Changes in Strength of Soild Under Earthquake

and Other Repeated |Loading

by

Dwight A. SangreyI

Synops is

When most natural soils are subjected to earthquake or other dynamic
loading the resulting fluctustions in|stress produce irreversible changes
in pore fluid pressures. These produce long term or short term changes
in soil strength. A rational model is developed based on the theory
of a critical state (or critical void ratio) at failure. The response
of seversl soil types within this model is predicted and compared with
field and lasboratory results. A table of recommended design ‘guidelines
is presented as a summary.

Introduction

™-; approaches to engineering of soils subjJected to earthquake or
other repeated loading are availasble, a modification of the common
static upper bound or limit equilibrium solution using loading factors,
and by lower bound solutions requiring a constitutive equation for the
soil. In the first type of analysis|the problem may reguire selection
of a soil strength under repeated lo ding which is different from the
strength appropriate to problems involving slower rates and single
applications of loading. In the second approach the problem is
selection of a stress-strain relationship and also a limiting or yield
strength for the soil under dynamic loading.

A great deal of effort has been directed toward studies of strength
changes in particular soils under dynemic loading conditions, principally
liquifaction of sand and softening of clays. Since most dynamic loading
problems, certainly earthquake loadipgs, are of short duration, the
behavior of the soil during the loading sequence is undrained. Under these
conditions pore fluid pressure chenges accompany the loading. In
lsboratory testing of soils to measure strengths appropriate to dynamic
conditions, rates of loading are also rapid and under such conditions
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measuring of pore fluid pressures is difficult; consequently, most of
the original research on the dynamic strength of soils, and some
recent work as well, has been reported |in terms of total stress. An
effective stress interpretation, however, is necessary for rational
design.

In this paper two recent studies df soil's response to dynamic and
repeated loading are reviewed. Both wdre done measuring pore pressures
and the resulting effective stress changes have been interpreted in very
similar ways using the concept of a critical state or critical void ratio
at failure. From this concept several [theoretical models of behavior
for various kinds of soil are developed. In conclusion, examples of
field or experimental data are compared to the theoretical models.

Changes in pore pressures due to repeated loading

The effective stress response to
saturated clays and sands has been descri
by Castro (1969) respectively. These
tially consistent in their description
brief review of tais work is appr-priat

amic and repeated loading of

bed by Sangrey et al (1969) and
ferences are complete and essen-
f the phenomenon, however s

as an introduction to this paper.

saturated soil when subjected

ure change; positive pressures for
and loose sands at low strains,
idated clays and dense sands.
loading progresses. When a soil
example an increase and decrease

€ pore pressures take on additionsl
t elastic in its deformation it is

These pore pressure changes develop as
is subjected to stress fluctuation, for
as illustrated in Figure 1, the resulti
significance, for Just as the soil is n
not elastic in pore pressure response. |Consequently there is a residual
or plastic strain resulting from the stress cycle and also a residual
pore pressure (point b). These observations hold regardless of whether
the soil is loaded to failure or not.

Subsequent cycles of loading and oading may continue to accumulate
residual strain and Pore pressure effects in the soil. This leads either
to failure, Figure 1, or to a condition bf equilibrium characterised by
closed hysterisis loops of strain and pore pressure with variation in

stress, Figure 2. This latter state has| been termed nonfailure equilibrium,
Sangrey et al,

Whether ultimate failure or nonfailpre equilibrium results from
Tepeated loading of a particular soil, ejther in the lab or field, depends
on the level of repeated stress, time an@ the number and nature of loading
cycles. These latter varisbles, time, number and nature of loadings, pro-
duce various transient effects; however it is argued by Sangrey et al and
Castro that the eritical stress level Separating failure and nonfailure
is uniquely related to the effective stress state of the soil prior to
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repeated loading and the maximum stresg level associated with this
loading. The arguments in this paper gre based on this conclusion.

In order to appreciate the significance of repeated loading and the
resulting cumulative pore pressure effects it is useful to examine some
test results as stress paths in an effective stress space. The examples
jllustrated, Figure 3, are triaxial test specimens in which the effective
axial stress, o'y, is the major principal stress and the lateral stress
is both minor and intermediate principal stress. Because of the axial
symmetry in the lateral direction the eneral three dimensional stress
space can be simplified to the plane r presenting o', and o'jy Y2 . The
illustrations which follow could Just well be madé using any other
stress space.

In Figure 3a and b are shown the gtress paths followed by the two
tests illustrated in Figures 1 and 2. | A comparison of the stress paths
followed in these tests provides an explanation for their behavior during
repeated loading. The most obvious diffference between the stress paths
is their position with respect to the fallure envelope. In test T2 the
increase in pore pressure is sufficient to bring the stress path on the
third cycle to the failure envelope; nonrecoversble deformations increase
with each subsequent cycle of losding.| In comparison, repeated loading
of a similar sample to lower stress levels resulis in a lesser build-up of
pore pressures and, at nonfailure equ.azibrium the pore pressures are
still insufficient to bring the stress path to the failure envelope.

The pore pressures will not increase Yeyond this point unless the level
of repeated stress is increased.

For a particular soil defined by |a specific initial state of
effective stress and stress history, the changes in pore pressure due to
repeated loading increase as the pesak |stress level increases. Consequently,
as the level of repeated stress incregses the nonfailure equilibrium stress
path comes closer to failure until at |a particuler stress level, termed
the critical level of repeated stress by Sangrey et al and earlier by
Larew and Leonards (1962), failure oc¢urs. Any repeated loading above
this stress level leads to failure af{er some number of cycles.

This critical level of repeated stress and the corresponding effective
stress failure state have been equated by Sangrey et al (1969) to the
critical state of the soil, Schofield| and Wroth (1968). Similarly, from
the work of Castro, the ultimate failure condition of sand after liquifac-
tion is the critical state or critical void ratio. At the critical state
or critical void ratio a soil or other granular material is at failure
under a unique combination of effectiye stress and void ratio. Under these
conditions the soil will deform continuously or flow with a constant
resistance and constant volume; therefore the strength is essentially the
remolded strength.
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In summary, the model of behavior
loading is a cumulative build-up in excE
This pore pressure change can lead to e
condition, if repeated stress levels are
level of repeated stress, representing
void ratio of the soil, separates these
highest level of repeated stress which 1
failure.

for soil subjected to repeated

88 pore pressure and strain.
ther a nonfailure equilibrium
low, or to failure. The critical

the critical state or critical

two limits and represents the

will not cause eventual undrained

Changes in strength resulting from repe

ated loading

Normally consolidated and lightly overconsolidated soils - undrained

As illustrated by the previous ex
solidated soils accumulate positive por
loading;
pore pressures as a result of mo
lightly overconsolidated clays. Build-
bressures leads to reduced strength with
stress being lower than the peak undrain

Much of the published work on respd
has reported strength results of tests ¢
total stress and effective stress interp
Thiers and Seed, 1968), Typical of the
data from undistwrbed San Francisco Bay
and Chan. The curves indicate the numbe
stress level, expressed as s percent of
necessary to cause failure. For all pr
indicating an asymptote to a repeated st
undrained strength. It is reasonsble to
level of repeated stress snd that the so
state.

Although pore pressures were not me
in a special test on a companion sample
reported in the same reference. In this
measured at intervals during a rather c
illustrated in Figure 5. These results d
pore pressure build-up and subsequent fai
siderably below the undrained strength.

It is also significant to note fram
initial stress and level of repeated load

this also holds for any other|s

les, saturated normelly con-
bressures during repesated
oil which develops positive

notonically increasing loading such as

of positive pore water
the critical level of repeated
led strength.

nse of soils to repesated loading
n these kinds of soils, both
retations; (Seed and Chan, 1966;

total stress results are the

d, Figure 4, reported by Seed
of cycles of a particular

he normel undrained strength,
tical purposes these data are
ess of about 50% of the

expect that this is the eritical
1l is approaching the critical

ured in these tests, they were
f San Francisco Bey Mud

test, pore pressures were
licated loading program as

tlearly show the phenomenon of

lure at levels of stress con-

Figure 4 that for a particuler
ling the asymptote or critical

level of repeated stress is the same even
of the loading are different. In this o
direction of stress cyecling, either one o
corresponding number of cycles necessary

the earlier contention that transient eff

variables but that the ultimate condition

stress level as it relstes to the critica]
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In summary, the undrained repeate
and lightly overconsolidated soils res
pore pressure build-up. The critical
Which this occurs corresponds to the s

and is therefore the remolded strength,
undrained strength to the critical leve

be the semsitivity of the soil and in
et al this is precisely the case.
gufficient information to permit such

the soil response is sufficiently consj

to offer at least qualitative support.

Overconsolidated soils - undrained

Limited data are reported for rep
consolidated soils (Bishop and Henkel,

however the results which are availab

behavior of these materials follows logice
Negative pore pressures
of heavily overcoasolidated clays and, &s illustrated,

ive stress model.
leads to an accumulation of these neg

Several complete series of tests

samples of Newfield clay in a companig

et al. The conclusion from this work

pressures do puild-up in repeated load
accumulated negative pressures and thd
Consequently the critical level of repeated

increasing loading are small.
stress is little different from the n
consolidated soil. As a result, eartl]
does not lead to short term strength

Drainege following repeated loading o

After a sequence of undrained rep

pore pressure changes, the pore fluid
surroundings and drainage results at
and boundary conditions. The resulti
strength changes which may be more oY
during loading itself. Another consi
situation in which the constant watex
single value of critical state, drain
state. Consequently, the critical l¢
change.

Quantitatively these changes caf
new water content, or void ratio, aft
tively, however, the changes are obvi

3

Othe

er drainage has occurred.
lous .

d
u
1
qg

loading of normally consolidated
1ts in decreased strength due to
evel of repeated loading above

il being at the critical state
-Consequently the ratio of peak
1 of repeated loading should

he results reported by Sangrey,
.r reported work has not contained
y positive conclusion; however,
istent with the theoretical model

g

ated loading of saturated over-

1953; Knight and Blight, 1965),

, Figure 6, indicate that the

ally from the proposed effect-

due to sheer are a characteristic
repeated loading

tive pressures.

were done on heavily overconsolidated
n study to that reported by Sangrey
was that while negative pore

1ing the differences between the

bse resulting from normal monotonically

srmal undrained strength of the over-
hquake and other repeated loading
changes in these soils.

£ fine grained soils

eated loading has produced cumulative
is out of equilibrium with its

rates controlled by soil permesbility
ng water content changes produce

less severe than any conditions
deration is that, unlike the undrained
content (or void ratio) specifies a
sge permits change in the critical

\wvel of repeated loading will also

only be defined by measuring the
Qualita-
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For normally consolidated and 1i
accumulated positive pore pressures di
soil; the water content decreases and
of repeated stress increase. These so
term problem under earthquake loading
loading.

tly overconsolidated soils the
sipate by water draining from the
he shear strength and critical level
1s, therefore, are not a long

ust as they are not under sustained

On the other hand, overconsolidat
The accumulated negative pore pressure
in water, swelling and increasing in w

d soils clearly are a problenm.
dissipate by the soils drawing
ter content. The result is a
ical level of repeated stress.
menon after repeated loadings,
Figure T, is taken from tests by Bishop and Henkel (1953) on heavily
overconsolidated Weald clay. In this ample the specimen of soil was
subjected to an undrained cycle of loading and unloading followed by a
drained period during which any excess pore pressures could dissipate.
The result was s progressive increase of water content and decrease of
undrained strength. A decrease in critfical state and critical level
of repeated loading can also be inferreq.

Clearly, this mechanism explains the common problem of softening
of stiff fine grained soils under highwgy pavements and roadbeds of
railways. Whether heavily overconsolidated soils losaded by earthquakes
can be softened in a similar way cannot|be confirmed by recorded
experiences; however, a significant difference between the two problems
is the relative accessibility to water.| In the case of pavement or road-
bed subgrade the softening occurs immediately adjacent to the base course
or ballast and the water to satisfy the |negative pore pressures is
available from this free draining material; drainage distances are short.
Also, since the repeated loading is g regular occurance, the soil as it
softens continues to be subjected to the peak stresses of the dynamic
loading. Earthquake loading, on the otHer hand, involves generally
larger soil masses with correspondingly |longer drainage distances.
Because the time required to soften such s deposit is long, and the
earthquake an irregular event, the softemed soil may never be subjected
to the levels of stress associated with fthe transient loading and may be
stable under the desd loading stresses alone,

Partially saturated 80ils, compacted soils

Defining Precisely the effective stress state in a partially
saturated soil requires knowledge of bot the pore air pressure and
pore water pressure, Bishop, Alpan, Blight and Donald (1960). This is
& formidable problem in s normal loading|situation and for more complicated
dynamic and repeated loading schemes is practically impossible. However,
qualitatively the response of a compacted soil can be developed from the
rational effective stress model proposed herein, and examples from testing
of compacted soils confirm this behavior.
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A typical compacted soil is overg
drained shear negative pore }

during un
typical of this
in the voids.

kind of soil would be

forcing the air into solution or out
as the density of the soil increases,
Several investigators have reported,
(1958), that "the observed increase i
repeated loading tests cannot be enti]
densification"; obviously & negative

Another observation from repeate
while there is an increase in strengt
increase in degree of gaturation and
soil behavior may change dramatically
becomes saturated, not by adding wat
strength increase due to densificati
sample approaches & high degree of s
No pore pressure measurements were I
but clearly changes in pore pressure
particularly, an accumulation of pos
is approached,

Extremely sensitive so0ils

Causes of soil sensitivity vary
the highly sensitive ones are appare

Because of the air, ho
dengification of the compacted soil D]

rl

ntly either leached or owe their

onsolidated in the sense that
sressures result; behavior

expected were it not for air

sever, repeeted loeding produces

y compressing or more likely

of the soil entirely. In general,
the strength also increases.

i.e. Seed, McNeill and de Guenin

h stiffness of soil specimens during
rely attributed to an influence of

[pore pressure accumulation.

4 loading of compacted soils is that
h and density there is also an

that when this approaches 100% the
Typically, Figure 8, as the soil

r but by reducing air content, the

n becomes less pronounced and as the
turation the strength decreases.

e in these test on compacted soils,
cen explain all of these observations;

itive pore pressures, 88 saturation
would lead to the strg

ngth losses reported.

Mitchell and Houston (1969), but

sensitivity and high peak strength 1
particles, Sangrey (1971). Most se
consolidated, undrained no:
pore pressures, and their beh
Decrease in strength is relat

rmal loadjng and repeate
avior 1s as illustrate
ed directly to sensitivity

o some natural cementation between
sitive soils are geologically normally

d loading produce positive
d in Figures 1, 2 and 3.
and the critical

level of repeated stress is the remplded strength.

If this were the case for extremely
ed pnes,
d repeated loading would be an
se materials.
however.

the leached and naturally cement
stress would be very small indeed
extremely difficult problem for th
experience of practicing engineers

In a study of this problem, Gg
of several extremely sensitive Can
were subjected to a program of repe
Pore pressures were measured. The
strength reduction due to the repes
to remolded behavior but are able 1
levels of stress in the order of 5
number of tests and types of soil 1

LO

D%

gensitive soils, particularly
the critical level of repeated

This is not the

rman (1970), undisturbed specimens
adian soils, all naturally cemented,
vated loading in a triaxial apparatus.
results confirmed that while there is
ated loading,

the soils do not revert
sustain many cycles (up to 100) at
of peak strength; Figure 9. The

vere limited, but the results were
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consistent in defining a critical level

these naturally cemented soils suggested
of the cementing material, rather than g
accumulation. A classical fatigue model
concrete may be more appropriate for thi
used for other scils.

b 4

Considerably more experience is nea
however, it is clear that for soils of
attributed to other than cements or lea
bressures due to repeated loading does
levels defined by the critical state.

Granular materials

No problem involving dynamic and re
received more attention than liquifactiol
phenomenon have developed and been modif:
most interpreted in total stresses some 3

n

of repeated stress significantly
below peak but not at the remolded strength levels.

The behavior of

] & mechanism of fatigue, perhaps

prefailure pore pressure

such as used for metals or

kind of soil than the model

essary to define this problem;
ore moderate sensitivity,

Hting, the build-up of pore
duce strength to the remolded

peated loading of soils has

of sands. Theories of this

led as more data were accumulated,
yith pore pressure measurements.

A thorough effective stress study has been reported by Castro (1969) and

his results can bz used to summarige the
loaded to produce liquifaction.

Castro did his testing on saturated
different sands; sustained, transient and
used. In all tests Pore pressures were
looser sands positive POre pressures res
while dense sands produced negative pore

Liquifaction occurred with some sped
associated with accumulated positive pore
changes in effective stress. The signifi
were that this behavior was rational and
liquified or not and the degree of this 1
sample's initial effective stress state,

measured.

Ylted from all loading conditions
water pressures,

imens.

behavior of sand soils when

triaxial specimens of several

repeated loading schemes were
He noted that for

This liquifaction was
bressures and the resulting

cant observations of Castro
that a.

iquifaction depended on the

vwhether a sample

the ultimate effective

stress states for samples which liquified defined a unique void ratio -

effective stress relationship.
Figures 10 and 11.

When the void ratio and in
particular sand were plotted,
observed with respect to subse
engbled Castro to define a lin
not liquify. At a Particular
soils liquified, denser ones did not.

Figure 10,

e separatin

A rational explanation for the line of ¢

it was noted that the con
effective stress failure states for the s
void ratio or critical state line, Figure
completely analagous to the behavior of sd
void ratio, loose sand exists initially at
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quent liquifaction.
initial state

ditions defining|this

11,
turated clays,

These conlclusions are illustrated in

itial state of stress for samples of a

ery distinct patterns were

Data of this type

the samples which did and did
of effective stress the looser

eparation was possible when
line were also the ultimate
d, in other words the critical
Obviously, then, this is
At a particular
an effective stress state



higher than the eritical state at that
clays relate in the same way to the cr
loading, either sustained, transient @

positive pore water pressures develop
ultimately reach failure at the criti
stress path would move parallel to
ratio in Figure 11. Since there
the soil at a critical state th
becomes the critical level of repeate
strength under esrthquake and other

‘ Summary

A model has been proposed whereb
resulting from transient or repeated
behavior of the material. It has bee
pressure accumulate until the soil ac
void ratio) relationship between effe
critical state defines a specific str
the critical level of repeated loadin
design parameter.

Within this model various soils
of major soil types has been reviewed
exemples are summsrized in Table I in
of response to dynamic loading and re
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(FROM CASTRO, 1969)

[+]
o [
. [ 120
- Zone of] Liquefaction
.
- 14
| Zone of No
Liquetaction ?
- o &£
L 2
H
| ® Liquefaction failure a
£ Limited kquefaction 2
r o Dilative response e sog
P o
1 80
i o
1 I i1 1 41l) A 1 T k i Lod g1l loo
.0l 0.1 1 0

08
07 ]
£ ® < R tests in which limited ligusfaction developed
« r = ]
° © s Rtests in which liquefaction developed
S - X : Rgy tests in which liquefaction developed
o6k a = ﬁcy tests in which liquetaction developed 4
O.s 1 i I 1 i it 1t 1 i L0 ()
Q.01 Q. [} 10

Eftective Minor Principal S'rnl,as' s kg/aq em

FIGURE 1) THE ULTIMATE CONDITION OF LIQUIFIED SAND SAMPLES,
NR THE CRITICAL VOID RATIO

95

(FrOM cASTRO, 1969)

20

60

Relative Density, %

80

100



DISCUSSION OF PAPER NO. 5

CHANGES IN STRENGTH OF SOILS UNDER EARTHQUAKE AND OTHER REPEATED LOADING
by

D. A. Sangrey

Discussion by: M. A. Sherif

The accumulative negative pore pressure build-up in overconsolidated
soils referred to by the speaker suggests that such soils do not lose strength
during earthquakes. This is not the case, however, for all overconsolidated
soils, but depends to a great extent on the overconsolidation ratio of the
soils. Our results at the University of Washington show that overconsolidated
soils gain strength when the overconsolidation ratio is up to 8. When the
overconsolidation ratio is considerably over 8, these soils lose strength.
This may imply that the pore pressure effects and the dilation tendency
of overconsolidated soils must be considered simultaneously in assessing the
shear behavior of overconsolidated soils during dynamic excitatioms.

Reply by: D. A. Sangrey

One might speculate that the strength loss for heavily overconsolidated
soils subjected to dynamic and repeated loading, as observed by Dr. Sherif,
is a consequence of breakdown or loss of effective stress cohesion. To
expect this loss to be related to pore pressure increases is, I think,
unreasonable.

The observed strength decrease, for whatever reason, is, however, an
important qualification of the conclusions drawn in the paper.

96



