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controlled monotonic R tests wer5 performed on one sand to compare potential for
strength loss due to increasing pore pressure under static versus cyclic load—
ing. The object of both test series was to develop correlations between
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-SPT—N values and potential for strength loss due to increasing pore pressure.
In addition , material constants for evaluating an elastic—plastic constitutive
model were obtained during the monotonic R tests.

The results of the cyclic triaxial tests revealed that as the mean grain
diameter, DS0 , an~l uniformity coefficient decreased, so did the resistance
to achieving 100 percent pore pressure response (previously referred to as
initial liquefaction), i.e., fine uniform sands are most susceptible to 100
percent pore pressure response. Increasing confining pressures decrease the
stress ratio r~quired for achieving 100 percent pore pressure response.

Values ~ f C~ for correcting SPT N—values to an effective overburden
pressure of I tsf (95.76 kPa) vary with relative density, sand type, and over-
burden pressure. The value of Cr for correcting isotropically consolidated
cyclic triaxial results to estimated field behavior varied from 0.14]. to 0.63
for speciniens prepared by moi8t tamping. Nevertheless , a first approximation
between c~rc1ic triaxial tests and laboratory SPT N—values was used to extend
the data, base of rio ’ verses N

1 
relationships.

Q,~’clic triaxial tests produce 100 percent pore pressure response In
speciTr5ens denser than critical, I.e. dilative sands. However, for this condi-
tion ~to occur , two criteria must be satisfied: (a) a stress reversal through
the }~,‘drostatic condition must occur, and (b) a sufficient number of cycles
must be applied. Failure in cyclic tests occurs in extension , usually several
cycles prior to 100 percent pore pressure response. The same effective stress
parameters in monotonic and cyclic triaxial tests are appropriate to define
failure; the primary difference between the two tests is the stress path
followed.

~~~~~~~~ The elastic—plastic constitutive model qualitatively predicts behavior
in monotonic B tests.
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Errata Sheet,

No. 1

1.I~ UEPAc’r 1oN PO T KNTIA L CF ’ PAMS AND FOUNDATIONS

L.AIk”)R.ATORY C’i’UF ~~1PH CF ~,;ANUC
C CYC I ,  IC  : . CAU I

~~~~~~~~~ ti ’port

March l~
)”Q

1. Page ‘~i , par agrdp tl 1m8 , i i Ire 10: Changs’ K ’  and K’ to K arid K
respectively .

2. Page S~~, Figur e ~C: In  lover li f t  drawi ng , change C i  (ahso1tt~ a de—
scr ip t ion )  to C~ ; in  lover iet ’t d rawing , change M . / ~ = ~r to

and t o  the l~’ t’t above ~
‘ I ~iiri ’ capt. I i t , change

— (o + Cci ’ )  to ~~~ ~~ 
(c — c

Page ‘~1, par agraph 51: In i Nt o 3 , change K,,~ , N ’  , K ’  and
to K~, , K • K and K 1 , r e s p e c t i v e ly ;  i n  l in e  “ , change ~‘
~ij  ( t w oe ) ; and in i i  ito  ~~~~~~ deviation t o ~1ev i i t t  or ( t w i c e )

~m . Page ci , Table i i :  Change, column heading: ; Ky” . K’~ ,

K~ and ¼**~~~ t o  ~~~~ , K~ , K’~ , K 1 arid ~~~~~~ , reCpootiveiy ;

~hange U’th footnote ) ** 14 P/K — ~~~~~ . to ~~ W = P’/K —

and change ( 8th foot : t t  t ’ )  §~ ~ 
~~~ ~ to §~ ct~,

C sin 
~~

‘ (~ — :tin • ‘) / i- 
(3  - s in  • ‘) /T

Page t ’
~~~, paragraph SI , t o p  l i n e  of page : Change ~~

c. Page 63 , paragraph r
~~~ : In l ine 8 , change 1/ct to 1/a1 ; i n  l i n e  9~

chang e l/;i to 1 ,“ t 1 ; and in m e  10, change ~r to

5 ) ,I %,,, )
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P~rrata Sheet No. 1 (Continued) for
Research Report 8—76— 2 , March 1979

7. Page 63, title for Table 12: Title should read “Numerical Values of
Material Constants for Reid—Bed ford Mode]. Sand ’

8. Page 61e, Table 12 ( Concluded): Change a under “Material Constants ”
to a~ ; and add the followi ng under closing lime of table:

Note: See Table 11 for definitions of W and D1
* After 0. Y. Baladi and B. Rohanj,. April 1979. “Elastic—

Plas tic Model for Saturated Sands ,” Journal, Geotechnical
Engineering Division , American Society of Civil Engineers 1
Vol 105, No. 0Th , Table 1, p l~7I~.
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CONVERSION FAC l’oI~C , U. ~~~. CUSTOMAR Y TO METRIC (si )
UNITS OF MEASU RF~~~NT

U. C . cuitoinary units ci’ measurement used in this report can be con—
vert,ed t o  metric (Ci) unitc as follows :

t4ult ( p ly  
______________ To Obtain

te~ t C . ~Cl IE~ metre:;

i n c i t e . C5 .14 millimetres

iitch e:; of mercury (600 ‘ )  3~ ’(~~. 85 pascals

‘oUr1~1c ( fo roe) 14 . ~t14 8: ~CC newtons

p~ un.1:: (force) per ~~iu;u’e inch (8~)l4 .757 pascals
pounds ( ; t c c )  C . 14 359214 kilogram s

pounds (mrtc~;) per cubic foot .Ic . 018146 kilogram s per cubic metre
or ;c ( fo rc e)  per c~lwt ro  foot .76052 kilopa scals

14

- - — - —  - -~~~~~~~~~~~~~~~~~~~~~~~ —~~~~~~ — - ‘



: I’(YrF:NTIAL OF DIC~t ’ ANI “OUNDATIONC

1PORATOUI C ‘:Th:N Yi ’ }l O~’ C~N~ C UNDER ClA l  IC ANI CYCLIC FOAl’ I NdC

PART I: I NThOi~ CTI ON

Itackgrourid

F’
1. Kv;;lu;tt ion ci ’ th e t otential t ’or ;trenftlt loss due to increase

in  t ore rr essuri’ of cohesicriLes soil ~ieros its based upon t i  hi I ci’ f’r—

mance is clvi ously a men t o n i c U s  net hot. In t he case o~ ‘1 ow cii dcc ,

Casagrande 1’ and “cst ;‘o have relied upon est ab l ic l ;in f  t i e  cnit . i c )  void

;‘ ;t ic ct:  c :‘u:ict ion of conf in ing  f’ressul’t- to ;‘v:ilu:ct e the cci i. i-not i ye or

di la t ive  rc’s;snce of a sand lepo:; i t .  Recently , Ceed ’ t i n s :’ u~~ces t ed

us ing  a semiemI i riotci procedure for ect  imat in~ t h e  I i jue t’nct ion t o t  o t t —

I il for seismically induced ground failure ci ’ level ft’e uzt ~l lepos i t s

.Iue te cyclic st ress  applications . This procedure , ~uidc’d by ear l ie r

studies , — 
correlates field performance w i t h :  in s i tu  c har a c t e r i s t i c s

determined  by the Standard Penetration Test (srvr ) and cyclic st ress

ra t io , which is an indirect measurement of fround shakinf . Reliance

on tin’ SPT is an extension of early evaluations of the potential for

seismically induced ground failure9 based upon relative density and

relationships between penetration resistance and relative density. How-

ever , recocri izinf that most factors (soil structure, coefficient of

ear t h  pressure at rest K
0 , * as well as density ) which tend to improve

resistance to ground failure also tend to increase the standard i’€’ne—

tration resistance , it m i ~O;t well he expected that an in situ tes t

would be useful as an I ndex of the potential for groun d failure.

2. In evaluating the potential for seismically induced ground

failure, a design chart (Figure i) has been prepared in which cyclic

stress ratios likely to cause failure are plotted versus SPT N—values

* For convenience , s~~bols are listed and d e f i n e d  in the Notation
(Appendix c).

5
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• OER I V EO FROM SI-lAK E T A B L E  TESTS

0 
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• DERIVED PRIMARILY  FROM FIELD D A T A  

50

MODIFIED P E N E T R A T I O N  R E S I S T A N C E , N 1 
- B L O W S / F T

i i  cure 1. Correlat ion between f i e ld  li quefaction behavior of s:mnds for
level ~ rc ur ; I cmd  i t  ions and pene t ra t  ion  r e s i s t ance  ( f t - o n  C e e d - ~ )

corrected to an overburden pressure of 1 t t : f *  N1. No such correlation

ti ns been t at’ i i  shied for fa i lure  caused by monotonic load increases.
- . i n t r o d uc t i o n  of l i q u e f a c t io n  in loose sand deposits is not

solely res t r ic ted  t .  cyclic stresses , as evidenced by numerous flow

* A table c t ’ factors for convert ing F .  C . cus tomary  u n i t s  ot  measure-
ment to metric (Ci) units is presented on pa~ e 14 .

L - - 

‘ 
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slides which have occurred in the absence of earthquakes .10 Castro ,2

Durham and Townsend 11 have demonstrated in the laboratory that lique-

faction under nonotonic loadings is highly dependent upon relative

density and confin ing pressure. For relative densities greater than

the critical void ratio , dilation occurs ; while for densities below the

critics.], void ratio, contraction and 1i~uefaction (100 percent pore pres—

sure response), i.e. flow, can occur . Conversely , cyclic loading in the

laboratory has produced 100 percent pore pressure response in test spec-

imens denser than the critical void ratio. Nevertheless , a desij:ri chart

similar to Figure 1, but for monotonic loading , may be possible.

14. Regardless of the loading condition , understanding liquefac-

tion problems in saturated sands can be assisted by examining the

stress—strain pore pressure response, i.e. constitutive properties.

in this context , Baladi and Rohani
12 have proposed a preliminary

elastic—plastic constitutive relationship for saturated sands for use

in boundary value problems . Characterization of their model requires :

fcur material constants , K. , K , K
1 

, K
2 , from isotropic com-

pression tests ; the elastic shear modulus G ; and slope of the fail-

ure envelope M

Objectives and Scope

5. With the above factors in mind , the objectives of the inves—

tigation described herein are:

a. To determine the undrained cyclic triaxial response of
Reid—Bedford Model, Ottawa, Platte R iver , and Standard
Concrete sands in order to evaluate relationships between
standard penetration resistance of these sands]~i,

l14 and F”
their potential for strength loss due to increased pore
pressure .

b. Since the four sands vary to some extent in gradation ,
mineralo~~’, particle-shape , and size, to investigate the
effect of these variables on the potential of these sands
to lose strength because of increasing pore pressures.

c .  To determine the undrained cyclic triaxial response of
Reid—Bedford Model san d at various densities and con-
fining pressures and to investigate the effects of these

7
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PART II: EQUIPMENT, MATERIALS , ARD TESTING PROCEDURES

Equifment

6. In this investigation, sinusoidal cyclic or stepwise increas-

ing inonotonic axial loads were applied by a MTS closed—loop testing sys—

t ern. All tests were performed in the load control mode.
7. For the cyclic triaxial test a constant sinusoidal cyclic

deviator stress was applied at a frequency of 1 Hz to fully

saturated specimens under undrained conditions until the specimen de-

formed to a peak—to—peak axial strain of approximately 10 percent. In

the monotonically loaded tests, axial load increments of 8 lb were ap—

plied at 1—mm intervals until an axial compressive strain from 10 to

20 percent was achieved , depending upon whether the spec imen dilated
or liquefied.

8. In both the cyclic tria,xial and monotonic R tests, four var—

iables were continuously monitored during each test: axial load, axial

deformation , pore pressure, and chamber pressure. An additional vari-

able, radial deformation, was monitored by an LVDT lamp placed at the
specimen midheight during the monotonic loading tests to provide data

for characterizing the elastic—plastic constitutive model (Figure 2).

The variables were monitored with electronic sensors and recorded wit h
a high—speed continuous line recorder. The equipment was carefully

calibrated prior to testing. All tests were isotropically consolidated

and conducted undrained on remolded specimens approximately 2.8 in. in

diameter by 6 in. high.

Materials

9. The majority of all tests were performed on four sands : Reid—

Bedford Model, Ottawa , Platte River, and Standard Concret-~. The grada-

tion curves of these sands are shown in Figure 3, the pertinent mechan-

ical properties are summarized in Table 1, and the mineralogical com-

positions are shown in Table 2. In addition to these sands, two check

9
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Test I

1 .  l,i - .- ’:u’ sl li st; i i  (‘~~~~i~ s - t ,  i 1’ t i ’ , t i t ’  l t ’ t ’ t ’s ’l’ l t i t ’ s! , all t i l t ’ s ’ —

l i t - l i , : we i i  s ’~~”t t l  t s ’t t - d , : ; i t t  a r - i t  c-I • autci s ’ s ’ t j , i s ’ 1 ida ted  l i i  I h i t ’  siune mwnrner :

~j~ ’~ ’ ’ i tc ’n 1l ’ ,t~,lCu’ at ~~ s ’n .  All spi’s t mt -its win’,’ x’ cni’ ‘.1 di’ sl to
I : : i ’  1.’ . ; r id h - u t ;  i tv l y a ilis~ I ; ;t —t - amp lr i g  method of corn—
pas t I s l i  slt ’: slI ’ I ted l i t  detai l  by Mu! i i i : ;  et al .  ~~~~‘ A f t er
t tie :;pe’s il l ici t  had been sompac ted and s ‘~~ I i’d by p ins ii; ~-’

Iii’ top ‘ t t ~ - and secur i ne-’ the itieni br itute w i t h  an U— ri rig
10.2 l i t ,  o h ’ vacuum 5,0  h i t  I ) were app lied to the 5~~~t ’ s ’ i  —

mcii t hr oughi t t ie  t o  p s’ i t t ’ . Cut sequent ly , the l’ornu i rig
jacket wa, l ’elliovc ’d , and the specimen was supported by
the vacuum w h i l i ’ t t i t ’ h e i ght and diameter of the itj’t’simen
were meaaui’c’d , The height was utic ’;t-,njrc’si wi tti a dial 1-~tt ~~c’

s ’ I h t , ’  i i i ’i t i ’ t ’::t 0. Oi l 1. lit • , and t In’ dliuneter was measured
the iiearettt C. O i l  In .  i t t  three equally i ;pR _’t ’d loca—

I O i l S  ( t L p l - X ’ s’ xi mate i~’ the quarter poi rits ) along the
sp e ci me n  w i t h  a ~te~ i clr cum t’er ent ia l  t ape .  In the  case
or ’ t h e  monotonic H tet ;t s , an LVI)’l’ clamp was posit ioned
at mlsihe igh t  arid t ’ix cd to the membrane with Pevoon
_miii t’~~’s ’X ,~,

1 . ‘Jaturation . All spes imoii:t were saturated by a process
s’o i l t t  is t i rig of t wo phases : cc’~silg c saturitt iou and ba ck—
j x e i : :ul ’e sutuu ’at iou . After determining the dimensions
of t he ;

~ 
— co  I mcii , t t ie  tr  taxi ccl chaunber was as sembled , and

the vacuum on the sample wa~: gradually increased to
C~~. 5 i n .  of mercury ( 1~i psi ) while t t  vacuum oh ’ I • -~ in .
of mercury (s; p s i )  was simultaneous ly appl ied to the
tu’ l ax ial chamber.  Titu s , althoug h a large vacuum ( i l l ptt i
was app i led to thic ’ i ;p t ’ S lmt’li , the net e t’fect i ye con I inc ~~
pressur e wat t  st i l l  only “ pt : I . A I i  i i i ’ esint at i i i  n~ ,le—
aired , ~hi:: t I lied water  watt  I lien o l t ’lit ’d t o the bottom s ’l ’

the ii~~~C5’ inca; and water  w a t t  al lowed to :tS c ’I into the so I
very 1 s’wiy , displacing the air  iii I hi i ’ :il’ e S litit ’i i  . Whe n
water had completely t i l l e d  t hi ’ s~’c ’ S lin en vo i d~: iuid ab out
100 co had been allowed to seep through tlte sot I • the
valve In the wate r i  l i l t ’ was closed; l i i i ’ vacuum s’li the
specimen was gradually reduced i s ’ t~ers’; tc zi5l t t i e  tsp line
of the specimen was CXl’ s~t tt ’st to l i i i ’ t t t n t s s :: p in ’  Si ’ , whti Ic I tie
vacuum on the chamber was ; i t t iu i t tcn es ’IL:  1,v reduced is ’ :~cro
and a i’o~ i t  I ye i i’es sure’ ~ ‘ ( ‘ ‘ I I ’ , I was applied to the c)uwn~
ber . ‘l’hus , the net ci ’ ( ‘c’S t l v i  soul (~i (11 h g  Pl’c’’,u’Ut’~ act lag
on the :;Iics i mcii w its  s t  ill ‘ i I . b t t c  k— pn ’ ’ ; sari ’ stiturit—
t t O i l  WitS then used t o ,‘hi::are t ’oi l U’ le’tt ’ s:it i i l ’ at  I s ’S ‘ 1 th it ’
specimen. T yp i c a l l y , ~~~ ‘nip I t ’t i ’  it  u r t i t  I sn s ’ t ’ I he t o il
watt obta I ned wi t h i  a Isis ’ k l Ir e;: S arc’ i’ ;t i i 1 ’ i t i e ’ from I),)

80 ç s ; t i  . The s h O C l ’ I ’t ’ or si t  t i n t  I s i t  I~, ., t h is I t i st .  l ag  i s
cx~ i’c’; ;;ti ’ s1 In I ~-rm~: 0!’ C h e m i s t s ’s 1 5 B—j ’artuueter . ‘Pin’
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}~—parH,unete’r is the r a tio  of’ the’ I nstuc’esl s I t t t r i ~~i ’ h u t  i ’s’i’ i ’
p ret sure I \ i i  ) to a change in chutun ber l’i ’ i - s ui r t -  ( ~~ i i i
art uuid rai nesi i t  t a t  e , j . e ’ ,

(i)

‘~‘ht’ value was determ I nod by s Is~;; t r ig  t h e  dra I u iag,t’ I i  i i i ’ ,
I ncrt’as ing t lit’ chamber pressure by 10 p~ I , and ol’;:t ’rv i ri g
the I rus’rt ’i t t t t ’  In pou ’t ’ water “res sari’. The It—val ui’s oh’ iii I
specimens ranged from i~ , Ql4 to 1.00, w i t h  t h e majs’r i t v
being O .~)t’ or greater.

S . i ’s ‘us ol I dat Is ’,t. After sat urat I 01’s btttl t’eea : t s t i  I
t ’~ ’t ’s j m t ’r i : ;  wi ’r&’ s’s ’uis ol l duit t ’st wider tilt’ effect lye’ s ’ s ’fl

f lii i rig pres sures itt which I his’s would Ia’ I ‘st i’d.  Cs ‘n i —

sol idat is ’s was aes’s m u l ’  i i  shed by ins r ent :  i i ts  t lie chiunber
t ’  ri’s sure , while allow i tig such th’ainap~c that t h e  I’i hi nt ‘1

~h i t ~ h’el’ t ’ij ~~t ’ t ’etwec’ui t he’ c h a m ber h’ l’Si ” sure’ and t lie t ’ : ts ’k
pn’c’ssure was t- in’ di ’s ired e I’ t’&~1,~ I iv’,’ 501’, i i  I ’ , ’ ,  ii~’ p t’ t ’ 5

In t h e  monotoni e  H t .‘st  at -  ~~1’1’t’ s’t I v~’ s’s’iit’1ullui ~ pi’t’s:’tir~’t ;

01 ‘.0 dUSt I U” I • an l -ot  c s ’% ’ ~~L’ cs ’ccc% ’re- ;t t  1 Ott 1~~i’,sj— i’t’bs”,i~j st
Ii ’s1 1, IC1 —i ,’t ~~~ s’ s ’fl ,jU s ’t  i ’s! l v  l s s i t h ’ O j I j s i I ( l I V  l o : t s h i r t g  to a

S ’s ’i i t i s ’ I l s t i t t  1 011 pressure Is ’ ~~ ot ’ ~-i) acid tiC psi , t’i’srt ’s’—
lv i ’  Iy , re’bouuid I it s  t o  ~~ = ‘

~ psi , :uid i’i ’ s ’ s ’u j s s ’i i sI : i  t I ng
o t lie t ‘sl i rig o ~ 0!’ ~4 O or 80 ~~~~ I . It  wa tt  unt ic I patod
bi t t  t - i t t ’  I oasl—r’ebouiid Port I t ’ll of I lie j o t  n’s;- t o  s ’s ’i t i j ’ i ’ i t  - —

Si  OTt t i ’S t won 1 s t  not :t t ’I ’, st spec linen l’c’lutV i or when re—
~‘s ’l l S s ’ I i  ,ln t ~~~si t o  h igher I ~‘st I Ti ~ Ph’ i ’5~~Ut’~’ . Ont o . ’ th t’ ti ~~ i ’

I iiit’ii~ t Wi ’ i’ i ’ ftil ly t’t ’ i i t t O I i  ih i i t  i~sI tttisj t’r t i n ’  t’t’t es’ t I V t ’
s ’ s ’Ii (‘lain , ’ pros sari ’1 t Is’ Ira inage v:t lvi’s we’re s ’ I s ~; i , 1  •
t h i t ’  I i - ; ;  t i~i~sl t a t  I s ’ or s ’’s’s ’ I 1 ’,’ 1 Sl i t s I : ;  W Ot’O i t j l  I s ’st .

i b~

- —‘--—- -
-
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PAH’l’ I l l :  i i l~iF~;KNTAT l0N AN!) A N A IC I C OF’ HECI FLTC

Cys’l Is’ ‘l’riaxial :,- t

s’h i es’k t est .;

ii. In s~ n~’ii~u~ I sle’teflfllfl e l iii’ adi ’siuaSy ~ i~~
’ I i i -  t ’ys’lic t r lax la l

1 , , :1 i ’ ;ul p~nt ’flt ~~ fl~ j  t O t t  l u g  ~‘rs ’ s’s’ st t i ia ’s  li: : i ’i in (P i~~ i sv -t I I oat  Ion , three

s’y S i t s ’ t r lax m i  t eat  a we i~t’ per I’orme’sl out  Ms ’s I t’rc’v N o. C sand , amid t lie Si ’—

t r U i t  ~~~‘l~ I ho :; ’ I i  - St  s W i ’i’t ’ comparest wit h i  t lie result 5 oh ’ the sy oIls t i~i —

axial s t  r’ i ’nl g It ~ 01
’ i i  at  tuidard I s ’s t sa i i s l  

‘~~~~ ‘ 
I M s u i t  orc ’v No.  0)  . The sz~~ l ,

slOfl ut I t  v , effec tive ,,‘s ’i lh ’ i l l  h ng p ?5 ’s : ’- UZ ’ i’ , uiit5l s’si i i i1’ t t s ’t. t ori j ’t’~~s’t’ sttXi’ i ’5 u t i i ’sl

in t i te ti ’ t es t s wi ’rs’ I dent- I cal s ’ those utt est 1 sletermine t i lt’ t I n -  nig t Ii

of’ t h e  standard I est  t s t i l s i .

1.’. l ’ t t i ’  n’ , - sn  It s of t ht’:a’ t est a art’ summar I t~e’d in Table • al oiig

with I ta result a ol’ a l l  s’ys ’ i f s  I r iaxial  t t ’~~t s , and are comparest gi’a; ’hj i  —

cal lv i n :  l ” lgr in ’ i ’t ; it and “ Wit I: the resul t • - ~f t he  c,v~’ I t s ’ t i’i it.X i t i l

sI  n ’ t ’ l i , ’t P of a at  a n s l t t r i  t “ :1 sand , l’hit ’t:i’ ~‘n’ ~ p tis  t : b i s ’w the is-  1st 1 s’n :—

ah ij ’  i’i ’t w~’en i t ’ ’ s’ys’ l i e  t:t r est :  ratio (H) ansi t h i t ’ number of s’~ c l os of

I - ‘as i jag requi red I ~‘ ~‘t t i t ~s’ 10 0 j ’i’t’ s’i’uit  j’on’t ’ pns -s  sun ’ r’ i ’spon~’e nuist 10 per—

5’ent !‘t ’~t k — t s ’— i’ enL k a x i a l  st  n ’ t t i i i .  ‘Phe s’y~’l Ic ::t i’i t : S  (R ) is sIeb ’ i n t ’,I as:

+ 5f

( o )

where

= sys’ l i t ’ s li ’V h a t  s ’r i t t  is’s’~ , i’s i

0~ = m i t  i n t l t ’l ’ l ’i’ ot  lye confining p u ’ i ’-s su i’ I ’ , j ’s I - ‘

I ~~. As ahowii in  FI gures it ansI ‘, t lie is -t a t  i t s  oh ’ the  check I i  - t 5

agree very well wit hi I hi’ resul t - ~- s l ’ liii’ sy ~‘ ‘I C  I n  ‘i ax i a l  1 l’ , - n t g I  P sit’ a

standard t ea t  5 t t i i , i  , I l i s t  I s ’at  1115 I b t , ’ I t s i ( ’, l t t l ~ ’V of t h u e I i ’s I oqu I ;‘r,s I ansi

I est  int ~ p ros’t ’slu ni ’s u i t t ’sl in th is invest Igatlon .

s’ i i :  t i’i ax i ad t e :ts on four Salisi ;:

I le . Thi’ rosa  i t  a of s’ys’ i t s ’ t n  ax l i i i t e st : :  ont tin ’ s’ ime’Ti a  s~ l Reid—

lq ’ 11!’s , r t  Model • 01 I awn , 1’ lit t t i’ River • amid Ct 1th 1s1211 ’ sl s ’O l ( s ’ ret i’ t t n t l t s l :  il l, .~

i’resi ’nl t ‘~~t l i t I’ntl ’l , ’ art~i are t : h t s iw nt  graphI~’aI I)’ i i i  ~~~51t l ’ i ’:i s—C . Titi ’s,’

- - - - - -~~
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cy c l i c  triaxial tests. However , Wang, Seed, and Chan,1’T using large

dj un , ’t ,’r tests , have reported that well—graded cohesionless soils

tended to be weaker titan uniformily graded cohesionless soils.

fupp hi-m eritary tests - 
-

on Reid—Bedford Model sand

16. In addition to the cyclic triaxial tests performed on Reid— .
5-

I(edf’ord Model sand , which were discussed in the previous section , sev-

eral nis tilitiona l tests were performed on this same sand to investigate

the effects of density and confining pressure. The results of these

tests are discussed in the following paragraphs.

17. Effects of density. The results of tests performed on speci-

mens remolded to relative densities of ~-40, 60, and 80 percent and con—

solidated to 10 psi are listed in Table 3 and presented in Figures 9—11,

which show the relationship between the cyclic stress ratio and the 
I 

-

number of loading cycles required to cause 100 percent pore pressure , 5

and 10 percent peak—to—peak (+2.5 to +5 percent ) axial strain. These

resul ts  are summarized in Figures 12 and 13, which show the relationship

between the relative density of the specimens and the cyclic stress

ratio required to cause 100 percent pore pressure response and 10 per—

cent peak—to—peak axial strain in 10 cycles of loading . Also shown in

these figures are summarized results of tests performed at a conf ining

pressure of ho psi. The individual test results for this conf in in 1~
pressure are shown in Figures lii , 15, and 16.

18. As shown in Figures 12 and 13, refarslless of confininf pres—

sure , the cyclic stress ratio required to cause 100 percent pore pres-

sure response and 10 percent peak—to—peak (+ ‘ - percent ) axial strain

increases w it h  increas in i~ relative density,  and the relat ionship is

linear up to a r’, l:ttive density of at least 60 percent for 100 percent

pore pressure response and up to approximately 145 percent for 10 percent
peak—to—peak (÷ percent) axial strain. Increas inc  the relative density

from ho to 60 percent c:cus~’s an Increase in the cyclic stress ratio re—

quired to cause 100 percent pore pressure n’s ’spoii se of’ approximately

50 percent , independent of the confining pressure. Ilimilar results

have been obtained by others (Seed and Lee ,l8 DeAlba et

21
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Figure 71. Cy c lI c  St i’i ’i4 5 t ’n i t  i 0 l i t  10 cyst Is’s l ’s ‘1’ +5 )‘ers’i ’ ul t
S t  i’S l i i  Vs ’i’ :;l l :;  s’O li  I’ t i l l  ~ t ! J ’ n ’ s ’::sux’e

He 1 l it  i O I i S t l  i~~’ l’i ’t Wl ’Ctl

SF5I’ N — v n s l  i ts ’:; arts! S i’  i~ 5—

mically I ndused ground t’n t I l u u ’ t-

71 . In 1”igure 1 , Seed l in t : ;  :;iig~’s’:; I s ’s! t in’ use 5i j’ a Semielll)ii i’Is ’:i I

pt’~ :’t’d~fl’C t’oi’ e stimat l u g  I l i s ’ seismically i ilsillOs ’s! ground fal  lan’s’, diii ’ t s’
s’’, s,’ I Ic :Os l’ s’s:; :ipp 11 s’:t t  I t ’ll ;; of level t’ s’it utd s1is~’:i:t I t :; . Th I :; Is ’:; i g u ;  cb:i st

require:; storu’s’sst lug  the 0F51’ N—values tsi an e f f ec t ive  overburden pres-

sure sS t ’ 1 1: ; )’ to oHm i su it e  s’tSV I sat: ; i n c  u’ s’nlse : :  in  N — v t i l u , -; ; w i t  Ii I

in g overburden pr’es :1111’s’ . ‘Puie s’Oi’i’ & ’c t I oil i s  ni s ’s’s iunipi S I t s ’s! by 11:: i 115 tue

u’elat I ~S5tuI I ~‘:

N1 = 5N N

w i i t ’i ’ s t N ~t ~~0 h i s  I I out f:i:’ tot ’ ci thet’ l’ntsed upo it  the i’esui 1:1 of C I isi’s

Ulls ! Holt,: 
-l 

Si’ I’i ’OP Sst ’si by I ’ t’s’k ci- iti . ~~
‘ Hon :!s’l lt  t i l  :;hte:ii’ :t  l’s’:Ul l’S Ii I’s

I nslucsd by earthquake shak i uig 1 :‘ c h i l t s ’ t’ai lure .  The m a g n i t ude  iii ’ t l i i ’: ; ’

t i’i’ :::;s’s is t’xprs’:; :n ~’~l l’v the shear rat  is  t / it  ‘ , in wh I cli 1 1:;
: lVc s ave

t I l e  :‘vsl I s’ ::I i s ’ : iu ’  :;tu’s :::: and ~~ I n t l i t’ et ’t’s’ct lye sws’’’l, i l i ’d eu i  ) ‘ i ’c ll : ; l,t I ’ s ’

(“ or • 110 I s  i a x i al. t i ’s!-:: , t hi :: is equ iva lent  to 
~ 

/~~~~i 1-~xt  s ’ l i —

:1 15111 sI ’ t t ie  I’ ls ~t s1 dat-a l’as e us~ sI to sle VS lop  F! gui—c 1 by 5.\r 5 I I s ’ tr  i —

axl ml  I : t l s s ii ’ :i I s ’u ’V t e:; t :1 requl u’s:: csil ’rs’ s’t lu l l !  t - ite l:O’siu’ :i t :iu ’y I en t : ;  by :i

_  I
- -- — - 

,.i,1 i~’ —‘ ~~.0,_~ —
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5 ’ ’i’Srct i s ! :  ‘
~t s t t s ’h’ ( ‘  ) I -  h L L ’c, u r l t  “s’r i l l ’ t t ’r s ’ a ,’s’:; in K s’s ’ i i s t i t  I s M I S

r o
5 t

and otlii ’i’ I act  s ’t’:

27 . i4 it: : i ’~1 :iI s ’!i t hi Rureau of h~’~’ I : t~~i : t t  l i i  slit ’s :1 , :‘ , ‘t ’sl  }‘i’ol’s’:s’d

I hat

1 - 1.. ” - ’ 1 s ~~~

(

~~~~i)  
( 14 )

whe re

= t !t t’ s’s ’i ’t ’ i ’t ’ t  ‘ s - i t  I ’t t s ’t Ot ’

51 = ii’  t ’ l ’ !’s ’s’t : v, - s v s ’u ’t -ui’ sj, ’ut ( ‘t ’ i ’ -.h s U i ’ i ’ where h - i - u : ’ - ! - i t  ion i’e:n l ;—

I U l i s ’ ’’ i i  N , I 51’

1 I s t ’

72. Alt i ’i’llnt t e l y , }~~ - 5 ’k et  ml.~~ have ‘5 ’u ’u ’ i- c! i - I  N — v a l u e : :  t o  tix t

e l  I i ’S I I vi - - ‘V , - n ’ I - - A  n ’ I t s  (‘i’ i ’::sLl’e 01’ 1 t ;:u ’ US 1115

‘0
= C . i ’ s’ 1~’5 (

~
‘—) t ’- ’~

where 1’ ri -I s t’ s ’ - :  en t:: the s’ t ’l’es’ t I ye  s tv s ’r t ’u  t’ s l l ’ T i  pre:- :’- u i ’ i ’ in I ,‘u t : pi ’ r ’ square

t ’s’ot i’or 1’ > 0 .7 5 t s f .

7 3 .  S imi lar i ly ,  C ,— v : t l u i ’ :: u ’oi’ ~~~~~~~~ i n g : - I n’~’:;s n’s! ~~5;; t/o ’

(equal to si / , ‘s’ , ) frets 1 n t l’~~ i’nitor’y cyclic t r i ax! i i i  i - - 
- t o  11 el,!

s i S  ‘5 5

va l u s - :; are ni f’unct ion si t ’ d eui: : i t  v and number su ’ s’ys’ii ’:

,‘li . s ’h t : t l’ s ’ rrcti~ nii’ns!i ’d a ‘ ‘ — v a l u e 01’ 0. T ¶ o adj u st  s ’~~~s’ I I s ’ n i  —
r 1’)

ax 1111 I-i’ :;t Soul- ! i t  105:1 t o  t~ i s ~ 1sl  s’sins! it I s ’S: . 7i’~\ I isa i t  al . : I :, ’~ ’ i - s! i n st

t ’ot’ r educ ing  t h e  resul t  :1 s ’t ’ I r i;sx i nl I s ’: I :  - n :  ::) - i ’s ’ l n u t ’ u l  t ’ l u V  i t t ! i - i

(raiuis ’51) t l i roug i :  t t i i ~ air s ’ u t  0 a sli:tk i rig I n t l - l i ’ , t tie s ’ — ¶ ‘:i5 ’t s - u ’ i -- ,-ni :1 5 ,

varied between 0 . t ’t’ nut5! C . t s l  In I t : i  7— I s  ~i — s ’ycle u ’ :t l i 1 ’i - , w l : i s ’ t ,  I : : t h e

“ang s’ of I l i t  s’n ’e: t in mos t  ear thquak e 11151 L ,  ; :i ’ S . ,\ I ’ t’st’,is ’t j - ’u: o ’, 10—

15 perc  s ’nt  woul sl !‘urther reduce t I t I :‘ s’s ‘l’I’ i ’s ’ t I s i t  t ’i15’ t or t o  s~ . “~) — 0 . ‘- 
~‘ t

account t ’or mul tid i  i’~~s’t I s ’ii n 1 shak I rig .’- l io r ic t ’ , Sets! I’ t ’s’s ’iflhi;i ’ ! i ! i - !  I t i l t !

Cr = 0. 5~
’ should Ps’ il ls ’s! t o Coi’i’t’c I 1 n i t ’L ’t ’U t  sh y  s ’ys ’l Is t r i nix i n t l  t i ’ : !  S

to f i e l d  behavior .

7” . For d i  l;cus :b ion , liow~-vs’i’ , Ss ’s ’sI t i l  :;~~ ‘ s ’i nt h ’ftit: I ~ et ; I s it  s’s ’t i-cc —

t i ott factors for a variety ot’ s’t ’!ist i t 105: W 5 ’li i i  lit’ requi r i- -i I c’ s’orns’5’

5. - _,__-  ——
I- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~  ‘-- -  — —---—--- -—‘—.‘

~~~~
---‘- -‘- - - - -—



large—scale shakiut5 - table data to field in si tu conditions . These

var i su:: - ‘ s i n i i i t i o i l s :  long—term loading , increased pressure, and two—

dimensional shaking, will be disturbed to some degree by sampling.

H s I is’ i’ , a ‘
r
_
~

it
~~

t5 of 1.3 would be required to align shaking table data

from pluvi: tt s~ i speciunieul;b with in situ conditions . If one then attempted

to correct cyclic triaxio.1 data to f ie ld  data via a shaking table test ,

a C r of 0, i~~ x l .3 = 2 .82 woul d be required.

on - . Thus, from tlie::e considerations , a dilemma exists about vhat
(‘p, relatIonship is appropriate and what value of C

r 
is required for u s i n g

t i t ~’ relationships in i- ’l g U!’i - 1, Sin s ’s’ - all the 5lata are plotted against

corrected 1—v:stue.: and the magnitudes I and ‘
~~. 25 curves have been extrap—

olated using cst t ’rsct cd shaking table data. &n addit ional  quandary , not

dl :5 ’US ;b i ’ : I  l is ’r a ’ , concerns tli ~- :s c cur s i 5 ’v of I t : , - St re::c ratio rt’i sii’ts ’si for

t tuc  s : t t ’ t t : :lUakcS  ~- 1~ot I. i’d in - I 5U1’s- 1.

77. Re: :ult  S of a 1 i l - O i ’ I i t  si ’y J i’ss’u’:L~: Ic-t o ’rr :i n: I t i~~ the l-snietr: t! I sSi

I :;‘ : tnst ,  - - sl ’ t. he::e four sands under ~;vs ’1’l-ur  i s - n i  - rs . - cur s’:; cs’s’ 10, 140, 4
5;: 1 

~~~~ 
I :svi - t’~~cti nt ’ c:onit t ’ -l  ci Ss ’W1;5 ’l’ i ’  

13,114 - ‘- ‘ but for s’SflVs Il—

ience they are reproduced as Figure 22. To account for densifi5 ’d i n u t

IUs ’ to t i — ~ l ied ;Vs l ’ l - l l l ’JCt t 5 , - . - :~ n’,- , I hi ’ relative -lentitie s ~-u ’ i - s s ~n lt  ‘ -3

mr s  ‘ i i , t u , I  ‘ - 3 ” v~ luo’::, Stilising t h i s  data and Equatioui 1 l~y Inter’— 
S -

n - - Itit lug bs-~ w se n i  - v s  n’ l-ur- - 1i ~ut I-rs’sSun’e c of 10 and 140 psi for N — va  i ts ’ s  ,

‘- u i he obtained for these t ots’ sands (Appendix B). Accord—

. 5 : ,,  F ’i gui’, ’ 23 (reproduced from Reference 25) !-1~ ts C
N
_vaiue: versus

i - I ’S -c t  j v ~ - v  , - b ’l - :l r d e I l  pressure for relative densit Is-s o’s~ 140 , ~-: , and

80 ; -s - r ce r l t . - ‘-l :stioui ;hi p:; used by Seed (Equation 2 , Reference 3) and

i ’ck i ’t. al. i- 1uat- ioui I , Reference 22) are also presented. These re—

,:t i l I s  conclusively demonstrate that C
N 

is not a funct ion of overburden

n-u s-s car ’,- - sl y ,  hut also of soil t’rpic , relative density , and , possibly,

other unknown variables .

. l’ j , ’Ui’s- ‘14 compares the cyclic stress ratio required to cause

1- 0 percent pore pressure response in 1’ cycles for cyclic triaxial

l~’~
’ in-n . prepared by moist tamping with lower bound magnitude 7.5

field earthquake u’ t ’st’ ’n:;c:;. (Scesl et al.’- have :‘uggests’d that mag—

n iit uli ’ s 1 , 7,5, and 8.25 earthquakes are represented by 5—6 , 15. and

30 
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0.5 
C , = 0.63 C , 0.56 C , r 0 ,50

A
/

2 
~ /— 0.3 - 

~~~ ,_

~~
)

0

o 0.~ ~~~ L O W E R  BOUND F IELD

N 1 ,  BLOWS/ FT

Figure 214. Correction factors for cyclic tr ’iaxial
tc , ;t s  on moist , tamped sr ’ec i it i sc n i s  for 100 I ’cr c sn i t

por e ‘c,:-jure rcs’sonse in 15 cycles

25 uniform s’ycilu: , respectively. This comparison shows that for N—values

between 5 and 20 blows/ft the C —value n ’angec from 0.63 to 0.50. i~ig —
1° 

5

ure 25 Is based upon shaking table test resul ts  - corrected by a factor

of 1.3 to obtain estimated f ie ld  r’ 0s 1’ctn i :ne for m a g n i t u d es  6 au:d 8 .25
earthquakes. The figure piecc nits F r _values corresponding to these
eart hquake magnitudes for moist tanipesi c~5-clic triaxial specimens . These
comparisons show Cr_values ranging from 0. 141 to 0 .143 for magnitude 6

earthquakes and 0 .52—0.66  for magnitude 8.25 earthquakes.
29. It must be emphasized that these C

r comparisons are based upon

isotropically consolidated cyclic tr iaxial  specimens prepared by moist
tamping . Obviously , other methods of specimen preparation would produce

d i f f e r en t  C —value:: . For example , ver i f i ca t ion  of the C —values inr r

33
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0,5 . C , = 0 . 4 3  C 0 , 4 1
0 5 CYCLES

0 4  . ‘ 

‘ 
25 CYC I-ES

- o

:2
- ¼)

0
0.3 - I

a
0

Iii
a 0
I—

~, 0.2 -
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0.1 -
M A G N I T U D E  8,25

C , 0.54 C , = O.47
C O .52

0 I I

0 5 10 15 20 25

B L O W S  FT

Fi -u;’s 2 5 .  C o r r e c t i o n  t’- sct ~ us Sr r c’,-cl i c ‘ 1’ ::sx t t s l

t e st s  on m o i : : t — t : o o n e~i : n - € t C j T T t 5 O S f or  r ins5u ~ t I 1ISIS S t~
and 8.25 ear ’ t } :-nt : :t k ec

gu rec  23 and ,~ s vIa  correlat ions wo-~1 3 n’oduce tt:e :‘ol towing r’eculo

Cc ’r’ r ec t ion  f’:sct on’ — sh ah I t s ’ table our luv I t  c-I
:115cc ir:c ns to f i e l d  ~ 1.3 ( 3 )

Correct ion factor  — c y c l ic  t ria x i a l  t e st : :  plu—
viated to cl:— sk i n:g table pluviated ~ 0. t-3 (lo)

Correction fact or’ — cyclic t r’i ::xi:il moist t :~~:n-od
to c ,sclic triaxial n - l u v i ~~t ed  0.60 (20 )

‘?ti s - r e t ’c’r ’e , cyclic tn tixi il moi st t:u;t1~e i
to f ield x 0. 149

Hence , C could be est imated to l-e 0. 145) based upon co r re la t ions  publi shed

fo r  t- ’-ont e;’ey No. 0 sand , coui ipa red wi th  a n ’;in :ge of 0. is 7—0 . 50 Fn’C :sSIit od in :

Figure 2 3 ,  Thi s d i f f erenc e is probably due to th e  ~1i t ’I’icu 1ties in  cc’s:-

par i n : ” four sand-,’ w i th  d i  f f e ren t  d e n t : i t  i cut an :5! c o n f i ni  n i ,~ n l ’ ec sur ’€ ’ r l i t t u :

t }:sc~ - i - used to establish the correlat ions for ~-h’n t c u ’ s ’y Nc ’ . 0 sand .

- ,,~, ______ ~~~~~



Table 14 l i s ts  both actual and corr ’ cted (C r o . 57) values

of s t r ’ i-: :s r a t io  n ’ s - - ~u i  rod to oau::c  l iquefac t ion:  in ~- — l , 15, or 25 cycles ,
as well as actual and corrected N—values which correspond to the cyclic

t r  i dxi t i l  condit ion:; . A comparison of the corrected SF1’ N—values shows

that a reasonable agreement  s - x i ~~t: ; between Equations 2 and 3 and the

: i c t u : i i  data ( l i s t ed  a:; column 1 5) ,  w i t h  Equat ion 3 i c i ng  s l ight ly better.

( ‘ , — v ~ l u  - .: pr s :- i ; s ’  nits - si l y Ce,-d
14 

tIN- s tir ’ to be t in : iv s r t it ’e of CR
_ values

n - r e  ,;, ‘nts ’:i  in gui’s 2 3 . )  F ig u r e  26 eon J : t rc - s-  corrected cyclic triaxial

0 5  , 0 5 C Y C L E S~~~ M 6

~Is° 0 25 C Y C L E S= M = 6 . 2 5

(FROM REF 26(
z It ,
2
I’- 0.4
U

25 CY C L E S— .,~
3 

_•
‘_

nlS • “V’
2 15 C Y C L E S
~ 0.3 -

Z 5 CYCLES 0

0 0.2 . 
0 

~~~~~~~

‘

~~~~

—

N 1,  BLOWS/FT

Figure 26. Comparison of laboratory SPT
and cyclic t r iaxial  tests wi th  field re—

sponse (C N from Figure 23,  
~ r 

= 0 .57 )

stress ratios and N—value s for the four sands tested in this investi—

y it i o n i  wi th  the lower bounds suggested by Seed in Figure 1. As seen up

to N—value s of 20 b lows/ f t , the agreement is excellent for magnitudes 6 ,
7 .5, and 8 .5 or 8.25 percent earthquakes. However , this  agreement is

35
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p ’ u ’ s ’l ’;ii  IV ‘s s t ’ t  IS ( s O I S , s ’Ol t S  - 1 s t ’ j u g  t lint the  s’v c l  I c  i - i ’ i n i x i ; i  I : :pa ’c  t inS - i l : :  w~’rs

j ’i’t ’j t t I ’ I’si isy mois t  t ru splu ig  ansI ‘t (‘ ,—v alue sit” 0. s f  p ’ i ’ s s l sn l I ,~ wou l  si m u ’ ,-

p ’ i ’ s ’ I t t s ’i ’ s I  s (untI - d i  u ’ u ’, - u ’ su i t  i’ ,’: t t I  Is has! a I I  i ’ t ’t ’~’t ’ u i t  : :p ’~-c 1meti ~‘I ’ s - p ’ n u u ’ ; t t  I i ;

~‘u’ s ’s’~~dUt ’~ ( so f t  11:55 !

Ms ’u is ’t- s ’ u i i s ’  l \’ l i - ’ ,  1:

U , S ’s ’uti j ’ I , ‘i;t sflt St’\’ i f l O l i s S I - o l i  i~~’ H I t ’ :: I : :  c ’ui  out ! V 10’! ~1_ ( , ’~j ‘c ’u’ s l Msish ’ I
sa n : , ! : :  w i ’u’ e s ’u ’ u m s l u c t  esi : m t  I s i t ’u t t  i s ’ a l  s’s ’l t t ’ j I i  l u g  ( ‘ u ’ t ’ :’- :O l I ” S n I S  I Iii ’ cys ’lls ’

r i ax Int l ;L u t~l 2I’l is’:;! :: , i . e • , I F , 1u5 , and 8o p s i .  l’he u ’ s’s ui I s  ci ’

I la ;:i ’ 1. ’ 1 i - ::t : 5  ~tt’e I : : t s ’sl I n  ‘l u!’ i t ’ ‘ ansi p ’u ’ e : ; s u i t  t ’sI I i i  Fl ’ i t i ’ s “f .  C ‘ i t —

i d t ’ u ’ i u m g t he  u’ t ’:: p ’s ’u l s t ’ 01’ : : p ’ t ’s’ i u ;i, ’ t i  Hl1 ,”~—20—I , ’, the Ii: : ! si Vs ’ t  1 r ut  10

a i ’t er ’ s a u l : : , ’ 1 1 slat j o i n  s~ :: I s ’s ’ low n t- I t s !  5 ~il’0linll 11~ 5 1 s ’Si ’l’ 1 o 0 .

I ls;tui 0. fi ’ ’ , is : :l ts ’wn , l’tS Si’s! upon : : p ’ i ’s ’ i l t i s i t t , ’0_00~ 10’ ;; u ’ i ’: :p ’ s ’ u i : : i ’ .

s, ’ . ‘Phi ’ l i -v i i t  s ’S : 5 1  u’ i - : :s,  l i i i p ’ou’s p ’ u ’ s ’ -, : : :t t l ’ s u’ s ’: : p s s su t : : I -  \‘t ’IS: t i S  i L X i i ( l

u’ ; u i u t s’il1’V ’:; , a:: well a:; I ti e ’ ~p = (~
‘l — 0 )/- ‘ v , - t ’ : : t t s  p = 

~ ~~ 
- 

-

!‘o~’t I V s : 5 1 l’ s’:::; p’ ; t (  li :: t’~’u’ t ’ s is::s H I s ’:;t :5 , s r i ’ c ‘Ii I n t l  i t , ~ s l  I i t  1” 1 gtLu ’es h— I

t !ii ’ s ’t i gt i  1!— li t Ii s\I’p’e ui sl i x  It .

Cu ’  I t t ’t’ i i i  i if s i t ’:: i
h a t  i h g  spec i men u’ e ’siss ’hi:S’
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l iq u e t s - i c t l s) h i  will occur in deposit:  denser t h a n  c r i t i ca l. ‘s r5vc- r :e l y

(an d n - r u t - a t  more corr ec t l y)  , Cti : a1; ran -J o-27 
p - o m it s  out tha t

irs saturu :, liquefaction will u iu r m a tly  st ar t  in a
lens of par t icular ly  loose sand; in-I from such a ;:u—
cleus i t  may spread ‘by a chain r e l i st i o r s  also ~r,to

somewhat denser sand layers. .. .Flow will continue
unt i l  the driving t or S o :  are reduced to th e small
shearing resistance of the at-nd in its flow state ,
th s s i :  dilation will sau. - -: the liquefied mass to
‘f reeze ’ again into a soli— ) s tructure , acc ’or s, p - ’ sr s i s - d
by a groat  r’u d u c t i o n  in s ore pre~: ,:ure s , and th e  ma::
then stops flowin , ’.

t h i s  ‘iie~~~~oin t  it is most likely that sand lenses looser than c r i t —

icsil existed in the field deposit:-: presented in F15’ure 1 and ~~‘,c’u the

nucleus for the li quefaction observed . Such lenses could easily Cave

conic snsjetected in the field inve stigations or could have been avera1 -iT’ -l

out in  summarizing the - lata .

140 , It has been hypothesized1’’ t hat  in cyclic  labor atory t e s t s ,

the cyclic softening that occurs in d i l at i ve sands is t~}:e result of -k-n—

sity redistributions.  Portions of a dense specimen expand to a loose

state , flow briefly, an d revert by dilation to a solid structure whic ’,

can momentarily carry the load ‘before the following cycle. This re—

sponse has ‘been termed “l iquefaction—dilation” ‘by Ca:t i , ’x-ande .27

141. Figur e 29 presents the load , deformation , and pore pressure

responses for specimen RB60—80—l (Reid—Bedford Model sand at 60 percent

D and 
~2 

= 80 psi) which was tested at a stress ratio of 0.235. A

careful exanination of the pore pressure trace reveals that for cycles

1—17 , a uniform sinusoidal response occur s , with the pore- pressures

steadily increasing. However , for cycles 17—21 the pattern hs-comua -

rectangular , with pronounced “spikes” occurring at insstan~ce:’ of zero

shear stress; i.e., instant of stress reversal when passing from com-

pression to extension or visa versa. Between these “spikes ” in cyci€ :

17—21 a plateau is observed which corresponds with application sI lit , ’

full compressive or extension axial stress, under which tt:e specimen

dilates. This pattern corresponds to a “liquefaction—dil:utiiou; ” resp-ori:a

with liquefaction occurring at the instant of stress reversal when the

145
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nt-u s_ i p -re p’rs’:s ,ss s n ’ s - I’sr I s ’ - ‘ !IIiu’F_C —
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- • Fl ’s;’,- is) s’ - - ,~s - an - - t h u  s_ ’s _ I ’ ;’s - :’ t - s_ s ; s s _ ii n : ’ s ’t ’rs - s_ - t i v , - : 5 1 1 ’ s ’ ,:ss p - n i t  I ,

~~~ I -  -is ’ s - !  - i a n - i n s , ’ cyc l i c  t n ’i a x i a l  1 , - s n Cia C —C t ’—l  , “s_ un ’ w h i c h  t I : s s  n t u ’,a 551 ’ ,’

lj : ; t t ’d in ‘I’ td ’Io 8. T h is  f ’ s ’ ’ -  - I :  “i: ’ t h a t  i’;s i l i i i ’ s ’ of the :‘I’ s ’ s_ ’~~n’ :i ’n i s

cause, !  i’v I t , , : ‘ t l ’ O ’, :s n ’ a t ~~ n’ s s s n ’ s_ ’! , i n :’ ; ‘n’ s_ s gn ’ s ’, ::s i v s ’ i 5 ’ l i t  twa ;’ I I s wan ’ ,! I C 5 ’

s_ ’ u ’ i ’ i n i  w i t  1 1 1 s t ’ ext  s -n:, ’ I , ’ n - , t ’: i i  l u re  s ’ P s V s ’ L o p - s  is i’ s - s u c h :, ’,! ons s_’vs ’lt’ 1

(~~ -s_ s i n ~t A )  . , !,s - n : , t h u  c, ’n : :n - u ’o : ’ s i s _ ’;: I ’a i  I s n ’ t ’  s ’ n s V s - ) s _ ’n ’ s ’ is n’~-:i , ’is _ ,’,I - a s_’ys_’it-’

21 (n - - ’i;st B) . A n ’ t s -n’ c ’;s_ ’le 21 t Ce e’ St ’~’s_ ’t I ye 51 1’, ’ ,~ 5 is 5, - n ’ , ’ when :

:F i e n t ; ’ ,-t n ’ s - s is ‘cu’ ’ , i.e. , t h e  s_ -ri ‘in sin : ,! the St n’ s ’: ’ :: t a l l :  c y c le s  n ’ n ’ s_ ’m

n ’ s_ u I n s t  s’s t O  s _ ; I , ’ in  to  C sin,! 1 s u c k .

‘:~h~c n ’aI li n ’s 1, ’w,~ ! n ’n ’c sln i s _ p s ’ Is ’ 1— ,’ clearl’s’ 511 , ’W : S t l i t  p ’l’s s_ ’ s ’:sS l’y

w ! , i s _ t l i  n -o ,’ it i v 5 - p ’ s -na ’ p’ res , :t u n ’ s ’ , s in’ , - , l i ’ n i s ’ l ’; l t s- s _ I i n : -  nu ,Ii m i t  i sa’ saxs,1 1’ s_ ’ys_niic

t os s I : 5 - ’ . : n ’ s _ n ’ ,; la’ s:: :  I on-i I loss , ! I ;sg on I h i s  s_ ’~~~s_ ’ i s _ ’ , :1 s_ I i ins t iv , - i’ s’, n , ’n : : : s - is

~ I I ! :  ‘— s  - n , - ’ n s l  i v  I - S I ’ s ’ I t ’ , ’ 5 , 5 51’, ’ i n i s _ iuts _’s~,I n u t  the end s_~S the

C ir , : I h,nd S or ’ I !:s’ ~‘ ,‘ ,‘ 1, - . Cs - s_ ’:s t i : u ’ on ’ the s_ Il t ’n ’oi’~~u i c s _ - t n t  si-es i n - t o n I  :1 i I’f—

1i05S~ in s_ ’,’;s ,n n’ , - ’: I s _ U i  : i l s , i  - -x ~~s_ - t :s i s _ s n , ttOwe-.’ s ’n’ , I l ie  ext  on i : s i o f l  s t  i’ s’s: ’ 1 55  U ’15—

: 1  I s _ - i , s u n s , !  si p ’o: ; i I  lye I ’ s_ ’t ’ t ’  ; - n ’ s ’, s : su n ’ s ’ 01’ 5 551 results , l’n’ s_ ’,itl s_ ’ in :,’, Si i i ,~!,

p o s i t i v e  I -on ’ s’ p - n ’ s- , : , :u n - s_ ’ : ; : s _ ’l’ s” i s o  s_~ t~ 14 p s i  n ’s -I’ h u i s  cyc 1, ’. thI i st n ’ :i t  t s’u’;I

t s e t ’s i st :s  un t i l  s _ p s ’ i s ’ 19 , i n  w h i t , ’!: no i n : ! n l s _ ’ , - ,i n t , - a ut Iv s ’ I ’ o;’ s - s’;’ s_ ’s : su u ’s ’ :’ i t ’ s’

H ge ; i s~r n t t  i’d on t i t e  s_’s_’n’: u ’ u ’ s’:ss iv s - :1 n’ s _ C s ’ , sins_ I n- - ’ , - it is’s - t - S ’ s -~ ’- ,’ ts ; ’  s’S ‘ s_ tS’ Ss_’ l i s”,’—

s i t  c i  i n  I- s _ t  h i  s_ ’ i ’nn sp ’ n ’o : : : :  ion  ti n ts _ I ex t s_ n :: - - n:.

.5. i” r onn i th s ’sso cs_ sis~ id,’;’:uI  ions i t  :i :’;- c :sn ’ ,’ I hn st ~~~~~~ i s s _ ’ s t re s s

l’ : i n ’:ctI i ’! ers are s’:e Id n’on’ s_ lOS I at s_ ’on i s  i , i s ’i’ n i t  ion , . 11 e :L’: :s_’:i’’t s _ t~ SOS i t t —

;‘ i t~ F ion oc s_ stln ’n’ I nsg wit h u t  s_ ’~ Sl I s_’ t ; ~ I :ixial 5~ os_’ in nielis ls ’pt’n :ls _ : Ui ’ s_ Ui t 11s

relative Is ’nis it y , t his ’ Cys _’ lie ,iev tat ,-;‘ st 1 0:5  ~
‘- , tu :s_1 s_’sn usol I s_ h a  I I s_ -u: ::t ross

applied i n :  t h u s ~ t i ’s_ s t . : s _ a ~ the sp ec i t ’i s_’ case in i- i sun’s’ IF , ~~~~~~ i :1 r’ii-u—

t ion l i -con s ’:: Si  U i 1 fict ini I in s_ ’y s_’ 1, ’ 17 ;snd i rio p’ s_ ’5, :s ’5 with eli s_’li succes:s j ’s_ ’ s_’ 
5

-

c’s-c 1,51 until Initial ii p i i s ’ i’:sc I is_ -n Is ;  re;is_’It os_I On s_ ’y s_’ Is’ 2: ’

- . Ci g-u1’e 31 n’ Ss ’, :s_ ’~ :i S t i e ’ t~ i~ i
’s’s_’ t l V s _~ conni sl ’ s’:;s ; vo sI na’ s 5

sit iFs ) p’ el’s_’s’ni t S’ s i ’ s’ ~‘1’t’5:511 t’ s_ ’ n’esu s s_ssn se i t t  it i al ii -l ti s ’n ’a,’t I s_ ’l s I n ’s_ -n’ all I

s_’ys,’ l i c  I i ’  i six I a], ts ’:s t ss c 011- 11)0 t i ’,! on lIu’i i t— It ed 1~s_ s1~s_ I I - I s _ — s _ I s ’ I :::i’i,l - “hose ;‘s’ —

s:ult s ws ’ n ’ s’ oi-t :u I l i e ’s_ I i ’V us ins ’ the pl sit earn as the p ’ s ’n ’ t’ l - n ’ s_ ’ s_ : s s u l n ’ s ’ l’s’s c p u , :,-

(c , ,,) for s_ ’s_ ’ ; n sp ’ u t  ins I ! s s ’ s- n ’S,’ct ive  c s _ U i I ’ i n h n i , ’ ,  : s t n ’ ’sss and 

~ 
+ -

‘

i hi is L
3
~ I’s_n ’ I h i s ’ p l :u  I eau 151 ; t s _ ’t vn u Us _ I  l ’ s ’;’ s_~t n i v  i no ’ :sui t’ ,, 5i~ pr s ’ sent_ed

in  C i  5 u l I ’ s ’ ‘ ‘
, as t h i s  e , ,  s ’Ol ’ t ’ s’5p’Ol i~l:s t o  t h t s _~ l’O I ;:t i t  v h s  1 s _~1i t b it ’

_ _  _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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spa’c linen s _ I i 1 nu te s  to cau’u ’y  the 1 i s nu sl , s i n s _ i  t he c~, line p s _ i ’ s ’ : ; s ’ i i t  5 :  co ndi —

t I oh s; s _ t I ’  l i ipio 1 : 1 0 1  ion f o r  the  p o in t  n i t  which t lie flow structure 1st

sls ’\’ s ’ I s_ ’ p s ’sI. ‘l’ n udsle 5) t a b u l t i t e s t  the data for Fiu’,uro il.  The i -’i’fec t ive

i ’I’ I s _ ’ I . i s _ l i  n t l u , ’ , l i ’  ~~‘ i’s ’s stil t ) u s ’ s t s ’ t s ’ : : t  S 1st  35.0 s1u’
~~, nt-st compared with

thit ’  2’~ .( u  sIs ’~’, s—!s s : s ’ l ’ves I  for I h i s ’ l t i o h i s ~ t - s _ t l I i C  to : t I  S.  This di i’i’s ’t’et u r s ’  is d ue

I-c t t h e  hj0,hi s ’l’ ds ’iu :tlt , is ’s; s_ sf t he  c y c l i c  s ’: :t s .

I t is  apparent that, for i n i t  i n t l 1 i quo i’:sc lion to occur in
s_p-’ c.I is’ I. t ’ I n s x  j u l  t s ~~s t :: on s _ I s -u s,’ st un s_ i: :, I-we cr1 tei’ia must 1 t ’  s t a t  j s t f i e - s _ l

a . A :1 l’ s ’st r eyerstal  th rough the hydro :s t a I I s’ s _ s  ‘ n i l  i t  ion
tui U st t. s_ 5 s_ a’Ul’

1 ’ . A s t u l ’ I ’ i c i s - n t  number of c y c l e s;  nu : : t  ‘be : u p p - i  I,’!.

Al t hss _ ’ t i ~’, hi ira s_ ’ i ’ p s _ l’ s’ I n s t  ion  s — I ’ i - hue  number oh ’ s’ys’le:; s i p s _ p - I i s ’s _ I s _ I u r i n t~ an

u ’ : u n ’ t - h i q t i n t k e ’  lit ’s :s been :tuccc:ssi’u I l y app li ed u:s i i u ~’, h i s , ’  s_ ’ s_~~ i s ’ t ’ p s _ I  o f an s’quiv—

alent nwhib er of c v i ’ I , ’:; , the t i  l’ , ’:t :5 path slur i n~ an ‘s t  1’ I hus _~uaks’ is s_j u i  I~s ’

d il l ’s - i a - u u t  t ’rornt h u n t S , fol lowed in the cyclic tr i six isiS I s ’ s t t  1 n u l l s _ I  a s;t 5, ’::: ’,

rs ’v s ’ r:t s t  1 I l su ’ ssu~’1i i b i s ’ hydrost ; st . i s ’ s ’ o u i s _ I  it - loll lniniy n i e v , ’u’ occur .

M n i t c rj s i  1 Cl i nsr: t s _ ’ t ,o’ r i zat .  I s s n i  i ’s _ s i ’  C l n i s s t , i  s’— Plas I I c  ( ‘s_ sn o t ]  I u i - i  ye Model
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Figure 32. Definit ion of material constants for
elastic—plastic consti tutiye equation

53

L -“ rn --~~~ - - - ‘



L,, ~_ _ _ _ _  - 
-
- 

~~~~~~~~~~~~~~~~~~~ _ _ _

5)

\\ _~~~~~ 
s _ - s

‘5 s_~s_

‘a ~~~~Q \ \ .  .~~
~~~~~~~~ 

s_I
3 W  = I s_I

5 ) s _ 5~~~~~~’.5 I’,
4 l,’t

,i) Z ,. 0 55)
‘ :5 - 

.5
‘H

-
~ 

‘ -

~~

S n :~

\ 
- 

~~:i,, 
-

~~

• 

‘ 

~

- 
‘1 ‘

~

(I St
i-s

511 - ‘(s_I

0~~ lc~

ii- (4 i_ s_ s

I ~

-
‘ - I’:,

Id ‘a,’ 3~~flSS ll~,4 NCt5SSi IHd~ M55 ,) 5s , s _ s _ ’e4 ,L0S~



l~ i

_ _ _ _-_ _  _~~~~~~~~~~~~~~~~~~
_
_ _ _ _

0

‘as_n i -
O, i_
2 w - ‘ in

\ 0 ,~

R

\ \ g ~H

i~~~~ 

I-i

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

~~~~

‘

~~~~ 

~~

~~~~~~~~~~~~~~~~~~~~~ 0
0 

1’,

s_ cd ‘‘so 3UIr1 SS 3~~~ N0ISS3~~d I’l0~ 315)Odj,051,

55



- ~~~~~~—~~~~~-~~~~~~~~~~~~~~~ - ‘  
- - -  __

I

-

5,

\ i s

\ \ Si
‘ “-4

\ -
~~~ 

in
’‘1 “5 ’

3 ,

- ‘ ~ •4S 5
’ ’

‘11
~l0~30

H + - - + ‘  - -----‘----- --H-- 
~~

~-



~

L_ _ _  -

~~~~~~~~~~~~~~~~~~~~

- ‘- 7_ -j

0

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

\ 
.

~~~~~0 0 .~~-l

I I I I I
2 0

Id It  3~~f lSS3~~d N0tS S3wd Vi 0~ D s _ d o H i O s s

57

L. - - ‘ -~~~~~~~~~~ 
,



- 
‘ - -—— ,,_ -_~ -- - _---

~ -- ,.~ ---_,=_--- 
‘: — 

~~
-—- -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

“ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I

s_n

— —

5’

I I I~~~~~,,,,_,, I
5 -

_ S , ,  -I H’ l ’ ,S 4 15,5  N s _ ’sS ’- S s , O f l O ’ ‘ , s _ s _ qs_ 5 ’ ’” ,

L --~~~~ ~ ‘,~~~~~~~~~~~ ‘- - _ _



with liquefaction occurring 
at the ins sam~ u~ o s~~~~i-~~’~~ - - - - -

145

~~ ~~~~~~~~~~~~~~~~~~ — , ,,, - -“--—“- u, n5 s_~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

“ - ‘1 usa-n rio - n i _ si i hi5 cssj ,‘t i i  s its ’,l s n ’ s_ -I n s : ( a )  n : :, ’ :ssun’ s ’;n :e tit , s of ~~ial and ras_ lial
n i s _ ’a , , s,’b :s - r s ’ ,\ v / v  = e

1 ~ ; iS-) S- un’ s_ -h  I s ’ ns:e :s’,’ul’s’rncrnts 01’ v’ ;s t,, ’u ’

li ”iv I n: o sinisl - ‘ nit s_ -n’ ni ’ the s l - s -c in nseu i  • \v 1 UI’ s’ t t,e /Vo I s_’l ’ 5; s _ c l  t tis _ ’hi ; and ( c  ‘
155 ’ s i s _ u t t i n ’ 5 l - t  l o l l  ~i : s s t  t , b i ~ :~ - ec ln ;ue ’n i S  s un’ s’ i s t e t  u ’o l s_ ic , in wn i icbs cUss- , =

:55, 1 ,5s _ V  - v 3c 1 
, A s_’cn r p s _ : u n ’  I 555fl ) ‘ , - t w s ’eri I b is ’ vs _ ’.l iu s : s _ - h n ’ I c  st  u ’s s i nu : t  b, ’t s _ i ’ —

r u i n e d  n niess : ’un ’ s ’ ; n : s _ ’n i i  o l ’ i b i s ’ s- s_ -c i ns :, ’;: ,h i ; : : s_ ’ ns : :  i s_ s ; i , s I P et  b ios _ i a)  s tu b t - b i s _’::e deter—
:stihses _ t isy b i l l ’ s’) t o  ;;i, ” n : ’ : s n ’ s ’; t ss_ ’ n s t : s  ‘ls’t bi os _ I b )  sb~ -w:s t Ine cl-v i c - i s :  ,‘n ’ n ’, ’ct s S I ’

:::t ’n nsl n ’ : i ; ie - l i n us _ i h’ t s t  s _ n :. ‘: o— I , — ii) sulnlrnuar usr s’s ;s: s ’ n s s l s _ i ’ s s ; i s - I ’ i ’ ; i s ’t n ’ s st I s_SI s ’s _ n: - I

I i:s t :s_ V s~lt l s ’: s s_ s I ’ S , wh u el i  is the n sic; ;ul ’i’:uuse 1s_ s_’l iot n ’ :u t i o f l  in cc per uni t r

su r e s t Sn ’ ::~~~s’s _ S i n n i e n  s_ ’ s_ ’V s _ ’ n ’ , ’s _ l I- ~
,- t h e  t : s s_ ’ nt s l - i ’ :u ; i s ’ , pci’ unit of l’n’c:s :uu’s- , i i ’ , Sn :: ’ .‘

The n’s n a’ , - s_ sI’ F—v s ib Us ’:: n ’s_ sn’ s_ -s - I  nu ~ 0, 503—0. ~O0 agree s_
~ U i t s ’ well wil l :

Y’n”,’,t n s : s i n i  i ’t n sl. v :s  I t s , - on ’ 0 , s_ ’Fl i , ba ses_ I sipo ni ~ i’d it ,  I ,  ‘;s,: l :  i n -  he - t w o s - n i

:55,1 it . Is _ - ws _ ’vs ’;’ , u n’ s_ s i  u u n s  is_s_ : s s_ ll ni c , t lie F—vtt -lus_’s i S l e s _ I  sit - _ c q u i t s’ 1 cv .
s_ ’s_ ’nss _ ’ c i vs i-i , - , r t s _ ’nrt ’ n’ :L n Se l’eus_ ’t sat ice v :s_ lie’s wou1~i i-c i t  s_ s _ Is _~~- s’t’s_ s_ idtI k, c’i’ Tionss_ti u s- ’

at Ii aus_ i  s_ l e p ’ e h s d d n u t  i - n ’  inni: sn ’ilv ots Oi ’ s’ : s _ :un’ s_ ’; t :cncc , the n n i s u s _ h u i  tus_, i s’ of :ts _ -rs—

1- ;‘ :sn sc  ~‘ ‘‘ n i ’ ’ I-  n u t S  ion :s, - 5 ’  :Ys_ ii ’ s’s_’s 1”,’ I l i i  s t s _ ’s_ ’l lb u i q u o  nn nu ,y be p U s_ st ~i s_ ’ n s _ , ’ ,b . The ’

P — v s s Iu e o  11 ::t s_~s_ I arc n ’ s_ ’J :stivs’lv iu ss:ens~ i t  ive t o  I~ ‘on ’ I t s , ’ n ’t s n sccs  of L I
vn~l Us’:’ t ~~~~ s’s _ b .

s\ ns : s : ’ : :ni t ss p S io n s  on ’ i : s S t - n ’ i’Isy I’on’ s’:t. i n n i : s  I - i volsst :s’ cll : sn i 5ts _ ’ ‘

(~ -~s_ - t  I : s_’,l :u V, ’l’ s_ :U:: Ilo t bio s _ i c ) t v p ’ i c t i l l v  t s n i s l e n ’ s’ s _ : t  in :s : s t  s’s I h u e  : un lcun i t  on ’ voiscue

cbs:s; i~ s_ ’ 1’s_si’ t buese n ’i ye s s’cc i ;n:s_ ’ n i : s  . l loi s’vs’u ’ , I bis ’ , ‘n’ ;’ s_ ’;’ III as~s5L ’:1 m i , - ’ ‘,ss t —

S’ s_ 5’y i s  :sI’ s_ ’ut c s _ l is t s I. to that I ; i s _ its cs _ - s_ h i n t o i - un’ s _ I S  s_ ’ ;:ss’ttsis rs ’;n:,’ni t 5 hy tsss _~n st—

t’n ’:u ;s, ’ p’s_ ’nict n’ sut I s_ ’;s . ilet iee , t h i s Sit ’l t i cs_ I s_’l’ s_’:ilcsl j :u b I no’. yoluuune s_ ’ bss ; i s ’ . s_’s i _ s

;‘ s_ ’si :ss ~h s : si’ t:s_’ : u c c n l n ’ :s t  0 ~
‘s i ’  tlicst e t est con s _ s _ l i t I s _ u i :

S on’  I si, s_ ’s_ ’h is t  P s t i l t s .)

‘ ‘I . ‘i’ si h Is_s 11 I I s I s  t ine n tS : 5 t  s ’l’ s_ al s’s_O i l S t  slit S 0X~~ei’ i t r o u t  :si ly ,let s _ n ’ —
nin :s’s_ l n ’s’l’ ovtilsi :it i ni s_ ’ the s_’1:is st i s _ ’— p ’ l :usi  iC s_ ’ s_ ’ I i s s t  i t  U t  1 vo n ’el nut  ionis b si 

10

The ‘.‘ssls i s -s , :~ , K’ , K ’ an d P , wo n ’ s’ ,l s _ ’t ,‘n ’n ’ : i ns ’,h n i ’ s_ — t n : S b : , ’ s _ b t u t  a

l’ h’u s s _ ’n li i ’s_ I s u i  Fl s_ t t i I ’ s’:S 3 1— 1 7. i’bio ~ ‘ — v s s isis ’, — in’ ,’ I b : s’ 5 :sL ;-’,~’ ; 5s ; S b t s _ ’:s s_’

l i , ’ ) -  : in ‘i’ n i l ’ i  s_ ’ s ’  • w i t h  ~ s _ s  I s_ ’t u l s i l  , ‘ s _ b ntis s _ s F sin ~ ‘ / (  3 — s in  ~ ‘ -

C i  t s r , ’ $8 ~‘i’ s ’~~~’ n i t  st t b1i ~ s s n s _ ls’ -s _ us ’s _ i  ‘is v I s i t  i o n :  : : t h ’ s’ : s s s _  v , ’;’~ i s : :  s_ i s-v i at

ms in s ha - i, s t  I ,‘;s ::bi i p is _ s n’ tuu ~ I s_~sij i no’.. :t inu s _’,’ I b i s ’ e’l:ts t i s_ ’— 1 - i 5 5 :’ t I s ’ nssc -I s ’l

n’ ,’s _ u uii n’ ’;: - bn’ s t I n : s ’ s _ l ,‘, ‘ns : s t  :t u i t  ~ 5 , F ‘ — v e i n s , ’:: vs _ - n’ s ’ ,‘nt t s _ i n ’ i : s t  s ’s _ I ‘n’ s ’;:: i li e~ l’s’l s tt i s _ - n i —

:501 p. - ‘ = 1K . (1  — , ‘~,s ) / ‘ (  1 + v ’ ) , s, it I s V ’ s_ - s b  i ; t u tu h  u - si i ’h’ s_ ’h ni

- ,~~.s - -  - - -



__

- - I -

--_  
--

~~~~~~
- ‘ -.-

~~~~~~

1•
I t t  I , -  15

sst: inmsi ’\ - S , 5 i  151115 1 I — - ‘ .5 ‘ - s 5 ;  s_ ; ‘ I t s _ s  “t , ’ltl ’I’lI .hl, ’  l obS ’  ‘ t’ ’s _  ‘ , 5 ,  5 ’ ‘ 5  1 - - ‘ s - , ,

___________ 
is,, s u I I r I Ms lel u

s_s s_, ‘s _ \ ** -
t n _ - S ~s_ Is_ S ‘ - 5’: SI;:

V V ‘ I ‘ -

- _ 5~_ . i ’_ _ : s ~,s.,_~ 
‘ s s I ’ s - ’ t - ’ M, ’;”, b- n ’ u tn iu ’ s_’IIi /0111 ~~~~~~~ 2,fi”IT,iss—

.‘ . I i  ~‘ 0.05511 ” st , ~s_ s _ i s _ i ,5 0 , Ol s l 1~ . 002 11 ‘~~5s_ s I ‘ ~s _ , n  ‘ 
-

0.  - ‘ . ‘ ‘ - IS . s_ 1 s_~ 1 ) t -  - , Fs_ 5 s_ ’i s_ ,  5 , 10070 , ‘ , 00O’~

h ) i~ i 5— t: s_ ’— n ’ 2.11 s_ ’. 1” s_ s . ~~ 11, 0, ‘ -~~~ 0 5 , 5010 -
‘ i~0.’ 1 s_ i .s50 ,”f I t t

, O s _ , ’12 0 , s _~s_~ I 5 , ’ ü .  ,s_ s_ s s_ sb .5 - ‘ , s_ s s_ s s_ 5 5b , , s _ S s_ t 1  11: l , ~ u s . h

hll t o , 5_ 5s _ ) _ i ’  ~.,5 ’ 15 s_ ’ . OOSO, ’ 0. 1 111 1 ~, - - - ‘ ,‘- s ~~~~~ ,‘ , s _ ~F’, ., -~s, I

s_ ’ . 0F~~53 iS , ‘ - n ’  O. s_~s 1t’ I 5 . 00,’ 5’ , 5 1i’ .’i- ; : ,~ s_ u ,1

RB1’-—80—11 ~~~~~~~ f ,  4 ’ , -, ‘~ s_ 5 ,0l s_ ) 
s_ ’ sl , F l - ’~, - 0, s_~~s_ ’, ’ 40 ‘ , , s_

~
- J s _ I  , , ‘s_ ’~~~S-

- 
-
‘ 15’ ’ 0. ~~~~~~~~~ 0 , s_~ ,~ 5’l s_ ’ , Fs_ 50I5 11

I , , , ‘, ‘ ~~, 1’ - s_ ’ , s _ t s_ s t ’ I  I s_ , ‘ , s_ s_ s_ s _ s _ i t  - st , s_ 1s_ 5 111  s_ . s_ u” t - , F t 5”  ‘, s _ - u s , i

51~~’I 3’) 5,50” ~~ 0’ - ’ : , 0 , O n : )

* (~ ) i i  I —
V V 1’;ts, ’Ssl’l’ : i Inu ’ l ’s ib ’ ,’t t ‘ ‘ s_’iaflt i’tb

*~~ ‘s\ ’ = ( ,- I -. ~~~~~~~~~ v ussp ’ s , ft 1’ - . ‘~I ,‘n ’: i i .  ii’ s_si t
;st v ‘i “5 : 1  1 :5 ;, , ’ ~i hi)

ns t , ’rsl’ n’ s_ s;: -

= f,  1,81s s_’nu ’  1 .  “i s_sn 
5
~~s_’m” . t

_ 
-

t is ,\\‘ - log ,\ O s _ ’ I s ’~ ¶ ‘ ,‘s_ ls’ — Is ’t’. I’ s s _ s t t  i s - l i ’ s _ b l u r .

—



r i s _ s _ s n - c ’  o ~ its s_ i s i s  o I n ’ ~~~~~ s _ S s _ , ’ s _ s _ s _ , s _ .’ s _ s - s s _ s _ 5,~- ) ‘ s _  ‘ ‘  ‘ ‘~~

F’ -

in ~s_ ‘5 
-
‘ OS “1 5 ,  s_ s_’s - 

- in
- -C - s_ S’S C~s_ -“S  s _ ts _ ‘-,~ 5) 5,,

S sss C4 ~~S I “4 5
s-

~ HC - - - s_’~ - .
+

0 u-I- ,“ -, -
- si_ -s ‘ - ‘ “— - I’

105 -
- (54 - ‘ çsj - s_I’, 00) ‘ ‘. ‘ ‘  14- (‘5) 0 : 0 0 0

5’ s_ It
C’) 5— cs ~- -

—s , C C CC S - 0) 55 s_3’s 3,5 In c” (‘.1 Ii
7: 1-’

- Hs_C ‘~C - .5 srs irs -~ +5) 0) 5 u—I s-I s— I H (‘4 5
“5 H ”  . . ‘ ‘ ‘  ‘-‘5” 1:0 ‘- C c  - 5 - - ‘—is s_s C’SS ~-‘1 “-‘i-I —“ii. aD s— s_c -‘ C I t -

I (“5 5” ‘~C ‘s_ c s_C
o s-i- C C C - C C) (55

‘-5 55 — N- Si) s_C 1- C’- “ 7: - -
sf-s irs (‘-3 s_-’- s_ ‘5” • 55 5 55

‘Si C S C
“5 ,—t

SI ‘0 5 ci
- 

., 5 C d i n
- s_ i_i s_-0 C’S C - so o o ~- s_  ‘S CS- 551 .5 s_ _ C H H in C

-
- - “~. ‘C- SO C - s-S H 5)

‘51 0 ~ u--l u--S H ‘S S Cs_II) S -s: 0 - 5 iis H an “ - H“-5 5_i _ :- - ‘S 53 5 ” , 5in I-’ s_~. in s-S C (“5“Si 
~ 5’- 55 aD OS H (“5 (“S 0 53 - - 5)

C 55> - ‘5— It ’. 5(1) —CS irs 0 I-s ‘ ‘53SC s_i 54 ‘5, LI’S LI” ‘-C ‘,C) N- ‘11) ‘ C ,-s_
,s_,s C 0‘51 1’) I t”S 55 .-HC I “-. • In in 55 .-sci * 5 :  ‘S — - -‘-“ cd • C ci

* S ‘H H • OS - - 5) s_i in‘St - 0 5) 0) N- H irs U”. 5) (55 “S. 51 ‘5)’ ,~ 5 -5) 14 ‘5-, U”. 55) H Cu-S (‘S 555 ‘ C’S - —~ ‘ a ~e- isC ‘ it’ LI’. (‘S 17: ItS “- OS ‘u-’1 0 C is H --u : II 55~ H H 54 H 5 4  ~~ “5 u--i ‘0 C i i  in55 H 14 0 1 5  U) 5 ) 0 . 0  0I-~ C I I I 14 C s _ s _  ~-‘ isC I (“5 + I”) C’) I ‘~ ‘u 11s_ Is -? “—, — 14 it 14 “— ci I C —sS C H C’S ~Si H OS ‘H ‘— ‘-~
, u--I (‘S in ‘H 0

‘5 s_ ’ - s-O H u—I H I ‘-.-- 54 5, ‘,,, - ‘54 ,—I 5,,
s _ i  I I I I I ‘5’ it 11 II II-4-’ “5 C C 0 0 C C: II II H II II It IIIs_I ‘ I ,~)‘ _55 Cc) 05) 5)) 555 0 s—I i i  “H5 ) 5  I I I I :s _ : 1 4  1 1 4 1 4  54 ci cr 0 (s) 5)c’s u’s 14‘ ( ‘ S O S  H (‘.5

s_~s_~s_ (5 511 (5 (5 * * 4— 4- ++ i-i’ (0) (0) ~~s_ ~~ g
57: (15 (15 55 55 * 4- ++



- - _
~~~—‘I.~~~~~~~~~~~

-—_ - ----_ 

1
,

s_~

2:2a 6 6 ~~~~~o is

~~~~~~~~ 
- :

UI
-j ~~~~~~~~~~~~~~~~

- 2  
“-‘ “Si

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C
d c i

~‘ s--I c’sa C,
- i - H
• C,

‘ 2  ‘,,,

- C

-1 1- 1’
- ‘O 1) (s_I

55 +)
5 ) 0 )
I-s n)
‘p 4 - s
15)

I”
0
4,-

~~~ S

0

0 a)
u-s (u-S

‘5)
in
53
15C
‘-S
(5’L,_ ,_ I I I 1

0

Is — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

0

62

‘----- -



— - ‘  - - 
- -  - - _ -- -

= K / i  + K , wh~ n~ K = 1 — ~~~ ~
- ‘ . s __ in ’ - s_ ’ s _ _ i l i p - l C i -, : s _ s _ n . ,  C ’ — v a l s i s - : -  ~

‘ s _ s _ :’

R eis _ l — il s ’iI ’s _ s n ’ I Ps_ ” - i s - l  ~ s i n i s _ 1  at 25 l u ’ n ’ s_ ’o n i b  W O n ’ s ’  calculated from ‘ i - s b  a

- ‘ - - n i ’ r insed irs Ilet ’- ’n ’ s - n sssi ’ 31 s u n  I b a ’  u ’ s - l a b i s _ ’ ; s , ’ : b : i 1 = I’)(l —

2( 1  — v ’ ) , W b s u ’ ;’ s ’  P b b s ’ ’  s_ ’ , s~~~: : t  s’ :t i  I s _ _ s _ I  Ins _ _ s h u m : 1; K tc: ’b C d u n ’in i , ’
0

uni 1oadi nn 5~ . s_~ ‘ — v s s  l ot ’ :  - ‘:si ’u L s s s - sI ‘n’:ss-t bb s  s b’ s a, t - 3 ‘i _ , ’ ‘cn n t i l l s _ I

V
l 0.~~— O . 5  , won’ , ’ ‘5 l s _ i~— l ’ s _ h  k~~/ , ’;’. , wisi- ’ , l’S55 ’,q s_ ’ ~~ 1~~t ’ s ~~;. F” , i ] s _ ’  11.

i b i s -  u nd l ’ : v n ; s s ’ s  ! - s i t ’ s U s I e b  ‘ - n ’ s , E t i n s _ I  v , rn ’ ,~n ’ ’, tlso j o ; i s _ I i n s , ’ - s _ I ’ s  i - n i , ’ 1- s _ n ’ the

t est s  s i n ’ ,’ s i-Iso l i : :I , s ’ s_ i . 2 j n s s _ ’s ’ t b i s ’ : :  - 5 ( 1 5 5  ‘ I’ s ;t : the l s _ : s s - I~~~~s _ ,  ‘ ; ‘ - s ’ ’ S :155- 05 ’

I b i s ’ t , s ’S l t S , the p :sn’ :ut s ’t s_ st’: s i n’ , - r u st  I n ’u l y  elasttic s - T s _ ; , S t  i t : ’ ;ss ; l :s:’b ‘

s _ I s ’ l s _ - i ’ ; C s S t  s , ’ ; i , : - i n ’ s ’ j n i , ’ i u s _ I s ’ s _ b .

t’ s ’ s _ b~~,S iL5j  V 5s r 5SU S o h : s , ’n’v , - l  i’ s- :’su1t,~

52. ‘l’he :iot i n ’ s  I ; si s _ - ,Iel l ’s in’t u : ss ’) ‘n . S i s a ’ s _ I 0 s - i n t o  s n ’ , ’  ‘ 5 , ’ - ;s i - ’ , i s - l  ‘ s I b  i .

- ‘ X I I ’ S ’  i 5 ~ s_ ’ n i t ’ s _  l’ s - :: s _ S I t , s _ t  s sb ’ t~~ , ’- t s ”  i - , I 1 ’ ’ s _ _ i s , ’Ss _ _ 5  s i n s - I  1II4I~’Ct—i3s )—b0 ‘ in’ , -  1 , sb s _ - I  i n .

‘l’alj t ’ 1~~. A i S C i l i I 5 ) I ’ i S O T l  “ s b ’ t ’x i - ~ - r i t t i ~’ n i ’ i i  v : s l t i s _ - . ’ m i  ‘I’ s’t b s _ I t ’ ii s , ;  s i s . s s s s s” ’

v s s l u u s: s  i n s  Table 12 : :bs s _ ”)’:s I wi I ’: 5 I 5 ’ I ,  ;~ C ’s_S,I ‘ s , ’ s ’ s - - ’s’ , t - n s ,  , ‘x i s :’ . 5 I s ” t i n’ s ’ s_ i n s  t h e

wi’ I : d s _ l s S : t  , s ’X s _ ’ s_ ’ b ’ i -  t , h i n i b - , ‘x i ’ s_ ’ rin ;i , - n s t s s J  K
1

— v a l s i s ’ s_ ’ ’ , ; ’s -  1s _ ”w ,- n’ hI ss h i  n ist. ’ut’ . s_ - S

v a l i s s  - , : The t -sii ’ s uts, - , - i ’  R • w h i c h  i s :  - u’nb 0 n) t he ;ts: i ,i o n ’  t,o l l t U i s _ ’i ’

ax i s s _ _ i ) ’ 4 i 5 ~~ el i i~ ’t ic : i l y ie ld  :s ss ; ’ ” s _ s _ ’e , “ I L ’ S  bi’ ’i;s , sus~ ’ ’ -h w i t h  corn ) n ss _~t~~v,

mat o n ’ s n i - s t  Issivin ~’i I — v ~~ h i i s ’S “ i s_ ’a s n s - h  -b  l i t  b y 5 -’ n :s :sb .,”rial s hav in i s _s

1/-s . ‘I ’ lu t ’  I W s _ p : s t ’ s inn s ’t s - C : ;  : s v  s _ ,~ - I e 5 ’n ’ , ’:s ’ s_ ’s t , e I ’ n ’s_ -’,’ t  on I b i s -

Sb ,  I’ c’: : : : — : t t ; ’ : t  i n s  pore p; ’i’s’s _ s’tu re  i’s ’ 5s b s _ tsh i:’- s ’ siC , P mi s_ I s_i

V1 - ’s u s ’ s ’s i ’ 11 — t iI~ s_ ’ s_ s l t t i - : s ; ’ s ’ l s _ , ’1 s s s _ V~ ‘5 ’  15 ’ e s i s _ ’t  s - i  i s_ v the ;ti ’,i u ’l  w i t h

s t s ’ i u : s .I te:: t . s_ ’ s _ - ; i s _ I i t l Of l s t o  I’ :~~
s_ O S  uni , ’i i s : lilt ) I ~5)_O si n s I  I i h b , ’1~~~i~ s_ ’S~~ I s _ ’S . H~s_ ’ S I t I

t l i s ’ : : s _ ’ l’is ’, un ~ ’:s i i  I:: obss ’n ’v , - s_ l I b i s I. i bs , ~ C s ) h 5 S t , 5 t u t a v e  I t t s _ s , I s ’~ s_ ’s l h i  q u a l i l - : i—

t i v t - T y  simula te  i t s , ’  ~ t ,i’ ,’: : : — s : t n ’ t i  i n s  port ’ 1 s _ i 5 ) ’ S S I S S ’,’ r i - S i ’s_ -I t s , :,’ of a ,‘on s _ t i ’ s ss_ ’ —
30t 1v,~ s t , ’ s ; s s _ h  . r

Table i ’

N s i m s _ ’i’ i s_ ’ : l  Vsilu , ’ , s sf ’ i’i s s i  rt’ i al Constt .nnitS for hi~ s_ 1 — l i s ’dl ’sn’,I Misdi-l I55and

1’est ‘-s ’n’ics 1
li s ’i :tt lye ~s ’ l 5 i s i  b y

Mate r i a l  Const an t s  
_____

K . kg/ cm ’ 100. 0

100. 0
(i ’s)ns I i nues _ 1)

(‘3

‘5- —_ 
~~- , --~~~~~~~~~ — - , ~~~~~~~~ V 

, -



‘ - ‘ - - - -

‘ s i t -  I s -  I - ’ ( l o I s , ’ ,l i n s _ I s ’ s _ I  1

‘5 1  1
li s’l i t  t v ’  :~‘‘Ii :~l ty

‘s k s_ s ‘s_ ’ ;ss_ , - ‘ s_ . 0
s _ U  s_ S ,‘~~

) s )

}I . i i

s_ ’ . 0071e
t ’~ (ks_ ’ s_ ’~’~~~ 0 , ~0~i

EFFECTIV E MEAN NORMAL STRES S P ’~ K~ m u 2

5 I ,‘ 3 4 -
s_ S - 

~~~~~~~~~ I ~~~~~~~~~~~ 1

~ 0.2 LEGEND

—— MODEL BEHAVIOR

\ 
— T EST RESULTS

~~O,4 \

5’

0 , 11

I-
IC’ \
U

N
Lu N

N5) S.
”“‘5’5.’ I _ o _ “-‘5’.-”

-‘-‘5-

1,2

~‘l s_”l s n ’ s l ’ I , s_ ’s_ ’ I 5 t I X s _ t ’ j 5 s _ ’ I 5  s _ b ’ - ‘\ P s ’ I ’ i hh li ’h It a i  s ’ I ’f , ’ s_ ’ t l  Vt ’ I ni l ’ n t l i  n i , ’ i ’ s s i n i l  C f  b’ u ’SS
\ ‘ - I ’ O i s S  vi l t u i ’ s s ’ t  ‘h’  ;;t I ’ R i u  l’ s ’ I : t l  n , ; :  w it -I n in ns ’sh’t  t’ s ’ i s ; i v  5 s ’l ’  h i h I ’ I s ’I’ 5~3s ’—

f ’ s_ ’~~ls _ ’ ,‘s ’~n So I  i s _ t a t  b s _ ’hl  s_ ’s ’Ii ,i ~t is u n i ‘s_ u t ’  I i ’s I ~b ’s, ’s_ 5 _ I i s_ i_ 1s _ ’

,‘5.., 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — 

—



N

t U)
s_ n s _ S  , - -
, 5 _ i

, s _ i _ _

I-, - - - si’ I
5’ i ’ ’

( 5  5,’

I 
2 

-:
- 

I ~
_ r’ ~~ s_i s_t ’

s’ 4 s_ - t ;
~~ 1’ S .  - i  ‘U 

I u US - , I  s_ , ,  s _ s  I I- s s_ nt Isi s_ s_u ii
“) 5 ~~ ~~~~~~ ‘ ii

U ‘Si Z a -
‘ 

- -as’s i S - I

\ ‘ I ui “~ - ,.
‘u-, ‘ : ‘

‘.
~ -

I I 1 ’  
i ”  

~ ~- :,; ~I tn ~,5 ~ 1,’ 
-

I I “, ‘ “~ 
~:I -~~~ ,s_~ i - c

I ~I 4 s s , s  i ’

‘ -

~~~

, U ‘ ‘ (S ~~S 1 ‘N IN]  I i s _ si ‘)S IH1~ lVdI ‘4-5511,1 
- 

s_

_

~~~~~~~~~~~~~

_ i

~~ 

s

,l
~~~~~

N
“N,,, —‘i 

~“ ‘.
• 

~~-

4~~~~s_ n , US5,-, s_ i 
- 1 ’  - ‘ ,5’ 5 -

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~

“‘.. / 1.’~~~~US ~~~~~~~~
Z ~ 

“N‘
‘-‘N. ~I

:~j~~~~~~ u N.- ~,, h : ’ , ,
“‘5 1.5 t s _ ,  I s _ c

N
N

N
N

N

’ ”
• I I ’

- 
~ ‘‘

(~l •~ ~~~~‘

,ls_s .u ~~ ‘ 0 1 ‘N IH I liii in’, 111 iS 1V.-I I ‘NIH,I I’ . 15’ 4 ’

s_Is—,—-*_ - ,- - , - - - - ’-, —----,, -“—-)-,--s_ ,,~s,a~”~~”-’’ ” ‘-4-,i. - ‘  — - - —------------ —- -



-

L EGEND
MODE L B EHAVIOR

E — TEST RESULTS

j  I
3 

/ 
R820 - &) - si ’

~ 
I

2

R820’445 ’ ‘-U I 

I ,US 

I

-

0 ~~~~~~~~~~~~~~~ - - _ I 

~~~~~~ - -~~~ - s0 2 4 6 10 12
AX IA L  STRAIN 

~~~ 
PERCENT

F l  ~sn r ‘a’ • Cempar I S s_ ’hi  of t ’xp & ’n ’ i n ; it ’t - I al u ’XSOSS POT’s’ i~’a i~~ t’ P1’s ‘S S i S  l’ s -i u ’n ’ s i s &xiai s t r a in l’t’l~~i t e n t s  w i l l s  nn o s_ Ie  1 t ’ t ’b sav  l s _ ’i’ Uri s_ I , ’ n ’ l o s s _ i  rajtn5’s_II n’iaxj al I s’st s_ ’s ’ n s s _ I  i t  b o t i  l ’e 1’ te s t S 0)2- ‘ — - ‘ s _ ’~~~ ’ ’ and b~b~ ‘‘— it ‘— is’



PAR T IV:  C 0 N C L U S I : -N ~ ’ Ps_NI) REC0f’~s~~ NDED RESEARCH

Conclus ions

s_ 24 , Based upon the materials tested , methods and equipment em—

nloye d , and informat ion in per t inent  l iterature , the followin ~ conclu-

sions  are drawn concerning the l iquefact ion behavior of recons t i tu ted

sands under cy c l i c  and rnsonotonic loadings:

a. Cycli c tr iaxial  loadings.

(1) For the four sands tested , as the mean ,‘r a i n  diam-
eter D 50 and uniformity coef f i c ien t  C~ de-
cr ease , so does the resistance to 100 percent pore
pressure response. This supports the familiar con-
cept that fine uniform sands are most susceptible to
liquefaction .

(2) For Reid—Bedford Model sand , a l inear  increase in
cyclic stress ratio required to cause 100 percent
pore pressure response or deformation exists fcr’ s_ s

increasing Dr—Values to approximately 60 percent .
However , the slope of th is  relat ionship s_1 o’ r—eni~ ss tipon i
conf in ing  pressure . This supports the concept that
test results on specimens of different densities can
be corrected to a c ommon density for con supan -~~s’ c s n s .

( 3 )  For Reid—Bedford Mo del sand , t he c y c lic  ::tn ’esss r at io
required to cause 100 n-en’cent pore pressure response
or deformation s_ Iei -’r c t usses:  with increas i n s s _ s  ef’ I ’ect ive
conf in ing  pressure . An increase in c c n u i ’ i ; i : i n s s _ ’ pl’c ss —
sure from l0_I 0 psi decreased the s_s~,’c1ic , :t res ’S n’: tt t o
f or 10 percent double ampli tude s t rain 2 7— 0 ’  ci ’ceuu t
depending upon the Dr

h .  Relationshi p between SFT N—values and earth quake lique-
fac tion potent ia l .

( i )  Values of CN for correcting SPT N—values to an ef-
fective overburden pressure of 1 tsf vary with rela-
t ive densi t y ,  sand type, overburden pressure , sinu s_ I
possibly additional variables. Nevertheless , the

— values presented in Fi 5~ure 23 or Equation 3 can he
used as f i rs t  approximation Cuis_ les on- o l - t a i n s i n n 1 s
CN

_values.

( 2 )  values of Cr for correcting isotropically cens :soli —
dated cyclic t r iaxial  teSt results 1-0 e s :t i r 5 i s l t, s’s _ h
f ie ld earthquake responses of level s _ s n ’ s _s u n s _ I  s_ i s _ ’J ’OS i I. s’
vary with N l—values , which are a t ’uns i ’t ions  of

(s7
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s t  n’eS;t en u vt t s _ s 1 s _ s ’ Is ;‘ s ’ t i s _ ’b i , ’s _ b ,  s_I 1 i - i ’  t h i s , l s _ , ’ s_ ’ : s _ i s : s s_ the
: t l ’ e s _ ’ I IIii ’ bu  ~ i- :5t ’s_ ’Oh i ~’,Ob ’ hi s_’onii ls?’ s ’ S S u i  s_ s _ I S , s t t ’Vei’ s t l  more
s_ ’y s _ ’ l o s  must i i -  ;ippl I s ’s_ b hefon’e achievim~’, 100 Ter s_ ’i’ li t

I s _ n ’ s ’-s;sun’e response. At 100 c r c e h u t -  1551’ s l s_ Yt ’ s i s5 i1U’ ~’
n ’ ’ s s i ’ s_ ’h i : s t ’, t i n e  st, i ’ s ”,:s path ; t s _ s _ s_ V OS:  up s _ n i - I down the s_ ’s_ u l l s —

l ’b’ t ’:tsion and extens ion s ’ bs V t ’ i s _ ’ p t ’ ; s _  , -~1:~~ i n s ,- ’ I I s h ’ s_ sUi ’h s_

b lue o r ig in  at , ‘sns_ ’ii m i s  t a I n t  s_ s i’ 100 po scent ~‘on’
s

sure i.e 5 
~~~~~~ 

se

( 5 )  “ ; n i  l su’ s _ ’ :s_ in  s_ ’yc i  Ic and monotonic I s ’ ss t s s  occur  s i t  I Is _ s

SUnS 5 ’ I’I’est I vs ;tLia’sS psii ’SUIuCI e b’ Ss i’s _ s _ n i l it I s _ i s _ S  ) . Tine
n ’ : i s _ I  b s_ ’s I s _ hi V I’u ’n’ s_ ’hui ’s_ ’ between the two I c;sts is the
st b ’e ;tst I s _ sit Is t ’s_ ’ I low ’s_ I I c achieve t i s e s t s s_’ O h u d S tions ,

Os ’ l s _ ’:s:s , the ,‘I ’ b ’es_’ t - lV ( ’  s t r”~~st l5; i r ;u i a’te i’s t i n ’ s 
5
,

tm ~’~
s_ tIs _ ssni ’l u’ t o  i’ s_ s _ I  b s _  t yp e ;’- of I s ’:’t : u

s ’ . t i t I t  ‘i ’b st l s_ ’bs :i n ’s t s _ ’t - s ’n’ S Ct i t ~~ s_~ h i  for I i i , - elust.i s_ ’— j ’  I t t s t i c  50 15—

sI . i t u tiv e  model.

( 1) M s_ - I t s _ I s _ I t s_ n a ’  i s ,- n i , -t  in s t  i s_ s i  iii I :so t n ’ s_ ’s l ’  Ic con t s I s _ n ’ s_ - :ss ion I e : s t  s
( ‘abs 1s t ’ e s _ t I  i n ; n s u t  ed fronn V’n ’ y s _ t h i t u s  ‘ st - 5 ’5 relai j onsl: i p, ii: i l l s_ ’ - - -

nt i s - s u n s  oi ’s L i n s  s _ I l  tu ;u , ’t  I-i’ = D s _ s _s .  i - o n ’  ;‘s ’s_ ’on s s t - i t u t s _ ’s_i 
~ l’~

’
~
’ I —

tt is _ ’ h l S s  s_ ’i Oe i s _ I — i is ’dt’s_~I’s_ b M s_ s_ s _ Is _ i  s_ Sinus _ i an ;is’,SUItSI’t 1 s_ Si of
1551 s’ s_ ’py , 

~~ 
= c~ , t ’ei’ s_ ’ s _ : t  s i t s _ s i t  n n n ~’ v s _s _ ljnnsset ~’~ c

s :t ~i’ sm m i s  is ‘sL ’oist t i : ’ t s _ c s _’i m i ’ s l t  s ’ :155 calcula t ins ,- ’,  volu—
metr ic  s t .  n’ ;s I n u s  b ’ ‘oils burst t.s - n t ns_ - tm; ’,ur ehnient l’ s ‘c ;usss s s  of
membrane penetration t u i ’i’es_ ’I I n n 1’, bu r et t e volumes.

( 2 )  The :t t , n ’ i’:s s—Stra in pore l’ n’ s - S - t m r s ’ response 0 1’ cont r ;t c—
I. I ye :t si n ;s _ 1 can he tic cun’ :t I “lx 

- 
or es_I I s_’t i’s_ i 1w tIne el ssst Ii’—

p L~~t ’ l. i c 50155 t I t- ill i ’ce u s e s _ u -i ,

h’ecohlsrnended Pc’ss’,’t s’s_ cb s

55. A ss ’n ’ies s_ S i ’ n ti s_ ’ n ss _~ t s_’n s I c  R t e : st  S s0ss _ ’uls _ I  l ’ s _ ’  l~eh ’ 1’s_ ’5’bins ’d on tine

s5 t  s i n u s _ I s i s ’ s_ I s_ ’onuC n’ s ’ t o  un m ,j I~Il it to R iv~ ‘n’ : s ; I n s s _ I : :  to s_ is ’vol s _’p ;s relax I s_ ’ ns s s b s  i 1’ be-

tween s)I’r N—i ’s lu,’s and c h ’i t i c t i i  V0 i s _ I r s i t  i i ’:’ similar t o  I- i s_sun ’ s’ ~‘ii .

I n  a i l s _ l i t  i ‘s _ i s , I hi, ’ I ,‘ s t l  : S  s_ ’- l s s _ ’iu ’l s_I ‘he I’eI’l ’s_ sl ’ I s s ’s _ b  I , ’ ~- ‘,S1I hi m n s _ I - n i t  1 ’ t i I ’ t I , I t S u ’i , ‘i’ ss for

i b i s ’ s ’ l ; t s : t i c — I s _ i s l : s t i c  s_S s_~h 5 : t t  i t  15 1 I V i ’ bnn os,lei. 
- -

“I ’ , A s te i ’ i e;’ ,~ t ’ s_ ’~ s_ ’l is I n ’  I t t . x is .I t s ’:s t  :5 s _ I s _ s _ a u  - I ~‘e I ’ s ’ I ’ n ’s_ ’ l ’n ’ i s ” I  WI t b s

LV’DT s_ ’ t ;i ,nt n p su ~ n t  ss 1’, i c s i i  ly i o s ’ s s t - ’s _ i I - s _ S  I t is _ ’ I i i t - s _ ’l ’ axial s n u b  n’ s t s _ I i s i  I det ’s_ ’ n ’ t ’ s t s _ —

I I s _ S n i s  I ’s_ ’h’  c ; n i s ’u b a t . i nl t ’, l n o l s u n h t ’s_ ’rb t i s t - i 5 ’:u t o s s _ b  n’ s’s _ Ii s_t t s ’il ’ist I s _ S i  w i t b i n n  s_ ’ y s _ ’i i c

t i ’i t sxisih, sp ec lbhheb l s .  ‘ -

51’ . A :5 , 1’ I ,‘st (St’ Iis s _ ’ISi ’t s _ 5 h 5 5 s _ t  t ,‘st st 5515051 Is _ i be ~ s ’ h ’ i ’s_ ’ l ’h t 5t ’ s _ b l l n s _ ’ s_ ’ I ’ } - s_ ’l’ s i t  i l l s ’

V I h ’  OU St  I , s I : s _ l  st l’ s ’ : ::: l’~ 
t b - _ si I s _ s  ver I n ’y t b s _ i ’ lu~ I ‘~t~~’Is s’ : s ~ On ’ Ibis ’ s ’ f n ’s ’ s_ ’I  i V t ’

t i  h ’ u ’ss s; - ‘ 5 I t s

.
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S s _ ’ Y  5 , 5 - 5’ ,~~ s_ 5 5 -

s_ ’ s i , s t i s ’n ’ t u s , h ’  , A . ,  ‘ O I ,~us’s ’sm , ’ t  I s _ ’;s s m;s - I s_ ’y s _ ’ 1 m s _’ ‘t ’ I ’,~ b ’I555it  I s _ ’t l s_ ’t ’ s ’ s s _ n; s: s_I
s_ ’ i ’ i n  is _ i a I l u i v i s  i, ,‘ 1! ‘i s ir - i ~~~ I I  l’ls ’ s_ ’I :s;sj s’S 0, -n ’ I i ’:; N s_ - . ‘

. - - i n ,  I )
Mi;’ ’s t n ’  O s  i ’ s ,~~‘s _ s i t V . C:~ ’sb-n ’ js _ j 1’,s ’ , M’s’s . t, ’ ’~ , -~~s_ ’~~~~~~ s _ s _5 a ; s_  s_ ’,” ,l ’, - t ’ s ’ ; s s _ ’ s-

i _ _ i - ‘,‘i s;s s _ lstt Hs, b”h n ’ a - ” ,j~~ 1 5 5 s ’;i- ‘‘ -‘Os ’- ’:
- - - , , “, , ‘u ,’ 1 5 .

- “ ;ss’ t - , ‘0 “i - i o s , ’ t ’s , s _ ’ I i s _ - n i  s_ ’I ’ 5 1 1 5 - 5 :  ,
“ li:nn ’v : n’ s _ i Ve i l  1-ls ’s_ ’h t tnn ic:’ 5” , ’;’ lo s

1.- ’ . 1~ I , 0 s~ 5 l - 1 I ~- ) . 5 :1 n ’s- s i n - _ i  - s_ s , Ivel ’:: it V , s_ ’t u sh ’n’  i,I 5’,,’ , Mass:

, t , - , ’s _ b , i i .  Ii . , “ I- v : i  i s i t t i  I s_ SIn s_ u i ’ , 5 s_ , i i  L i s _ p s i ’t ’sms _ ’t I oi :  i” I ’ I ’ 5 ’ s_ ’ I  : 015 l , s ’V s ’l
515 : ’ S  , ‘m s s - ’, t s , ’ ‘ s i n ’  I t s s _ I U : t h s _’ , • s_~u”~

’sts _’t I s slI l’ n’ s_sisls_’ThS iii s_ is’ s_ - I s_ ’s_ O s ;s is _ ni l
i 155, 1’ 1 I i , t , ” I l’s ’: - s ’ ; s I  ‘ b  :11 tine s_ I t ’ Ss _ ’ 5 ’ 5 s _ ’5 i I 5  V s_ ’s_’ is -I v s _ u t ’ s_ ’i v  I I i - : s _ 5 ’ i

,‘st i .’;i s i ’, s_ ’s_ ’;sv~’;st j ot : , i ’ l : i  las _ I , ’ I; ’ bm j s m , t m • ,  Vs —p 1)0- .

14 , , S ,’, ’,~ • 0 . , .  ‘ I s _ sr  , P - , : t s s , s  s_ ’I : : m ; s  • C .  K .  , “lnfl ss , ’ n s s _ ’, ’ ci’ Osi : 5 ; ’ :  s s _ ’
III, : 5 , - s_ _ n i  , : -5 ’, ls ’t ’s m s _ ’ t ion c’s’ ;5 s m n i s _ I s u , ‘‘ - 10Un’llaJ, ~ m l s _ - s_ ’t  s ’s_ ’ l m l n I C a  I j~~i- s. s_ s _ s i -  r, \ ~~u ~~~ t s _  i ~~~~~~~~~~~~~ ~~ ~, 

1 1 0 s N

“ p n ’ 1°’ ,’.

‘ , s_ ’ : j ,  t l’ s ’, - i . , ‘0 I s _ a s s  - ‘~~I~~ I i o n s  s I s s s _ I  s_ ’y s_ ’ I i s _ ’ Ms_’l’ 111. 1 V c’i’ 0’ :mt ts ;’:s 5 s - _ i , S t t th s , I : s  , “

~
I s _ ’is; ’ u0,J,,~,,_,,s

is ’s _ Os ’s_ ’i:s ,, :sIi 1’Om~ i i s s s n ’  I b5 ~~ 1’)iv i s 5  I s ’ Ip ,  A;sis ’n ’  S s_ nm ; ;  5 ’Os_ ’ 5 St  \‘ ,,‘I’
s_ ’ i v l I  : ‘ ; s s _ ’ i ; ~~ ,~,i,Li ‘,‘ol 101, No. l ’ li’ , I’n’s_ ucec s _ bit s _ s _’:s_ ‘:15, 5’ 0’O
1- ~ 

“ - . I ’ ’  - - - ‘i- - so’s .

S . s_M ,s~ : s st  I us , ,~ , ‘1 . Sin s_ i , t w I s_ ’s ’n’ , V . F .  , ‘‘ : 5 ; i t  I st I S - s Sb ’ I i O i l s ’ tO s _~ I I s_ ’b u ’ s _ s _ _ S  - -

PT lst t 
,~ n i L,,, 1 1 s_ ,,, s ii m 5 i~~ ~ 5 i I 1 ~~

101 , No . s_ IT IT , Nov ~~~~~
s_ ’ t ; s _ : s l I ~ i , 11 . , “ N I I s _ S s  1: 1  i- ’ : s_ ;‘t t s s _ I s _ s s i  ii s ’s; , 1 si~~1~ , 0’s_ s l i d  i s ; s _ ’ ,  . ‘ss:st ; m 5’ ,s ’ s s _ n S , I  V s_ ’i
i~

s_ ’’ s b i t  j s _ S ; 5 s _ , , ’’ b L s t t t s . s  ‘, u t l t 5 , b t c ’~~,,1~1 1 m ~~, \‘ s_ ’i o . N - ’ . -‘0  
I s _ i 5~i .

0. Vs” i • II, - , ‘ I t S , i  I s ’ti, ’,’s_ ’k , V . II, , ‘ , t S’ I : t’ , ’s_ ’,’, I ts t ’ s_ ’:s t ’s_ ’n’ l” s ’ ; I s s S l I ’  i s ; ’
5~ s_ ’ I l  i s_ I ~~ 5s _ ’ t ’: s _ s _ ’t  I s_ ’n s_ ’ t s : m ; ’ t t , ’ I , ’n ’ i s_ :t  s s _ ’:’ , ’’ ‘, 5 5 5 ’ 5 S 5 s _  ~
i inn l i t  s I  I l l  

— 
I 

- ~~ s _ n s ,
N5 ’. ‘1-10 , I l l s_ S 1° ‘ 1, .

~~~~ 5 5 s ’s’,i  Ii, P .  t i n s _ i  I s_ b n’ ,’ss s; , . 1- ’ — , ‘ si t s mi ’lif I 5 ’ s_ b ‘ t’ , ’s_ ’ s_ ’ s _ l t S  n’ s ’ t ’s_ ’’, ’ l’ ’\’t I  1 t s ~
s i t  i n s , ’ ,  Vs_’ ii, I s _ i  , l ; l s ’ n ’t~s_ ’ I I s _ n ;  ‘ s_ u  s - n i t  Int l  , “ i h - s ’os ”s_ N,’. PlIti ’ 10— ’), N,’~’ I~b - s I l O  l i s _ l m s : l I c s ’ i-

_
t i _ -s Iii s ’s_ ’r ~~~~ i s ’ s _: i ’ sm ; ’ s_ ’ b s  Os - n u t s ; ’ , s_ ’o tl s~~’,e 0 1 M n ; - ’ m i s s - s - u ’ I sss ’ ,

I lli I ‘s’,’i’ ;s i t  \‘ s_ u 1~ i’S I i i’s_ ’h’ n n s i , s_ h’ n ’ks _’l ‘ ‘~ Call t’ .

10. s _ i  I lls s_ n ’ t , P . s_ I . , ‘‘ ‘: i  : s _ s ’ 111:51 s’b ’ 105’- ot ’ - I s_pss ’ tOes I is _ sn ; Psi I I n It’ s ’s _ S . ‘sli: ’ s_’e 1—
s s _ ; s , ’s_ ’;s : ’ b ’ t t pon ’  V s_’t~~1i - - ‘~~~

‘;‘ 1° ‘5’ , 0.  0 .  Ai’;ssy “ sps  i n s t - i ’;’ ‘s_ s ’s _ I ‘t ’\, ” u v :
- ‘ \ s ’ s h ’  ih n li ’ l n t  S t t  s u t  I s_ ’;s~ 010, 1 : , ‘ s_ I: ’ S’lls ’ -’ l-iitsss _ —

11. ‘s~s : : - i t ’ t , s_ I , N .  isO, s_ ’wt s : ’ , ’s s s _ b , 1” . s_ ’ . • “ l” t ’ j’s ’s_ ’I s ’i ’ I i ’ In s t iv ,’ ‘sSiss It \ 55
1 1s t ’ : - ~~~ O s i s ’ I ‘15 s s s -t  m~u i t  v s_~1’ ;i “1 is , - ,~ : m ; i , I  I ’ ; i s _ I s -t ’ s_ ’en n t  n’~’l le,I
5 i i  n’ ,’:- : I,osi ,l Ill 1’,,’ 1” i’ ;t I neiL ion ot’ 11e i t t  1 Ii’ s Pc ;s : ’- It v t os s_ b l I st Pc’ie lit
- sob s_ aO ‘5 11  s _ n  ‘s_ O s  in y in ’ t’s_ ’bsi ’:s _ s s_ ’nlesu :s Vs_s i i : ’, 5~i’l’ “ . ‘ •
1 5  - - ‘ , \s ’s s ’r : s _ ’ : s _ s 5 ’,~s_’s_ ’ I sO ~ ‘Ma ’ ‘I’s’ssk b u s ’ ‘i t s - I ‘In Is ’;’ m u  st , I Os I I stOol pl s i n n , l’s,
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I . ‘ . i s t m  I tt , 1 I , sI . I’ . 115 I l o b s - I n  i • 0 . , “ I ,  I s_~se-  n t i s _ j 5 ~ s_ ’ n s  I s_ u 1 ,~ l 5 I I ni l s_ ’ 1’ 1 mi ss: ass
•~s_ s_ , 5 5 5  1 s t  i s _ ’ n n : s ; 5 , ’V s l s _ s t t ’ s _ , ’ n s t  ) 1~ t i n s  I - l I s t s _ s t  1, ’— i ’ I : , : b  I ’  C o i n s _ u t  I t si t h \ ’ s ’  i~~~1 t i ~
I I - :5: 1:1 1) i ’s_ s n ’  ‘ s _ s  s i t ’ s _ b ,  a :“ ats s _ b , ” Iie s_ ;s ’nn’,’ bs _ is -I s _ s_ s_ r i 0— i- — , ’ , Hs _ - l s s_ ’rt ‘0
1”t ’ls Isi s’ ,’ , 5 ’ , ~~. - ‘, n ’ t t S ’ , 5 - s _ s _’ j t s s _ ’s ”, ’ P si l -15,- si ; ’ : I’ x:’s;’ i t ’ : s _ - i ’ , l  V i s I i s _ a s , Cl’ ,

V 1 s_ ’ ’r,: I ’ i l s ’ , ’ - Is_ I i s _ u s _ s .

I i . - s s - s _ ss s _ n i s _ - s ss  ss’s • V - s_ I ,  t i n s - I  “ I t t  I’ - ’ , s  ‘ ‘ s . ,  V . F .  , 111 , “1.1 s_~u, ’t ’; m s _ ’ I i s _ s in I 01 s_ - u :—
1 1 nil o 5  ~sin: s : ’ - u r is _ i b- ’s_ ’ s s n s , I m i t  l s _~b 5 s ’  ; , t n l ’ s_ - n ’ t l t  s_~1’,’s_ ’ ,‘- t, : l t s , s t s n ’  ‘s I ’ ’ ’ n u i ’t n ’ s i t  I s_ ’15 -re - n

s_ s _ n i  i- - l b  i s 5 ’ s _ I t ’, ’n’ - b M s_ ’s _ b m ’l  : t n s . j  s_ ’ t I ‘ s _ w t i  5 :i n i s _ b : : ,‘ 1i, - s_ s s ’t m n ’ s_ ’ bs  ~, s _ - : - s_ ’;’ I
0s_s ’s_ ’n ’ t  No. I , Os I l~)7s’, ~

i , V . At’s ::1, :‘ 15’ i ts - s_ - n -  Vs m t  s ’n ’ w t s _ y :  I- ’ x~” ’l’ is’ s - I s ’.
Vi n i t  i s _ S i , 0 , I’ I s_ ’ks_ si ’ilnM ’ , I-l i ;is~

- “Li i, i _ s _ n i  M , s _ s  s n s t  i ss_ l 01’ 0;~~n s _ : : s ; s _ , i  :s_ S 5 5 ; s _  ss s _ t  i s _ ’ ; , :
I s _ ’ , ‘t ’s s s , ’ t ” , 5 s i  ‘ i n s _ i ’ m ’s _ b I s_ ’ S S s ’ t  s’ s i t  I - ‘ i S  ‘Pe:t 5 oii  I ’ hs n t Is R,[\’s’s’ , ‘ s s _ i ’ , ,l s i s S , S

: I ; s s _ b s i r’ s _ i  s_ ’s_ ’ s s s _ ’n ’ e t  e ,Mm;i s _ s ,” bit ’ ,t s ’t il’ s_ ’b s Ii s_ -i ’ s_ sn’ I 5 _ i 1 5 ~~ , ’ , i~~’1’~’~
’t 0- ’. 0,

I’ s -b ’ I s _ S i
’ 

0, - , , 5 , s_ \u ’ ; t s ,s_ :‘‘ n s , ’ i s s s ’s_ - t -  ‘s _ s _ s b s ’i ’n, s i ; : 5  s ’ x I ~, ’ I ’ s s ’ s _ , ’; s _ t  VI s it I m ’b,, 0- —

VI s_ ’k::I’ss~’s , I- l i s t s _ s  -

I ~s . ‘5 1 : 1 I st , 0 . I’ . , - s _ i ,  i s : ,  ~s m ~i , I” . C . , s i n s _ s _ b  i i , ’: ’ , ’ • 11. s_ ’ . , “ ‘ s ,,.‘ I- s s ~s _ ,~s , s_ s_ s~s_~
s_ ’
~~s_ ’l 1s _ ’ ~ “i six I sO 

I’s ’,~I 5s_ ’ ,  5 ,‘b~t s I s _ 5 i l s ’: 011 I b i s ’ l - i q n s s ’ 1 5 i s _ i 1 5 5 5  a miss _ V i s _ Sr ,,s _ t ’

,‘ n’ ’; 0, ’ . ‘0 I5 : s _ n s , ;  , “ II is~ s -l I t i t l e s _ a s : :  s u i t ’ s ’; ’ ‘— ‘ ‘ I - — i ’  • s_I n n ’  I ’)~~t ’ , ‘,

1 Cs: :; P l u s _ S i  n s , ’,’r ‘s_ s - s _ I  s_ ’t ’ s_, ’ s _ ,  s_ t ‘ \~~ ‘ s_ ’;’ im en t  5 t s i t is _ sr i ’ 
s_ ’i , \‘ I sic :1 55I’ s _ .  - ‘i s_ u s _ s

li t ’ . 5 s_ v t , ‘-I . L. i t  t i .  - “s_ ’\ s _ ’’ I b s _’ ‘I’ n ’I t ixi s nl V t t ’,’~i - ’sb’ , , -I ’ ;5 b ’ s _ n t s _ s s s _ ’, ’ , i  ‘l ’ s - . s

S~ t i I i s _ I  , ‘‘ C s_ s_ S i n ’ S : 5  I s _ Is _ el s , , 1l15 I s _ t i  1 n- In ~~1 n s s _ ’ , - n — i  n s~ i ‘ V I , - i s _ - u :  A’,’ s_ - n ’ i s _ ’sin : ~5, ‘ ,‘ l ,~
_ -,

s_ s _ n ’ ‘ l v i i  I s O i S I I s s ’s ’n’ : 1 \‘ -~l I C ’ , N: . 5 , - • \I :s_~ I -  i .

llj ’ — ‘ s _ s _ ’ t s _ 5s — N .  ‘I’ . , :5 s’,’s_ b • H, b~ . , n tinsI - ‘ : , ‘ s _ s . ,  s_ ’ - ‘\ . , 
‘‘  0,s - ‘ l i, ’ 1 s_ ’: ts _ I ti n , ’ I, i s _ l i : ’ —

t” is_ ’ t  se t s  sb  s _ i ; ’ t m v s _ ’l l y  .~oi l : s , ” - s_ s _ ssn’ n ssul , s_ ’ e c i s n n i c ; d  ‘ ‘ sis’ei’ i ; ,
Mis - ~ ‘,t j o b s , s_ Mius _ - n ’ i s _ ’an i M,’s_ ’ ie l v ‘5 ’ t’ is ii ,Os_. : 5t ’Sl’ , s , \ o l 101 , No, s _ I s_N ,

,Iuil 1si~,’” .

10 . V - ,- s_ I , ii - 15 . si t s I lee • K . I , .  , “Li sit s ’ s - s _ s ’ I s_Sn ot ’ ‘ ‘ s _ s  : :- ‘ - ‘, lo s_ I ;5 t i n s _ , I ,  sr i r s s _ ’
I is  I s _ s _ s_ i s _ i  i s , - 

, ‘‘ ,T s_ ’n i t ’ r n nn l  , , 5 s_ s j  1 l-I , ’,’l’ : s i : :  I , ‘ s_ ’ suns _ I  I- ‘ ‘ s t  i - i t  is _ a u: - ‘ l v i , ,
s_ \;tts ’l’ i s _ - s i n s  ~~~~~~~ I ,‘t; s_~~t s_ Mi v i  I I - ni nu  5 ’ s_ ’ t ’ 5 ’~,L 

‘s _ o I  ~~ . ‘ • N c ’ ,  s ti’ii’ • Nov  I - s i t ’ .

1k). I~,’,\ 1 is;i , P. • s_ ’b s ; t n s , C , -
s_ 

- , s s nu,I ;~s ’s - ’l , II , I’ - , “ 0, -I e i ’ t l s_  I n s s t I ion on ’ : 5 , - i
- I ,;ts ,’ ‘so’ I j s _ Sfl s_ ’ b u t m n ’ t i , ’ I s - ;  i s  I 1s _’s~ i - v I t i n ’ ~’,~’ — s 5 s_ ’; i  I s ’ I ,s ti s s_ ’n’ :II s_ ’l’~ 0’ , -: I s  ,

“

I5 1s s_ s l t  No . b’lb-Ns _ ’ ‘I’ ” — I i i , “a; I ~ s_ ’~ • l” t s r l  h is iunlS s ’ :“t s s ’ i n s ’ s ”, ’ m i s _ s  i ie : t s_ ’ s I I ’ s t .
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Townsend , Fr ank Cha r les
Li quefaction potential of dams and foundations; Report 6:
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by Frank C. Townsend , John P. M u li l is , Vjcksburg , Miss , : U. S .
Waterways Experiment Station ; Spring field , V a , S available
from National Technical Information Service , 1979 ,

72 , 1 161 p. S ill. ; 27 cm. (Research report - U, S. !trns_ v
Engi neer Waterways Experiment Station ; S-76-2, Report 6)
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