties of the materials

through which the seismic waves travel. From these evaluations , the

“design earthquake” concept is formulated.
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The design earthquake is assigned a Richter magnitude designa-

tion with corresponding values for peak particle acceleration , velocity ,

and displacement in bedrock at the epicenter. Then , using attenuation
curves , reduced values of these ground motion parameters are estimated

for the desired distance from the assumed epicenter . The duration

of strong ground motion to be expected is estimated by the use of

fault length and magnitude relationships .

Dynamic analyses

Two methods are being used in determining the response of
structures to seismic induced ground motions . One method uses speci-

fied design earthquake accelerograms, and a time—history response of

the structure is calculated. This is usually done for more than one

accelerograin to account for variation in duration and frequency of

strong motion shaking. For hydraulic structures , such as dams and

intake towers, a complete time history of the dynamic response of the

structure is computed by the finite element method .

The second method uses a design response spectrum rather than

the complete time—history analysis. The design response spectrum

represents the maximum response of all elastic damped single—degree—

of—freedom systems subjected to design earthquake ground motion . One

can enter a plot of such data at the structure ’s natural period and

assumed damping to obtain the corresponding spectral (maximum) acceler-

ation , velocity , or displacement of the structure in its fundamental

mode of response. With the spectral acceleration , the mass of the

structure, and the mode shape of the system determined , the magnitu des

and distribution of the seismic induced forces on the structure can

be computed. The mode shape is the nondimensional deflected shape of

the structure for the mode of vibration under consideration . With

the seismic forces applied , an equivalent static analysis is used

to compute the dynamic stresses.

Since the response spectrum gives maximum response of a single—

degree—of—freedom system at a particular frequency , exact response

values can only be obtained directly for one mode. The reason for
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t h is  is tha t  the maximum response for  d i f f e r ent modes dues not occur

at the same time . Adding up various modal maximum values therefore

leads to overpredicting the overall structure response. A more

reasonable method for predicting response due to several modes of

vibrri t i . n  is to take the square root of the sum of the s i t n a r u s of t h e

indiv ilnini]. modal responses . However , for very st i fn hydraulic :;t ,~-u c_

tures , such as gravi ty  dams , the f i r s t  mode has the greatest effect
on the c y n n a r r i c  response of the structure . The higl f t r rr ies usually

have a very smal l e f fec t  on the total response and can be i gm n c re i , at

least for the approximate analysis.

For a more detailed explanation of the procedure for the re—

s ion s e  spectrum method , refer  to Appendix A of this paper.

The hydrodynamic e f fec t , including the dam—reservoir interaction

rus t tine compressibility of the water , which appears to be important

• - r e -  gravity dam s , can be computed by the f i n i t e  element method . For

‘ ito response spectrum method , a simple procedure to account for  the

tarn— reservoir interaction and the compressibility of the water is

b e i n~ developed and should be completed this  fiscal year.

en ermance requirements

Th~ performance requirements for hydraulic s t ruc tures  wi th  w h i ch

to evaluate the results of a dynamic analysis have not been established .

Cu rrent  th inki ng is that , for a moderate earthquake which might reason—

ni t ty be expected at the s i te  during the l i fe  of the structure, the

stru cture should be able to resist the dynamic forces produce d w i t hout

s i gn i f i c a n t  damage . For the greatest earthquake which  can be expected ,

;ig rni ficant st,ructural damage may be permitted insofar as such damage

w t i i not result in failure leading to loss of life and/or excessive

pr J e r  ty 1 nuninige

The dynamic propert ies of mass concrete and the foundation
material n r n i er  cyclic int l reversible strains , which are representative
of earthquake vibration conditions , need to be determined . This must

be I n ’ - before the results of a dynamic analysis can be evaluated

properly wi th respect to the above performance requirements. In
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par t i cular , the dynamic tensile and shear strengths of mass concret e

arid the dynamic shear s t rength  t the foundation are needed to assess

the degree of damage the s t r - n n - t . nr - ,’ wiil sustain when experiencing

the design earthquake .

Earthquake Engineer ing Research

The Civ il Works Directorate of OCE is sponsoring an earthquake

engineering research program which covers a wide range of problems
associated with the earthquake behavior of gravity dams, arch dams ,

and intake towers . Finite element analyses and forced vibration field

tests have been conducted on gravity dams and axisy-mmetric (circular

in cross—section ) intake towers by the University of Cal i fornia ,

Berkeley . These investigations included dam—reservoir and dam—

foundation interaction, tower—reservoir interaction , and nonl inear

stu  l i es  on gravity dams . A finite element method of analysis , which

will include the combined effect of the dam—reservoir—foundation

i n t e rac t ion  and seism ic design recommend at ions for gravi ty dam s and

intake towers , is due to be completed by September 1976.

Finite e] e m en n t . , analyses , forced vibration field tests , and model

studies have been c on t a c t e d  on an arch Ire- by ‘h’ Weapons ! i f f e n t ~

lutorat ry (‘
~
‘ob) at . ~~~~ Model st riiu ~ ; of a gravity d~~n nut I the de—

vei.prner t f i s s ig r  p i u s  t a ssi st  it  the sei.;rrni analysis and design

of g r n t ; i  ¶ y  nwr s w- n -o i r n i  t i a tc i  th i s  f i sc a l  y ni r at. WEL . t I C  c r e n e

t~al .o rat .ry it ‘~na. i n  c .n . i u c  t I rig an exj . ’  r i n n i .r r n t a  0 in nV osr i g at i or n  on t~~c

dynami c pr  E e r t i e s  f mass cj r c r e te .

A detai led l ir ;c u s s i on i  of the  ca r t  II l l n r L k - e n i g i  rne€- r t r i g  r u - s i - n m - c m

n i t  ie .-rk u- I iy  and ~~ is i nn - I  ude i as A pp - n1 ix B of this paper.

Ihu- results of dynamic analyses of gravity dams made at Berk eley

hnm~ o focused a tt , e r n t i , r n  or the limitations inherent i i i  the present

seismic coefficient method of analysis. An Inspection and ii dynamic

analysis of Koyna Dam , which was significantly damaged by an earthquake

in 1967, revealed the following . First , the earthquake acceleration
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of 0.05 g, which was used in the design of the dam , is much smaller

than the peak acceleration of 0.149 g that actually occurred at tine

site.

Also, the assumption that the seismic coefficient is crs tant along
the height of the dam does not recognize thnit . the -: r - f I i c l i - r n t s t n s n l t

vary with the heigh t according to the mode shapes and v it r o ’i e .

the dam . Second , the h igher  s t rength concre te  needs to be p1-u- i- i wh e r e -

the maximum dynamic tens ile stresses occur, in the upper par u s of the

dam at the two faces , as illustrated in Figure 1. Third , the stan dard

Westergaard hydro lynamic formula can grossly underestimate the hydru—

dynamic effects. One example showed a 50 percent increase in n stresses

due to hydrodynamic load s when the flexibility of the dam, dam—reservoir

interaction , and compressibility of the water were included in the

analysis.

Figure 2 shows results of the analysis of Pine Flat Dam due to

the same earthquake . Pine Flat is a 1400—ft—high dam , compared with

Koyna ’s 3140 ft, and has a higher and gentler change in the back slope.

Even so , high tensile stresses occur near the slope transition .

Seismic Instrumentation

Records of actual earthquake motions and the response of dams to

those motions are needed to check and improve dynamic response analyses .

Recognizing this , the Corps of Engineers instituted a program several.

years ago to obtain such records . Concrete dams and intake towers ir~
seismic zones 3 and 2 having heights of 150 ft or greater are being

equi pped with seismic instrumentation to measure future ground motion
and the structure ’s response. Instruments include strong motion

accelerometers , seismoscopes , and, in some cases, hydrodynamic pressure
gages (Em 1110—2—130, 30 July 1971).

Data from our seismic instrumentation program should increase our

knowledge of earthquake ground motions and their effects on dais struc-

tures . As such data are obtained , procedures for design and analyses

will be improved.
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Figure 1. Critical tensile stresses in Koyna Dam
due to Koyna earthquake
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Figure 2.  Critical tensile stresses in Pine Flat Dam
due to Koyna earthquake
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Earthquake Eng inee r ing  T r a in i n g

For the purpose of training the C r- c n n structural engineers to

recognise the e x t e n t  of the seismic analysis t nt - t i n t  for ri par t icular

s t ruc ture  and to then perform the analys is  w i t h  the proper  seismic

loadinn ,-s , two earthquake ern g  ineeri  r ig t r a in  i m g  courses are scheduled

~or FY 7 ( .  The f i r s t  course Is en t i t l ed , “ Fun damentals  of Dynamic

Analysis for Earthquake Engineering. ” The course will provide civil

engineers  w i t h i n  the Corps with a background in s t ructural  dynamics

which wi l l  be useful in earthquake eng ineer ing .  The course was given

f i r s t  during 28 July— 8 August 1975 at WES. It will be repeated 1—12

December 1975.

The second course is entitled , “Earthquake Analysis of Concrete
Darns and Appurtenan t Structures. ” This course wi ll provide structural

engineers wi th in  the Corps with an introduction to the desi gn of earth-

quake resistant hydraulic structures , n particular , gravity dams and

i n tak e towers . The course is scheduled to be given 19—30 January

1976 in San Francisco.

These courses are being announced in a CW training circular

EC 350—2— 9 1 , dated 8 September 1975, which is presently being

d i s t r i bu t ed .

Computer Program s for Earthquake Anal.ysis

The finite element method of analysis uses to the full the capa-

bilities of electronic computers and now presents the opportunity for a

new and completely independent method of analysis of dams and appurte-

nant structures . The finite element method replaces the given structure

by a system of elements of known geometric and material properties .

Using the laws of stress , deformation , and compatibility , it computes
the stress and deformation of the structure under a load. A summary of

the best known finite element computer programs that are available for

earthquake analysis of hydraulic structures is given below .
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I v

This is a - e n r o l - n i  I purpose s t ruc tu ra l  anal ysis  program fur the

O t t  I -  m r n i  l yn nm r rnic analys is  of l i n e a r  s t r uct u r a l  systems . The program

l m n n o  p n . o v o m n  to be a very fl -xible and e ff i c i e n t  analysis  t ,o.1 . It is

code ! iii  s ’ m i l a n - I FORTRAN IV a n t  operates w i t h o u t  m o d i f i c a t i o n s  on

t in . CDC 61400, 6600, and 7600 computers .

SAP T V can be m o d i n i e d  a n !  ex tended by the use r .  A d d i t i o n a I

I urns anT me w e l  en rn -n t s may easily be added. The program has the

-r ip nic i t y to analyse very lan-ge th ree—dimens iona l  systems ; however ,

t i m er , is no loss in cI1i:iency Io n - the solution of smaller problems .

~ M IV is inc luded in the WEi3 Engineering Computer Programs

Library Catalog , dated May 1975, and is operational on the 0—635

com pu te r  at WES .

i-A1 )i! I

This is a linnc -nm r - , tw~ — dimensiorial finite element computer pro-

gram for the earthquake analysis of gravi ty dams i n c l u d i n g  hydrodynarnic

interaction . The Civil Works Directorate of OCE sponsored the develop-

r rn unr n t of the pr )grnn .rmm . A brief description and references are í~iven in

Appendi x B, page 57, of this paper.

EAIfW

This Is a linear finite element computer program for the earth—

1 i ntk ,- analysis of a:-:isyrm ;netrin- intake t i w e n - s , including interaction

with t he su rn - oomrii n g water. The Civil Works Directorate of OCE spon—

rmu re i the development of the prorr~~~. A brie f desc ription and refer-

ences are given in Appendix B, page 58, of this paper.

ADAP
This is a finitu . el ement computer program for linear static and

dynamic analysis of arch dam—foundation systems . The program uses

most of the logical features of the computer program “SAP.” Three

different element types are included in the program; these are con-

sidered to be the most suitable elements for use in the three—

dimensional analysis of arch dam systems . The program generates the

finite element mesh of the system from a relatively small amount of
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input dLta , performs a stat i (- or dyn amic analysis of the system , and

prints out the resulting displacements and stresses . The dynamic part

t~ the program uses special numerical procedures that are shown to be
very e f f i c ien t in the  analysis of arch darns .

For a detailed report on ADAP , refer to Report No. EERC 73—114,

“A Computer Program for Static and Dynamic Analysis of Arch Dams,”

June 1973, Earthquake Engineering Research Center , Univers i ty  of

California, Berkeley . The U.S. Bureau of Reclamation sponsored the

development of the program.

NONSAP

This is a general purpose nonlinear finite element program which

will solve static and dynamic , linear and nonlinear problems . Materi-

al and geometric nonlinear effec ts are included . The finite elements
implemented have a variable number of nodes; these allow efficient
mesh selection. The program can analyze one— , two— , and three-

dimensional programs.

NONSAP is in the testing stage on the WES 0—63 5 computer . For

a detailed report on the program, refer to Report No. UC SESM 714—14,

“static and Dynamic Geometric and Material Nonlinear Analysis ,”

February 19714 , Structures and Materials Resear ch, Department of Civil

Engineerin g , University of California , Berkeley .

GEN SAP

The GENSAP (General Elastic and Nonlinear Structural Analysis

F rogrmmm ) program is a general purpose computer program for three—

dimensional inalysis of structural systems using the finite element

approach. The program consists of three separately executable codes :

PRESAP, the preprocessor package ; RSPNSE, the main program; SAPOUT ,

the postprocessor package. The PRESAP and RSPNSE Codes are based on

the SM’ Code which was developed under the direction of Professor

E. L. Wilson at the University of California at Berkeley . However,

several important modifications and additions , such as the direct

integration and nonlinear dynamic methods, have been included in

the PRESAP and RSPNSE Codes. SAPOUT is entirely a new code and is



intended to provide the postprocessing capabilities for the RSPNSE

Co~!,- . These codes have been executed successfully on the Univac

1108 and CDC 61400 digi tal computers .

GENSAP has been extensively used by the Huntsville Division .

The program is included in the WES Engineering Computer Programs

Library Catalog, dated May 1975.

Seismi c Des i~ n Criteria of USBR and TVA

U. J. Bureau of Reclamation (USBR)

The seismic design criteria for USBR dams are covered in Engi—

rieering Monograph No. 19, “Design Criteria for Concrete Arch and
Gravity Dams ,” U. S. Department of Interior , Bureau of Reclamation,
dated September 19714. These criteria state that dams should be ana-

lyzed for the “Maximum Credible Earthquake.” This earthquake is con-

sidered to be the most severe earthquake that could possibly occur at

active faults which are located in the area of the site.

Guidance is given on the development of the design response

spectrum and/or the design accelerogram . The analytical methods

used to compute natural frequencies , mode shapes , and structural
response will be des cribed in the USBR publications “Design of Arch
Dams” and “Design of Gravity Dams,” which are scheduled to be pub—
lished shortly .

Until more experimental information is available on the dynamic

propert ies of mass concrete , USBR recommends that the instantaneous

modulus of elasticity be used for dynamic effects. No recommenda-

t ions are given for dynamic concrete strengths .

Minimum factors of safety for the “Maximum Credible Earthquake”

loading condition are given for stresses and sliding stability. The

factor of safety is 1.0 for concrete compressive and tensile stresses
and 1.3 for the compressive stresses in the foundation . The minimum

shear—friction factor is 1.0 within the dam or at the concrete—to—rock

contact and 1.3 at a plane of weakness within the foundation . However,

149

~~~~~ i . :



no reco rr mendutions are given for dynamic concrete and foundation
s t rengths , which  would be needed for comput ing the safety factors .

Ternrn ess ee Val ley  Au tho r i ty  (TVA )

TVA ’ s present seismic d e s i g n  precedure f u r  hy draul ic  s tructures

involves (a) establishing the design earthquake by a study of the

s e i s m i c  h isto ry  and geo1o~~’ o ’~ the region of in f luence , (b )  de te rmining

the ear thquake loadings by the response spectrum method , and C c )  using

a s t a t i c  analysis for de te rmin ing  the s tabil i ty of the s t ruc ture .

F or  the earthquake loading condit ion the s tabi l i ty  c r i t e r ia  n -i —

luire that a minimum of one—half the base be in compression . It is

assumed that the tensile strength of the material is zero and that the
compressive stresses do not exceed a 50 percent inc rease over that

allowed for normal operating conditions. The minimum shear—friction

factor of safety is 14 , which is the same as that for normal operating
conditions . TVA has found that if a minimums of one—half the base

remains in compression , the shear—friction factor of safety when using

static—type shear strengths does not control for the earthquake load—

irng condition .

Conclusions

It should be recognized that the present seismic coeff icient

me tt n e i ot anal ys is  is , at best, only an arbitrary allowance for poten-

tial s~.- i ssnic loadings . It is based upon precedent rather than on a

rational basis. Neither the dynamic characteristics of the structure

or the dynamic nature of the ground motion resulting from an earthquake

are considered. The adopted seismic coefficients for design are not
representative and of ten give magnitudes lower than peak acceleration
r o a g r n i t u l e s  associated with anything but small or moderate earthquakes .

~ioWev er , the performance requirements are considered conservative , and
t m n i m m  may compensate , in par t , for the inaccuracies of the method .

For be t te r  s imu la t i ng  the actual response of a structure due to
earthquake ground mo t ion, dynamic response procedures are used . These



procedures i n vo l v e  r~~~tn tb I I shi n i ;  t i n e  len i g.n enmrthquake( s ) , p e r fo rmi rn g

t~nm dynamic analysis , nmi n f l i - t i - m i m i mm i m g  t i n t  structural performance ri—

q n i  r r m n c m n t s  w i t h  w h i c h  to . m v n i  I u n m i  t m e  a rna ly s i  s r e su l ts .

The ~ m- c e d m m r i  for em f nmfl j mm 11mg ii  ~ si gm earthquake involves

assess i n n g  In c s r i  smic  h i m n t o r y  of t in e  r e g i o n , l oca t ing  and studyirni’

f n m u j  ts w i t h in  t In e som e of i n f l u e n c e , a nn ! determining the s t r e s s—s t r a in

pm - op i r t i es  ( 1  the mate r ia l s  through which  the se ismi - waves t r ave l .

i:stablishir~g a Iun; -n earthquake requires the mo e of considerable

j udgement .

Dynamic methods of analysis  better  s i n m j i a t e  ‘he  dynamic response

of the structure arn i the dynamic nature of the gr o u n d  motion . A f i n i t e

element analysis based on ealculat iori  of the t ime—his tory  response of

the structure to several appropriate ground motion s (accelurogrwns )

w ill provi de the most in formation . This method can ioclude the

sn .m- lcture—reservoir and structure—foundation interaction and the struc—

tur-il  respom se to the h igher  ~m m oie~ of v ibrat ion .

The response spectrum method of analysis  will  provide the nm n nt x im n si n :

dynamic response of the s t ructure in the fun damental mode of v ib ra t ion .

The dynamic response of the higher modes and the structure—reservoir

in terac t ion  i f f e c t s  can only be approximated. It can be Seem that  the

response spectrum method does not provide as much informatiorn on the

dynamic response of the structure as a time—history calcul i’ ion by the

f i n i t e  element method . The unce r t a in t i e s  involved in e s t i m a t i n ng  the

desi gmn earthquake and in es t imat i nc the expected frequency o~ c - o r—

rence of earthquakes mn-c probably much larger than the  errors intro-

duced by us ing the response spectrum method . Therefore , the response

spectrum method Carl be justified in many cases.

The performance requirements of hydraulic structures and dyrnarnic

material properties need to be de termined before the dynamic analysis

results can be evaluated properly . The rational use of dynamic methods

of analysis requires a reasonably good knowledge of the performance of

structures under dynamic stressing , that is , the degree of damage that

the structure will sustain when experiencing ground motion of a given

intensity .
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Earthquake engii’ieering research investigations on the seismic

resistance of gravity dams, and , possibly , intake towers, and the

seismic instrumentation program will continue to provide improvements

in dynamic response procedures.

Earthquake eng ineering training courses will provide an effective

channel through which knowledge of the dynamic response procedures

can be transferred to the design engineers.
Computer programs are available for calculating complete time—

history responses of structures to ground motions . However , before

nonlinear dynamic analyses can be made with confidence , the dynamic

material properties of mass concrete and the foundation material need

to be better defined.
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Aj~p~e m n d i x  A: Procedure for Response Spectrum
Method of_Analysis
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i i s t i m a t e  of Furmdamental Frequency and Def lec ted
Mode Shape of Initial Trial Section

In u s i n g  a response spec trum for design of gravity dams or intake
t o w emm ; , i t  is first necessary to compute the natural frequency and
comn - e :;p omili nng mode shape for the trial section . In most cases , these
p n n a r m e t  e n m m  should be determined from finite element method s or general—

cmnr-;t s produced by such methods .  More approximate procedures ,

such as Hay leigh ’s method for an equivalent lumped—mass system , can be

Oo eI . ~inei n heom- are used , first comparisons show errors on fundamen-

tal rreq men n - ies to be 10 to 15 percent , as compared to the finite
e l e m n e : n t .  f i t !  i c ti  Ons

i-~i n - m n  the more approximate methods are used , it is ve ry important
to in- i onic the effects of shear deformation . Also , consid erable

improvements  in mode shape and frequency can be obtained by iteration

annu increasing the number of lumped masses in the equivalent structures.

It should be remembered , when using response spectrum techniques , that

ti-me natural frequency and mode shape are the first structural param—

eters calculated. In this sense , they will play an important role in

other calculations, such as relative deflections , hydrodynamic pres-

sures , sheari ng forces , and moments.

Estimate of Earthquake Forces from Design Spectrum

Once a response spectrum has been constructed for the design

earthquake , the earthquake forces acting on the structure can be dc-
termined . Since we will represent the structure as a system with

discrete lumped masses , there will be an inertia force acting on each
ind iv idua l  mass.  The sum of these inertia forces must be resisted by
the shear at the base of the structure . For an individual lumped mass,

this force might be determined from :

F. = F .M.S 0.
1 i i a i
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I-

where

= lumped mass

- ~M .Ø.i i

~
i i

= 5a (T , ~) ,  maximum acceleration of equivalent SDOF system
(~~: damping ratio)as determined from response spectrum.
(T: nat. period )

= characteristic shape of fundamental mode .

1’ can be referred to as a modal participation factor. This factor

represents the difference in the response of the equivalent SDOF system

(i.e., the system used in developing the response spectrum) and that

for a system with several lumped masses M1 . Each system is being

driven by a prescribed base acceleration . From the distribution and

magnitude of these earthquake forces , bending moments and shearing
forces at various elevations in the structure can be determined .
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Appendix B: Earthquake Engineering Research on Gravity
Damns, Intake Towers, and Arch Dams
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University of California, Berkeley

A li near two—dimensional dynamic finite element method of analysis

for gravity dams that includes the dam—reservoir interaction effects

has been developed .1 ’ 2 The dam is treated as a finite element system

amid the reservoir is treated as a continuum governed by the wave equa-

tion . The horizontal and vertical components of the groun d motion are

taken into account .

A linear dyn amic f ini te  element method of analysis which includes
the structure—foundation interaction effects has been completed .3 The
procedure was developed for a dais—foundation interaction problem but in.

applicable to other interactive systems commonly encountered , such

as nuclear reactors idealized as axisymmetric structures , or general
three—dimensional structures . The dynamic effects of the reservoir are

not included in this analysis.

A nonlinear two—dimensional dynamic finite element method of

analysis has been developed for gravity dams.’~ A mathematical model of

the concrete dynamic properties is proposed . Approximate assumptions

had to be introduced in the model due to the lack of experimental test-

ing of mass concrete under dynamic cyclic and reversible strains. The

nonlinear analysis is approximated as a sequence of successively chang-

ing linear systems . It considers biaxial stress conditions , the in-
elastic properties of concrete, the initiation and progression of

cracking , and strain rate effects. The responses to horizontal ~ind

vertical components of ground motion are simultaneously computed. The
dynamic effects  of the reservoir and the interaction with the foundation

are not included in the analysis. It should be pointed out that this
st udy is an in i t ia l  step in the development of a nonlinear dynamic
analysis for gravity dams . The mechanical properties of concrete need
to be better defined before the extent of cracking and its effects on

the safety of gravity dams can be determined with confidence.

Forced vibration tests were conducted on Pine Flat Dam , a 1400—ft

high concrete gravity structure .5 The natural frequencies and mode
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shapes oltained from the prototype tests were compared with a three—

• d imensional  f i n i t e  element analys is  of the i - n n t i r e  dam and a two—

dimensional finite element analysis. SAP , a general struc tural analysis
program , and the f i n i t e  elemen t programs, which includes dam—reservoir

i n n t  e r-act i on , were used for the three— and two—dimensional  analyses ,

respectively. The th ree—dimens iona l  model appeared capable of yielding

th e natural frequ enci es and mode shapes of t he darn with reasonable
accuracy - if t en - the dynamic modulus of e las t ic i ty  of concrete for the

darn w is estimated to be 3.25 million psi. The two—dimensional model ’s

prediction u t  the decrease in the fundamental  natural frequency of the

lam. with increasing water level was shown to be valid.

A l inea r  f i n i t e  element method of analysis for axisymmetric intake

towers , in clud in g interaction with surrounding water , has been developed .6

Only the horizontal  component of earthquake acceleration is computed .

The vertical component of earthquake acceleration causes , essentially ,
no lateral response of slender cantilever structures. The commonly

used “added mass” approach to account for ef fec ts of surrounding water

is examined . The design of intake towers is discussed . A computer

program user ’s guide is included.

Forced vibration tests were conducted on the San Bernardino in-

take tower.7 The add ed mass effects could not be calculated from the

e x p e r i m e n tal resul t s w i t h  s u f f i c i e n t  accuracy to veri fy analytical

f . r  e I ~nr i - s  for ni m n -r ri i mm i mng added masses due to surrounding water. How—

ev i m ~, t i n t -  it m i n y t  i - - i itn I experimental wat er pres sure distributions
were t m n n i I to match .

A summary of the investi gation of the earthquake resistance of

jmn tsjRe 1 wers is innc1 ~~1e- 1 in Reference H .

Army E~gineer Waterways Experiment Station (WES)

Prut •typo tests arid two series of model tests were conducted on

the North Fork Dam by the Weapons Effects Laboratory at WES. The

prototype structure is a constant—angle arch dais having a maximum

heigh t of 155 ft  and a crest length of 620 f t .  The data obtained
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from bosh the model and pr - A- type compare qui te favorably wi th  that

predicted from the tinrce— 1imensiona~ finite •-lement analysis. The

i n i t i a ’ model t,e~~t and lim it -c e’ement analysis were described in Refer-

ence 9. The report on t h e  :nt-rond nn ,de t  tests is scheduled to be pub—

llsrmt-d prior t n  1 Jan uary  lH (~~. The final report , whic h will include

In c n- .s~ its of t i n r t - tyj e test ; , should be publi shed prior to July

1 7
To l e v i Us  much needed dynamic material properties of mass

c o n c r t - t e , t i n t .- :unic r t te Laboratory at WES is conduct ing dynamic tests

on - in ; . i i : cnet er  by i t _ i n ,  long cores drilled from blocks of mass

c n , ’r’~~t - with a maximu m size aggregate of 3 in. The tests consist of

ur~i nixi t i  t r n I L ’ - arid otress—reversal tests in the 1— to lO—cps range.
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APPENDIX A: SUI4MARY OF EARTHQUAKE AND DYNAMIC
ANALYSES SPECIALTY SESSION
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The two papers written on the state—of—the—Corps art in earth-

quake and dynnimnin - analyses for military construction and civil works

projects wi - re briefly summarized and discussed . In the first session

the paper concern ing mil i tary structures was presented by the author
of the paper , Mr. Michael E. Demnbo, Chief of the Civil—Structures
Branch , Hun t sv i l l e  Division . In the second session the same paper was

presented by Mr. Washington T. Char , Chief of the Structures Section ,

H u n t s v i l l e  D iv i s ion .  The paper on the seismic design of civil works

st ruc tu res was presented at both sessions by the author of the paper ,

~r. ~nncian 0. Guthrie , Structural Engineer, OCE , Civil Works Director-
ate, Engineering Division , Structures Branch.

Thirty—two conference participants attended the f i rs t  session and
thirty—one the second . These numbers include the moderators .

Mr. Dembo’s summary of his paper concerning military structures

included the l imita t ions  of the equivalent lateral static force method—

oio~~r contained in TM 5—809—10, “Seismic Design for Buildings”, the

response spectrum and finite element time—history methods of dynamic

analysis , computer programs for dynamic analysis , seismicity in the
Eastern Unit ed States , and nuclear weapons effects.

Mr. Guthrie ’s summary of his paper concerning hydraulic struc-

tur es included the present seismic coeff ic ient  method of analysis , the

response spectrum and finite element time—history methods of dynamic

analysis , earthquake engineering research , instrumentation , arid trainiri~
courses , and computer programs for dynamic analysis.

During the discussions which followed , the following points were

made :

a. In order to use the finite element method (FEM) efficiently ,
preprocessors and postprocessors for handling the input and
output data are a must.

b . A significant improvement in the latest finite element
general purpose structural analysis computer program SAP IV
could be made , possibly, by including in SAP IV the pre-
processing and postprocessing capabilities of the earlier
developed general purpose structural analysis computer
program GENSAP.
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A computer system with a capabil i ty of that of the CDC (~~1H
is greatly needed fur dynamic analysis computer programs.

d. Before a finite element computer program is used by a Dis-
t r ic t  for structural analysis , the engineers using the
program need to be knowledgeable of the f i n i t e  element
theory and well trained in the use of the computer program.
‘rhe formation of a group of several engineers within a Dis—
tr i s  t who specialize in the use of computer programs de-
serves considera t ion.

e. Guidance on the dynamic material properties of mass concrete
is needed now fur evaluating the results of dynamic f i n it e
element analyses of dams and appurtenant s t ructures.

1. Guidance on the selection of design earthquakes is needed
now for use in the response spectrum or finite element dy-
namic analysis methods. Two sources of guidance were men—
t i u r n e d .  They are the progress report , “Seismic Risk
Analysis , Cal i fornia State Water Project , ” by
Professor Haresh C. Shah of Stanford University given
30 January 1975 at the California Water and Power Earthquake
Engineering Forum and the Construction Engineering Research
Laboratory Technical Report M—1l14, “Guidelines for Develop-
ing Design Earthquake Response Spectra ,” June 1975.

£• The seismic resistance of hydraulic gates , such as ta inter
gates and miter gates , should possibly be investigated by
dynamic analysis methods .

1. It is very important that a substantial part of the Corps
design work be done in—house in order to maintain the
Corps design capability .

i. TVA has had considerable experience in the seismic design
of rnuclear power plants by the response spectrum method.

,j. The Structural  Design Language (STRUDL) computer program
may be used for the dynamic analysis of the simpler framed
structures instead of GENSAP. STRUDL is easier to use.
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