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General Report for Theme Five 
Case Histories in Geotechnical 
Earthquake Engineering 
Gonzalo Castro 

Principal. Geotechnical Engineers Inc., 

Winchester, Massachusetts, U.S.A. 

There a:e 21 papers in this session. However, 
three l~sted papers, Nos. 513, 516 and 518, 
were not received in time for the general 
reporter's review, and thus the following com
ments relate to the 18 papers that were 
reviewed. These papers can be broken down 
into three categories, as listed below by 
paper number: 

1. Case Histories Related to Actual 
Earthquakes: 

Behavior of Pile Foundations No. 

Liquefaction in Level Ground No. 

Darn Failures Nos. 

Intensity of Ground Shaking No. 

Rock Bursts No. 

Reservoir Induced Seismicity No. 

503 

504 

517, 

519 

522 

506 

2. Case Histories of Soil Improvement for 
Seismic Design: No. 510 

523 

3. Description of Applications of Methods in 
Geotechnical Earthquake Engineering: 

Seismic Stability Analysis 
of Dams 

Liquefaction in Level Ground 
Sites 

Selection of Design Ground 
Motion 

Seismic Zoning 

*Appears twice. 

Nos. 
506, 

Nos. 
509, 

Nos. 

No. 

501, 
* 514,515 

505, 507 
502 

512, 520 

508 

The first two categories represented by eight 
papers can be considered truly case histories 
which relate to observed field behavior. 
Category 3 includes more than half of the 
papers and deals with descriptions of seismic 
design or analysis for various purposes. We 
hope that more case histories in geotechnical 
earthquake engineering will become available 
in the future when earthquakes occur near 
earth structures or foundations for which 
there is a good background of prior geotech
nical information, including predictions of 
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their earthquake behavior. While we wait for 
such cases to occur, we must analyze failures 
after the fact with the danger that the analy
sis may be adjusted to "predict" a known 
occurrence. Naturally the tendency is to ana
lyze failures even though much can also be 
learned from earthquake sites where structures 
behaved satisfactorily. 

1. Case Histories on Earthquake Behavior 

The case histories have served to confirm 
previous empirical or analytical knowledge as 
to how soils behave during earthquakes but 
have also revealed facts that do not reflect 
commonly accepted ideas. 

Good behavior was shown by pile foundations 
supported by nonliquefiable soils, even when 
the overlying soils were loose and developed 
very high pore pressures during an earthquake, 
Paper No. 503 by Huishan and Taiping. An 
exception is when there is an opportunity for 
the loose soils to move horizontally and/or 
flow because of sloping ground or adjacent 
loads acting on the loose soils. 

Observations of the behavior during earth
quakes of saturated sands with a level ground 
surface range from no unsatisfactory behavior, 
to liquefaction; understood as a loss in 
strength evidenced by sinking of structures 
which apply a net downward load to soil or 
upward floating of structures which weigh less 
than the soil they displace. Other cases 
include limited shear deformations or some 
compression of soils leading to limited 
settlement of structures. In such cases, the 
deformations are small enough so that they do 
not decrease significantly the shear stresses 
that the structures apply to the soil, and 
thus one can infer that no loss in strength, 
i.e., liquefaction, has occurred. Sand boils 
are observed at the ground surface in almost 
all cases whenever loss in strength or defor
mations occur, indicating pore pressures at 
same depth. If no structures are present, one 
cannot ascertain whether sand soils are indi
cative of a loss in strength or of limited 
deformation. The term liquefaction will be 
used by this reporter to refer to cases in 
which loss of strength occurred. The term 
ground failure will be used to refer to all of 
the phenomena described above. Ground 
failures were associated only with sandy 
soils. 

Paper 504 by Taiping et al. describes observa
tions at 50 sand sites subjected to earth
quakes. The Standard Penetration Test (SPT) 
is used as an index test for an empirical cri
teria for ground failure. The authors propose 
two modifications to similar existing 
criteria--namely, the effect of clay sizes in 
the sandy soil (defined as finer than 
0.005 mm) and the introduction of a weight 
factor for the shallower sands that is used in 
analyzing a blowcount profile with low and 
high blowcounts. Specifically the soils 
deeper than 15 rn are ignored in assessing the 
potential for ground failure. 
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A "liquefaction index" is defined as follows: 

I= ~~5 (1- ~,)Wdz 

where N 

w 

N' 

standard penetration test, blows/ft 

depth in m 

10 - ~ z 
3 

N [l+O.l25(ds-3l -0.05(dw-2l-0.07dcl 

N 6 for Intensity 7 
10 for Intensity 8 
16 for Intensity 9 

ds depth, m 
dw depth of groundwater, m 
de clay content in %, but less than 

10% 
Sites are classified as follows in terms of 
liquefaction risk: 

Low Risk 
Moderate Risk 
High Risk 

I < 3 
I 3 to 7 
I > 7 

It has been comr .. vnly accepted that sand with 
fines are more resistant to earthquake loading 
than clean sands with the same blowcount. 
Seed and Idriss, 19811, following a study by 
Toki~atsu and Yoshimi separated sands into two 
groups based on the value of D50• larger than 
0.25 mm and smaller then 0.15 mm. Tokimatsu 
and Yoshimi, 19832, classified sands on the 
basis of percent finer than 0.074 mm (#200 
sieve), larger than 10% and smaller than 5%. 
The work by Taiping et al., on the other hand, 
discriminated on the basis of percent finer 
than 0.005 mm. 

Failures of embankment and tailings dams are 
described in Paper Nos. 517 and 523. The 
descriptions of the failures described in 
these papers correspond to flow slide-type 
failures involving liquefaction. The loss in 
strength is evidenced by the substantially 
smaller shear stresses indicated by the after 
failure geometry of the failed mass. 

Winshao, Paper No. 517, describes the failures 
of several dams in China during earthquakes in 
the last 20 years. Xigeer Dam failed due to 
liquefaction of a silt layer in the foun
dation. The upstream slope was lV to 12H, and 
the downstream slope was of lV to 2H, and it 
failed in the downstream direction where the 

lseed, H.B. and Idriss, I.M., "Evaluation of 
Liquefaction Potential of Sand Deposits Based 
on Observations of Performance in Previous 
Earthquakes," Proc. of Session No. 24 of ASCE 
National Convention, St. Louis, Mo., Oct. 
1981. 

2Tokimatsu, K. and Yoshimi, Y., "Empirical 
Correlation of Soil Liquefaction Based on SPT 
N Value and Fines Content," Soils and 
Foundations,. Vol: 23, No. 4, Dec. 1983. 
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darn imposed higher shear stresses in the f?ut 
dation. The subject of the effect of stat1c 
shear stresses on liquefaction will be 
discussed later in this report. Two dams, 
Wangwee and Yeyuan, had sand shells that werE 
constructed by dumping and thus were loose. 
Liquefaction failures occurred during f~llin~ 
of the reservoir and, after reconstruct1on 
by the same procedures, failed during an 
earthquake. The static and earthquake 
failures had similar characteristics. 

Shiman and Baihe Darns contained saturated 
upstream zones of gravelly sands that . . 
liquefied during earthquakes, thus conf1rm1n! 
previous information that gravelly sands can 
liquefy if sufficiently loose. 

Ishihara in Paper 523 described a st~dy of tl 
earthquake-induced failures of two d1kes thai 
impounded tailings in an upstream 
construction-type configuration. Silt size 
tailings had blowcounts of zero to two . 
throughout most of its depth, while ~he d1ke1 
built of local soils consisting of s1lts, 
sands, and gravel had blowcounts of 4 to_5. 
Thus it is not surprising that liquefact1on 
failures occurred during the earthquake. _It 
is, however, remarkable that one of the d1ke1 
Dike No. 2, failed about 24 hours after the 
earthquake, while Dike No. 1 failed either 
during or shortly after the earthquake. 
Ishihara proposed an explanation for the del; 
in the failure of Dike 2 based on a gradual 
rise in groundwater level in the out:r di~e 
caused by water migration from the l1quef1:d 
tailings. His computations indicate that 1n 
order for enough water to have flowed int? tl 
outer part of the dike in the 24-hour per1od 
the permeability of the dike should have bee1 
enhanced by crack development. Longitudinal 
cracks on the slope were noticed increasing 
width within about 4 hours preceding the 
failure of Dike 2, suggesting a phenomenon 
occurring at an increasing rate prior to th7 
failure. The author's analysis of the stab1· 
lity of Dike 2 indicates that the increased 
pressure of the liquefie~ tailing waul? not 
sufficient to fail the d1ke on the bas1s of 
its drained strength. This reporter suggest: 
that it is possible that as the shear defor
mations accelerated in the dike material, it: 
behavior changed gradually from drained to 
undrained. Since the dike materials are 
loose, their undrained strength would be low• 
leading to a progressive-type failure and an 
increasing rate of deformation until a suf
ficiently large zone behaved undrained so th. 
the failure was possible. 

Zhao and Fang, paper 519, present a large 
collection of response spectra obtained duri1 
the Tangshan earthquake. The spectra confir1 
that at firm sites with thin soil cover, the 
earthquake periods are low, while they are tl 
highest for the soft deep soil sites. Struc· 
tural damage occurred accordingly, e.g., _lon• 
period structures were damaged the most 1n tl 
soft ground sites. Of interest is the appea: 
ance of two peaks in the response spectra of 
the soft ground sites, one at about 0.2 sec 
and another at 0.7 to 1.2 sees. 
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Zhao et al., Paper S06, presents evidence of 
reservoir-induced seismicity as a result of 
construction of the Hutmo River Dam. More 
comments on their paper in Section 3. 

Srivaslava in Paper S22 presents a description 
of ground motions resulting form rock bursts 
or fractures occurring from mining operations. 
The ground motions are reasonably predicted 
from Bonilla's relationships between earth
quake magnitude and length and displacement of 
fault ruptures. 

2. Case Histories of Ground Improvement in 
Seismic Design 

Paper SlO by Bahoe et al. describes the vibro
flotation treatment of a clayey sand with 
about 2S% of fines (finer than 0.074 mm) and 
about 10% of clay sizes (fewer than O.OOS mm). 
The designers found that sufficient improve
ment was obtained using 80-cm-diameter columns 
of gravel formed by vibroflotations with a 
spacing of 160 em. The soil improvement was 
shown by average blowcounts increasing from 
2.9 to 6.2, cone penetration from 9.2 to 
33.9 kg/cm2, and shear wave velocities from 
190 to 240 em/sec. The characteristics of the 
improved ground were considered acceptable for 
a 0.1 g design earthquake. 

3. Descrl:J2.!_!:__ons of Application or De-velopment 
Of-Methods in Geotechnical Earthquake 
~h_I2_eeriQ_g_ 

Analysis of seismic stability of dams are pre
sented in four papers, Nos. SOl, S06, Sl4, and 
SlS. 

In all cases the authors used some type of 
empirical blowcount correlation as one of the 
procedures for assessing liquefaction poten
tial. 1t should be noted that the empirical 
criteria is based on experience with level 
ground sites. Two of the papers, SOl and SlS, 
modify the criteria for sloping ground on the 
basis of the presence of shear stresses in the 
horizontal plane. The effect of the modifica
tion is to assume that the resistance to 
earthquake loading increases with the presence 
of shear stresses. To this reporters 
knowledge, there is no field evidence to indi
cate that such an assumption is correct, while 
in fact it would lead to the conclusion that a 
dam with steeper slopes would be safer. 
Apparent evidence to the contrary can be 
concluded from the case of Xigeer Dam in 
China, Paper Sl7, as discussed in a previous 
section. 

In three of the papers, SOl, Sl4, and SlS, the 
authors rely on cyclic triaxial test results 
for determining liquefaction potential. The 
tests are used directly in the first two 
papers and indirectly in the last paper. The 
results of the triaxial tests are used to 
define failure or liquefaction as either 100% 
pore pressure or S% strain. Since very often 
neither 100% pore pressure nor S% strain 
result in a loss in shear strength, it is 
question-able whether the analyses relate to 
liquefaction failures of the flow slide type 
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of which ample evidence has been presented in 
the first group of papers in this session. A 
loss in strength woul~ be evidenced by the 
inability of the soil to withstand the applied 
load and would be triggered at various strains 
not necessarily S%. Loss in strength is not 
indicated by the finding that S% strain was 
reached in a particular cycle, since the soil 
will be able to support the next cycle of load 
regardless of the peak pore pressure in each 
cycle. The analysis methodology based on 
these test results addresses the question of 
how much deformation can occur assuming the 
soil has enough strength; and does not address 
the question as to whether failures of the 
type described in Paper Sl7 and S23 can hap
pen. A differentiation of these two issues is 
crucial to the development of our ideas on how 
to analyze the seismic behavior of embankments 
and foundations. 

Three papers on the analysis of the liquefac
tion potential of level ground sites (S02, S07, 
and S09) deil with methods to predict pore 
pressure increases in a one-dimensional model 
of the soil. They consider soil compressibi
lity, permeability, and the variations of 
moduli and damping with strain and effective 
stress. Soil properties for the model are 
obtained from shaking table tests, Gupta (S02) 
while Oka (S07) and Hyodo et al. (S09) rely on 
cyclic triaxial tests. 

Two papers, Sl2 and S20, deal with the selec
tion of ground motion. The paper by Saragoni, 
Sl2, proposes a criteria for selection of 
earthquake motion for dynamic analysis of dams 
based on the "destructiveness potential 
factor": 

(6 ts) 
PD = 0.267 g 

Ws ( t lmaxl 
\) 2 

0 

where iis(tlmax 

(6 ts) 
Vo 

peak ground surface 
acceleration 
duration of strong notion 
zero crossing ratio 

Of several possible earthquake motion records, 
Saragoni recommends to use those with the 
highest value of PD and justifies the recom
mendation on the basis of the results of dyna
mic analysis of dams and soil deposits with 
various records, in which the highest PD 
earthquake resulted in the largest earthquake 
stresses. 

The paper by Nuttli and Herrman presents a 
good summary of various attenuation laws for 
the eastern and western u. s. and a discussion 
of the factors determining attenuation. 

Seismic zoning is the subject of a paper by 
Ciuffi, SOB, in which the geotechnical factors 
considered were slope stability, local seismic 
amplification factor and standard penetration 
of the soils. 
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The above discussion has focused on a few 
issues raised by the various papers that, in 
the opinion of this reporter, are important 
and timely for the engineer in the practice of 
designing earth structures for seismic 
loading. It is hoped that the general 
discussion that follows will deal with them 
and that a better understanding will emerge 
from the interchange of ideas. 
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Discussion by Pedro A. De Alba, Associate 
Jfessor of Civil Engineering, University of 
' Hampshire, Durham, NH on: "Liquefaction 
~ential Evaluation for Arcadia Dam" by J. 
~ner; "Liquefaction Risk Evaluation During 
~thquakes" by T. Qiao, C. Wang, L. Weng, and 
Liu; and "Liquefaction Potential of a Silty 

nd Site" by H. Dezfulian and N.D. Marachi. 

The writer has chosen to discuss these 
pers together because all three deal with the 
oblem of evaluating the effect of fines con
nt on field liquefaction potential. 

In the laboratory, Shen, Vrymoed and Ueno 
977) have shown that, for the same void ratio 
· the clean sand matrix, increasing the fines 
·ntent in the voids increases resistance to 
quefaction, yet at the same overall density 
tcreasing fines content implies higher sand 
ttrix void ratio and lower resistance to 
_quefaction. Both calculation and experiment 
tve shown that a fines content of perhaps 15-
l% is enough to completely fill the voids of a 
1nd matrix with fines; higher fines contents 
Juld imply that the sand matrix is at a void 
>tio higher than its maximum clean-sand value 
1d liquefaction behavior would thus be con
rolled by the characteristics of the fines. 
~ this respect, we know from other studies 
e.g. Lee and Fitton, 1969) that liquefaction 
esistance increases rapidly with the plasti
ity of the fines. On the other hand, we also 
now that in a general way, for materials at 
he same overall density, the SPT blowcount is 
educed by increasing fines content. This is 
specially important since the SPT continues to 
e a basic tool for evaluating site liquefac
ion potential. 

Efforts at accounting for the effects of 
'ines have concentrated on correcting the blow
;ounts in such a way as to outain a blowcount 
!quivalent to that which would be observed at a 
!lean sand site with the same liquefaction 
·esistance. This number can then be compared 
vith a limiting curve separating clean sand 
lites which did or did not liquefy under the 
lame conditions of ground shaking, as for exam
Jle the well-known Seed Idriss and Arango (1983) 
~urves. 

Wagner has made this correction for the 
~rcadia dam materials comparing the field SPT 
values with the results of laboratory cyclic 
tests on materials with the same fines content. 
This process requires selecting an equivalent 
number of cycles for the design earthquake, 
finding the liquefaction stress ratio at that 
number of cycles and converting it to a blow
count normalized to an effective vertical stress 
of 1 tsf (N1 ) through the Seed et al. curves. 
The procedure is summarized in Fig. 9 of the 
Paper. For the Arcadia dam materials this 
additive correction, which depends on'the 
design earthquake, ranges from 0 at 21% fines 
to 7-5 blows at 50% fines or more. 

. Several features of Fig. 9 are noteworthy; 
flrst, the equivalent laboratory resistance 
plots are essentially a horizontal line between 
abo~t 25% and 50% fines. Thus, although the 
m:dlan blowcount is decreasing rapidly with 
flnes content, the soil resistance remains 
roughly constant. Based on the previous dis-
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cussion of lab results, 15 to 20% fines repre
sents the range in which fines begin to control 
behavior, and this effect is reflected in the 
sharp drop in SPT values. Based on Wagner's 
data points, it might be argued that at fines 
contents exceeding about 25%, the sand matrix 
no longer plays any role and both the lique
faction behavior and the SPT values are con
trolled exclusively by the fines. It might 
also be noted that, based on these results, the 
Arcadia dam blowcounts at 50 to 60% fines 
content were as low as one to two blows/ft, yet 
their resistance to liquefaction was equivalent 
to that of a clean sand with N of perhaps 14 
blows/ft or more. 1 

It is interesting to compare the trend of 
SPT blowcount decrease of Fig. 9 w:i t h that 
presented in a recent paper by Tokimatsu and 
Yoshimi (1983) for silty sand sites, Fig. D.l. 
The Arcadia N-values have been corrected from 
automatic trip hammer to cathead and rope SPT 
values, but unfortunately the magnitude of the 
correction is not stated in the Paper. The 
Tokimatsu and Yoshimi values were also auto
matic hammer values, and their suggested cor
rection factor of 1.4 has been used to compare 
with the Fig. 9 median. The trends are seen to 
be in very good agreement, for field data ob
tained in such different environments. 

The site-dependent blowcount correction 
procedure described in the Paper may also be 
compared with the general correction proposed 
by Tokimatsu and Yoshimi on the basis of lique
faction observations at many different sites. 
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Since this correction is based on a M 
7.5 earthquake, the writer has obtained an 
equivalent laboratory resistance curve for this 
case following the procedure described in the 
Pape;, but suggesting that a curve of this type 
should converge with the field N1-curve at low 

fines content, rather than pass underneath it 
as in Fig. 9 of the Paper. The lower labora
tory resistance values measured at low fines 
content can be attributed to greater sample 
disturbance. When the blowcount corrections 
(6N ) are compared on this basis with the 
Toktmatsu and Yoshimi values, Fig. D-2 shows 
that the Arcadia dam corrections are very 
conservative. It is especially noteworthy that 
collected field evidence would tend to show a 
dramatic increase in resistance between 5% and 
10% fines content, leading to an additive 
correction of 7 blows/ft at 10% fines, which is 
not apparent in the Arcadia data. It might 
therefore be further speculated that both the 
laboratory and field curves of Fig. D-1 rise 
much more steeply at fines contents lower than 
about 20% and do not actually converge until 
the fines content is less than about 5%. If 
this assumption is correct, it would also imply 
that, even with the very careful sampling 
techniques described, it was not possible to 
obtaj.n undisturbed samples of these medium 
dense to dense silty sands if fines content 
was less than about 20 to 25%. 

Dezfulian and Marachi do not explain in 
their paper how, if at all, they corrected the 
normalized field N-values (N

1
) for the effect 

of fines content before comparing them with 
limiting stress ratio vs. N1 curves for clean 

sand. If no correction was applied this 
analysis would be extremely conserv~tive in 
view of the significant fines content of the 
materials involved. Further clarification by 
the authors is desirable. 

In.the paper ~y Qiao, Wang, Weng and Liu, 
a negatlve correctlon to the critical N-value 
for liquefaction of clean sand is used. This 
correction, in effect, shifts a limiting curve 
in terms of stress ratio vs. N1 towards higher 

resistance for a given earthquake. It is based 
not on fines content but on clay-size content 
(d<0.005 mm) and becomes constant for clay 
content in excess of 10%. 

. I~ order to compare the proposed correc
tlon Wlth those previously discussed the 
writer has attempted to establish th~ variation 
of crit~cal N1 with stress ratjo that would be 

predicted by this relationship for aM= 7.5 
earthquake and an effective stress of 1 tsf. 
The equivalencing procedure is analogous to 
that suggested by Seed et al. (1983). It is 
assumed that the correction applies to rope
and-cathead SPT. 
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Results are shown in Fig. D.3, for clean 
sands and for sands with 5% and 10% clay sizes. 
The equivalent blowcount correction for this 
method is shown in Fig. D.2, for a stress ratio 
of 0.2, considering that t~e range of stress 
ratios of greatest interest might vary from 
0.15 to 0.25. It was further assumed that 
soils with 5% clay might have about 20% fines, 
and that soils with 10% clay would have at 
least 40% fines. Under these assumptions, it 
may be seen that the blowcount correction is of 
the same order as those previously discussed. 
It might also be observed that this approach, 
based exclusively on clay sizes,may give results 
which are overly conservative in soils with 
significant fines content but little clay-size 
material. A refinement to the critical N
formula presented might be to include the 
effect of fines coarser than clay size. 

In general, the liquefaction index pre
sented in this Paper seems a very rational way 
to integrate the liquefaction potential of 
different layers in the same profile. Field 
evidence at various sites indicates that it can 
discriminate between liquefying and non-lique
fying areas at the same site. A case of 
special interest to the writer was that of 
silty sand liquefaction at the Shanggulin site 
in the Tangshan earthquake. The plasticity of 
the finer fraction is such that it would be 
classified as a CL (PI= 8.9; LL = 28.9) and 
the material exhibits an unconfined compressive 
strength equivalent to that of a medium clay; 
yet field evidence shows that it did liquefy. 

In conclusion, it was very interesting to 
find that studies carried out in different 
locations seem to agree in a general way on the 
magnitude of correction to be applied to obtain 
the liquefaction resistance of materials 
containing fines. Since at fines contents 
above perhaps 20%, the liquefaction behavior is 
controlled by the characteristics of the fines, 
perhaps the plasticity index and the penetra
tion resistance may be combined to produce a 
liquefaction indicator for these soils. In any 
case, the fines content will obviously remain 
an important and easily-determined parameter. 
Finally, the data suggests that careful conven
tional sampling may produce samples with 
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minimum disturbance if the fines content is 
preater than about 30%. This raises the 
possibility of significant comparison between 
liquefaction indicators and laboratory cyclic 
resistance in these materials. 
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Discussion by M. Hyodo 
Assistant Professor of Civil 
Engineering, Tokai University, 
Fukuoka, Japan, 
on "Behavior of Some Earth Darns 
on Liquefiable Soil" by A. Popovici, 
M. Perlea and I. Corda 

This paper presents interesting information 
on the characteristics of damages of levees for 
flood protection due to liquefaction of sand in 
foundation soil or in their body incurred by 
1977 Vrancea Earthquake. Further presents the 
results of seismic analyses of earth darns under
lain by liquefiable sand. The analyses are 
carried out in order to find the improvement 
points for preventing the damage. It is note
worthy that the effect of drainage blanket at 
the base of darn on liquefaction is discovered as 
a result of analyses. 

However, the test data of material used in 
these analyses are not fully explained. Although 
there exist the initial static shear stresses in 
the elements of darns before earthquake, the 
values of which are obtained by the authors in 
the analyses, the cyclic shear test data under 
such stress states are not shown. The results 
of cyclic triaxial loading tests shown in Fig. 9 
seem to be those performed under isotropic con
solidation state. It is supposed that these anal
yses will need the data of residual pore water 
pressure and residual strain obtained from cyclic 
shear tests with initial static shear stresses. 

As the other results of analyses, represented 
are the permanent displacements and the safety 
factors of slopes of darns. It is considered that 
the results will become more excellent if they 
are compared with the actual damages of slopes 
or dams occurred during the earthquake. 
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Discussion by H. Dezfulian, 
Department of Civil Engineering 
San Diego State University 
San Diego, California 
on "Seismic Response and Liquefaction by 
an Approximate Method" by M. Ryodo 

The author presents a new simplified method of 
effective stress analysis. The dynamic response 
analysis as practiced today is a total stress method and 
does not take into account the effects of increasing 
pore water pressures on the shear stress response. As 
pore water pressures rise and nonlinearity becomes more 
pronounced, it becomes more desirable to consider 
nonlinear effective stress methods of analysis. 
Furthermore, deformations cannot be computed directly by 
equivalent linear methods but are inferred from 
laboratory data by the equivalent approach a procedure 
which results in a noncompatible distribution of 
deformations. The method developed by the author is 
certainly a welcome step toward developing new tools to 
obtain additional insight into the response of soils to 
earthquake loading. 

The basic requirement of effective stress analysis 
is a relia~le pore water pressure generation model. The 
author has made use of the Rardin-Drnevich model (1972) 
which is claimed to be "one of the fittest models with a 
few parameters." The procedure involves the performing 
of a total stress analysis in order to obtain shear 
moduli and damping factors corresponding to specified 
strains. These values become the initial constants of 
the effective stress analysis conducted subsequently. 
It is assumed that the degradation of the shear modulus 
due to an increase of the magnitude of shear strain and 
reduction of the effective stress are independent of one 
another. The validity of this assumption ought to be 
established. 

A hypothetical saturated sand site is studied to 
determine how closely the proposed analysis procedure 
can approximate the nonlinear result. The results of 
the nonlinear and equivalent linear methods of analysis 
are shown to agree well regardless of the input 
acceleration. A comparison of the time history of pore 
water pressure in the top element of the ground 
indicates somewhat different rates of pore pressure 
buildups, although the two methods result in comparable 
pore water pressures after some time. A comparison of 
the surface acceleration computed by the two methods 
shows definite points of similarity, although the 
equivalent linear approximation does not reproduce the 
short-term components of motion present in the nonlinear 
solution. 

In conclusion, it appears that the proposed method 
is certainly a step toward the development of nonlinear 
stress-strain relations for soils and effective stress 
methods of analysis. The single hypothetical rather 
than real-world case analyzed in the present study 
renders the conclusions reached by the author tentative 
and it ~vould be interesting to see what the results of a 
parametric study would reveal. 
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Discussion by John P. Sully, Principal 
Geotechnical Engineer, INTEVEP, S.A., Venezuela 
on 'Liquefaction Potential Evaluation for Arcadia Dam' 
by J. Wagner and 'Assessment of Seismic Stability of 
Earth Dams by Comparative Methods' by R.J. Huang and 
M.L. Silver. 

Both of the above papers use the method proposed by Seed 
(1979) for evaluation of liquefaction susceptibility of 
level ground and, using a modified form, apply this me
thod to assess the susceptibility of sloping ground; the 
obvious difference between the two situations being the 
presence of initial static shear stresses beneath a slo
pe. 

Based on the methodology proposed by Seed (1983), the 
effect of initial static shear stress is taken into 
account by a factor whose value relates to the magnitude 
of initial shear stress; the larger the initial shear 
stress the larger the factor, which thus suggests an in
crease in resistance to liquefaction as the level of 
static shear stress increases. 

Seed'sinitial results were obtained from analysis of the 
San Fernando Dam using cyclic load tests with reversal 
of shear stress. While this indeed may be the case at 
low stress levels, depending on the magnitude of ground 
shaking, it will not necessarily hold at higher stress 
levels where reversal may not occur. The effect is also 
dependent on wether the total shear stress (initial 
static shear stress plus cyclic shear stress) exceeds the 
undrained steady-state shear strength. 

For more detailed aspects of the above the reader is re
ferred to Vaid & Chern (1983) and Mohamad and Dobry 
(1983). The effect of static shear stresses on resistan
ce to liquefaction can thus be summarised as: 

- in contractive sand with stress reversal, increased 
resistance to liquefaction is obtained as the initial 
shear stress is increased, provided that the steady
state shear strength is not exceeded. 

- in contractive sand with non-reversal of stress, re
sistance to liquefaction decreases as the initial 
shear stress increases. 

The effect of the two above conditions suggest that as 
the initial shear stress increases from zero under stress 
reversal, the resistance to liquefaction increases as the 
degree of reversal diminishes. A transition will then 
occur as stress reversal stops and the total shear stress 
begins to exceed the steady-state strength. Above this 
transition, the resistance to liquefaction will always 
decrease as the initial shear stress increases. 

- in dilative soils, an increase in initial shear 
stress will almost always increase the resistance to 
liquefaction. 

In view of the above it is thus apparent that using the 
authors' method for evaluation of seismic stability may 
give erroneous results for deep-seated failure surfaces 
where the steady-state undrained shear strength is over
estimated by the assumption of increased resistance to 
liquefaction per se as the level of initial static shear 
stress increases. 
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Discussion by H. Dezfulian, 
Department of Civil Engineering 
San Diego State University 
San Diego, California 
on "Liquefaction Risk Evaluation 
During Earthquakes" by Qiao Taiping, et al. 

The authors have presented a very interesting paper in 
which a simplified method of liquefaction risk 
evaluation is discussed. The method attempts to includE 
the effects of such factors as soil density, thickness 
and location of the liquefiable layers, and shear 
resistance of soils. Liquefaction index is defined as a 
function of depth, thickness, and SPT blow count for the 
liquefiable layer. The current Chinese Aseismic Design 
Code for Industrial and Civil Buildings is employed in 
which the maximum depth at which liquefaction is 
possible is considered to be 15 m. The correlation 
giv~n by the Chinese Code for N rit' the SPT 
res~stance separating liquefiable conditions from 
non-liquefiable conditions, is somewhat different from 
that quoted by Seed, et al. (Journal of Geotechnical 
Engineering, ASCE, March 1983) in that a clay content 
factor is now added which appears to reflect the latest 
development in the Chinese Code. Based upon the 
investigations of structural damage induced by soil 
liquefaction during the Tangshan earthquake of 1976 
(Magnitude 7.8), four categories for the evaluation of 
liquefaction risk is proposed. 
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A detailed table lists boiling conditions and 
structural damage at some 50 sites located in Tianjing 
and Tangshan counties. On the basis of the data 
presented, a classification system for liquefaction risk 
is proposed. Three of those sites are studied in 
detail. 

The liquefaction index is an attempt to provide a 
preliminary estimate of the liquefaction risk at a site 
as well as the degree of structural damage. As noted in 
the paper, the problem of structural damage due to soil 
liquefaction is related to not only the soil conditions 
but the features of the structure and foundation as 
well. The paper is mainly concerned with soil 
conditions and further study considering structure and 
foundation features would be needed. 
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Discussion by H. Dezfulian, 
Depart~ent of Civil Engineering 
S"n Dier,o State llniversity 
San Dier,o, California 
on "Li']llefaction Potential Evaluation 
for Arcadia Dam" by John Wagner 

An interesting, detailed discussion of a case study 
involvinr, the liquefaction potential of an earthfill da~ 
on a sand foundation is presented. The author is to be 
commended for providing a clear, complete description of 
rlrillinr,, sampling, sample handling, and laboratory 
testing as well as an account of the decisions, 
enr,ineering judgments and procedures used. Such detail 
is obviously essential to any co~plete account of a case 
study. 

ln applying the Seed-Idriss's simplified procedure 
for evaluation of liquefaction potential, two 
modifications were nade. The first of these 
~odifications concerns the initial horizontal shear 
streRses induced in the foundation by the dam 
embankment. A relationship was developed and used to 
correct the calculated stresses induced by the 
earthauake for the presence of initial static shear 
stresses. This is a valid correction and should 
certainly be considered for similar projects. 

The second modification accounts for the high silt 
content of the potentially liquefiable soils. The 
morlification was to increase the corrected SPT blow 
count by a value ranging from 0 for silt contents of 
less than 21 p~rcent to a maximum of 7.5 for silt 
contents of 50 percent or more. The latest version of 
the Seed-lrlriss's procerlure (Journal of Geotechnical 
Engineerinr,, ASCE, March 1983) recommends increasing the 
corrected blow count hy 7.5 for silty sands and silts 
plottinr, below the A-line and with D50 < 0.15 mm. 
r.hanr,, et al (3rd Microzonation Conference, Seattle, 
1982) have shown that the cyclic shear resistance 
increases over that of the parent sand as the silt 
content increases and that the rate of this strength 
increase is greatly reduced as the silt content 
increases beyond hO percent. ThiR of course 
snhstantiates the nature of the modification discussed 
hy the Author. 

In addition to the nhove, the writer wishes to make 
the following comments: 

( 1) It would he interesting to include a short 
discussion of how the results of the automatic drop 
hamm~r with a free falling weight used for the SPT 
program was corrected to estimate blow counts using the 
rope Rnd cathead type of equipment. 

(2) It is noted that the initial effective 
confining pressure which varied from 1 to 5 tsf had 
negligible effect on the laboratory cyclic strength. 
The writer's experience is that such effect could he 
significant for some sites. 

(3) The results of the relative density tests are 
considered quite rightly by the author to be 
inconclusive as such results are not expected to be 
meaningful for soils similar to those found at the site. 
The SPT blow counts could possibly be used to estimate 
the range of the relative density of the site soils in a 
procedure similar to that developed at the Waterways 
Experiment Station (Marcuson and Bieganowski, Journal of 
Geotechnical Engineering, ASCE, June 1977). 
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A>..:tthors replies to discussion by M.Hyodo on "Be
haviour of Some Earth Dams on Liquefiable Soil" 
by A.Popovici, V.Perlea and I.Corda 

The writers appreciate Hyodo's comment on 
the disagreement between the expected stress sta
te in the elements of dams before earthquake and 
the isotropic consolidation state applied to 
samples in laboratory tests. 

This type of test has been adopted for two 
reasons: (1) elements in dam where computed ini
tial static shear stress has important weight are 
to be built of unliquefiable material, either due 
to its grain size distribution, or due to a pro
per compaction; in perilous zones in foundation 
soil however, this weight is smaller; (2) in or
der to obtain liquefaction in laboratory tests, 
modelling reasonable close the field seismic 
load, it is convenient to perform cyclic triaxial 
tests on isotropic consolidated samples; the ex
pected anisotropic stress state and initial shear 
stress on horizontal planes in the field may be 
taken into account by correction factors applied to 
laboratory results. 

So, instead of performing distinct laborato
ry tests for stress condition in every element, 
the results obtained on samples isotropic conso
lidated have been corrected for the expected con
ditions according to the formula: 

1+2(<J'316l_l c(de 

3 2 c:~ 

where: ~ 1 /' is the maximum stress ratio in 
(J max, e'ov 

a soil element, cidt/2 c~ - the cyclic stress ra-

tio at liquefaction in an isotropically consoli
dated sample, 6 3 and G l_ - minimum and maximum 

principal effective stresses. This formula repre
sents an extension, for taking into account the 
influence of initial shear induced by dam loading, 
of a formula recomanded by Ishihara et al (1977). 

The procedure is, of course, a rough one, 
but has been considered acceptable as compared 
with other allowed approximations. 

In fact, the problem of the influence of 
the initial static shear stress on liquefaction 
potential remains controversial. On the other 
hand, very sophisticated laboratory tests need 
complex equipment and may be subjected to expe
rimental errors. 

Another problem discussed by M.Hyodo is on 
the need of a comparison between computed perma
nent displacements and the actual damages of 
slopes of dams occured during the earthquake. It 
must be emphasized that the strong earthquake of 
March 4, 1977 induced damages to some embank
ments in the proximity of the analysed works site, 
but these works were not even projected at that 
time. 
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Closure by J.R. Wagner 
Chief, Soil Mechanics Section 
Tulsa District, Corps of Engineers 
on "Liquefaction Potential Evaluation 
for Arcadia Dam" 

The writer would like to thank the general reporte 
and the discussers for their valuable comments on the 
paper. 

As pointed out, the magnitude of the N-value cor
rection from automatic trip hammer to cathead and rope 
SPT values was not provided. The correction used for 
this study increased the blow count obtained with the 
automatic trip hammer by 30 percent. This factor was 
chosen based on a review of the literature and is con
servative for this particular hammer. 

The writer is especially grateful for the rernainde: 
of the comments which discussed the potential errors in 
the evaluation procedure as applied to Arcadia Dam. Th• 
discussion topics included: the difficulty in obtaininl 
undisturbed samples of clean sands; the appropriateness 
of the shear stress correction; and the definition of 
failure. Each of these subjects along with many others 
had to be considered during the evaluation. Since the 
state-of-the-art provided no finite answers, decisions 
based on judgement had to be made. The primary purpose 
of the paper was to discuss the various decisions 
required for the evaluation. The discussers have made < 
significant contribution to this purpose by pointing out 
additional uncertainties behind many of the decisions. 

Reply by H. Dezfulian, Department of Civil Engineering, 
San Diego State University, San Diego, California, to 
the discussion by Pedro A. DeAlba on "Liquefaction 
Potential of a Silty Sand Site" by H. Dezfulian and 
N.D. Marachi. 

The authors wish to thank Professor Pedro A. DeAlt 
for his discussion of their paper. In our paper we 
clearly note that the method of analysis used was the 
procedure advanced by Seed, et al, (1983) in which the 
effect of silt contents on the Standard Penetration 
Resistance is considered by increasing the corrected 
N-values in accordance with the following relation: 

The authors are well aware of the increased resis
tance to liquefaction attributable to silt contents of 
a sandy material. This effect should be considered not 
only in empirical procedures such as the one employed i· 
the present paper, but also in analytical-laboratory 
test approaches in which comparisons are made between 
the induced stress conditions from earthquakes and stres 
conditions causing liquefaction of the same soil in the 
laboratory. 
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