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M. Hyodo K. Hirao
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SYNOPSIS : Earthquake-induced settlements in clay is derived from both undrained shear deformation
and post-earthquake volume change. The former is assumed to be time-independent while the latter
must be time-dependent. To determine the characteristics of cyclic-induced settlements, the authors
have carried out a family of cyclic triaxial tests followed by drainage on the plastic marine clay.
In every test, shear strain and excess pore pressure were measured during undrained stage and
volume change was measured during disspation of excess pore pressure. In the present study, in
particular, the results from cyclic triaxial tests were formulated in order to predict the
variations of ©pore pressure with number of load cycles. An excess pore pressure model was used
together with the consolidation theory to evaluate the total settlements and their time-dependent
variations due to dissipation of cyclic-induced pore pressure. The results of analysis using the
proposed method provide a basis for evaluating the post-earthquake settlement in soft grounds.

INTRODUCTION

Cyclic-induced settlements are divided into two
categories:residual settlement during undrained
cyclic,loading and post-cyclic settlement due to
dissipation of excess pore pressure generated
during cyclic loading. When evaluating the one-
dimensional settlement of soft grounds due to
horizontal shaking of earthquakes, the latter is
considered to be sometimes more predominant than
the former. The settlement of this kind in soft
grounds was observed in the 1957 Mexico
Earthquake and the 1986 Miyagioki Earthquake in
Japan, and has been regarded as an important Elapsed time t
problem from the geotechnical engineering point S

of view included in earthquakes, although
cyclic-induced settlements are not so dramatic
compared as the failure during earthquakes.

Pore pressure versus time curve

Pore pressure u
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Volume change versus time curve

The present paper describes a simplified and
practical method for evaluating this post-
earthquake settlement in soft grounds due to
dissipation of excess pore pressures dJenerated
during earthquakes. The evaluating procedure is
based on combination of the results from cyclic Y
triaxial tests with the consolidation theory.

Settlement S

Fig. 1 Schematic illustration for behavipr during
SIMPLIFIED PROCEDURE OF EVALUATING THE and after undrained cyclic loading

EARTHQUAKE-INDUCED SETTLEMENT

As illustrated in Fig. 1, the total settlement and Andersen, 1989 : 1990), the post-cyclic
of structures founded on clay, Sg, induced by volumetric strain, ¢,., was primarily governed
earthquakes consists of the immediate by the maximum pore pressure, Vg, generated
settlement, Sy, during earthquake, and the post- during undrained loading. The magnitude of
earthquake cyclic settlement, Syz. That is, we this volumetric strain was given by :
have : C 1
£ = a- log ( (2)
S, = Sy * Syr (1) vr Tey 29 07T /o )
where @ : experi .

The former occurs under the constant volume recompressignriﬂggﬁf‘leco?ssizg’rggi(‘,
condition while the latter accompanies the corresponding to the initiaf)vertical stress
decrease in soil volumes following the undrained 0yc. Post-earthquake settlements in clay aée
immediate settlement. evaluated using Eg. (2) when the cyclic-induced

pore pressure, u, included in Eq. (2) i i
In the previous study by the authors (Yasuhara by : ' ! q. (2) is given
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u f(Td/ovc, N) (3)

where Td/0 is the cyclic shear stress ratio, N
is the number of load cycles. According to the
study by Seed, et al. (1971), the cyclic shear

stress included in Eqg. (3) are estimated by :

(4)

is equivalent surface acceleration, o,

where og v

, 0, are effective and total vertical stress, r
= 1- 0.015z (z : depth of the ground) propose
by Iwasaki et al. (1978).

As the second step, when combining Eg. (3) with

the one-dimensional consolidation theory :

3 u
9 (" , 9 (5)
st Mor¥w 3%z
where k m,, are coefficients of permeability

and compressibility during recompression,
respectively, we can predict the variations of
excess pore pressure dissipation and
its following recompresson volumetric strain
with the elapsed time. It is essential in
performing the numerical analysis to determine
the values of My, and k. included in Eg. (5).
This can be done by u51ng the results from
undrained cyclic triaxial tests followed by
drainage., A series of tests can give us
information available for formulating both the
cyclic-induced excess pore pressure and the
post-cyclic recompression volumetric strain
characteristics.

CYCLIC TRIAXIAL TESTS

A family of cyclic triaxial tests on the
isotropically consolidated marine clay
specimens with 5 cm diameter and 10 cm height
were carried out to investigate the undrained
nature and post-cyclic behavior which should be
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utilized for post- earthquake settlement
analysis. A cyclic stress, 14, given in the form
of the stress level, d/° (where 1 a’2).
was applied to a spec1men through the stress—
controlled conditions with 0.1 Hz. of frequency.
The confining pressure in all of the tests was
196 kPa.

After the specimen was subjected to a certain
number of load cycles and uniform distribution
of excess pore pressures was ensured by leaving
the specimen for a few hours under the initial
isotropic stress condition, the drainage 1line
was open with measurement of volume changes and
their time-dependency during dissipation of
excess pore pressure. The duration for
measurement of recompression volume change 1is 4
hr. on average which approximately corresponds
to the end of primary consolidation in most of
tests. The state path by the e - log o,
representation for this kind of tests is
demonstrated in Fig. 2.

FORMULATION OF THE RESULTS FROM UNDRAINED CYCLIC
TRIAXIAL TESTS

Cyclic pore pressure formulation

Cyclic triaxial testing conditions are outlined
in Table 1. Fig. 3 shows a typical result from
cyclic triaxial tests on a highly plastic marine
clay 2.58, wy 115%, 72). In
undralneg cyclic tr1ax1al tests of the clay, as
are illustrated in Fig. 3, excess pore pressures
build up, and cyclic strains increase gradually
with increasing the number of load cycles and
then a clay specimen leads to failure,

Table 1 Triaxial testing conditions
Test No. wi(%) e qcyc/pc Nmax(cyc1es)
K-26 65.8 1.687 0.60 6
K-27 66.4 1.691 0.55 12
K-16 66.5 1.690 0.50 11
K-20 66.8 1.724 0.45 24
K-25 65.8 1.683 0.40 543
K-12 64.5 1.660 0.375 1674
D-1 66.6 1.696 0.55 11
D-2 67.8 1.735 0.50 36
D-4 66.5 1.700 0.45 10002
D-5 66.9 0.850 0.40 10000
E
é 20
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Fig. 3 Typical results from cyclic triaxial

test



Fig. 4 illustrates by means of the both
logarithmic scales a relation between the cyclic
stress ratio, (q /pa)es (q =03, PA = 0'.)
required for thecgg dgugle a%gfitgée gf shegr

strain and the number of load cycles, Ng¢. The
results in Fig. 4 are then formulated into:
_ _ b
Re = (Qgy/p)e = a Ng (6)

where and are experimental constants, equal to
0.624 and -0.071, respectively, for a
reconstituted Ariake clay used in the present
study.
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Fig. 4 Cyclic stress ratio versus number of

load cycles relation at 5% double
amplitude axial strain

By referring to the schematic diagram of p'-q
spaces 1i1llustrated in Fig. 5, the excess pore

q

*Qy [

UE=P.~Pf
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Ng
1
Fig. 5 Definition of the pore pressure
at cyclic failure
pressure, uP, generated at failure in the

extension side for a given number of load cycles

is written as:

“Pe = Ao/ g (7

where ng is the effective stress ratio at
failure which is defined in the present study
as each specimen reaching the 5% double
amplitude cyclic shear strain.

Here, by referring Fig. 6 and Fig. 7, we
introduce the following new parameters in order
to formulate the cyclic-induced pore pressure.

The first new parameter is :
R-(1) - R_(N)
RR = £ £ (8)
Rf(l) - R

where Re(1) and Rg(N) are cyclic strengths at
the 1st and Nth number of load cycles given by

Eq. (6) and, R is the amplitude of applied
cyclic shear stress ratio,respectively. As the
second new parameter we define :
n - ng
*
n = (9)
ng T ng

where n is current effective stress ratio, Ng is
effective stress ratio at an intersection of the
total stress path (dg/dp'=3) With the line of g
= -de.yc- This parameter, n , indicates the
relatf@e effective stress ratio between initial
and failure at the extension side in p'-qg
spaces. When plotting the values of both two
parameters obtained from cyclic triaxial tests,
we have Fig. 8, and resultantly we can assume:

RR
n o= (10)
c (c;, - 1)RR

{c, : experimental constant)

1

rr = Rel1) - Re(N)
Re- QC): Re{1) - R
Pc
Re Jov
R¢(1) Pe
. AWAN,
: | [VAAVARVAL
R Femd e — o --
1 N Ne
(a) Cyclic strength (b) Applied cyclic stress
ratio
Fig. 6 Definition of the parameter, RR
Ng =~ N
* o ————
n ng - Ng

Total stress path

g Initial
point
A
p

Fig. 7 Definition of the parameter,
%*
n
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The comparison between calculated and observed
n*and RR relations is shown in Fig. 8.

1.0 T T T
D 0cy/Pe=0 55
0-8~ O: 1" .50
A u 0.40
o 1 0.38
0.6}F .
ol w Best fit of n
o | and RR relatidn
' 0.4 (cq=5.0) .
il T
i
< 0.2 .
O 1
0 0.2 0.4 0.6 0.8 1.0
Rr=RE (1) ~Re
Re¢iy- R
Fig. 8 Correlation of the relative stress

ratio to the relative cyclic stress
ratio

On the basis of the results from cyclic triaxial
tests, we can olso obtain a unique relatjonship
between pore pressure ratio, u/ug and n which
is shown in Fig. 9. This relation can also be
formulated as follows:
*
n
- = (11)

*
£ c, - (¢c,=- IIn

where ug is the ultimate maximum residual pore

pressure as was previously shown in Fig. 5. By
combining Eq. (8), Eq. (10) and Egq. (11), we
have:
Rf(l) - Rf(N)

I S (12)

Ut c163 (Rp(N) = R} + (Re(1) = RN)}

where ¢, and c, are experimental constants inclu-
ded in Eg. (10)“and Egqg. (l1), respectively.

The good agreement between observed values and
calculated values using Eq(12) is proved in Fig.
9. Subsequently, the ratio of residual pore
pressure to the initial confining effective
stress

9% Ug c

In order to verify the procedure given by Eqg.

(13), the calculated excess pore pressures are
compared in Fig. 10 with the values measured in
cyclic triaxial tests on a reconstitute Ariake

clay. The comparison in Fig. 10 shows a fairly

good agreement for the variations of build-up

excess pore pressure with time during undrained

cyclic loading.
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pore pressure ratio and relative
effective stress ratio
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Fig. 10 Comparison between calculated and

observed cyclic-induced pore pres-
sures related to number of load cycles

Post-earthquake recompression

After the clay specimen is subjected to a
certgin number of load cycles under undrained
conditions and then was left for a few hours to
ensure uniform distribution of excess pore
pressures, the drainage line in the triaxial
equipment was open with measurement of the

dissipating pore pressure and the i
ac
volumetric change. companying

Based on the results from ¢
with drainage and Eq. (2),
volume compressibility, m
follows:

yclic triaxial tests
the coefficient of

vr' Was obtained as

l+eo o, - u (14)



Since the coefficient of reconsolidation, Cygs
was determined from the recompression volumetric
strain versus elapsed time curves, the

coefficient of permeability, k., is given by :

(15)

Thus, the variations of recompression volumetric
strain with elapsed time for radial drainage
like in the specimen in the triaxial cell can be
pursued using the two-dimensional consolidation
theory given by :

(16)

As the examples the comparison between
calculated and observed values of ¢ and uP
plotted against elapsed time is shown in Fig.
11.

o
=

o 1.0 r T

< 4
= O:qcy/pc=0.60

o 0.8 O 0.55| A
B O: o« 0.50] -
- ®: o 0.45

o 0.6 A+ 0.40] T
b m 0.38| A
(%

b

Qa.

8

o

-

o
N
T

i

3 4

2+ 4

3+ -
8 ae

4 B

Volumetric straine, (%)

—— Calculated

%.1 f 16

Time (min)

1
100 1000

Fig. 11 Variations of post-cyclic
pore pressure and volumetric

strain with elapsed time

APPLICATION OF SIMPLIFIED PROPOSED METHOD

The model ground consisting of the Ariake clay
used in triaxial tests to formulate the cyclic-
induced pore pressure behavior was assumed in
Fig. 12. The procedure of evaluating the post-
earthgquake settlement of the model ground in
Fig. 12 based on the results from triaxial tests
and their formulations is described as follows:

1) The cyclic stress ratio at an arbitrary depth

369

Surface
acceleration ueq
V
5 Fill 0= 1.8t/m? / L Soil
vd z /// cotumn
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Fig. 12 A model ground for calculation
Shear stress ratio 1/oy
0 0.1 0.2 0.3
: O T T
=
5 2 a
13
o
b
o 4 - -
0 o~
=
v —=
5o gk - i
= O:iaeq=1m/s
8 A; oy e
Y- 8 O: » 2 i
=
+>
(=9
a 1 |
10

. 13 Variations of shear stress ratio with
depth for each surface acceleration
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Fig. 14 Variations of pore pressure ratio with

depth for respective values of %eq and N
of the ground is determined using Eq. (4). The
distributing of the shear stress ratio is shown
in Fig. 13, indicating that the cyclic stress
ratio increases with the depth of the ground.

2) The amount of cyclic-induced pore pressure
shown in Fig. 14 is estimated using the
previously described procedure and Eq. (13).



Results of the variations of calculated pore
pressure with the depth point out that;

i) In case of 4 =
surface acceleratiog),
ratio, u/%,

1 and 1.5 m/s2 (%e =
the excess pore presgare
at each number of load cycles

7
(N=10, 20 and 30) increases with the depth, as
shown in Fig. 1l4.
i1) In case of 2g4= 2.0 m/sz, the two lower

layers lead to failure (namely, u/u = 1.0)
under N = 10 while under N = 20 and 30 the three
lower layers are failed.

iii) The pore pressure at failure becomes
smaller at the lower layer than the upper
layer of the ground.

5.0 T T T T - , T
O Results of the present tests C)()
for Ariake clay
@®: Results of the past tests for
4.0 + Ariake clay i
< &/ O
< _ u/o ® °
W 5 o LSvr 0.4116-0.2909 u/oc B
.C ’
©
—
4+
w1
(&)
— 2.0 .
4+
QU
=
3
© ]
-
1.0 - .
® L
0 i i I 1 I 1 I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Pore pressure ratio u/ag,

Fig. 15 Post~cyclic recompression volume-
tric strain versus pore pressure
ratio from cyclic triaxial tests

T T T

15

T

10

Settlement of ground & (cm)

0 1 1 i
0 1.0 1.5 2.0

Acceleration of ground surface aeq (m/s?)

Fig. 16 Settlement of the model ground
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3) Determine the settlements of each layer using
(2):

u/oc
/C

0.412 - 0.291 (u/oc)

vr (17)

which is formulated from the results in Fig. 15
instead of Eg. (2) because the correct value of
C, included in Eg. (2) is not available at the
present time for the clay used in the current
study.

4) Then sum them up as the total settlement due
to dissipation of earthguake-induced pore
pressure. The results in the present study are
shown in Fig. 16.

CONCLUSIONS

1) Interpretation of the mechanism of
earthguake-induced settlements in clay was
described and a simplified procedure was
proposed for predicting the post-earthguake
settlements of clay grounds.

2) The important step included in the proposed
method is to model the cyclic-induced pore
pressure in clay. For this purpose the results
from cyclic triaxial tests on a reconstituted
soft clay were formulated to be combined with
the consolidation theory.

3) A case study for the post-earthguake
settlement of the soft clay ground indicates
that the post-earthquake settlement increases
with increasing the surface acceleration of the
soft ground.
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