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I am enclosing a copy of our report V77016, December 1978, to 
Cassiar Asbestos Corporation Ltd., which is our response to your report of 
October 1978 to t he Yukon Territory Water Board regarding rehab ilitation 
and stabilization at the Clinton Creek mine site. 

As you will see on reading our report, with the exception of your 
views regarding the Clinton Creek waste dump, we have arrived at different 
conclusions than are given in parts of the remainder of your r eport, in 
particular, in those sections dealing with the se ismic analyses which were 
carried out for the Wolverine Creek tailing pile. 

In view of the differences between our respective conclusions , we 
have asked Cassiar Asbestos Corporation Ltd. not to forward our report to 
the Yukon Territory Water Board until you have had an opportunity to review 
both of our positions. 

I would be pleased to meet with you a t a mutually convenient time 
to discuss any aspects of the work. 

Yours very truly 

GOLDER ASSOCIATES 
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Per : E.B. Fletcher, P. Eng. 
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1. 

1.0 INTRODUCTION 

This report is our response to the Yukon Territory Water Board's 

consultants, R.M. Hardy and Associates Ltd. (RMHA), report and 

recommendations to the Water Board regarding the rehabilitation and 

stabilization program carried out by Cassiar Asbestos Corporation Ltd. 

during closure of mining and milling operations at the Clinton Creek mine 

site. 

2.0 SUMMARY 

a) 

b) 

We are in basic agreement with the conclusions reached by 

RMHA regarding the Clinton Creek waste pile. 

It is our opinion that monitoring of movements in the 

Clinton Creek waste pile once every two months will be 

adequate to evaluate continuing movements in this area, and 

. to determine the required frequency of further monitoring. 

c) We are in disagree-went with RMHA with respJrc ~ tR . thE\ 
\}-_ ~ 6-_,~ . la~~ ~.~. V\#J~ o{ \~~ ~ ~ lZi.,..J 

o ~_neering prope::_ies of t1<e- foundation soils beneath the 

tailing pile and, consequently, with the mechanism of 

failure postulated by them. Our findings show that the 

fluvial lacustrine material, not the weathered argillite, is 

the principal source of instability beneath the tailing 

pile. 

d) Stability analyses of the tailing pile for the static 

condition indicate factors of safety against massive 

downslope failure of 1.3 and 1.6 for the recontoured north 

lobe and 1974 failure lobe, respectively. 

Golder Associates 
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Seismic analyses of the recontoured tailing pile 

that a ground acceleration of 0.15 g, equivalent to an 

earthquake of magnitude 8-1/4, would cause a downslope 

2. 

I \\ ~ - displacement of the tailing pile of the order of 12 ft. . \:~\{ .. F') 

"' -~ _ \~~~ ~ ) Seismic analyses indicate that liquefaction of the 

I \ \ ~ \'-'\, ,E,J ~ foundation materials beneath the tailing pile due to seismic 

t.\•v t ,e ~_,-~ ";;'V~oading, and leading to massive downslope failure, is highly 

I 0 R ,cf Cr tt- '-"" improbable. 
'<!l.% ~ -~ <l) 

I 
I 
I 
I· 

I 
I 
I 
I 
I 
I 
I 
I 
I 

\ ~ ~,,.., \,g9 
~\f' ~~'-') ~ ~Cr( 

:--i"" ...c· 'i 
~ 

\ 
()9. 

A total of seven new monitors to replace th~ three monitors 

removed during recontouring of the north lobe of the tailing 

pile, and three new monitors to replace the three removed 

during recontouring of the 1974 failure lobe of the pile, 

have been established. These, as well as the existing 

monitors, were surveyed on a weekly basis till November 9, 

1978. The average rate of movement of the north lobe of the 

tailing pile has changed from approximately 0.40 ft./day 

recontouring. The rates 

before recontouring to approximately O ~04 ft./day after ~"-{,~~lo 
of movement in the 1974 failure lo~ 1 

~1 ,r 1. :,~1a e all of the order of 0.02 ft./day reflecting little 

"' \,:)~d, 

h) 

change from befo~ r~ conto~ring. The consistency of the 

data was such that we believe that surveys of these +\.e:. 

installations done every second month will suffice to 

evaluate the significance of any continuing movements. 

With respect to the production of a detailed contingency 

plan for Wolverine Creek in the event of a massive failure 

of the north lobe of the tailing pile, it is our opinion 

Golder Associates 
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3. 

o I \. -~<;) C<,,.,_.::4..,,~'"to~,;:,~:"l 
\ \j I..) C"-\ ~ \(. 

• 0 ~ -c............ 
that failure leading to fther inundation of Wolverine r 

Creek is highly improbable. However, in the event that such 

a failure does occur, the only reasonable method available 

for rehabilitation would be to extend the Wolverine Creek 

bypass channel, constructed at the toe of the 1974 failure 

lobe, upstream to include materials from subs equent 

failures. It is impossible to produce a detailed 

contingency plan beyond this without knowledge of specific 

post-failure conditions. 

i) We are of the opinion that the application of a sealant .to 

the surface of the tailing pile should be considered only if 

it is found that the naturally forming crust on the tailing 

pile is breaking down with time. 

3.0 CLINTON CREEK WASTE PILE 
(reference pages 1 and 2, RMHA report) 

We are in basic agreement with the conclusions reached by RMHA 

regarding treatment of the Clinton Creek waste pile. We feel, however, 

that monitoring of the movements in the waste pile once every second month, 

as recommended verbally to you in October 1978, will provide adequate 

information upon which to base further assessments of these movements. 

4.0 WOLVERINE CREEK TAILING PILE 
(reference pages 2 to 6, RMHA report). 

4.1 General 

There are a number of comments and conclusions with which we 

disagree in this section of RMB.A's report. The following comments are 

Golder Associates 
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to identify these and to point out their implications with regard to 

effects when applied to assessments of the stability of the tailing 

a) Reference sub-para 1, page 3, RMHA report. 

Notwithstanding the generic description of the fluvial 

lacustrine soils encountered at the site and recorded on the 

borehole logs, an inspection of the results of six grain 

size analyses performed on these materials, and included in 

our report (Golder Associates V77016, July 1978), shows that 

the samples tested contained 30 to 80 per cent of particles 

by weight finer than than 0.06 mm (#200 U.S. Standard 

Sieve). Soils with these grain size distributions will not, 

8:s stated in the RMHA report, 11 
•• • tend to have a relatively 

high permeability when thawed". The permeabilities of the 

soils tested will, in fact, be low, and will probably .be 

between 10-5 and 10-7 cm/sec. 

b) Reference sub-para 2, page 3, RMHA report . 

i) The R.M. Hardy report states that" no evidence of 

ice is recorded in the overburden fluvial lacustrine 

soil". On page 43 of our report V77016, July 1978, 

the statement is made that 11 
••• The dominant soil type 

on the upper portion of the slope is a fluvial 
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5. 

lacustrine deposit of silty sandy gravel ••• This 

material was noted during the field investigation to 

be frost susceptible with as much as 40 per cent, by 

volume, of ice in the form of lenses". This statement 

could have been further amplified by stating that 

these ice lenses were noted in a fresh cut made by 

bulldozer near the location of borehole 13 (T6). The 
1

1 ice lenses were approximately 1/8 inch thick and were 

separated by only slightly greater thicknesses of 

~ · 1 I SOl. • The natural moisture contents of these 

, materials, noted on the borehole log for borehole 13 

(T6), are consistent with the visual observations made 

in the field with regard to ice content. 

Sub-paragraph 2 of the RMHA report goes on to say that 

"... ice was recorded in the weathered argillite and 

\ in one test hole a 3 inch lens was recovered". In 

, ~ \ ~-,,'\I..'~ 1\ i.; - (,\,,.,..., ,\ L'- r':i¢J' I\ fact, ice was noted in the weathered argillite at only 
l \ \ I,.) \ '°'01&- ii () n . , -,~ c..~,\\t-<. -011 ,,,..",_,1;;,~r..x 

µ ~ t, ,one location in the Wolverine valley. This was in 

I, :,\- •"-o.rt\\,\~--::.0\"<:11.Nloo~ 

- \ro~ borehole 18 (DS5) which was made in the bottom of the 

I 
I 
I 
I 
I 
I 

Wolverine Creek valley. (See Figure 6, V77016 July 

1978). Further, an inspection of the grain size 

analyses performed on samples of the weathered 

argillite from both the Wolverine and Clinton Creek 

sites, and included in our July 1978 report, leads to 

the conclusion that the permeabilities of these 
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6. 

materials are substantially greater than those of the 

fluvial lacustrine soils at the site. 

An additional observational opportunity with regard to the 

frost susceptibility of the weathered argillite in the 

Wolverine Creek valley was available in the roadway cut 

along the west bank of Wolverine Lake below the tailing 

pile. This cut was made, for the most part, in weathered 

argillite on May 11 and 12, 1978 for the purpose of moving 

drilling equipment to the locations of boreholes DS17, 18 

and 19 in the Wolverine Creek valley. These materials were 

noted to drain quickly and without degradation on thawing 

after their exposure to warm ambient temperatures. 

c) Sub-para 3, page 3, RMHA report. 

!)'Cl ~~ 1· 

::::. :_~-'3 °kln v1.·ew f th d . t d. ·th th ,,., ~ o e prece 1ng comm.ens, we 1sagree w1 e 
~- l O(.. 

entirety of sub-para 3 and the first paragraph on page 4 of 

the RMHA report. In fact, the evidence, as reported in 

V77016, Section 5.5, July 1978 and amplified in Section 

4.2.1 of this report, is quite conclusive with regard to the 

Static Stability Analyses 

Copies of the working drawings used in the analyses of the north 

lobe of the tailing pile for conditions immediately before and a f ter 
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recontouring of the tailing pile are included with this report for 

reference. 

7. 

The conditions in the tailing pile, the method of analysis , and 

the parameters and assumptions employed in the analyses are summarized 

below. 

4.2.1 North Lobe 

The horizontal and vertical movement data available from 

observations on surface movement monitors established on the surface of the 

north lobe of the tailing pile, together with field observations, indicated 

that a large mass of the tails, with its western boundary just upslope of 

monitor 26B, was moving en masse downslope ·at an average rate of 

approximately 0.40 ft. per day just prior to recontouring (this rate had 

decreased progressively from a maximum of approxi mately 0.53 ft. per day 

recorded during February and March 1978). 

The rates of horizontal movement at the locations upslope of this 

mass varied between 0.01 and 0.015 ft. per day just prior to recontouring. 

These movements had not changed significantly during the period December 

1976 to September 1978 over which observations had been made. 

The relationship between the horizontal and vertical movements on 

the rapidly moving portion of the north lobe indicated that the surface of 
·0 9 

the pile was moving downslope at angles of approximately 5 degrees steeper \\~v<. 

than the original ground surface beneath it, which is consistent with the ~(>\' 
('N.~1'v r \ 

spreading of this portion of the tailing pile as it moved progressively 

down the slope. The mov ement data indicated a "stretching" between the 

Golder Associates 

~ °'o ~ ~._,J..,( 

('\~(' ~ I, 

f:. s. 



I 
1· 
I 
I ~I.., 

~o,; 

I 
(.?,... 

\N-"' ~(' \ ,--

. <") '1 
~ ' . 

I c,.(lo~ ·-~ 

y§""~ 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

8. 

upslope end of this mass and its downslope crest (see Figure 1), with 

movements near the downslope crest being greater than those further 

upslope. Conversely, surveyed sections of the tailing pile, as well as 

field observations, indicated that the wedge of tails between the downslope 

crest of the pile and its toe was tending to move more slowly with time 

than the materials upslope of the wedge. The result of this phenomenon was I 
I 
I 

the accumulation of tails at the downslope crest of the pile. This, in 

turn, caused continuous over-steepening of the front slope of the tailing 

pile which resulted in the ravelling of tails down the terminal face of th~ 

pile. .In the period between April 29, 1978 and September 28, 1978, the 

location of the toe of the pile had moved downslope a distance of 

approximately 40 ft., an average rate of 0.26 ft. per day, which is 

substantially less than the rates measured upslope of the crest. Much of 

this change in the location of the toe of the slope would have been the 

result of materials ravelling down the face of the pile and accumulating at 

its toe. Slowing of the toe of the failure mass, and accu~ulation and 

over-steepening of the tails upslope of the toe, had not been noted to be 

occurring on the north lobe of the pile before its toe had reached the 

steeper natural slope on the west valley wall of Wolverine Creek where 

little, if any, fluvial lacustrine materials overlie the weathered 

argillite. The toe wedge could have tended to slow down or stop for only 

I 

'· 

.-

1, 
\1 
if 

resist further downslope movement. 

one reason - the foundation soils beneath it were of sufficient strength to ) 

As a result of these observations, the geometry of 

mass in the north lobe of the tailing pile has been deduced 
~ 

the failure) \ 

as shown on 

Figure 1. The soil stratigraphy as it affects the analysis has been 

Golder Associates 
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inferred from field observations and is shown in this figure, together with 

the soil str~ngth parameters as found in the laboratory • 
·---- .. ---

The analyses were done by hand, and, except for the use of 
'7 

'-
non-circular failure surfaces, and the lack of the necessity to choose 

-=:.=a-

arbitrary values for the pore pressure ratio, ru, the analyses are 

similar to those carried out by RMHA. The following is an outline of the 

steps used in assessing the stability of the tailing pile under static 

conditions. 

a) The mobilized shear stresses and total normal streises _along 

the failure surface were calculated and plotted as shown on 

Figure 2 for both the pre-recontoured and the recontoured 

tailing pile. 

b) The tailing pile was assumed to have a factor of safety of 
--·- cw; - ~ . 

• .. · - - _ .... . -~ 

( .~~\.o .--1.0 before recontouring. Consequently, the mobilized shear . 

stress must, by the definition of the safety factor, be 
i 

- , .J 

,,...Tr--6'~,.__,;_-., -'·/. e~ual to the ~_£}~~-~-!~_ st~_:ss times the tangent of 
' t ' - ---- ---- --

the 
I 

!A..--. v ✓ '-- / . · :, -effective angle of internal friction. Using this 
---1 I\ -; -- ' - -/ . - --~--~ 

1 t · , -i - -
: . •/~~ - -'/.✓~ - ~elationship, the effective normal stress for the 

c) 

pre-recontoured pile was calculated and plotted. 

At any point along the failure surface, the pore water 

pressure is equal to the ordinate between the total and 

effective normal stresses. The pore water pressures along 

the failure surface after recontouring were assumed to 

decrease by an amount equal to the reduction in total normal 

pressure due to recontouring of the pile (i.e. w 1.0). 
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4.2.2 

d) 

e) 

f) 

10. 

As a result, the effective normal stress along the failure 

surface is the same before as after recontouring. 

The factor of safety of the recontoured pile was then 

calculated by dividing the sum of the mobilized shear 

stresses into the sum of the effective stresses, both for 

the recontoured pile, and multiplying this quotient by the 

angle of internal friction for the soils along the failure 

surface. The factor of safety for the recontoured north 

lobe of the tailing pile is estimated to be approximately 

1.3. 

The average pore pressure ratio along that portion of the 

failure surface over which the tails are in contact with the 

fluvial lacustrine foundation soils can be calculated by 

dividing the sum of the pore water pressures by the sum of 

the total normal pressures and dividing this quotient by the 

square of the cosine of the base angle of the failure mass, 

i.e. 
2 

ru = u/cr/cos e. The values of ru for the 

north lobe of the tailing pile were found to be 0.53 and 

(.;9 for conditions before and after recontouring, 

respectively . 

The results of the analyses for the conditions immediately 

before and after ~econtouring of the north lobe of the 

tailing pile, are summarized on Figure 2. 

1974 Failure Lobe 

As shown in our report, V77016, July 1978, the movements in the 

1974 failure lobe of the tailing pile were much slower than those in the 

Golder Associates 
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11. 

north lobe. Due to the requirements of Wolverine Creek channel realignment 

and grading, this segment of the tailing pile was also recontoured. 

Analyses of the failure lobe for conditions, before and after recontouring, 

and using the same techniques described for the north lobe of the ta i ling 

pile were carried out and the factor of safety after recontouring has been 

estimated to be approximately 1.6. 
----,. 

• 

4.2 . 3 Conclusions 

We believe that the observations, assumptions, and analytic a l 

/ 
l 

~,•,,O 

techniques that we have applied are appropriate to a realistic assessmerit 

of the behaviour of the tailing pile under static loading conditions . 

4.3 

4.3.1 

Seismic Stability Analyses 

Introduction 

The use of a pseudo-static analysis, as carried out by RMHA , to 

evaluate the response of a soil mass to earthquake loading applies the 

following assumptions and effective net changes to a static analysis of the 

soil mass. 

a) 

b) 

~0'-e,0 1 
I ~ -:,[.· • ...,-• .X.1 ,,._, ·\ e e .,.t .,.. 

. y-.,,v (· 
I~ ~-. ,;_..,_ - .}- .I'.., ~ 0,?-' 

/ V·I-, VV I 

the earthquake force,~ which is being imposed upon the 

slope is as sumed to be continuous (not cyclic) , to be acting 

in the plane of the section bei ng analyzed, and t o be ac ting 

only in the downslope direction. 

the entire geometry of the slope is effectively steepened by 

an amount exactly equal to the arctangent of the earthquake 

facto r being used. 

Golder Associates 
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c) 

12. 

the weight of every element of the failure mass is 

effectively increased by a factor equal to ,/ 1 + k2. 

The configuration which results from these changes is then 

effectively subjected to a static analysis. In simple terms, this type of 

analysis states that every slope which consists of cohesionless materials, 

such as the tailing pile and its foundation soils, and which is subjected 

to earthquake loading, will ultimately flatten to an angle equal to its 

static angle of repose minus the arctangent of the earthquake factor 

applied. ,.j k-J .,.... __ ;.{, ,-
, . I 

There are, in fact, two separate and distinct potential eff ects'',_:_--"~ ,,.A ,J. 
.( V '\ 1,... -t::,- , :{ 

caused by the imposition of ·earthquake forces on natural or man-made ., .,...,~( '. d !: \ 

/ -,,n.L , _...< 1.-r;, 

slopes. The first of these is displa~ement as a dir.e.c._t_ _ _r_es.u.lt-oLground :J2.t-><--- ,ti,,., ___ , / \ . 
,u,A.,-1 l v ,.,t,... \I•~ 

a~~..Lations, and the second is liquefaction of the slope or its q 

foundation soils as a r esult of ground shaking. The pseudo-static analysy 

does not account for these effects and, consequently, is generally an/ \ 
7-,/.._.._ \<.d .·:(. ' // . I\ t t'-::o.,._J,.__ 0 r- ,d / ,· ti_ '1,' ' · ,-_c.,_:h_~ c..,-.._r,._:].,.._,(,,,k. . 

inappropriate method of analysis when applied to slope staBility problems. --... - --- ----- --- . . . .. -· - ---- _ ______.._,. 
I 

The displacement and liquefaction·fphenomena associated with earthquake s are F 
f 

I I ,,-{ . ../.. I'., l -,~, \L--. r,...,,q.t.,<.-... , _._, - ,; • ,_'t~ (.. (l..l, , . r' ' J 

. f . 1 I , I ' / ' / ·lj . , ./ . c c-· . / , 1,,.-1...., '. , 
t-: / ............. / ... 1.. .......... ~, .... '" ~ l . 
b I ,.... L · '}~ --i.:; " t-t-:"" i~ ) ,, ~ ..: " 

dealt with in the following paragraphs. 

4.3.2 
l lfl I . ,. L ...... ( 

Displacements as a Result of Ground Acceleration/ 
1
"'--V ,-.:-,.,, ~t~-~~~: ... (. j~ft: { 

,/ '<. - . ' ':.:: ' 

/ In a slope of relatively uniform density, such as the 

-p~le, subjected to a reasonably uniform acceleration throughout 

Golder Associates 
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(1978)) suggests that failure occurs by mass sliding of a thin surface 

zone. During acceleration of the earthquake, inertia forces may induce 

momentary instability of this mass causing it to slide downhill. However, 

before any appreciable movements occur, the direction of ground 

acceleration is reversed and the motion of the surface layer is arrested, . l~ 
only to be started again during the following acceleration cycle. The ~~ ~ 

~ 
OC'~\, 0 overall effect is a progressive displacement causing flattening of the l ~~,.y"-

C' \s'b 
slope at its toe and settlement at its crest . If the initial inclination r'b~ 
of the slope is less than the friction angle, movement can only occur whe 

the inertia forces induce temporary instability, and no further 

displacement will occur when the ground motion has ceased . Techniques to 

calculate earthquake induced displacements have been developed by Goodman 
vS t[ . 

and Seed (1966), and Makdisi and Seed (1978) . Neither of these techniques.~
1

• L ~ 

rely on the pseud9-static method of analysis to arrive at estimates of -/2,J.,,.,f.:: ··~ ( -- ·· - .. .,,,7 -7: 1- . l l 
c:. r . -.... 

final displacements. 
f ~1 • -.) C,-i.J'{ .__,_, t ~lr...1-l. I 

•t-~,..·-~ . . C . 
' • )._ "'.,.,~ ' , '.#'' \ ... r:-t.. ..-f. :"'.., t.,. C'..., .' (.. l.-'\. , ,. 

I\', r, rj,C.:. a,_ - I I V"[;_., o 7- S.,<,L-i.,Pl ., . . 
,,,.,._,,.., c:\..._,v7 ~<--\ l -x.., ' • 

a) 
Ii - ~ t 

Goodman and Seed (1966): The analytical technique assumes , 

(\ iJ¥v __ ~hal the friction angle and shear strength intercept 
v-v- ~-~ j;,r-/ 
··j' t.,..,,.I, .~' <"decrease with shear deformation and that each successive 

'... \, l I l' ..... 
-j. .J.- 1..,/--- ~[~ acc~l~~-a,_,tion pulse produces a corresponding displacement of j -v"' £,I" '/ l ' ,J .. I 

·t.., ! l~<..i' ~" t~~ve slope. Figure £ illus~r_ates this __ p_hen.£._m~~on. Numerical 
!)···~N A vJ 
Y;'. t·. integration can be used to calculate displacement from an 

~ f- \ expression for the velocity or, alternatively, there is a 
. ~ r.,. .• .t,:, - ("'°<>-tL 1 

0.... ... \ .,. cv••! • ~ • 
,.. .. 11,.,l-~ t ~ simplified expression for displacement. ., . ... 

b) Mak~isi and Seed (1978): There are three steps in the 

calculation of displacement by this method. These are:-
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Earthquake 
Intensity 
(Modified 
Mercalli) 

6.0 

7.0 

7.75 

8.25 

.14. 

i) Static analyses are carried out to determine the 
;_, . s- 7-

horizontal acceleration ("yield acceleration"), ·.-~! .. , l . L 
I J 

..,-.~U -v·-Z. 0 -
ky(g), required to cause failure of the slope (see ,.:C. .... :C l 

ii) 

Figure 4). 

The earthquake induced accelerations, kmax, in the 

slope can be calculated by using programs such as 

SHAKE, QUAD-4, or by using a simplified procedure 

described by Makdisi and Seed (1978), or resort can be 

made to statistical data such as that provided to RMHA 

by Pacific Geoscience Centre. 

iii) · Design charts have been drawn up using numerical 

integration which can be used to determine 

displacement from the quantities found in (a) and (b) 

(see Figure 5). 

Using this second technique with selected earthquake 

factors, displacements of the tailing pile have been 

estimated and are given in the following table. 

Mean Number Earthquake Yield Accel. k Est'd Cumulative 
of Cycles Factor of Slope Y.. Downslope Dis-k 

N k (g) k (g) max placement of 
C max (seeyFig 4) Tails 

(see Fig 5) 

,,. -
5 0.03 0.04 1.33 /,, 

ft. g g I o.o 
' i \ 

10 0.06 g 0.04 g 0.67 · 

\ 
0.3 ft. 

;JO 17 0.10 g 0.04 g 0.40 3.5 ft. 

I 
23 0.15 g 0.04 g 0.27 I 12 ft. 

I 

', __ _} 
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4.3.3 

15. 

The calculated displacements seem small in view of 

widespread notions of the effects of earthquakes on slopes. 

They are, however, consistent with observed displacements 

due to earthquake occurrences (see Seed et al (1973)). 

Li que faction 

The second effect of the imposition of earthquake forces on a 

cohesionless soil mass is the possible liquefaction of the material. For 

the case being considered, the tails themselves are essentially free of 

water and, therefore, not susceptible to liquefaction. The only effect on 

the tailing pile, exclusive of its foundation soils, due to seismic 

loading, will be lateral displacement as discussed in the previous 

paragraphs. However, the soils underlying the tailing pile are saturated 

when they are thawed and may be susceptible to liquefaction. 

widespread liquefaction were to occur in the foundation soils, 

pile would move downslope, possibly engulfing Wolverine Creek. 

the tailing ,lJ. /.' 

Obviou:lly, if - ~1,·· . ..n ·~"-.,. 

The evaluation of a soils susceptibility to liquefaction under 

seismic loading is a difficult process and many technical papers and 

reports have been published on the subject. Seed et al (1971, 1973, 

1975a), b) and c)., 1976, 1978 and others) have developed the most widely 

accepted techniques for assessing liquefaction potential. Finn et al 

(1978), have p~blished a paper concerned with the liquefaction of 

sandwiched thawed layers in frozen soils which is of direct concern to the 

conditions in the foundation soils beneath the tailing pile. The work 

reported on by these authors is used to evaluate the liquefaction potential 

of the tailing pile as outlined in the following paragraphs. 

Golder Associates 
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16. 

The techniques proposed by Seed et al, vary from the use of highly 

sophiiticated labor atory and field measurements and mathematical analyses 

to obtain information per tinent to the liquefacti on problem, to the use of 

s imple char ts upon which to base an assessment of liquefaction potential. 

These are found principally in Seed et al (1971, 1973, 1975a), b), and c), 

1976, and 1978). The procedures from Seed et al (197 1a)), adjusted for 

sloping ground, have been used for the analysis i ncluded with this 

documen t. The results of the analys i s are shown on Figure 6, and are 

summarized in the fo l lowing table. 

Earthquake Mean Number E._arthquake 
Intensity of Cycles Factor 
(Modified N k (g) 
Mercall i) C max 

6.0 5 0.03 g 

7.0 10 0.06 g 

7.75 17 0 .10 g 

8.25 23 0\ 15 g 

~-
~ a-c-t o-r- o.f. 

I n itial 
r = 0.3 u 

1. 43 

1.38 

1.29 

1.19 

1-t 1.,-, ...r /"~ ( -tL +-s. 
L· : ~..,,J.. f 6-( ,.,;,._ 

Safety Against 
Init:ial 
r = 0.4 

u 

1.21 

1.16 

~ ) 0 

I 
Lique{ac.t-ion 

Initial 
r = 0 5 u • 

1.05 

0.95 

0.88 

0.81 

NOTE: The pore pressure ratio, ru, for t he recontoured tailing pile 
has been est i mat ed to be 0.38. This value will decrease slowly with time 
as temperature equilibrium is achieved in the foundation soi l s and as 
consol idation of t hese mater ials continues . Consequently, the factor of 
safety with regard to liquefacti on potential will increase with time. 

Wher eas the resistance to l iquefac t i on of the foundation soils, 

according to t h is ana l ysis, is good, it does not preclude t he probabi l ity \ 
~-------------- . ! 
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17. 

that pore pressures will increase during earthquake loading. Increases in 

pore water pressures will occur only on a cyclic basis since the low 

permeabilities of the foundation soils will not allow physical 

redistribution of water during the short time periods of earthquake stress 

application. The increases in pore pressure are due to the temporary 

d 
. . -\~ i iLA., 

In other wor s, increases in ru r , imposition of these external forces. 
l ) ! ., 

Consequently ) ( ,;,~ _I:. 

we have in this particular case, a situation where the slope may begin to / :..-' f . i 

will last only as long as the earthquake forces are applied. 

'(:,.l ,(,(..[( f 

fail, only to be arrested when the pore pressures again drop below the , .. l .l,.:-
..... ~,l,'t. ... ~,._-... -~ • ' 

- , . . l, -· I .. • t"' ~ critical values with the abatement of seismic forces. r-- I /. ',_.t 
- ( V ., • 

The paper by Finn et al (1978), is particularly germane to 
.1-C ;_,t J;~ ,,--. I· , 

"' ,,., " \. I • I 
; j_, ,· I ! ·.-

• ~ .. - f \,; - • ~ · ? 

considerations of the liquefaction potential of the tailing pile foundation 

soils under earthquake loading. In the work reported upon in this 

publication, the authors applied dynamic analyses to soils with 

permeabilities of 0.01, 0.1 and 1.0 cm/sec., relative densities of 45 and 

63 per cent, and using the first 10 seconds of the acceleration component 

of the El Centro earthquake (1940) scaled to a maximum acceleration of 

0.08 g. The results of these analyses" provide a clear picture of 

what goes on in the satura::ed sandwich layer during an earthquake. The 

earthquake motions generate pressure gradients in the pore water, and under 

summer conditions, drainage can occur through the surface of the layer. 

The amount of drainage depends on the permeability of the layer. If the 

permeability of the layer is less than 0.1 cm/sec., the effect of drainage 

on pore pressures during an earthquake is negligible, and it makes little 

difference whether the surface layer is frozen or not, or whether the 

analysis is carried out in terms of effective or total ·stress", (Finn et al 

(1978)). 
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18. 

It seems reasonable to extrapolate these conclusions to the 

situation that exists beneath the tailing pile. · The permeabilities of the 

fluvial lacustrine deposit are at least 4 orders of magnitude less than the 

critical value deduced by Finn et al, and the values in the weathered 

argillite are estimated to be at least 2 orders of magnitude less than this 

critical value. These factors should account for the higher values of 

ground acceleration of 0.1 g and 0.15 g proposed by RMHA as appropriate for 

application to the Clinton Creek area. 

In view of the considerations outlined in the attached analysis 

and in the preceding paragraphs, it is our opinion that the foundation 

soils and the tailing pile have almost no potential for 
- ---- ~ 

leading to massive failure of the tailing pile. 

liquefaction 

' , i ,Y ~ 1.f\_,-e,....., / '-.. v \,·•~<• , ] 

4.3.4 Conclusions 

To conclude our considerations of the effects of earthquake 
·\ 

loading on the Wolverine Creek tailing pile, it is our opinion that the t l •~~' 
V . 

most serious effect in terms of downslope movement of the pile would 
t"" !, ;.',• 

---~ ' i 
I I :l,:--· ( ,. . 

\ A..,0 . \,'- < 

involve a downslope displacement of the pile of the order of~ d~u. to \ :·,·. c-: 

the imposition of ground waves consistent with a magnitude 8-1/4 earthquake rt~ ­"'\ , 

(lrax = 0.15). The probability of such an event occurring in a given ; . , 1_.v ·· 
.ill ( \ ( " " '"J 

year is, according to an e~trapolation of the statistical analysis provided :· .. 
i j ~..;-

by the Pacific Geoscience Centre, approximately 0.004. 

5.0 RMHA CONCLUSIONS 
(reference pages 7 and 8, RMHA report) 

The preceding sections should suffice as our response to the 

conclusions arrived at in the RMHA report . 
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19. 

RMHA RECOMMENDATIONS 
(reference page 7, RMHA report). 

a) 

b) 

c) 

Reference sub-para 1, page 7, RMHA report) 

In view of the findings presented in our report V77016, July 

1978, and in this document, it is our opinion that a failure 

in the tailing pile leading to further inundation of 

Wolverine Creek is highly improbable. However, in the event 

that such a failure does occur, the only reasonable method 

available for rehabilitation would be to extend the 

Wolverine Creek by-pass channel, constructed at the toe of 

the 1974 failure lobe, upstream to include materials from 

subsequent failures. It is impossible to produce a detailed 

contingency plan beyond this without knowledge of specific 

post-failure conditions. 

Reference sub-para 2, page 7, RMHA report 

It is our opinion that monitoring of movements in the 

Clinton Creek waste pile once every two months, as 

recommended previously, will be adequate to evaluate 

continuing movements in this area, and to determine the 

required frequency for further monitoring. 

Reference sub-para 3, page 7, RMHA report 

A total of seven new monitors to replace the three monitors 

removed during recontouring of the north lobe of the tailing 

Golder Associates 
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20. 

pile, and ~ors to replace the tgee removed 

during recontouring of the 1974 failure lobe of the pile, 

have been established according to our recommendations made 

prior to recontouring. Their locations are shown on Figure 

7. These monitors were surveyed on a weekly basis till 

November 9, 1978. The average rate of movement of the north 

lobe of the tailing pile has changed from approximately O .40 W~ 
<,oty\6 

ft./day before recontouring to approximately 0.04 ft./day rc:,._'cf'? 

after recontouring. The rates of movement in the 

failure lobe are all of the order of 0.02 ft./day, 

reflecting little immediate change as a result of 

1974 

(7.~-fk0 
recontouring. The consistency of the data was such that we 

believe that surveys of these installations, as well as the 

remaining undisturbed monitors on the tailing pile, done 

every second month, will suffice to evaluate the 

significance of any continuing movements. 

Reference sub-para 4, page 7, RMHA report 

Sections of the recontoured tailing pile were surveyed after 

recontouring was completed. The sections were taken along 

coordinate lines 113400 N and 113600 N (1974 failure lobe) 

and 114350 N, 114500 N and 114650 N (north lobe). It is our 

opinion that these surveys provide an adequate topographic 

view of the tailing pile in its reconstructed state. A map 

. of the recontoured tailing pile is included as Figure 7. 
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e) 

21. 

Reference sub-para 5, page 7, RMHA report 

Stability analyses of the tailing pile were done immediately 

~ recontouring began, using updated survey data so that· 

the recontouring plan could be finalized, and again 

immediately following recontouring using survey data taken 

on the recontoured surface. The results of this work were 

discussed earlier in this document. 

SURFACE TREATMENT OF TAILING PILE 
(reference RMHA letter, July 31, 1978) 

We remain of the ·opinion that sealing of the surface of the 

tailing pile to control the transport of fines by wind or water is 

unnecessary. 

7.1 Wind Erosion 

It is our opinion that nearly all of . the wind blown dust 

originated from the belt conveyor system as the tails were transported from 

the mill to the tailing pile. With the closure of the mill, this source 

has been eliminated. 

As a result of the formation of a natural crust on the surface of 

the pile, wind erosion of fines from the pile will be minimal except in 

localized areas where cracking may occur as a result of continuing 
(.~--(..," 

subsidence of the pile. Consequently, unless there is evidence to show -\v ~ ;__~\) 1 

~ 
O."' ~ 

environment, or that the naturally forming crust. will break down with time, 0,..~½-

that wind blown fines from the surface of the pile are a hazard to the 

Golder Associates 



I ' '' 

Iii 
I 
II 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I. 
I. 
I 
I 

22. 

the installation of an artificial surface sealant will not appreciably 

change the existing conditions. Even the best sealants available will 

eventually break down as a result of exposure to weathering, ultra violet 

light, and successive wetting and drying and freezing and thawing cycles. I 

7.2 

7.2.1 

Water Erosion 

Surface Run-off 

_c ~--c. +~ \f\v~ t\).~\ 
c...:,~\..~ ,Cl_ J. v\a~~ ~r ~G .... - ~ I~ 

There is no evidence that surface water presently collects and 

runs off the surface of the tailing pile causing erosion and transport of 

fines into Wolverine Creek. 

Placing of a surface sealant on the tailing pile would result in 

efficient removal of rainfall and snowmelt from its surface provided that 

the pile was shaped so that no ponding could occur and provided that the 

surface sealant maintained its integrity. However, the application of a 

surface sealant could precipitate new problems in terms of the formation of 

erosional features in the terrain downslope of the tailing pile or, if the 

surface seal deteriorated or cracked for any reason, particularly in 

depressions on the surface of the pile, erosional features could form in 

these locations causing the transport of fines directly into Wolverine 

Creek. 

7.2.2 Percolation of Water into the Tailing Pile 

The problem of the downward percolation of water and water-borne 

asbestos fibre through the tailing pile was raised in the RMHA July 31, 

1978 letter. The amount of water that enters the pile through its surface 
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and travels downward and into the foundation soils is determined by local 

climatic conditions as well as by the porosity and water retention 

characteristics of the tails. We have not analyzed this problem in terms 

of detailed assessments of the variables. However, observations were made 

in cuts up to 65 ft. in height in the 1974 failure lobe during its 

recontouring in August and September 1978. The materials were found to be 

basically dry throughout the depths of these cuts which suggest that nearly 

all of the precipitation which falls on the tailing pile is ultimately 

accommodated by evaporation. Consequently, we are of the opinion that the 

problem of water-borne asbestos fibre entering the ground water system by 

the downward percolation of water through the tailing pile is of debatable 

concern. 

DBC/EBF:rme 

V77016 

Yours very truly 

GOLDER ASSOCIATES 

Per: D.B. Campbell, P. Eng. 

~ 
E.B. Fletcher, P. Eng. 
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· SIMPLIFIED PROCEDURE FOR EsTJ:,U TING DAM 

- ~: t~ . 

·{\. AND EMBANKMENT EARTHQLAKE-L"iDUCED 

LEFORMATIO:\S 

By Faiz I. Makdisi, 1 A. M. ASCE and H. P,.,, ,,,n 'iced, 2 F. ASCE 
!r.:'" 
.I;.· 

. IKrROOUCTION 

::,~,:,. 
f~ In the past decade major advances have been achicv<::d in analyzing the stability 
;,'.of dams and embankments during earthquake loa.:! rn~ Newmark (13) and Seed 
,-(18) proposed methods of analysis for predictin g_ t "l ~ , e~:nanent displacements 
'·or dams subjected to earthquake shaking and sugg.:~t..:d this as a criterion of 
performance as opposed to the concept of a f..1•~1.; r ;,· safety based on limit 
equilibrium principles. Seed and Martin (26) usetl ;;-,,: ·;n.:;ir beam an;;lysis to 
!tudy the dynamic response of embankments to ,e,!, ;;1 '. c: ioads and presented 
a rational method for the calculation of dynam: i:. -c1~;r: ;c: -.:oefficients for earth 
dams. Ambraseys and Sanna ( 1) adopted the same :: . c ,:::,_, .:,-: tu study the response 

· of embankments to a variety of earthquake motic: ~•. 
,-:, Later the finite element method was introduced ·.(, ., , uJy the two-dimensiona.l 

· .response of embankments (5,7) and the equivalent ,::i~.ir method (21) was used 
· successfully to represent the strain-dependent n0n,.:i~::i r behavior of soils. Io 
addition the nature of the behavior of soils during s::;c i1c loading has been the 
subject of extensive research (10,20,23,29). Both the: ,;:iprovement in the analytical 
·tools to study the response of embankments anct '~ t: knowledge of material 
behavior during cyclic loading led to the developmen: ," ! ., more rational approach 
lo the study of stability of embankments during seism,: . .'-'cting. Such an approach 
was used successfully to analyze the Sheffield D .l ,-; :·Jdure during the 192.5 
Santa Barbara earthquake (24) and the behavior o· ,ne San Fernando Dams 
during the 1971 earthquake (25). This method has , i~c.: ;ieen used extensively 
in the design and analysis of many large dams in !".r State of California and 
elsewhere . . 

:• Notc.-Discussion open until December 1, 1978. To exte~·: . he dosing-date one month. 
a Written request must be filed with the Editor of Techn;.:~: ?u('i1ca1ions . ASCE. This 
paper is part of · the copyng..1ted Journal of the Geote~ ~~1.:J i Engineering Division, 
Proecedings of the American Society of Civil Engi.,eers. Vo:. :,14, N o. GT7, July, 1978. 
Manuscript was submitted for review for possible publicatior. ,•~. •\ugust 30, 1977. 

1 
Project Engr ., Woodward-Clyde Consultants. San Francis, ·:::alif . 

::_ . 
2

Prof. of Civ. Engrg. , Un.iv. of California. Berkeley. Calif 

·;:.~~ ;: 849 
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• From the study of the performance of embankments during strong earthquakes,! · 
two distinct ' types of behavior mav be discerned: (1) That associated with loose 
to medium dense sandy ernbank~ents. susceptible to rapid increases in por{ 
pressure due to cydic loading resulting in the development of pore pressure/: 
equal lo the overburden pressure in large portions of the.embankment, associated' 
reductions in shear strength, and potentially large movements leading to alrnosf ' 
complete failure; and (2) the hehavior associated with compacted cohesive clayi 
drv sands. and some dense sands; here the potential for buildup of pore pressures 
is ;,,uch less than that associated with loose to medium dense sands, the resultint 
cyclic strains are usually quite small, and the material retains most of its static 
undrained shearing resistance so that the resulting post-earthquake behaviot 
is a limited permanent deformation of the embankment. t.. I 

The dynamic analysis procedure proposed by Seed, et al. (25) has been used 
to predict adequately both types of embankment behavior using the "StraJ 
Potential" concept. Procedures for integrating strain potentials to obtain the 
overall deformation of an embankment have been proposed by Seed, et ai: 
(25), Lee (9), and Serff, et al. (27). { 

The dynamic analysis approach has been recommended by the Committee 
on Earthquakes of the International Commission on Large Dams (3): "high 
embankment dams whose failure may cause loss-of-life or major damage should 
be design~d by the conventional method at first, followed by a dynamic analysd 
in order to investigate any deficiencies which may exist in the pseudo-statica1 
design of the dam." For low dams in remote areas the Committee recommendi:4 
the use of conventional pseudostatic methods using a constant horizontal seismic 
coefficient selected on the basis of the seismicity of the area. However, the 
inadequacy of the pseudostatic approach to predict the behavior of embank.men~ 
during earthquakes has been clearly recognized and demonstrated (19,24,25,'4 
28). Furthermore in the same report (3) the Commission refers to the convention~ 
method as follows: " There is a need for early revision of the conventional 
method since the results of dynamic analyses, model tests and observatio; 
of existing dams show that the horizontal acceleration due to earthquake force} 
varies throughout the height of the dam ... in several instances; this methoa 
predicts a safe condition for dams which a re known to have had major slidesj 

It is this need for a simple yet rational approach to the seismic design d. 
small embankments that prompted the development of the simplified procedure 
described herein. · ·· 

This approximate method uses the concept originally proposed by Newmarl 
(13) for calculating permanent deformations but it is based on an evaluatio,t 
of the dynamic response of the embankment as proposed by Seed and Martill 
(26) rather than rigid body behavior. It assumes that failure occurs on.1? 
well-defined slip surface and that the mater(al beha~es elastica~y at stress lev~ 
below failure but develops a perfectly plasl!c behavior above yield. The methj 
involves the following steps: 'i 

ll 
I. A yield acceleration, i.e., an acceleration at which a potential sliding surfa~ 

would develop a factor of safety of unity is determined. Values of yie~ 
acceleration arc a function of the embankment geometry, the undrained stren~ 
of the material (or the reduced strength due to shaking), and the location l 
the potential sliding mass. l 
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2. Earthquake induced acceleration, 1n t r.(· 1!mbankment are determined using 
dynamic response analyses. F inite e:e1~t · · :--:ocedures using strain-dependent 
soil properties can be used for calcuia11: i :1:n c histories of acceleration, or 
simpler one-dimensional techniques might :-ii: Hf-ed for the same purpose. From 
these analyses, time histories of average acce1cr :nions for various potential sliding 
masses can be determined. 

3. For a given potential sliding mass. whcr. the induced acceleration exceeds 
the calculated yield acceleration, movement~ are assumed to occur along the 
direction of the failure plane and the magnitude of the displacement is evaluated 
by a simple double integration procedure. 

The method has been applied to dams with heights in the range of 100 ft- 200 
ft (30 m-60 m), and constructed of compacted cohesive soils or very dense 
cohesionless soils, but may be applicable to higher embankments. A similar 
approach has been proposed by Sarma ( 16) using the assumption of a rigid 
block on an inclined plane rather than a deformable earth structure that responds 
with differential motions to the imposed base excitation. 

In the following sections the steps involved in the analyses will be described 
in detail and design curves prepared on the basis of analyzed cases will be 
presented, together with an example problem tci illustrate the use of the method. 
Note, however, that the method is an approximate one and involves simplifying 
assumptions. The design curves are averages based on a limited number of 
cases analyzed and should be updated as more data become available and more 
cases are s_tudied. 

DETERMINATION OF Y IELD ACCELERATION 

The yield acceleration, ky , is defined as that average acceleration producing 
a horizontal inertia force on a potential sliding mass so as to produce a factor 
of safety of unity and thus cause it to experience permanent displacements. 

For soils that do not develop large cyclic strains or pore pressures and ·maintain 
most of their original strength after earthquake shaking, the value of ky can 
be calculated by stability analyses using limiting equilibrium methods. In conven­
tional slope stabili ty analyses the strength of the material is defined a5 either 
the maximum deviator stress in an undrained test, or the stress level that would 
cause a certain allowable axial strain, say 10%, in a test specimen. However, 
the behavior of the material under cyclic loading conditions is diffe rent than 
that under static conditions. Due to the transient nature of the earthquake loading, 
an embankment may be subjected to a number of stress pulses at levels equal 
to or higher than its static failure stress that simply produce some permanent 
deformation rather than complete failure. Thus the yield strength is defined, 
for the purpose of this analysis. as that maximum stress level below which 
the material exhibits a near elastic behavior (when subjected to cyclic s tresses 
of numbers and frequencies similar to those induced by earthquake shaking) 
and above which the material exhibits permanent plastic deformation of magni­
tudes dependent on the number Mic! frequency of the pulses applied. Fig. 1 
shows the concept of cyclic yit·k ,1rength . The material in this case has a 
cyclic yield strength equal to ahnut 90% of its static undrained strength and 
as shown in Fig. ! (a) the appl1-.auon of JOO cycles of stress amounting to 80% 

iii: 

1
!1·i f ,, 

' ) 

ii': I ;1 
1 1

: 1 

T 

YI"', -. ! ,~\ . ~ 
! -

m~.'f,. m.;7, 
fi.(~ 

'-'·et 
f,:'~i 

i : ~· 



852 ' JULY 1978 GT7l 
of:the undrained strength resulted in essentially an elastic behavior with ve~·f 
litt le permanent deformation. On the other hand, the application of 10 cycles}. 
of stress levei equal to 95% of the static undrained strength led to substantia!J 
permanent ~train as shown in Fig·. l(b). On loading the material monotonical!y r 
to failure after the series of cyclic stress applications, the material was found} 
to retain the original undrained strength. This type of behavior is associated:\ 
with various types of soils that exhibit small increases in pore pressure duringj 
cyclic loading. This would include clayey materials, dry or panially saturatedf 
cohesionless soils, or very dense saturated cohesionless materials that will notj 
undergo significant deformations, even under cyclic loading conditions, unless¥ 
the undrained static strength of the soil is exceeded. ., 

Seed and Chan (20) conducted cyclic tests on samples of undisturbed andJ 
compacted silty clays and found that for conditions of no stress reversal and'.l 
for different values of initial and cyclic stresses, the total stress required toj 
produce large deformations in 10 cycles and 100 cycles ranged between 90%-l l0%_i 
of the undrained static strength. ,:<( 

Sangrey, et al. (15) investigated the effective stress response of clay undert 
repeated loading. They tested undisturbed samples of clay (LL = 28, PI =:;} 

. 10) and found that the cyclic yield strength of this material was of the order} 
of 60% of its static undrained strength. . ,i ~.-

Ul'4"0-0)1r'"'l!IJI 
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'.J-
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!iuo,.., - '°"°"' , •. J 'ff

: . __ :;;;;:,,·- ·><"' 

~ ,,, J 
FIG. 1.-0oto,m;a,<ioo of oy,.m;, fald S,,oag<h :3 

Rahman (14) performed similar tests on remolded samples of a brittle silt~{: 
clay (LL = 91, PI = 49) and found that the cyclic yield strength was a function}' 
of the initial effective confining pressure. For practical ranges of · effective\ 
confining pressures the cyclic yield strength for this material ranged betwee~ 
80%-95% of its static undrained strength. At cyclic stress levels below the, 
yield strength, in all cases, the material reached equilibrium and assumed a~ 
elastic behavior at strain levels less than 2% irrespective of the number oi ~ 
stress cycles applied. \ 

T~iers and Seed (28) _Performed t~sts on undist_urb~d an~ remol~ed sample~ 
of different clayey matenals to determine the reduction m static undrained strengtij' 
due to cyclic loading. Their results are summarized in Fig. 2 which show 
the reduction in undrained strength after cyclic loading as a function of th 
ratio of the "maximum cyclic strain" to the "static failure strain." These resul 
were obtained from strain controlled cyclic tests; after the application of 2 
cycles of a certain strain amplitude, the sample was loaded to failure monotonicall 
at a strain rate of 3%/ min. Thus from Fig. 2 it could be argued that if ! 
clay is subjected to 200 cycles of s train with an amplitude less than half it} 
static failure strain, the material may be expected to retain at least 90% ot;f. 
its original static undrained strength. : : 

-~ I 
,• 
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Andersen (2), on the basis of cyclic simple shear tests on samples of Drammen 

clay, determined that the reduction in undrained shear strength was found to 
be less than 25% as long as the cyclic shear strain was iess than =3 % even 
after I ,000 cycles. Some ~onh Sea clays, however, have shown a strength 
reduction of up to 40% for the same level of cyclic loading. 

On the basis of the experimental data reported previously and for values 

TABLE 1.-Maximum Cyclic Shear Strains Calculated from Dynamic Finite Element 
Response Analyses 

Max imum 
Embankment Maximum shear 

height, Slope, base accel- st rain. as a 
Magnitude in feet H:V eration. g percentag e 

(1) 

6-1/2 (Caltech reco rd) 
6-1 / 2 (Caltech record) 
6-1 / 2 (Caltech record) 
6-1 /2 (Lake Hughes record) 
6-1 / 2 (Caltech record) 
7-1 / 2 (Taft record) 
7-1 / 2 (Taft record) 
8-1 / 4 (S-1 record) 
8-1 / 4 (S-1 record) 

Note: I ft = 0.305 m. 

I.Cf 1.4..... .. 6 
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(2) 

75 
150 
150 
150 
150 
150 
150 
150 
135 

FIG. 2.-Reduction in Static Undrained 
Strength Due to Cyclic Loading (29) 

(3) (4) (5) 

2:1 0.5 0.2-0.4 
2:1 0.2 ! 0.1-0. 15 
2:1 0.5 0.2-0.3 
2:1 0.1 0.1-0.15 

2-1 / 2:J 0.5 0.2-0.3 
2:1 0.5 0.1-0.5 
2:1 0.2 

I 
0.1-0.2 

2: 1 0.75 0.4-1.0 
- 0.4 0.2-0.5 

~ '•-'••~\11 =--dj t~ F(tl t, 
w 

-., 
Fill • i 'Cnv ( ti L j • O'n, Il l 0. 

1il I 
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FIG. 3.-Calculntion of Avorage Acceler­
ation from Finite Element Response 
Analysis 

of cyclic shear strains calculated from earthquake response analyses, the value 
of cyclic yield strength for a clayey material can be estimated. In most cases 
this value would appear to be 80% or more of the static undrained strength. 
This value in turn may be used in an appropriate ·method of stability analysis 
to calculate the corresponding yield acceleration. 

Finite element response analyses (as will be described later) have been carri~d 
out to calculate time histories of crest acceleration and average acceleration 
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for various potential sliding masses. The mcthqd of aMlY~is enrn!oy5 thi!l 
equivalent linear 1echnique wi1):i str,!inadfD~ilf:!.~lil roQfitiliis anJ d&Flpirlg. flie J 
ranges of calculated maxi.mum sh~ar· s!r&j;i~, fF°'F ~iffeieflt trla&fiii1,1tle iiaftllti:Uil)tS§} 
and different embankment ch;irnctcristicr., llfi< pi'eseiiiod in ta hie I. h diii'l be i 
seen from Table I that the maximum cyciic shear sltain induced during thc.i 
earthquakes ranged between 0. 1 % for a magnitude 6-1 /2 earthquake With a't 
base acceleration of 0.2 g and I% for a magnitude 8-1 / 4 earthquake with ,i'l 
base acceleration of 0. 75 g. For the compacted clayey material encountercdt 
in dam embankments "static failure strain" values usually range between 3%-10%,j 
depending on whether the material was compacted on the dry or wet side of.\ 
the optimum moisture content. Thus in both instances the ratio of the "cycliei 
strain" to "static failure strain" is less than 0.5. t , 

It seems reasonable, therefore, to assume that for these compacted cohesivci 
soils, very little reduction in strength may be expected as a result of strong!. 
earthquake loading of the magnitude described previously. .· i 

Once the cyclic yield strength is defined, the calculation of the yield accelerationi 
can be achieved by using one of the available methods of stability analysid 
In the present study the ordinary method of slices has been used to calculatet 
the yield acceleration for circular slip surfaces using a pseudostatic analysis.f 
As an alternative one of the writers (18) has suggested a method of combiningi 
both effective and total stress approaches, where the shear strength on the} 
failure plane during the earthquake is considered to be a function of the initial 
effective normal stress on that same plane before the earthquake. This methodb 
is applicable to noncircular slip surfaces and the horizontal inertia force resulting: 
in a factor of safety of unity can readily be calculated. •'ii 

Having determined the yield acceleration for a certain location of the slii, 
surface, the next step in the analysis is to determine the time history oq 
earthquake-induced average accelerations for that particular sliding mass. Thisl·' 
will be treated in the following section. ! '. 
DETERMINATION OF EARTHQUAKE INDUCED ACCELERATION ' 

1 
In order for the permanent deformations to be calculated for a particularj 

slip surface. the time history of earthquake induced average accelerations mus( 

first be ~eterm_ined. . . . . . l 
Two-d1mens1onal fimte element procedures usmg equivalent lmear stramt 

dependent properties are available (6) and have been shown to provide response 
values in good agreement with measured values (8)° and with closed-ford, 
one-dimen.sional wave proj)agation solutions (17). 

For most of the case studies of embankments used in the present analysis .. 
the response calculation was performed using the finite element computer progra 
QUAD-4 (6) with strain-dependent modulus and damping. The program use1

· 

the Rayleigh damping approach and allows for variable damping to be use, 
in different elements. J 

To calculate the time history of average acceleration for a specified sliding 
mass, the method described by Chopra (4) was adopted in the present studyJ 
The finite element calculation provides time histories of stresses for every elemenJ 
in the embankment. As shown in Fig. 3, at each time step the forces acting 
alon~ the boundary of the sliding mass are calculated from the correspondini,. 
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norrna,! 11-nd spear m~~~ 9.ftlii; finite el~ments along that boundary. The resultant 
ef !!\~§!: temm ai_via&J by tile ~'t!igiir er th€ siiclin~ ~i,Sfl w9~ld_give the average 
seiiiel!!fali6fl; k,;; {t )1 acHJig on me §~l@IB~ fhass a: iha.i ififltiHii tii 11m~. The process 
is rt!fjE!aled f6r t!V~fy tiffl~ slej'l t6 61ilcmiate ihe entire lime history of average 
acccioration. 

For 11 150-ft (46--m) high dam subjected to 30 sec of the Taft earthquake 
record scaled to produ~ a maximum base acceleration of 0.2 g, the variation 
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FIG. 4.-Time Histories of Average Acceleration for Various Depths of Potential Sliding 
Mass 

of the time history of k •• with the depth of the sliding mass within the embankment, 
together with the time history of crest accelerations, is shown in Fig. 4. 

Comparing the time history of crest acceleration with that of the average 
acceleration for different depths of the potential sliding mass, the similarity 
in the frequency content is readily apparent (it generally reflects the first natural 
period of the embankment), while the amplitudes are shown to decrease as 
the depth of the sliding mass increases towards the base of the embankment. 
The maximum crest acceleration is designated by iim.,, and km:, is the maximum 
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average acceleration for a potential sliding mass extending to a specified depth, y~t 

It i ,ould be desirable to establish a relationship showing the variation of1 
the maximum acceleration r.atio. k m .. l u.,._ , with depth for a range of embank-} 
ments and earthquake loading conditions. It would then be sufficient, for desigriJ 
purposes, to estimate the m.:ximum crest acceleration in a given embankmenn 
due to a specified earthquake and use this relationship to determine the maximuoi i 
average acceleration for any depth of the potential sliding mass. A simplified} 
procedure to estimate the maximum crest acceleration and the natural periodl 
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of an embankment subjected to a given base motion is described in Appendix"" 
A of Ref. I I. . 

To determine the variation of ·maximum acceleration ratio with depth, use' 
was made of published results of response computations using the one-dimensional!; 
shear slice method with visco-elas tic material properties ( 1,26). Martin (12)} 
calculated the response of embankments ranging in height between I 00 ft- 600J 
ft (30 m-180 m) and with shear wave velocities between 300 fps-1,000 fps (92f_-.. 
m /s-300 m/s). Using a constant shear modulus and a damping factor of 0.2,

1 
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the average acceleration histories for various levels were computed for embank­
ments subjected to ground accelerations recorded in the El Centro earthquake 
of 1940. The variation of the maximum average acceleration. k mu, with depth 
for these embankments with natural periods ranging between 0.26 sec-5.22 sec 
is presented in Fig. 5(a). The maximum average acceleration in Fig. S(a) is 
normalized with respect to the maximum crest acceleration and the ratio, 
km••/ ii mo, plotted as a function of the depth of the sliding mass is presented 
in Fig. 5(b ) . 

Ambraseys and Sanna (!) used essentially the same method reported by Seed 
and Martin (26) and calculated the response of embankments wi th natural periods 
ranging between 0. 25 sec and 3 .0 sec. They presented their results in (errns 
of average response for eight strong motion records. The variation of maximum 
average acceleration with depth based on the results reported by Ambraseys 
and Sarma (I) is shown in Fig. 6(a) and that for the maximum acceleration 
ratio , k mu/ um .. , is shown in Fig. 6(b ). A summary of the results obtained 
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FIG. 7.-Variation of Maximum Accele r­
ation Ratio with Depth of Sliding Mass 
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FIG. 8.-Shear Modulus and Damping 
Characteristie11 Used in Response 
Computations 

from the different shear slice response calculations mentioned previously is 
presented in Fig. 7 together with results obtained from finite element calculations 
made in the present s tudy. As can be seen from F ig. 7 the 5hape of the curves 
obtained using the shear slice method and the finite element method are very 
similar. The dashed curve in Fig. 7 is an average relationship of all data considered. 
The maximum difference between the envelope of all data and the average 
relationship ranges from ± 10% to ±20% for the upper portion of the embankment 
and from ±20% to ±30% for the lower portion of the embankment. 

Considering the approximate nature of the proposed method of analysis, the 
. use of the average relationship shown in Fig. 7 for determining the maximum 
average acceleration for a potential sliding mass based on the maximum crest 
acceleration is considered accurate enough for practical purposes. For design 
computations where a conservative estimate of the accelerations is desired the 
upper bound curve shown in Fig . 7 may be used leading to values that are 
l0%-30% higher than those estimated using the average relationship. 



_ti, 

,858 JULY 1978 GT~;l 
CALCULATION OF PERMANENT DEFORMATiONS _ :J. 

:·"l: 
Once the yield acceleration and the time histOl)' of average induced acceleration f 

for a potential sliding mass have been determined, the permanent dispi<icements ~ 
can readily be calculated. · ,;. 

By assuming a direction of the sliding plane and writin·g the equation ~~.~ 

TABLE 2.-Embankme nt Characterist ics for Magnitude 6-1 / 2 E.art hquakc ! J 
Embank-

Case ment Base 
num- de scrip- Height, acceler- T 0 • in 
ber 1ion in feet ation, g seconds 
( 1) (2) (3) (4) (5)" 

I Example 150 0.2 0.8 
slope (Caltech 

= 2:1 record) 

k2mu 

= 60 
2 Example 150 0.5 1.08 

slope {Caltech 
= 2:1 record) 

k2mu 

= 60 
3 Example 150 0.5 0.84 

slope (Lake 
= 2: 1 Hughes 

k2mu. record) 
= 80 

4 Example 150 0.5 0.95 
slope= (Caltech 

2- 1/2: I record) 

k2mu 

= 80 
5 Example 75 0.5 0.6 

slope (Caltech 
= 2:1 record) 

j._2mu. 

= 60 

• Calculated first natural period of the embankment. 

k~,· g 
(6)b 

(I) 0.31 
(2) 0. 12 

( IJ 0.4 
(2) 0.18 

(I) 0.33 
(2) 0.16 

{I) 0.49 
(2) 0.22 

(I) 0.86 
(2) 0.26 

·:•i 
., 

Symbol<.,.· 
(7) 

.. 

e '. 
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0 
D 

0 
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0 
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.~ 
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:} 
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:; 
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l 
bMaximum value of time history of: (I) Crest acceleration; and (2.) a verage acceleration j 

for sliding mass extending through full height of embankment. 
c Legend used in Fig. 9(a). 
Note: I ft = 0.305 m . 

motion for the sliding mass along such a plane. the displacements that would ;, 
occur any time the induced acceleration exceed!> the yield acceleration may j 
be evaluated by simple numerical integration . Fo r the purposes of the soil types i 
considered in this study, the yield acceleration was assumed to be constant1· 
throughout the earthquake. ,. 

The direction of motion for a potential sliding mass once yielding occurs 
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was assumed to be along a horizontal plane. This mode of deformation is not 
uncommon for embankments subjected to strong earthqualc.e shabng, and is 
manifes ted in many cases in the field by the development of longitudinal cracks 
along the crest of the embankment. However studies made for other directions 
of the sliding surface showed that this factor had little effect on the co mputed 
displacements ( 11 ). 

To calculate an o rder of magnitude of the deformations induced in embankments 
due to strong shaking a number of cases have been analyzed during the course 
of this study. The height of embankments considered ranged between 75 ft-150 
ft (23 m-46 m) with varying s lopes and material properties. Tne embankments 
-.·ere subjected to ground accelerations representing three different earthquake 
magnitudes: 6-1/2, 7-1 / 2, and 8-1/ 4. 

The method used for calculating the response, as mentior,e-d earl ier, is a 
time-step finite element analysis using the equivalent linear method. The . strain­
dependent modulus and damping relations for the soils used in this study are 
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J I • . . . . . • . . 

s ,ol 
. . t . 

C . 
, . 
I .~ 

~ : : I ~ 
f ~ 

• . 2 : . . j . ! ' ' • • ! • • . • . . i ' o.,t- . i j 

! : 
I•) ,., 

0,01 ' 0 0.2 O• o• o• 1.0 O o., 0 .4 o, , . .,,._ 
",/•-.i 

FIG. 9.-Variation of Permanent Displacement with Yield Acceleration: (a ) Mag n itude 
6-1 / 2 Earthquake; (b} Magnitude 7-1 /2 Earthquake 

presented in Fig. 8. The response computation for each base motion was repeated 
for a number of iterations (mostly 3-4) until st rain compatible material properties 
were obtained. In each case both time hisi'ories of crest acceleration and the 
average acceleration for a potential sliding mass extending through almost the 
full height of the embankment were calculated, together with the first natural 
period of the embankment. In one case however, time histories o f average 
acceleration for sliding surfaces at five different levels in the embankment were 
obtained (see Fig. 4), and the corresponding permanent deformations for each 
time history were calculated for differen t values of yield acceleration. It was 
fot:nd that for the same ratio of yield acceleration to ma ximum average 
~cceleration at each level, the computed deformations varied uniformly between 
a maximum .value obtained using the crest acceleration time history to a minimum 
value obtained using the time history of average accele ration for a !>liding mass 
extending through the full height of the embankment. Thus it was considered 

I 

n 
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·sufficic rft for the remaining cases to compute the deformations only for these:, 

two levels. 
Table 2 shows details of Lhe embankments analyzed using ground motions 

rtprescntative of a magnitude 6-1 /2 earthquake. The two rock motions used 
were those recorded at the Cal Tech Seismographic Laboratory (S90W Compo-., 
nent) and at Lake Hughes Station No. 12 (N 12E) during the 1971 San Fernando, 
earthquake, with maximum accelerations scaled to 0.2 g and 0.5 g. The computed 
natural periods and maximum values of the acceleration time histories are also: 
presented in Table 2. The computed natural periods .ranged between a value 
of 0.6 sec for the 75-ft (23-m) high embankment to a value of 1.08 sec for 
the 150-ft (46-m) high embankment. Because of the nonlinear strain-dependent 

TABLE 3.-Embankment Characteristics for Magnitude 7-1 / 2 Earthquake 

Embank-
Case ment Base 

num- descrip- Height, acceler- Ta, in 

ber tivn in feet ation, g seconds km ... g Symbolc 

( 1) (2) (3) (4) (5)" (6)" (7) 

l Example 150 0.2 0.86 (l) 0.41 • 
slope (Taft (2) 0. 13 II 

= 2:1 record) 

kimu 

= 60 
2 . Example 150 0.5 1.18 (I) 0.54 0 

slope (Taft (2) 0.21 D 

= 2:1 record) 

klmu 

= 60 
3 Example 150 0.2 0.76 (I) 0.46 0 

slope= (Tafl (2) 0.15 b,. 

2-1 /2: I record) 

k2max 

,•,::, ., 

:'r. 
: 

~ 

-k 
11 
! ., 

·.li 

(4 
'.j 

,i 
:i 
:t 
,i\ = 80 

• Calculated first natural period of the embankment. ~­
" Maximum value of time history of: (l) Crest acceleration; and (2) average acceleration 

for sliding mass extending through full height of embankment. .S 
"Legend used in Fig. 9(b). i, 
Note: I ft = 0.305 m. f 

,:j_ 

behavior of the material, the response of the embankment is highly dependc~ 
on the amplitude of .the base motion. This is clearly demonstrated in the fir~ 
two cases. in Table 2, where the same embankment was subjected to the sam! 
ground acceleration history but with different maximum accelerations for eacf 
case. In one instance, for a base acceleration of 0.2 g the calculated maxim~ 
crest accelerations was 0.3 g with a magnification of 1.5 and a computed nalilf~ 
period of the ·order of 0.8 sec. In the second case, for a base acceleratiot 
of 0.5 g the computed maximum crest acceleration was 0.4 g with an attenuatioli 

of 0.8 and a computed natural period of I. I sec. .4 
From the time histories of induced accele.ration calculated for all the c~si 
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described in Table 2 and for various ratios of yield acceleration to maximum 
average acceleration, k,.lkm .. • the permanent deformations were calculated by 
numerical double integration. The results a re presented in Fig. 9(a) which shows 
that for relatively low values of yield acceleration, k, / r. ....... of 0.2 for example, 
the range of computed permanent displacements was of the order of 10 cm-70 
cm (4 in.-28 in.). However, for larger values of k, / k ,,... , say 0.5 or more, 
the calculated displacements were less than 12 cm (4.8 in.). It should be emphasized 
that for very low values of yield accelerations (in this case k,./km .. ~ 0. 1) 
the basic assumptions used in calculating the response by the finite element 

TABLE 4.-Embankment Characteristics of Magnitude 8-1 /4 Earthquake 

Embank• 
Case ment Base 
num• descrip- Height, acceler- Ta, in 
ber tion in feet at ion, g seconds k,.,.,. g Symbolc 
(1) (2) (3) (4) (5) . (6)b (7 ) 

I Chabot 135 0.4 0.99 (IJ 0.57 0 
Dam (S-1 Synth. 
/average record) 
proper-
ties) 

Chabot 135 0.4 1.07 (\ ) 0.53 6 
Dam (S-1 Synth. 
(Lower record) 
bound) 

Chabot 135 0.4 0.83 (\) 0.68 D 
Dam 
(Upper 
bound) 

2 Example 150 0.75 1.49 (I) 0.74 e 
slope (2) 0.34 II 

= 2:1 
k2m.., 

= 60 

Calculated fi.rst natural period of the embankment. 
•Maximum value of time history of: (l) Crest acceleration; and (2J average acceleration 

for sliding mass e:uending through full height of embankment. 
'Legend used in Fig. l O(a). 
Note: I fl = 0.305 m. 

method, i.e., the equivalent linear behavior and the small strain theory, become 
invalid. Consequently, the acceleration time histories calculated for such a case 
do not represent the real field behavior and the calculated displacements based 
on these time histories may not be realistic. 

The procedure described previously was repeated for the cas.e of a magnitude 
7-1 /2 earthquake. The base acceleration time history used for this analysis 
was that recorded at Taft during the 1952 K ern County eanhquake and scaled 
lo maximum accelerations of 0.2 g and 0.5 g. The details of the three cases 
analyzed are presented in Table 3 and the results of the computations of the 
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~c;.rmanenl displacements ate shown in Fig. 9(b). For a ratio of k.f km .. of 
o.2 the cafculated displacements in this case ranged between 30 cm-200 cm 
( 12 in.-80 in.), and for ratios greater than 0.5 the displacements were less than 

25 cm (0. 8 ft). 
In the cases analyzed for the 8-1 / 4 magnitude earthquake, an artificial ~ 

accelerogram proposed by Seed and Idriss (21) was us.ed with maximum base 1 , 
accelerations of 0.4 g and 0. 75 g. Two embankments were analyzed in this l 
case and their calculated natural periods ranged between 0. 8 sec and 1.5 sec. ·., 
Table 4 shows the details of the calculations and in fig. IO(a) the results of{ 
the permanent displacement computations are presented. As can be seen from ' 
Fig. JO(a) the permanent disp1acements computed for a ratio of k,./km .. of . 
0.2 ranged between 200 cm-700 ch1 (80 in.-28 in.). and for ratios higher than ' 
0.5 the values were less than 100 cm (40 in.). Note in this case that values '. , 
of deformations calculated for a yield ratio less than 0.2 may not be realistic. ·( 

1 

An.envelope of the results obtained for each of the three earthquake loading
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FIG. 10.-Variation of Permanent Displacement with Yield Acceleration: (a') Magn~ 

tude 8-1 / 4 Earthquake; (b) Summary of All Data 1 
J 

conditions is presented in Fig. l 0(b) and reveals a large scatter in the computed 
results reaching, in the case of the magnitude 6-1 /2 earthquake, about one 

order of magnitude. '1 
It can reasonably be expected that for a potential sliding mass with a specified 

yield acceleration, the magnitude of the permanent deformatio n induced b1' 
a certain earthquake loading is controlled by the following factors: (I) Thi. 
amplitude of induced average accelerations, which is a function of the ba~ 
motion, the amplifying characteristics of the embankment, and the location ci . 
the sliding mass within the embankment; (2) the frequency content of the averag 
acceleration time history, which is governed by the embankmen t height an. 
stiffness characteristics, and is usually dominated by the first natural frequenc} 
of the embankment; and (3) the duration of significant shaking, which is 1 
function of the magnitude o f the specified earthquake. :f 

Tpus to reduce the large scatter exhibited in the data in Fig. l O(b ), the perman,cl 

· '1 
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displacements for each embankment were normalized with respect lo its calculated 
first natural period, T0 , and wi th respect to the maximum value, k,...,, of the 
average acceleration time history used in the computation. The resulting norma­
lized permanent displacements for the three different earthqual:es are presented 
in Fig. I !(a). It may be seen that a substantial reduction in the scatter of 
the data is achieved by this normalization procedure as evidenced by comparing 
the results in F igs. I0(b ) and I ! (a). This shows that for the ranges of embankment 
heights considered in this study (75 ft- 150 ft (50 m--65· m)] the first natural 
period of the embankment and the maximum value of acceleration time history 
may be considered as two of the parameters having a major influence on the 
calculated permanent d isplacements. Average curves for the normalized perma­
nent displacements based on the results in Fig. 11 (a) are presented in Fig. 
ll (b). Although some scatter still exists in the results as shown in Fig. l l(a), 
the average curves presented in Fig. l l (b) are considered adequate to provide 
an o rder of magnitude of the induced permanent displacements for different 
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FIG. 11.-Variation of Yield Acceleration with: (a) Normalized Permanent Displace­
ment-Summary of All Data; and (b) Average Normalized Displacement 

magnitude earthquakes. At yield acceleration ratios less than 0.2 the average 
curves are shown as dashed lines since, as mentioned earlier, the calculated 
displacements at these low ratios may be unrealistic. 

Thus, to calculate the permanent deformation in an embankment constructed 
of a soil that does not change in strength significantly during an earthquake, 
it is sufficient to determine its maximum crest acceleration, ii,,,.,, and. first 
natural period, T 0 , due to a specified earthquake. Then by the use of the 
relationship presented in Fig. 7, the maximum value of average acceleration 
history, k ,,. .. , for any level of the specified sliding mass may be dete rmined. 
Entering the curves in Fig, l l(b) with the appropriate values of km .. and T

0
, 

the permanent displacements can be determined for any value of yield acceleration 
associated with that particular sliding surface. 

It has been assumed earlier in this paper that in the majority of embankments, 
permanent deformations usually occur due to slip of a sliding mass on a horizontal 
failure plane. For those few instanees where sliding might occur on an inclined 

:111 

;~·· . 
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jt?i.''/ fa ilure plane it is of interest to determine the difference between the actual ' ,~ 

dc[orma tio fis and those calculated with the assumption of a horizontal failure ,;:V 
plane having the same yield acceleration. A simple computation was made to ,,:, 
inves tigate this condition using the analogy of a block on an inclined plane ;'J 
for a purely frictional material. It was found that for inclined failure planes '.-i 
with slope angles of 15° to the horizontal, the computed displacements were ,~ 
10%-1S% higher than those based on a horizontal plane assumption. , ;· -~-.f 
APPLICATION OF METHOD TO EMBANKMENT SUBJECTED TO 8-1 / 4 MAGNITUDE · ,j • 

•Ji 
EARTHQUAKE ; 

k 
'.i 

To illustrate the use of the simplified procedure for evaluating earthquake-in- { 
duced deformations, computations are presented herein for the 135-ft (41-m) '} 
high Chabot Dam, constructed of sandy clay and having the section shown 1 
in Fig. 12. . . }( 

The shear wave velocity of the embankment was determined from a field I, 
investigation and the strain-dependent modulus and damping were determined 1 
from laboratory tests on undisturbed samples. The dam, located about 20 miles { 
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FIG. 12.-Yield Acceleration Values for Slide Mass Extending through Full Height ·{ 
of Embankment i • 
(32 km) from the San Andreas fault, was shaken in 1906 by the magnitude ~ 
8-1 / 4 San Francisco earthquake with no significant deformations being noted; J 
peak accelerations in the rock underlying the dam in this event are estimated ;' 
to have been about 0.4 g. Accordingly the response of the embankment to ·} 
ground accelerations representative of a magnitude 8-1 / 4 earthquake and having J 
a maximum acceleration of 0.4 g was calculated by a finite element analysis. 4 
The maximum crest acceleration of the embankment, um••, was calculated to •1·: 

be 0.57 g and the first natural period, T 0 = 0.99 sec. The maximum values ·: 
of the calculated shear strain were less than 0.5%. On the basis of static undrained { 
tests on the embankment material, the static failure strains ranged between ~'. 
3%-8%, so . that for the purposes of this analysis the cyclic yield strength of ''° 
this material can be considered equal to its static undrained strength. From !; . 

consolidated undrained tests on representative samples of the embankment .. 
material two interpretations were made for the strength of the material: (!) '1} 

I 

Based on an average of all the samples tested resulting in a cohesion value, 't • 
c, of0.72 tsf(69 kN/m2

) and a friction angle. q,, of 13°; aod (2) a con!>ervative } 
interpretation, based on the minimum strength values with a cohesion of 0.4 ,, 

l 
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tsf (38 kN / m2
) and a friction angle of 16°. Using thes.e f>trength estimates, 

values of yield accelerations were calculated for a sliding mas!, extending through 
the full height of the embankment as shown in Fig. 12. 

Considering the average relationship of k ma.I um., with depth shown in Fig. 
7, the ratio for a sliding mass extending through the full height of the embankment 
(y/h = 0.95) is 0.35, resulting in a maximum average ae<:¢leration, k mu• of 
0.35 x 0.57 g = 0.2 g. From Fig. 12 the yield acceleration calculated for the 
average strength values is 0.14 g. Thus the parameters to be med in Fig. ll(b) 
to calculate the displacements for this particular sliding surface are as follows: 
magnitude= 8-1/4; T0 = 0.99 sec; k=,· = 0.2; and k,f kcJ, = 0.14/0.20 = 
0.7. From Fig. ll(b): U/km .. g T 0 = 0.013 sec, therefore, the displacement 
U = 0.013 X 0.2 X 32.2 X 0.99 = 0.08 ft (0.02 m). 

Using the most conservative value of km .. furn.a, shown in Fig. 7 of 0.47, 
the computed displacement would have been 0.58 ft (0. 18 m). Similarly using 
the conservative strength parameters for the soil (giving k, = 0.07) and the 
average curve for k mu/ um., shown in Fig. 7, the computed displacement would 
have been 1.5 ft (0.45 m). All of these values are in reasonable accord with 
the observed performance of the dam during the 1906 earthquake. 

The calculation was repeated for a sliding mass extending through half the 
depth of the embankment. The computed permanent displacements ranged 
between 0.02 ft-1.08 ft (0.006 m--0.33 m) indicating th.at the critical potential 
sliding mass in this case was that extending through the full height of the 
embankment. 

CONCLUSIONS 

A simple yet rational approach to the design of small embankments under 
earthquake loading has been described herein. The method is based on the 
concept of permanent deformations as proposed by Newmark (13) but modified 
to allow for the dynamic response of the embankment as proposed by Seed 
and Martin (26) and restricted in application to compacted clayey embankments 
and dry or dense cohesionless soils that experience very little reduction in strength 
due to cyclic loading. The method is an approximate one and involves a number 
of simplifying assumptions that may lead to somewhat conservative results. 

On the basis of response computations for embankments subj ected to d ifferent 
ground motion records, a relationship for the variation of induced average 
acceleration with embankment depth has been established. Design curves to 
estimate the permanent deformations for embankments, in the he ight range of 
100 ft-200 ft (30 m-60 m), have been established based on equivalent linear 
finite element dynamic analyses for different magnitude earthquakes. The use 
of these curves requires a knowledge of the maximum crest acceleration and 
the natural period of an embankment due to a specified ground motion. 

It should be noted that the design curves presented are based on averages 
of a range of results that exhibit some degree of scatter, and are derived from 
a limited number of cases. These curves should be updated and refined as 
analytical results for more embankments are obtained. 

Finally, the method has been applied to an actual embankment that was 
subjected to a magnitude 8-1 / 4 earthquake at an epicentral di.stance of some 
20 miles. Depending on the degree of conservatism in estimating the undrained 
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strcn; th of~ the material and in estimating the maximum accelerations in the fp 
embankment, the calculated deformations for this 135-ft (40-m) clayey embanx- l 
mcnt ranged between 0.1 ft-1.5 ft (0.3 m-0.46 m). These approximate displacement :f 
values are in good accord with the actual performance of the embankment a, 
during the earthquake. J 

Whereas the method described herein provides a rational approach to the i1; 
design of embankments and offers a significant improvement over the conven- , ~ 
tional pseudostatic approach, the nature of the approximations involved requires l 
that it be used with caution and good judgment especially in determining the -iJ 
soil characteristics of the embankment to which it may be applied. :i 

For large embankments, for embankments where failure might result in a J 
loss of life or major damage and property loss, or where soil conditions cannot .; 
be determined with a significant degree of accuracy to warrant the use of the iJ 
method, the more rigorous dynamic method of analysis described earlier might j 
well provide a more satisfactory alternative for design purposes. -!;!: 
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r:
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= dbne~,i,ior.l ess fr eq·.1ency parameter, derin,~d b y Eq . 6 ; 
c

1

, ::, = dime:ii;i1Jnlct;s d!l.mpinr. ::oei:.'. icients in E<1 , 12; 
Cu, r:: ?> c~

1 
= climem;i•Jnless da1r.11ing cc:eftici ent s in Eqs . 10 anrl 11; 

c x, c;, = ciamping coefficien:.s o( damper s (or model in Fig. 9; 
/

1

, , f~z , J
1

: , _!~ , = ciime11:1iot:lcss !lexibilit-; coeHicients in Eel, 3 ; 
g

11

, g,
2

, g
12

, ,, ;-
20 

= dimensioaless flexibility coefficient s in Eq. 3; 

i = ..r-1; K;,; = st:i.~ic later a l s tiffness or disk, defined by P/u 51 in 'Eq. 4: 
K,p = ~;tati<: r otational stiffness of disk, defined by MN.st in Eq. ~ 

k\ , k
2 

= dimensionli; s s s tiffne:.;t, c:oeifid er.ts in l~q. 12,; 
k

11

, k
12

, 
1
~~, = di.mcnsionie:s& stiifoc:;f. c~e:fiicients in 'Se;s. 10 aud 11 ; 
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SIMPLIFIED PROCEDURE FOR EVALUATJNG SC.IL 
LIQUEFACTION POT ENTIAL 

By H. Bolton Seed,1 :;✓:: , ASCE and Izz1t ,v!. Id:·i s s,2 A. ~:L ASCE 

Cataslrophic failures in recent e,;.rthq_uakes have p, ,,v tded ::i ~ube,·i n,.; 1·c · 
rninde r thal lir,uefaction of sandy soils r,s a r es ult of earthquake ;<ro,md sh:tkir,g 
,JOses a. major threat to the saiot.y of c ivil eng ince~·i r.g str uc tu ::~s. 1fajo :· :,tr.d­
~lic:e3 (n), lateral movemc~nts of bridge suppor ts (G, 24), sclt!ir.g and t i'.tin~ oi 
il\lildings {19,26), and failure of waterfront J'etai11i:1t{ strc1c!urts (1,8, ::o) h:we 

~ :i.11 been observed in rl':!cent years as a result •Ji this p:·.c 1~on:e11or, ::.r,c' dfor~s 
.• ~.a-:e been increasingly dire<:ted to tl:e devetor,rne1!t of i·:e:tb..!s cf eV1luati,lg 
) 1h,, liq1:e!action potential of soi l deposits. It is the purpose of tl'.c prcsr. rt p:~per 
~ !,) (lescribc a simplifiec! procedure for evaluathg liquefaction potent ial a:,d to 
,· rc•r.1pare lhe re::;ults obta ined by lhe method with :: r:vmbc.i:- of cases in which 

., 
t 
', 

:•,~"efaction is known either to have occurreci, or not c,;:c::ned in the field . 
lt should be noted a t the outset that the te rm liqud;~c tio;1 :.s used herein 

' .i, ;crib~s a p henomenon in which a crih:!sionless soil !of-cs ! trengtr, -11:rin; 
,;,-i e:,rt!ie]uake and acquires a decree of m obility suffich>nt to i:ctmi! :nove­
,1-- ~: :1 :-a:1g ing from several foet to several thousand feet. Wr"~n the ter:n wa:; 
r n:n ?!>· Introduced it was intended to describe a phenome,1on ;,~ whic!i :i s d l 
.,._ h r..d-?r~o l;;rge movements, :u; in flow sl:dcs, with li ,ilc vr no resi::-ta::ce 
1 :,.-'l.r,mPnts. Ho\~ever failures due to ilmited mo'.•eme1,t:; cf ,;ever:il iee l in 
' <· '. ; •1 ~:·thquakes have been attrt::iuted to Iicu.:-::iction. \\'h: le tLP i!::rt'?': .;;ye lie 
'''·•,: ;·, ~, ,;-'.:t be :rur e iliJp r opri;!tt> t,J descdbc this t:,:~c, ,1/ soil l:,,h:wio,., the 
* 'ti.'.-,~ .., 1~-' o! th,~ t~rrn liqu,~f,1ct !c.n rs adoptt:rJ in the foll r.1,·in;~ jJ;1~~r.s . 

.... ~ .. ·: ¥1 ';_·: · !o ."i. •~c-n:,!dr.r :1tior:::; o f !iqL:e!a.-: tion :1 .-~ l: rnitc,~ u-: ,- :1.st.:~ ,,f r c!:id-.·cly 
. . ! · ·.• ..;-" 4 t .-... !~t;-rf! l~c:' r ~ ?.J)C:'l.5.-:' •! th,~ Soll to s t r f':i •it;l ~ l rH!u~:,_•d by :t:i (•,u·rh -
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quake is not further complicated by the presence of initill horizontal shc:1/' 
st1·csscs r'.\:c 10 lhc proximily of significant surface irregularities. 

FACTOrlS KNOWN TO INFLUENCE LIQUEFACTION POTENTIAL 

Both labor.1.tory investigations and observations of iield performance ha'°' 
shown ll1 :i l tl10 liquefaction potential of a soil clcposit lo ea.rthquake mol!ont 
depends on the charncteristics of the soil, the initial stresses acting on th~ 
soil and thc characteristics of the earthquake involved. The significant factors 
include: .(1) Soil Type; (2) relative density or void ratio; (3) initial conf!n!~ 
press\irc; (,!) intensity of ~round shaking; and (5) duration of ground shak!ns. 

Soil Ty/;c , -For cohesionlcss soils, the soil type is perhaps most easl!r 
characterizer! b)' the grain size distribution. T.h,er.e_is...s.om.e_evidenc.,e.J.Q_shoT 
that unifo1.:_i:_1._1jy_gr.,'J.Q..G.9 m¥.£.:j;,u.s_ar.e.Ql.Os..L~Y.§.c.entible to li ue!ac tlon han._1vc!l, 
gradc~c.rials[Ross, et al. (24); Lee and Fitton (16) and that !or uniformly 
graded soils, fine sands tend to liquefy more easily than do coarse sandt, 
gnvelly soils, silts, or clays (16). In a study of bridge foundation displac~­
ments in the Alaska earthquake, !or example, Ross, et al, noted that lhNt 
were no caccs of bridge dam.age due to this cau·se for structures supported on 
gravels, bul lhere were many cases of damage for bridges supported on sands. 
Again in the Fukui earthquake, Kishida (11) notes that liquefaction occurred al 
a site where the upper 15 ft consisted of mcdi\lm sand, but there was no lique­
faction at an ndjacent site where the soil in this depth range was a sandy slit. 
These field observations arc supported by the results of laboratory cyclic 
load tests on a wide range of materials (16). 

Relative Density or Void Ratio .-Since the classical work of Casagrnndt 
(2) on the vc,lnme changes accompanying shear deformations in cohesionlcss 
soils, it has l1een generally recognized that the susceptibility of a given so!l 
to liquefaction will be determined to J!_hlgh degre_e_.by_its_ voi.dJ'_atio or relal11·t 
density, In MY given earthquake loose sands may liquefy but the same mafc• 
rials in a clenser condition may not. 

In the city of Niigata, Japan in 1964, !or example, liquefaction was extcn• 
sive where the relative density of the_ sang_w.as-.about- 50-%,, but it did not 
develop in areas where the relative density exceeded about 70 %. Laboratorr 
test data of :i.11 types shows the important influence of this factor on soil 
behavior. 

Initial Co11jini11g Pressure. -There is considerable evidence to show lhal 
under earthquake loading conditions, in contrast to flow-slide suscepl!bllltT 
under static load conditions, the liquefaction potential of a soil is r educed b; 
an increase in confining pressure. Laboratory tests by numerous investip• 
tors (4,5,16, 17 ,18,21,27) have shown that !or a given initial density, the slrcH 
required lo initiate liquefaction under cyclic load conditions increases \\·llh 
the initial confining pressure. The effect was also shown in the field durlnt 
the Niigata earthquake where soil under a 9 ft !ill remained stable, but slml• 
lar soils surrounding the fill liquefied extensively (26). 

The l11lr.11si:ty of G1·01md Shaking.-For a soil in a given condition and under 
:,, given confining pressure, the vulncrahility to liquefaction during an earth• 
quake clepc1:cls on the inagnitude of the stresses or strains induced ia it by Ult 
earthquake ; these in turn arc related to the intensity of g-rouad shaldni;. TI'l 
sirrnificnnc0. nf the applied stresses has been shown by many laboratory l~· 
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rcsl!gntions, but lhe imporlnnt effect of ground shaking inlcns lly in the field 
19 well illustrated by the soil behavior at Niigata in J;ipan. Records of earth­

:;,f quakes for this city extend back over a period exceeding 1,000 yr; nnd esti­
mated vnlues of m:iximun: ((round accelerations for cnrlhqunkcs affecllncr the 
e!ly in the past 370 yr nre shown i11 Fig. 1. These values were determined 

f
'. from the rela't!onsh!ps between earthquake magnitude, distnnce from source 

c-r energy rele:i.sc and maxlmum isround accelerations suggested by Housner 
(~) with appropriate corrections for the cHect of local soil concllt!ons based 
c.11 the recorded grouncl acceleration of 0.16g in the 1964 earthquake. Magni­
~dcs and epicenter locations for the earthquakes affecting Niigata have been 
presented by Kawasumi (1 O). • 

It may be seen in Fig. 1 l.hat although the relatively loose sands in Niigata 
!uve been shaken by 25 earthquakes in the past 370 yr, historical r ecords 
5how only· three occasionr, on which liquefaction has been reported in or near 
lillgata itself; on these occasions the estimated ground accelerations were in 
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FIG, 1.-ESTIMATED MAXIMUM GROUND ACCELERATION IN NIIGATA 

txccss of 0.13g, culmina ti ng with the' extensive liqu efaction in 1964 when 
p-ound accelerations had t.hc!r probable maximum value of 0.16g. Of special 
l!gnlflcance, however, is the fact that in 22 other earthquakes producing esti­
::ia!ed ground accclerallons ranging from 0,005g to 0.12g, there was no indi­
nllon of any soil liquefaction in the city [Kawasumi (10)] . The intensity of 
crov.nd motions must thus be considered an impo1·tant factor in evaluating 

· t-Oll liquefaction potential. · · 
·· Duration of Ground Shnldng.-The duration of ground shaking is a signifi­

t.1nt factor in dct:n·mining liquefaction potential because it determines in a 
nncral way the number r,f significant stress or s tr ain cycles to w:iich a soil 
1.5 subjected. All laboratory studies of soil liquefaction under cyclic loading 
:cndlt!ons show that fo,· :1ny G"iven s tress or s train level, the onset of llque-

t !J.ct!on depends on the ~pplication of a r equis ite number of s tress or st::ain 
·1 !7clcs. In the field, the i.i,portancc of this is perhaps best illustrated by the 
_ h.1il11lldes which were t ri[irrcr cd IJy llqu efnclion in Anchora~c during fhc 
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Alaska earthquake of 1964, These slides did not occur until about 90 sec alter 
the earthquake motions started (22) indicating \h.:? need for ' development of 
su!flcient stress· cycles to induce liquefaction :ind instability. Clearly if the 
duration of gr ound shahint; had been ·only 45 SC-L\ no liquefaction or soil in­
stability would have developed. 

GENERAL METHOD OF EVALUATING LIQUEFACTION PO'rENTIAL 

SM 9 

,:,. (, ' 

LIQUEFACTION POTENTIAL 

. : , ,_ i•i r ' 

Streu 

. ~:1 ;'. : 

In view of the evidence that' the 2 forementioned five factors have a signifi­
cant in!luence on the liquefaction potential of :my soil deposit, it is apparent 
that any method for evaluating liquefaction potential should take these factors 
into account. Accordingly, Seed and Idriss (2G) proposed a general method for 
evaluating liquefaction potential involving the following steps: 

,·,, \l .•. :. ,,:·, 
l ~.I J f ~ J •j; '• . 

:_ - , :. ! J '1 -' • I 

·rd ,,,,, 
: •., J .t I ~ ., 

) ' 

1. After establishing the soil conditions and tl:e design earthquake, deter­
mine the time history of shear stresses induced by the earthquake ground 
motions at different depths within the deposit. 

2. By appropriate weighting of the stress leve::ls involved in the various 
stress cycles ~hroughout the earthquake, convert the stress history into an 
equivalent number lof uniform stress cycles and plot the equivalent uniform 
stress level as a function of depth as shown in Fig. 2. By this means the in­
tensity oi ground shaking, the duration of shaking, and the variation of shear 
stress with depth within the deposit are taken inlo account. 

I 

3. By means of available field data or laboratory soil tests on representa- . 
live samples, conducted under various confining- pressures, determine the J 
cyclic shear stresses which would have to be developed at various depths lo l 
cause liquefaction in the same number of stress cycles as that determined in 
step 2 to be representative oi the parlicular earthquake under consideration. 
Either cyclic load triaxial compre£sion tests, or cyclic load simple sheu 

' :1. 

Depth 

Cycflc 1tru1 doeloped 
for N c7ctu by 
10rrt1quakt motion, 

Zon1 of liqu1toc,1,1oi, 

C1clic sires, c.o:.i 1-iMi 
liquo: focfion in N c:1c:u 
(from teS:in9 pr oc;r Jrn) 

FIG. 2,-METHOD OF EVALUATING LIQUEFACTION POTENTIAL 

, Moximum Shear Slress 0 .. 
\ (1:'mo, ld 

'd \ ~ 

h 

tests may be used for this purpose, The interpretation of the test data lo) 
determine the stress conditions causing liquefadicn in the field and the avall.• { ' i : 
ability of field data have been presented elscwhe're [Seed and Peacock (29Yi, I ; : 
However in this way, tile soil type, the in-place condition and the initial effec­
tive stress condition may be appropriately t:ii<un into account; the stresses 
required to cause failure "may then be plotted as a function of depth as shown ' 
in Fig. 2, 

1 
,-.. ~ ) Omax 
~'-mo1 r • )'h• 0-

i; i 

: . ~ . ,. . .1 

: . ... . ~'. ... ' 

4. Dy comparing the shear stresses induced by the earthquake with thoM 1 · Ocprh 
rcq~ired to cause liquefaction, determine whether any zone exists within tho , !,. • 
deposit where liquefaction can be expectea to occur _(induced stresses exceed :,;' ;'·c ·f t 
those causing failure). In applying the method, the stress history at varlous 

1
,. ,-; 

depths in a deposit can best be determined by a ground response analysis (261, · :: ··iri ; ' 
possibly co~ducted in st~ps to take into .. account t~e changing deformal!Oll · f. :;-: ~ff:.··: .. 
characteristics of the soil as the pore pressures built up (28). In most cases , · • · f , •• . 
this latter refinement is unnecessary :because the soil properties do not : .:, ; 
chnn~e appreciably until liquefaction is inimin-:nt. Even so, a ground respon3c • · i· • ~ 
analysis may involve techniq•..1es, skills ,and-equipment which are not rcadl!J ~ ~- ·;- '•· 
available, In nddition, the conduct o! cycli.c load tests may presentdifficultlcs. • ·, ·· 

Accordingly, in applying thc,,method over a period of time, simplified tech· 
niques have been developed for evaluating induced stresses and soil char..c•. 

', 
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FIG, 3,-DETEilMINATION OF MAXlMUM SHEAR srn1-:ss 
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tc;·is lics which :Hi'! s:1rrlcicntly accurate for many practical purposes. These 
tech1,iq:1cs arc de.sc r ibed herein. 

SIMPLIFJED PROCEDURE FOR EVALUATING STRESSES 
INDUCED DY EARTHQUAKE 

The shear stresses clevcloped at any point in a soil deposit dul'ing M earth• 
quake appear to be clue primarily to the upward propagation of shear wavcR 
in the deposit. If thn soil column above a soil clement at depth h behaved as a 
rigid body and the maximum ground surface acceleration were am:ix, the 
maximum shear stress on the soil clement would be 

•. , h 
(Tma,_lr = ~ - 0 ma, • · · ' ' · • • · · • • • • · • • • • • • • • • · • • •••• (l l 

in which i' = the unit weight of the soil [see Fig. 3{a)]. Because the soil col• 
· umn behaves as a• deformable body, the actual shear stress at depth I:, 

(Tn1a,Jd, as determined by a ground response analysis will be less than 
( T max\ . and mighl be expressed by 

(Tm;ixld = i·r1 <•ma,lr · • · · • ••• • •• • • • • •• • ••• • •• • (2) 

in which ra = a stress reduction coefficient with a value less than 1. The 
variations of ( T m:1:s: ),. and ( r ma.,)d will typically have the form shown in Fig. 
3(b) and in any giv~n deposit, the value of rc1 will decrease from a value of l 
at the ground surface lo much lower values at large depths, as shown in Fig. 
3(c}. 

t, 
~ 

l 
J 

Computations of lhe value of rc1 for a wide ·•variety of earthquake motions 
and soil conditions h:i.ving sand in the upper 50 ft have shown that ra falls 
within the range of values shown in Fii;. 4. It may be seen that in the upper 
30 ft or 40 ft the sc;..ttcr of the results is not great and for any of the deposits, 
the error involved in us ing the average values shown by the dashed line would 
generally be less than about 5 %, Thus to depths of about 40 ft, a reasonably 
accurate assessment of the maximum shear stress developed during an earU1-

131 t quake can be made from the relationship 

7 ma, 
- i' h - g a ma, ra , .. 

in which values c-f r1 are taken from the dashed line in Fig. 4. The critical j, 

depth for development of liquefaction, if it is going to occur, will normally be . . · 

.. .. ... 

in lhe depth covered by this relationship._ . 
The actual tim e-his tory of shear stres·s at anypoint in a soil deposit during 

. an earthqua.1<e will have an irregular from such as that shown in Fig. 5. From 
such relationships i.t is necessary to determine the equivalent uniform aver• 
age shear stress . By appropriate weighting of the individual stress cycles, 
based on laboratory test data, this determination can readily be made. How· 
ever after making t!:csc determinations for a number of different cases ll 
has been found that \\' :th a reasonable degree of accuracy, the average equiva• 
lent uniform sh<> aJ.' s tress, Tav, is about 65 % of the maximum shear stress, 
T mx-:. Combining ti1is r esult with the preceding expression for T max it fol· 
lows that for prac lic,11 purposes, the average cyclic shear stress may be 
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(4) 

The ;rpproprlate number of significant st~·ess cycks .Ye will depend on the 
duration of ground sh:i.king, and lhus on the mat;·llilude of the earthquake. 
Representative numbers of stress cycles n.rc 

Earthquake Magnitude Number of Significant Stress Cycles, N c 

7 
7- 1/2 

8 

10 
20 
30 

The use of these values together with stresses determined from Eq. 4, pro­
Yldes a simple procedure for evaluating the stress0s induced at different 
deplhs by any given earthquake for which the m:txilllum gr ound surface ac­
celeration is !mown. 

SIMPLlFIED PROCEDURE FOR EVALUATING STRESSES 
' CAUSING LlQUEFACTION 

Determination of tlie cyclic shear stresses cau~iag liquefaction 'of a given 
snil in a given number of stress cycles may be niade either on the basis of 
lhe stress conditions !mown to have caused liqudac:tion of sands in previous 
earthquakes (2!l), or by means of an appi·opriatc laboratory test program. 
Because available field data arc somewhat generafo.ed with respect to sand 
types and earthquake duration, a labor atory test pi-c,1::r·am using cyclic loading 
triaxial compression tests is often preferred. The results of a. number o! 
such investigations on soils with different grain sizes, represented by the 
mean grain size, D50, and at a relative density of 50 % are summarized in 
Figs . 6 and 7 (29). The r esults of these tests are expressed in terms of the 
stress ratio CJac/(2CJ0 ) causing liquefaction in 10 cycles and 30 cycles, where 
CJdc is the cyclic deviator stress and CJa is the initial ambient pressure under 
which the sample was consolidated. Although the lcsts were performed by 
different investigators, it may be seen tha t there is a reasonable degree or 
consistent.:y in the results, suggesting that these data may be used to estimate 
the liquefaction characteristics of other sands from a lmowledge of the mean 
grain size, DSO' The stresses r equired to cause liquefaction for sands at olhcr 
relative densities may be estimated from the fact that for relative densities 
up to about 80 %, the shear stress required to c.:;iuse initial liquefaction ls 
approximately proportional to the relative density. 

Also shown in Figs. 6 and 7 arc the values_ of lhe slress ratio T /(1~ causln~ 
liquefaction under field conditions, estimated 'from Lhe results of simple shc:ir 
tests; r is the shear stress developed on a horizontal plane and CJ~ is Uic 
initial effective overburden pressure. It may bl! sc·c.:n that the field value o( 
r/r;~ is less than the corresponding value of ac1c/(2ca), However the two 
stress fatios may be related by ' 

(-+) = (!!.tlr..2 ) ·er • , • • • 
0oz CJal · 

. ' 
' 

•••• • •.• • • • • .; •••• (5) 
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;H.; 
\ ! .,. . . · 1 l ,, 
) \ in whir.h l'r = a corrcc:lion factor to be applied to laboratory triaxial test l represe?tative element at one or these depths. ; .. (\ ~ 
; l data lo obl;,.in lhe slress co:-idilf ?~S ca'.1sin? li_qucf:tction in_ the field. Dc_tailed r Co~1s1der for example, a dopo:;it oI sand Ior which D~o OI 0.2 mm, the water ; . ,~ ~ 
! ; coasiccration of the stress conditions in tr1ax1al compress1?n test spec1me~s 1 / table 1s 5 f~ below the ground surface and which is subjected to ground shaking if :l 
; \ and the limilatioils o f lhc lest its elf have led to the suggestion that a?propr1 - · l by a maipntude 7 earl!1quakc. The average shear stress induced for about 

10 
t: i 

: , a le values of c. vary wW1 relative density approximately as shown in F1g. 8 l• cycles will be determined from Eq. 4. At a depth of 20 ft r e, 
0 05 

(see ! , 
1 l (29). Thus the tist dal:t i:1 Figs. 6 and 7 together with the values of Cr in F ig. ;. Fig. ~) giving ' d • 1} l 
1 8 pl'ovid~ a simp~c mr:-nr,!3 f_or ~sscssin_g the stress _conditions likely t~ cause f '. ~ Y h '. i \ 
,d liquefaction of differ ent soils m the fie ld. For a given soil at a relative Dr, f. T a v - 0. 65 X O. 05 x - n max •••••• • •••• •••••• •••• ••• (

7
) i·~ / 

.1 i the stress ratio causing liquefaction in the field may be estimated from \ g . i I : 
! \ D ·1 l If th~ shear stress r equired t0 cause initial liquefaction in 10 cycles is 

7 
' ~ • ,!j (+) e:, (r-1 Cr --=-cf ... . ....................... (6) f t ltfollowsfromEq.6 l10 , ;, 

j. l 0 0 zn1• _or.11,0 o , IlJ.A .,,,, (!!.tu:.) !21:. - . 
:if in which the suffixes D 1• and 50 denote relative densities of Dr and 50, r espec- {,:~ 0 ~ 2°a lso_ 50 c,. • · • • • • • • • · • • • • · • • • • • • • • • , • .•• • (8) 

;, l Howevei for a soil with DGo <>-· 0. 2 mm, the data in Fig. 6 show that 
,j I 1.0 ' (~) 
'!~ I' : e:, 0.24 ..••. ... . • 
! •. ! , 2o a !Go • • • • • • • • • • • • • • • • • • • , • • • • • (9) 
F J I • ; " 

•i 1 ; . D 
:! .... o.e --- ·.· giving Tz "" 0. 24 a' ::::..1; c 
· : : ./ ; 10 o 50 r ... • • • • .• • • • . . . . • • • • ' • • • , • • • (10) 
l· ~ ·t 

:1 '.( o.G - ··- ··- ~ Ji The s:d w~ll develop initial liquefaction in 10 cycles if 

I • --- t av , T l10 • • • • •• • • • • • • • • • ••••••• ••• • • •• •• ' • • • • • ( 11) 
:, c, • i' h D . 
; !,c, 0.65 X 0.95 X - a = O 24 o-' ::::.r c .J g max • o 50 r • • • • • • • • • . • • • . • • • (.l~) 

: o.4 . I · -=--=------ · . . _; ! ·, .. a max 0. 24 a' ( ·. .. . · or "' _.a... c D :: I ·: g 0.65 X 0.95 X 50 yh r r • 
!: I j -... • . . . . . . . . . . . . . . . . . <13) 
.j O 2 

I "' 0 0078 Ea D . ' ..... ..... _ ., 
l' . • i' h c,. r . " 

,I :: I : For a water table 5 ft bel ow the ground surface and a soil element at a depth 

jl . I• 

l r H 
·'! 0 

0 20 4 o Go eo 100 , of 20 !t i,; ... _, __ . - ..._ __ 

;.~ ,~ 
ti f 
r, ' !d 
't. . I i 

'.(· 

! I I 

iii 
lL 
la 
I :I 'I:, 

f ~ 
I
.,, 
I .. 

j ; ! 

!· 
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FTG, 8,- RELATIONSHIP BETWEEN Cr AND RELATIVE DENSITY 

tivcly, and values oi[ o-c1c/(2o-11 )] z50 arc taken from Figs, 6 and 7. On speci!lc 
projects it may often be desi r able to perform cyclic load tests to determine 
the s tress conditions causing liquefaction but fo1· many purposes the use or 
Eq. 6 o r available field data (29) may be adequate. 

EVALUATION OF LIQUEFACTION POTENTIAL 

J In order to evaluate the liquefaction potential of a deposit it is necessary 
o determine whether the s hear stress induced at any depth by the earthquake , 
etermincd from Eq. 4, is sufficiently large to cause liquefaction at that 

l depth, as indicated by t:1e relationship in Eq. 6, For deposits in which the 
water tahle is at a depth of O rt to 10 rt, the critical depth will often be about 
20 ft and for those where the water table depth is about 15 ft, the critical 
depth may be abou t 30 ft. Thus the evaluation can often be made simply for a 

I 

f' 

l 
I 

"lh "" 20 X 112 °" 2,240 psf. .•. .• .• , •... •• •.•• . •.• , .• 

a~ °" 5 X 112 + 15 X 50 "" 1,310 psf , •. . . , . , . , ,: •.. , . , . 

(14) 

(15) 

Th am:ix O 0078 X 1,310 D l us -r e, • 2 240 Cr r 
, •• • ••• , .••••••• •. •• • ••. (16) 

"' 0.0046 CrDr 

The r elationship b etween a ma., and D,. indicated by this equation may be 
evaluated as follows: 

Dr 

30 
40 
50 
60 
70 
80 

er (from Firr. 8) 

0.55 
0.5:i 
0.57 
0.60 
0. 6·1 
0.68 

amaxll! = 0,0046 CrDr 
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J::arthqtL'\ke Date 

(1) (2) 

Kiigata 1802 i 
Nii:;ata 1602 

Niigata 1887 
Kiit:ata 18S7 

l\linoOwari 1891 
Mi:\o O-.vari 1891 

Mino Ow:ir! 1891 
l\lino Owari 1891 

Santa l!l23 
Barbara 

El Centro 1!)40 
El Centro 1910 

El Cc:.itro 194 0 

Tohnankai 19<14 
Tohn:i.nkai 19-H 
Fukui 1948 
Fukui 1948 
Fuk\ti 194S 

J.,'ukui 1948 

·1 

.! 
San 1057 

Francisco 
Chile 1960 

Chile 19GO 

Chile 19GO 

Niigati 1964 

Niigata l !l/H 
Niigata 1964 

!'Higa.ta 1964 

Alaska 1964 

Alask.1 196'1 

Alask:i 1964 

:.. .. . .. ~~ J•.:-i:i ;•:. "· ..... ~ .;-
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TADLE 1.-SITE CONDITIONS AND EARTHQUAKE DATA FOR 

Approximate 
distnnce from Depth of 

?l!n~iitucle Site source of Soil type "'ater 
energy re- table, in 
l ease, in feet 

miles 
(3 ) (4 ) (5) (G) (7) 

G. G Niigata 24 Sand 3 
G.G Nilgata 21 S:i.ncl 3 

G.l Niigata 29 Sand 3 
1).1 Nllg-nta 29 Sand · 3 

, 
SA Og:.1.ki 20 Sand 3 

· 8.4 Ginan 20 Sand 6 
West 

8.1 Unuma . 20 Sand and gravel G 
8.1 Ogase 20 Sand 8 

Pond 
G.3 Sheffleld 7 Sand ctl5 

Dam 
7.0 Brawley 5 Sancl 0<15 
7.0 All- Am. 5 Sand .. 20 

Canal 
7.0 Solfatara 5 S;md 5 

Canal 
s.:i Komci 100 Sand 5 
S.3 ~reiko St. 100 Silt and sand 2 
7 .2 Takaya 4 Sand 11 
7.2 Takaya 4 Sand 3 
7.2 Shonenji 4 Sand 4. 

Temple 
7.2 Agr. 4 Sand and silt 3 

Union 
5.5 Lake 4 Sand 8 

Merced 
M Puerto ct70 Sand 12 

Montt 
SA Puerto ct70 Sand 12 

Montt 
SA Puc11:o et70 Sand 12 

Montt 
7.5 Niigata 32 Sand 3 

7.5 Niigata 32 Sand 3 
7.5 Niigata \ 32 Sand 3 

7 .5 Niigata 32 Sand 12 

8.3 Snow 60 Sand 0 
River 

5.3 Snow 60 Sand 8 
River 

8.3 Qu:ni:7, 
Creel, 

70 Sandy gravel 0 

SM 9 LIQUEfACTION POTENTIAL 

KNOWN CASES OF LIQUEFACTION AND KONL!QUEFACTION 

Average p<:'nc- ?,!:txlmum 

Critical tratlon r e- Relative ~-ow1d Duration 

depth , sistance at 
density, surface of sh:ik- Field 

in feet critical asn per- . :tr.cclc- ing, in behavior 

dcpth.N , 
ccntagc 1·otlon, in seconds 

units of l! 
(8) (9} (10) (11} (12) (13) 

20 6 53 0 .12 c:,20 No liquefactlo~ 
20 12 G4' 0 .12 r:.<20 No liquefaction 

20 6 ·. 53 . 0 .08 .. 12 No liqucfactlo~ 
20 12 G1 0 .08 0<12 No liquefaction 

I 

4.5 17 65 e</),35 .,,,75 Liquefaction 
30 10 .. 55 t:e0.35 ..,75 Liquefaction 

25 19' 75 010 .35 0,75 No liquefaction 
20. 16 72 c:0 .35 ..,75 Liquefaction 

25 
. . - 4.0 o:0.2 15 Liquefaction .. 

0<15 
. , 

- · 58 010 .25 30 Liquefaction 
ot25 - '· 43 "'0,25 30 · Liquefaction 

"'20 - 32 c<Q .25 30 L iquefaction 

·- · 13 4 40 c:Q,08 0170 L iquefaction 
8 1 30 010,0S 0170 Liquefaction 

23 18 72 e<0 ,30 c<30 Llqucfae;tion 
23 28 DO C.<0,30 ot30 No liquefaction 
10 3 40 "'0.30 "'30 Liquefaction . 

.. 
20 5 50 e10.30 <><30 Liquefaction . 

· 10 . 7 55 c:,Q.18 18 ' Liquefaction 
' . 

I 

15 'i, 50 t:e0 ,15 <><75 Liquefaction . 

16 8 55 c,Q,15 ,,,,75 Liquefaction 

20 18 75 o,Q.15 ot75 ' No liquefaction 

20 6 53 0.16 40 Liquefact ion . 
... ., 

25 15 70 O.lG 40 Liquefaction 
20 12 G4 0 .16 40 , . No liquefact~on 

: 

25 6 53 0 .16 40 No liquefaction 

20 5 50 c<0 ,15 180 Liquefaction 
I 

20 5 41 
I 

01 0 .15 180 Liquefaction 

"'25 40-80 100 I :s0.12 180 No liquefaction 
-
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(l) (2) (3) (4) (3) 
------

Scott ' 5~ · 

(6) 

Snr.d 

SM 9 

TABLE 1.-

(7) 

0 
Ala~k:t 196·1 8 .3 

Glnc:icr 
l 

. \ 

Al:.1skn HlG4 8,3 Valdez ~C: sand nncl grnvol 5 

T oknchlokl 1%8 7,8 llnchinohc 45 to llO . Snnd 3 · 

Tokuchlokl 1%6 7.8 !lnchlnoho 45 lO 110 Sund ' . 3 

Tok:tchlokl 1966 7.8 Hnchinohc . '15 to 110 : S::md ~ l ' 5 

Toknchlold lDGS 7.8 Hakodntc 100 S:l.lld 3 

and the relationship can be plotted as shown in Fig. 9. If, for any given value 
of maximum ground acceleration , the relative density of the deposit exceeds 
the value indicated by this relations hip, liqnd,u :tion would not be expected lo 
occur, and vice versa. Relationships eompu lcc'. (ollowing the same procedure 
for water table depths of 10 ft and 15 ft a1·c also plotted in Fig. 9, indicating 
the lower degree of liquefaction potentiai resulting from a greater depth of 

water table. · 
Similar computations can readily be made for o ther soil types, depths or 

water table and number of stress cycles. Soils having the greatest suscepti­
bility to liquefaction appear to be very fine uniform sands, with D50 of the 
order' o! 0.08 rrim , For such materials the rdationships between a m:.ix and 
relative density for which initial liquefaction would just occur in an earth­
quake producing 20 stress cycles for different water table elevations arc 

shown in Fig. 10. 

1 
1 

In general when liquefaction of sands develops in the field, the mean grain 
size might be expected to range· from 0.075 mm to about 0.2 mm and the num­
ber of stress cycles from 10 to 20. Thus the boundaries between conditions 
which do and do not liquefy might normally be ~xpected to be within the range 
by the conditions: D

50 
"' 0.075 mm; Ne = 20; D,0 "" 0.2 mm; Ne = 10. The 

computed relationships between rulative den:;ily and maximum ground ac­
celer;ition for which initial liquefaction _will ju s t occur for these conditions 
are plotted in Figs. 11 ·and 12 for water table depths of 5 ft and 10 ft, respec­
tively. For earthquakes exceeding about !l"la;;aitude 7 and appropriate water 
table depths, it might " therefore be expect<:!d that combinations of relative 
density and maximum ground surface accele ration falling above the upper 
curve (D

50 
""0.2 mm; Ne = 10) in Figs. 11 :,nd 12 would often cause liquc • 

faction; combinations fall ing below the lower curve (IJ 50 "' 0.075 mm; Ne • · 
20) would usually be safe against liquefaction; while combinations falling be• 
tween the curves might cause liqueiaction or not, depending on the particul:tt 
combination of conditions involved. It is belir,vcd that charts of this type c:u: 
provide a useful guide in the evaluation of s oil liquefaction potential durin, · 

earthquakes, 
1 

COMPARISON OF LIQUEFACTION POTENTIAL EVALUATIONS 
WITH FIELD BEHAVIOR 

The only reliable method for cleterznir. ing the usefulness of any m ethod c,/ 
evaluating liquefaction polcatial is by_ comp.iring i ts results with the kno1ri 

SM 9 LIQUEFACTION POTENTIAL 

CONTINUED 

(8) (D) (10) (11 ) (1 2) (l:l) 

0120 10 65 010.16 180 Liqudac-ti,)n 

0120 13 GS c:,0,25 1 80 Liquofaci I on 

, .. 12 14 . . 78 0.21 45 Noliqudaction 
. :. 12 G . ' 0,21 45 Llqucfac!"i.:m ·: , :58 ·. 
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,,. •· . 80 . 
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.(1'1) 

Ross c:t al. (2-i) 

Coulter :inti 

Migl i:.icclo (3) 
Ohs:.ikl (:~O) 
Ohsnkl ( i O) 
Ohsnkl (20) 
Klshlda (13) 

FIG. 13.-RELATIONSHIP BETWEEN STANDARD PENETRAT ION RESISTANCE, 
RELATIVE DENSITY A ND EFFECTIVE OVERB URDEN PRESSUHE"(AFTER G!UBS 

. AND HOLTZ) . ' 

performance of soils in the field, Accordingly a compila tion has been made of 
t number of cases in which sand deposits have, or have nol liquefied during 
tarthquakes. The soil conditions, ground motions and field behavior in thes e 
cases are summarized in Table 1. 
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In most cn:=;cs no direct measurement of relative density was made but 
d:,la were :l\'~:: la\Jle concerning the standard penetration resistance of the 
deposits. ln tl1r;sc cases the in-situ relative density was determined from the 
rel:itionship br.l·.•1e-en relative density, penetration resistance and effective 
overburden pressure proposed by Gibbs and Holtz (7). This correlation is 
J)l'CSCnted in Fir;. 13. 

In addition, m('asurements of maximum ground accelerations were avail- · 
able for only :i fr.\\' cases. Thus in most cases it was necessary to estimate 
the maximum p;rnund surface accelerations from the approximate relation­
ships between c:i rlhquake magnitude, distance from zone o! energy release, 
and maximum ground acceleration proposed by Housner (9). 

In this w:iy, for locations where the water table was about 5 !t below the 
ground surface, ll was possible to determine combinations of relative density 
and m,:.ximum ground surface acceleration for 15 cases where liquefaction is 
known to have occurred and eight cases where liquefaction did not develop. 
These cases are plotted in Fig. 11, larger symbols being used for cases where 
ground motion measurements were available and smaller symbols for cases 
where ground motions had to be estimated. 

For locations where the water table was ·about 10 ft below the ground sur­
face it was posslble to determine combinations of relative density and maxi­
mum ground surface acceleration for eight cases where liquefaction is !mown 
to h:i.vc occurred and six cases where liquefaction did not develop. These 
cases are plotted in Fig. 12. 

It may be seen from Figs. 11 and 12 that the liquefaction behavior of soils 
in the field is in reasonably good arrreement with the anticipated behavior 
determined by the simplified procedure for evaluating liquefaction potential. 
It appears therefore that evaluations of this type provide not only a convenient · 
means of summarizing available lmowledge of conditions causing liquefaction. 
in the field in past earthquakes, but also of extending this information to 
different conditions of relative density and maximum ground accelerations. 

COMPARISON OF LIQUEFACTION POTENTIAL EVALUATIONS WITH 
LIMITING CONDITIONS FOR LIQUEFACTION AT NlIGATA 

In the Niigata earthquake of June 16, 1964, extensive liquefaction occurred 
in some parts of the city, but not in others. The maximum ground accelera­
tion recorded in the city was 0.16g. Following the earthquake Japanese engi­
neers made de tailed studies to determine the differences in soil conditions 
between the heavy damage area where liquefaction occurred and the light 
damage area wh8rc liquefaction did not develop. It . was concluded that llic 
essential dif!crcn:::e was a somewhat. higher relative density, as evidenced by 
higher values of the standard penetration resistance, in the light damage area 
as compared with the heavy damage area. Independent studies by Kishida (11) 
and Koizumi (14) led to the delineation of boundaries, in terms of variations 
of penetration res istance with effective overburden pressure, between those 
soil conditions producing liquefaction and those for which liquefaction did not 
occur, (see Fi[!. 1'!) . 

It ls interesting to compare these boundaries with those which might be 
determined by I.he simplified procedure for evaluating liqu efaction potential·. 
For the conditions at Niigata, the mean gr ain size for the soil ranged from 

.•. 
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about 0.1 mm to 0.5 mri1 , l.h0 wnter table was about 5 It below the ground sur~ . 
face, and the earthquo.kc (Magnitude about 7.6) could be expected to produce 
about 20 significant strC$S cycles. Reference to Fig. 11 shows that for these 
conditions and a maximum ground surface acceleration of 0.1 6.cr, it would be 
necessary for the sand lo h:we a rela tive density o! about 72 % to be mar~ln­
ally safe against liquefactJon. Thus the limiting conditions !or no liquefaction 
to occur would be cxpectrd to coi-respond approximately with a r elative dens­
ity condition of about 72 % in the upper 30 ft. Combinations of effective over­
burden pressure and sl;indard penetration resis tance corresponding to this 
relative density may be read directly from Fig. 13, and they are plotted in 
Fig. 14. It may be seen thal the boundary b etween zones of liquefaction and 
no liquefaction determined in this way ls in reasonably good agreement with 
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FIG, 14.-ANALYSIS OF LIQUEFACTION POTENTIAL AT NIIGATA FOR EARTH­
QUAKE -OF JUNE 16, 1964 

the boundaries determined by Kishida and Koizumi on the basis of field 
observations. J 

CHARTS FOR EVALUATING LIQUEFACTION POTENTIAL IN 
TERMS OE PENETRATION RESISTANCE 

Both the simplified analysis procedure described previously and the data 
in Figs. 11 and 12 m:i.y r eadily be used to develop simple charts for the eval­
uation of liquefaction potential in terms of penetration resistance values. For 
axample on the basis of the a.nalytical and field data shown in Fig, 15 (repro­
duced from Fig, 11) it is very unlikely that combinations o! maximum gr ound 
acceleration and relative density falling below line YY would .c:i.use lique­
faction. Similarly it is hiG!\ly pr obable that combinations of maximum ground 
acceleration and relative drnsity falling above line XX would cause liquefac­
tion of sands in which the depth o! water table i s about 5 ft. Thus for any given 
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vn.l;e • of ' maximum ground accelerat ion, it i;; possible to desighatc three 
r anges o! relative densities: (1) A range In which liquefaction is very likely 
to occur; (2) a range in which liquefaction may 01· 1;1ay not occur depending on 
the characteristics. of the sand and the numbe:r of significant stress cycles 
produced by the earthquake or the earthquake magnitude (zone between XX 
and YY in Fig. 15); and (3) a range in which li<1uefaction is very unlikely to 
occur. For sites consisting of sands with the watwr table about 5 ft below the 
ground surface, the results in Fig. 15 would indicate the ranges shown in 

Maximum ground 
surface 

acceleration 
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0. 25g 
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TABLE 2.-V,\LUES OF RELATIVE: DENSITY ·, ;·: 

Liquefaction 
very likely 

(2) 

D,. < 33 
D,. < 48 
D,, < 60 
Dr< 70 

20 
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40 

Liquefaction potential 
depends on soil type :ind 

carthquak8 magnitude 
(3) 

33 < D1 . < 54 
48 < D,. < 73 
60 < JJ.,. < 85 
70 < Dr < 92 
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00 

FIG. 15.-EVALUATION OF LIQUEFACTION POTENTIAL I-'OR SNADS-WATER 
TABLE 5 FT BELOW GROUND SURFACE 

Table 2. The values of relative density listed in Table 2 c·~ readil;· b·~ con­
verted to corres ponding v~lues of standard pendration resis tance by means 
of the correlation- shown in Fig. 13, thus leading to liquefaction potential 
evaluation charts such as those shown in F ig. 16. Charts for a water table 
depth of 10 !t are. shown !n Fig. 17 and -similar charts for other depths of 
water table can r eadily be developed. Howtver, il may be seen that the range 
of penetration resistance values in which· thll liquefaction potential depends 
on the soil type and the earthquake characterisli.::s is considerable; for con-
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FIG, 1S.- PENETRATlON RESISTANCE VALUES FOR WHICH LIQUEFACTION IS UN­
LIKE LY TO OCCUR UNDER ANY CONDITIONS 

ditions within this range it would be necessary to make> individual assess­
ments of liquefactic:,n potential for each site using the general procedure 
described previously . 

The limiting values of penetration resistance for which liquefaction is very 
unlikely, as indicnted by Table 2 and the r esults in F ig. 16, a r c compared In 
Fig. 18. Also shown in this figure are the limiting values sugges ted by Ohsakl 
(20) based on exper iences in the Niigata earthquake and Kishida (12), based 
on a study of a number of earthquakes. It seems reasonable to expect that the 
limiting boundary would vary depending on the intensity of shaking as indi­
cated by the results ·of this sludy and that the limiting values suggested by 
Ohsaki and Kishidn arc perhaps somewhat conservative for low intensity 
shnking nnd somcwli;i t unconscrvntive for strong intensity shakin{;. 

· CONCLUSIONS 

An attempt hn~ br0.;i mnde to identify some of the significant factor s affect­
lnp.- the 1iri.uC'faclk>n (n :· cyclic mobl1ity)potential or sands du1•in~ ear thquakes , 
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to present a simplified prncrdure for evalualin~ liquefaction potenllal which 
will take lhcse factors into ~.er.aunt, to nssemble avnilable {ield data concer n­
ing the liquefaction or nonli1,uefaclion behavior of sands during earthquakes, 
and to compare these data \Vilh evaluations of performance made by lhe sim­
plified procedure. It must 1:c recognized th;i.t in any study of this type, a num­
ber~ of approximations mus~ llc made especially with regard to determination 
of relative densities nnd m:ndmum ground acceler ations in the field. However 
it is believed tllat even the limited avr,ilable !iald data can provide a useful 
guide to the probable pcrform:rncc of other sr,nd depos its,· that the method of 
representing the data pr ovides a useful framework for evnluating pnst exper­
iences of sand liquefaction, and lhat the simplified pr ocedure provides a rea­
sonably good means for extendinr; previous field observations to new situations. 
Where greater accurncy i /; justified, the simplified liquefaction evaluation 
procedure can r eadily be supplemented by test cl::i.ta on particubr soils or by 
ground response analyses lo provide more definitive evaluations. However il 
is believed that the simplified procedure will pr ovide adequate assessments 
of liquefaction potenti i-.1 for many practical purposes . 
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APPENDIX II.-NOTATIO~ 

The following symbols are ,used in this paper: 

amnx = 
Cr 

Dr = 
D50 = 
dw = 

g = 
h = 
N = 

NC = 
rd = 

- 'Y = 
(]a = 

a de = 
a~= 
T = 

Tav = 
Tzio = 

'Tmax = 
( 'T max )d = 

( T mru,)r = 

maximum ground surface acceleration; 
correction factor applied to r esults of triaxial compression tests; 
relative density; 
mean grain size; 
depth of water table; 
acceleration of gravity; 
depth of soil element; 
standard penetration resistance in blow.; per foot; 
number of signiHcant stress cycles during eqrthquake; 
stress r eduction coefficient; 
unit weight of soil; 
ambient pressure in tria.--dal compression test; 
cyclic dcviator stress; 
effective overburden pressure; 
shc.1r stress; 
average horizontal shear stress developed on soil E·lcmcnt; 
horizontal shear stress causing liquefaction in 10 cycles; 
maximum horizontal shear stress developed on soil clement; 
maximum horizontal shear stress as:;uming deformable body 
behavior; and 
maximum horizontal shear stress assuming rigid body behavior. · 
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