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Abstract An estimation method for earthquake-induced pore water pressure and the post-

earthquake settlement of soft clay was developed by focusing on its Atterberg’s limits and

the direction of cyclic shearing. To clarify the fundamental characteristics of clays with

different Atterberg’s limits under multi-directional cyclic shear, normally consolidated

specimens of Kaolinite clay, Tokyo bay clay and Kitakyushu clay were subjected to cyclic

simple shear under the undrained condition with various cyclic shear directions and shear

strain amplitudes, followed by the dissipation of cyclic shear-induced pore water pressure.

The effects of undrained cyclic shear on the pore water pressure accumulation and post-

cyclic settlement were observed, and relationships with Atterberg’s limits were then

investigated. In conclusion, the pore water pressure accumulation and post-cyclic settle-

ment induced by multi-directional cyclic shear increase considerably to a higher level

compared with those generated by the uni-directional one and such a tendency is evident

for clays with a wide range of Atterberg’s limits. Comparisons of the results indicate that

the soil with higher plasticity index shows the lower pore water pressure accumulation and

post-cyclic settlement, irrespective of number of strain cycles and shear strain amplitude.

Based on these results, a model for earthquake-induced pore water pressure and post-

earthquake settlement was developed by incorporating the Atterberg’s limits as a function

of experimental constants and the practical applicability was confirmed.
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Abbreviations
A Experimental constant

a Experimental parameter

B Experimental constant

B-value Pore pressure coefficient induced by undrained static loading

b Experimental parameter

C Experimental constant

Cc Virgin compression index

Cdyn Cyclic recompression index

CdynU Cyclic recompression index induced by uni-directional cyclic shear

CdynM Cyclic recompression index induced by multi-directional cyclic shear

De Normalized post-cyclic settlement in strain between multi-directional and

uni-directional cyclic shears

Demax Maximum normalized post-cyclic settlement in strain between multi-

directional and uni-directional cyclic shears

DU Normalized pore water pressure ratio between multi-directional and uni-

directional cyclic shears

DUmax Maximum normalized pore water pressure ratio between multi-directional

and uni-directional cyclic shears

f Frequency of cyclic shear strain

F Experimental parameter

d Maximum horizontal displacement of specimen

De Change of the void ratio

Dh Settlement of specimen

De Difference of post-cyclic settlement in strain between multi-directional and

uni-directional cyclic shears

Demax Maximum difference of post-cyclic settlement in strain between multi-

directional and uni-directional cyclic shears

DU Difference of pore water pressure ratio between multi-directional and uni-

directional cyclic shears

DUmax Maximum difference of pore water pressure ratio between multi-directional

and uni-directional cyclic shears

e0 Initial void ratio

eM Post-cyclic settlement in strain induced by multi-directional cyclic shear

eU Post-cyclic settlement in strain induced by uni-directional cyclic shear

eV Post-cyclic settlement in strain

G Experimental parameter

GL Ground level

Gs Specific gravity

c Shear strain amplitude

cDemax Shear strain amplitude at which De reaches Demax
cDemax Shear strain amplitude at which De reaches Demax
cDUmax Shear strain amplitude at which DU reaches DUmax

cDUmax Shear strain amplitude at which DU reaches DUmax

cdyn Equivalent uniform shear strain amplitude

cmax Maximum shear strain amplitude of irregular strain time histories

cmaxNS Maximum shear strain amplitude in NS direction of irregular strain time

histories
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cmaxEW Maximum shear strain amplitude in EW direction of irregular strain time

histories

cx Shear strain amplitude in X direction

cy Shear strain amplitude in Y direction

h0 Initial height of specimen

Ip Plasticity index

m Experimental constant

n Number of cycles

Ncy Equivalent effective number of cycles

h Phase difference

rv0 Initial vertical stress

r0v0 Initial vertical effective stress

SRR Stress reduction ratio

T Period of cyclic shear strain

Udyn Pore water pressure induced by undrained cyclic shear

Udyn=r0v0 Pore water pressure ratio induced by undrained cyclic shear

Udyn=r0v0

� �
M

Pore water pressure ratio induced by undrained multi-directional cyclic

shear

Udyn=r0v0

� �
U

Pore water pressure ratio induced by undrained uni-directional cyclic shear

wL Liquid limit

wp Plastic limit

1 Introduction

When a clay layer is subjected to cyclic shear under the undrained conditions, because of

the short-term cyclic loading of earthquakes and also the low permeability of clayey layers,

the pore water pressure is produced which is commonly called as cyclic shear-induced pore

water pressure, and such a pore water pressure increase leads to the decrease in the

effective stress. Since the cyclic shear-induced pore water pressure itself relates to the

cyclic degradation of the soil and significantly affects its cyclic shear resistance, the

accumulation of pore water pressure is therefore considered as an important parameter

when studying and simulating the cyclic behavior of soil deposits under the undrained

cyclic shear. In addition, the dissipation of the pore water pressure after undrained cyclic

loading results in the instantaneous and long-term settlements which have been observed as

a post-earthquake settlement after major earthquakes, e.g. Hyogo-ken Nanbu earthquake in

1995 (Matsuda 1997) or the Tohoku Earthquake in 2011 (Konagai et al. 2013).

During earthquakes, soil layers are subjected to multi-directional cyclic shear with

different shear strain amplitudes and frequencies (Ansal et al. 2001; Matsuda et al. 2004).

Figure 1 shows the orbit of acceleration and shear strain at GL-16 m depth in Port Island

(Kobe, Japan) during Hyogo-ken Nanbu earthquake 1995 (Matsuda et al. 2004). It is seen

in Fig. 1 that the soil layer is subjected to the multi-directional cyclic shear strain during

earthquakes. For saturated sands, the problems regarding the cyclic shear-induced pore

water pressure and settlement, and the effect of cyclic shear direction on their dynamic

properties have been extensively studied by a number of researches (Pyke et al. 1975;

Ishihara and Yamazaki 1980; Tokimatsu and Yoshimi 1982; Ishihara and Yoshimine 1992;

Talaganov 1996; Matsuda et al. 2004, 2011) and taken into account for a long time (Japan
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Road Association 2002). When comparing the earthquake resistance of saturated clay with

sand, soft cohesive soils are believed to be relatively stable because no liquefaction takes

place even under strong motion by earthquakes (Hyodo et al. 1994, 1999; Yasuhara et al.

1992, 2001) and consequently, studies on the earthquake-induced pore water pressure and

post-earthquake settlement of clay and sand are in different situations (Matasovic and

Vucetic 1992; Yildirim and Ersan 2007), due to which the influence of the cyclic shear

direction on the dynamic properties of clays has just been firstly mentioned by DeGroot

et al. (1996) and observed for Kaolinite clay by Matsuda et al. (2013a, b). In addition, since

the effects of relative movements of soil particle on the complex pore water pressure

response are still insufficiently clarified, the so-called curve-fitting method is an appro-

priate approach for effective modelling of the pore water pressure accumulation and

several models have been proposed for the case of strain-controlled cyclic shear e.g. Ohara

et al. (1984), Ohara and Matsuda (1988), Matasovic and Vucetic (1992, 1995).

In this study, normally consolidated specimens of Kaolinite clay, Tokyo bay clay and

Kitakyushu clay were adopted in several test series where the multi-directional cyclic

simple shear tests were carried out under the undrained conditions with various cyclic

shear directions and shear strain amplitudes and the effects of such as cyclic shear con-

ditions and the Atterberg’s limits of soil on the pore water pressure accumulation and on

the recompression after cyclic shear were observed. A model for cyclic shear-induced pore

water pressure accumulation and settlement were newly developed and its applicability

was then confirmed.

2 Undrained uni-directional and multi-directional cyclic simple shear
tests on clays with different Atterberg’s limits

2.1 Test apparatus

Figure 2a shows the outline of the multi-directional cyclic simple shear test apparatus. This

apparatus can apply any types of cyclic displacement at the bottom of specimen from two

orthogonal directions by the electro-hydraulic servo system and at the same time, a pre-

determined vertical stress is also applied to the specimen by the aero-servo system. Photos
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Fig. 1 Orbit of a acceleration and b shear strain at Hyogo-ken Nanbu earthquake 1995 (Matsuda et al.
2004)
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of the apparatus and the specimen together with the shear box which is the Kjellman type

are shown in Fig. 2b–e. The specimen is enclosed inside a rubber membrane and the

outside of which is surrounded by a stack of acrylic rings. Each acrylic ring has 75.4 mm in

inside diameter and 2 mm in thickness. In this condition, the specimen is prevented from

the lateral deformation but permitted to the cyclic simple shear deformation.

2.2 Samples and specimen

The soils used in this study are Kaolinite clay, Tokyo bay clay and Kitakyushu clay. The

grain size distribution curves and index properties of these soils are shown in Fig. 3 and

Table 1, respectively.

In order to prepare the test specimen, samples were firstly mixed with de-aired water to

form slurries having a water content of about 1.5 wL and kept in big tanks under the

constant water content. Secondly, each slurry was kept again in a smaller vessel for one

day before de-airing in the vacuum cell. Thirdly, the slurry was poured into the shear box

of the test apparatus (Fig. 2b) and pre-consolidated under the vertical stress rv0 = 49 kPa

until the pore water pressure at the bottom of the specimen is dissipated. After the pre-

consolidation, the dimension of specimen is 75 mm in diameter and about 20 mm in height

and the initial void ratio is about e0 = 1.11–1.19, 1.20–1.37 and 1.61–1.81 for Kaolin,

Fig. 2 a Outline of the multi-directional cyclic simple shear test apparatus, b slurry of sample after pouring
into shear box, c soil specimen during pre-consolidation, d final setting before undrained cyclic shear and
e soil specimen after recompression
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Tokyo bay clay and Kitakyushu clay, respectively. Then the coefficient of pore pressure of

soil specimen was confirmed as B-value[ 0.95. This means that the required degree of

saturation is satisfied.

2.3 Test procedure and conditions

After the pre-consolidation, the soil specimen was subjected to the strain-controlled cyclic

simple shear under the undrained condition with the predetermined cyclic shear direction,

shear strain amplitude (c) and number of cycles (n). Following the undrained cyclic shear,

drainage was allowed from the top surface of the specimen and the settlement was then

measured with time.

Figure 4a–d shows the deformation modes of specimen and the typical records of cyclic

shear strains under the strain-controlled uni-directional and multi-directional cyclic shears.

Table 1 Index properties of
soils

Property Kaolin Tokyo bay clay Kitakyushu clay

Specific gravity, Gs 2.71 2.77 2.63

Liquid limit, wL (%) 47.8 66.6 98.0

Plastic limit, wP (%) 22.3 25.0 34.2

Plasticity index, Ip 25.5 41.6 63.8

Compression index, Cc 0.31 0.46 0.60
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Fig. 4 Deformation modes of specimen and records of cyclic shear strains for a, b uni-directional cyclic
shear and c, d multi-directional cyclic shear
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The shear strain amplitude c is defined as a ratio of the maximum horizontal displacement

(d) to the initial height (h0) of specimen (Fig. 4a, c). In uni-directional test, the cyclic shear

strain was applied to the specimen only in X direction (c = cx) (Fig. 4a, b) and so the orbit

of cyclic shear strain forms a linear line (Fig. 4a). In multi-directional test (Fig. 4c, d), the

cyclic shear strain was simultaneously applied to the specimen in X direction (cx) and

Y direction (cy) which are perpendicular to each other under the same shear strain

amplitude (c = cx = cy) but with various phase differences (h). Then the orbit shows an

elliptical line for 0�\ h\ 90� and a circle line for h = 90� which is commonly known as

a gyratory cyclic shear (Fig. 4c). A series of experiments were carried out as shown in

Table 2. The wave form of the cyclic shear strain was sinusoidal (two way cyclic strain)

with the period T = 2 s and the amplitude was changed in the range from c = 0.05% to

c = 2.0%. The number of cycles was fixed as n = 200. For the multi-directional tests, the

phase difference was changed as h = 20�, 45�, 70� and 90�.
In order to meet the effect of cyclic loading frequency in nature, cyclic shear tests for

investigating the dynamic behavior of soil deposits often apply the frequency f C 0.1 Hz

(Talesnick and Frydman 1992) and in the case of high frequency, potential effect of inertia

force and inacurrate measurement of out-put data have been reported (Sangrey et al. 1969;

Yong and Japp 1969). On the other hand, effects of loading frequency on the cyclic shear-

induced pore water pressure and undrained cyclic shear strength have been confirmed to be

negligible for clayey soils, at least in the range from f = 0.1 Hz to f = 3 Hz (Yasuhara

et al. 1982, 1992; Hyde et al. 1993). In this study, the uni-directional and multi-directional

cyclic shear tests were controlled as f = 0.5 Hz (i.e. T = 2 s) and therefore the potential

effects of testing frequency and/or inertia force can be ignored, and under such a loading

frequency the accuracy of pore water pressure measurement has been confirmed (Ohara

and Matsuda 1988; Matsuda and Ohara 1989; Matsuda and Nagira 2000; Matsui et al.

1992).

Table 2 Experimental conditions

Period T (s) Number of cycles n Soil Shear strain amplitude c (%)

Uni-directional cyclic simple shear tests

2 200 Kaolin 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1.0, 1.2, 2.0

Tokyo bay clay 0.1, 0.2, 0.4, 0.8, 1.0, 1.2, 2.0

Kitakyushu clay 0.1, 0.2, 0.4, 0.8, 1.0, 1.2, 2.0

Period T (s) Number of cycles n Soil Phase
difference h (�)

Shear strain
amplitude c (%)

Multi-directional cyclic simple shear tests

2 200 Kaolin 20, 45, 70, 90 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
0.8, 1.0, 1.2, 2.0

Tokyo bay clay 20, 45, 70, 90 0.05, 0.1, 0.2, 0.4, 0.8, 1.0,
1.2, 2.0

Kitakyushu clay 45, 90 0.05, 0.1, 0.2, 0.4, 0.8, 1.0,
1.2, 2.0
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3 Effects of cyclic shear direction and Atterberg’s limits on the pore
water pressure accumulation and settlement of clays subjected
to undrained uni-directional and multi-directional cyclic shears

3.1 Pore water pressure accumulation and post-cyclic settlement of clays
subjected to undrained uni-directional and multi-directional cyclic shears

As a result of the undrained cyclic shear, pore water pressure increases with the number of

cycles. In order to observe in detail the process of pore water pressure accumulation and

the effect of cyclic shear direction on this process during the early stage of undrained

cyclic shearing, the changes of pore water pressure ratio (Udyn/r0v0) on Kaolin, Tokyo bay

clay and Kitakyushu clay are typically shown in Fig. 5 for uni-directional and multi-

directional cyclic shears. Where the pore water pressure ratio is defined by the ratio of the

cyclic shear-induced pore water pressure (Udyn) to the initial effective stress (r0v0). In Fig. 5

including other figures, the experimental results for the uni-directional cyclic shear are

denoted by ‘‘uni’’ while those for the multi-directional ones are notified by ‘‘multi’’ or

symbolized by using the phase difference (e.g. ‘‘h = 90�’’ in Fig. 5). It is seen in Fig. 5

that Udyn/r0v0 increases with the number of cycles, regardless of the shear strain amplitude
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and the Atterberg’s limits of soil. At the same number of cycles, the larger the shear strain

amplitude, the higher the ratio of pore water pressure. In addition, by using the typical data

as shown in Fig. 5, the difference of Udyn/r0v0 between multi-directional and uni-directional

cyclic shears can be observed and therefore the effect of cyclic shear direction on the pore

water pressure accumulation is confirmed for a wide range of shear strain amplitude and

Atterberg’s limits of clay. This behavior is different from those of saturated sands, in which

the effect of cyclic shear direction on the reduction of effective stress becomes negligible

when c C 0.3% (Matsuda et al. 2011, 2012). Therefore, since the cyclic stiffness and

resistance of soil deposits are significantly affected by the pore water pressure accumu-

lation and also relationships between the pore water pressure and the cyclic degradation of

cohesive soil have been confirmed (Matasovic and Vucetic 1992, 1995), the higher pore

water pressure accumulation suggests the significant disturbance and degradation of clays

when subjected to the multi-directional cyclic shear.

Figure 5 indicates that the higher the Atterberg’s limits of the soil, the slower the rate of

pore water pressure accumulation leading to the lower Udyn/r0v0 and post-cyclic settlement

in strain (ev, %) on Kitakyushu clay and Tokyo bay clay compared with those on Kaolinite

clay. In Fig. 6, the observed data of Udyn/r0v0 and ev are plotted against c for uni-directional

and multi-directional tests with n = 200. By using experimental results on normally and

over-consolidated clays and sands, Vucetic and Dobry (1991) concluded that the plasticity

index (Ip) is one of the most important index properties when evaluating the dynamic

behavior of fine-grained soil deposits, and that the soil with higher plasticity index shows

more linear stress–strain response and less stiffness degradation at a given amplitude of

cyclic shear strain. Therefore, in terms of the pore water pressure accumulation and the

post-cyclic settlement which are focused in this study, significant effects of the cyclic shear

direction and the Atterberg’s limits on the cyclic response of clay are confirmed.

3.2 Normalized pore water pressure ratio and post-cyclic settlement
in relation to the plasticity index

The above effects of cyclic shear direction on the cyclic shear-induced pore water pressure

and settlement can be clarified more in detail for clays by considering the normalized

values of Udyn/r0v0 (DU) and ev (De) in relation to the plasticity index of soil. DU and De are
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defined as the ratio of Udyn/r0v0 and ev induced by multi-directional cyclic shear ((Udyn/

r0v0)M and eM) to those induced by uni-directional one ((Udyn/r0v0)U and eU) and expressed

by Eqs. (1) and (2) as follows:

DU ¼ Udyn=d
0
v0

� �
M

.
Udyn=d

0
v0

� �
U

ð1Þ

De ¼ eM=eU ð2Þ

The changes of DU and De with c are shown in Fig. 7 for Kaolin, Tokyo bay clay and

Kitakyushu clay under the undrained cyclic shear with n = 200. It is seen that DU and De
are firstly at the highest values (DUmax and Demax) for relatively small shear strain

amplitude of about cDUmax = 0.1–0.4% and cDemax = 0.1–0.2%, then decreasing to smaller

values (the shear strain amplitudes at which DU and De reach maximum as DUmax and

Demax, are denoted herein as cDUmax and cDemax, respectively). The obtained values of

DUmax, Demax, cDUmax, cDemax are then plotted in Fig. 8 with Ip to show their whole

increasing tendencies. Meanwhile by using the similar calculation on a clay for a wide

range of n and c, these parameters were confirmed to be unchanged with n, at least for the
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range of n = 10–200 (Nhan et al. 2015). From Fig. 8, the relations as Udyn=r0v0

� �
M
¼

2:2 Udyn=r0v0

� �
U
�3:1 Udyn=r0v0

� �
U

and eM ¼ 2:6eU�3:6eU are obtained for the range of

plasticity index from Ip = 25.5 to 63.8.

3.3 Difference of pore water pressure ratio and post-cyclic settlement
in relation to the plasticity index

The effects of cyclic shear direction on the pore wate pressure accumulation and the post-

cyclic settlement can also be considered by using the difference of Udyn/r0v0 (DU) and ev
(De) between multi-directional cyclic shear and uni-directional one. These parameters are

expressed by Eqs. (3) and (4) as follows:

DU ¼ Udyn=r
0
v0

� �
M
� Udyn=r

0
v0

� �
U

ð3Þ

De ¼ eM�eU ð4Þ

The changes of DU and De with c are shown in Fig. 9 for Kaolin, Tokyo bay clay and

Kitakyushu clay. It is seen that DU and De firstly increase with c and reach their maximum

(DUmax and Demax) at a certain shear strain amplitude (cDUmax and cDemax) before decreasing

(the shear strain amplitudes at which DU and De reach their maximum, DUmax and Demax,
are denoted herein as cDUmax and cDemax). When comparing the obtained results of DUmax

and Demax as shown by plots in Fig. 10, DUmax decreases from 0.30 to 0.20 and Demax falls

from 2.6 to 1.0% when Ip increases from 25.5 to 63.8. Therefore, under the undrained

cyclic shear with the same values of n and c, the pore water pressure in clayey layer

increases by 20–30% when subjected to multi-directional cyclic shear leading to the higher

settlement, by about 1.0–2.6% in strain, compared with those induced by the uni-direc-

tional one.

On the other hand, the results in Fig. 10 show the increasing tendencies of cDUmax and

cDemax with Ip, from cDUmax = 0.3 to 1.2% and from cDemax = 1.0 to 1.2%, respectively.

Therefore, under the multi-directional cyclic shear with the same value of n, the shear

strain amplitude required for DUmax and Demax becomes larger when the plasticity index of

clay increasing. For Kaolinite clay with low plasticity, cDemax is considerably higher than
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cDUmax and the difference remains for a wide range of n (Matsuda et al. 2013a), meanwhile

in Fig. 10, cDUmax equals to cDemax for the case of Tokyo bay clay and Kitakyushu clay.

4 Development of a pore water pressure model for uni-directional
and multi-directional cyclic shears on clays with different Atterberg’s
limits

4.1 Equation showing the pore water pressure accumulation

Ohara et al. (1984), Ohara and Matsuda (1988), Matsuda (1997) and Matsuda and Nagira

(2000) proposed and developed an equation based on the results for Kaolinite clay with

low plasticity, which shows the relations between Udyn/r0v0 and n as follows:

Udyn

r0v0

¼ n

a þ b n
ð5Þ

where a and b are the experimental parameters and related to the shear strain amplitude c
as follows:

a ¼ A ðcÞm ð6Þ

b ¼ c
B þ C c

ð7Þ

The experimental constants A, B, C and m in Eqs. (6) and (7) can be determined by

applying the curve-fitting method on the results of uni-directional and multi-directional

cyclic simple shear tests.

4.2 Estimation of cyclic shear-induced pore water pressure on clays
with different Atterberg’s limits

By using Eq. (5), the cyclic shear-induced pore water pressure was estimated for clays with

a wide range of Atterberg’s limits. In Fig. 11, observed results of the relationships between

Udyn/r0v0 and n are shown by symbols and the calculated ones by using Eq. (5) are plotted
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by solid curves for Kaolin, Tokyo bay clay and Kitakyushu clay. Reasonable results are

obtained in Fig. 11 (for c = 0.1, 0.4, 1.0 and 2.0%). So, it is possible to find the relations of

the experimental parameters a and c/b versus c in Eqs. (6) and (7), as shown by plots in

Figs. 12 and 13 in which dashed and solid lines are the fitted lines for uni-directional and
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multi-directional cyclic shear results, respectively. Then, the experimental constants A, B,

C and m are summarized in Table 3.

Figure 14 shows the results calculated by Eq. (5), in which solid lines are for the multi-

directional cyclic shear and dashed lines are for the uni-directional one, respectively. The

calculated results agree well with the observed ones and therefore the applicability of the

above development on Eq. (5) is confirmed.

4.3 Development of a model for cyclic shear-induced pore water pressure
concerning the effect of Atterberg’s limits

In order to develop a new method to estimate the earthquake-induced pore water pressure

more easily, based on the reasonable agreements between observed results and estimated

ones as shown in Fig. 14, the experimental constants A, B, C and m in Table 3 are plotted

against the plasticity index Ip in Fig. 15, in which fitting lines follow the equations as

shown in Table 4. Although number of plots is still limited, the plasticity index is possible

to be incorporated into Eq. (5) and the pore water pressure accumulated in clays, at least

for the range of Ip from 25.5 to 63.8, can be estimated for both cases of uni-directional and

multi-directional cyclic shears. Relationships between Udyn/r0v0 and c are replotted in

Fig. 16a for Kaolin, Tokyo bay clay and Kitakyushu clay. Symbols in this figure show the

observed results and solid and dashed lines correspond to the estimated ones by using the
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Fig. 13 Relations between c/b and c for clays subjected to a uni-directional and b multi-directional cyclic
shears

Table 3 Experimental constants A, B, C and m

Cyclic shear direction Soil A B C m

Uni-direction Kaolin 7.0 -0.0800 1.030 -2.50

Tokyo bay clay 130.0 -0.1553 0.970 -1.80

Kitakyushu clay 300.0 -0.2400 0.850 -1.60

Multi-direction Kaolin 3.9 -0.0500 1.018 -2.20

Tokyo bay clay 65.0 -0.0600 0.980 -1.55

Kitakyushu clay 155.0 -0.0650 0.880 -1.40
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relations in Table 4. Further comparisons between the observed and estimated results are

also shown in Fig. 16b. The accuracy of the calculation can be confirmed based on the

reasonable agreements in Fig. 16 and therefore, the applicability of Eq. (5) to estimate the

pore water pressure accumulation is confirmed for uni-directional and multi-directional

cyclic shears on soft clays with a wide range of Atterberg’s limits.
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5 Prediction of post-earthquake settlement of clay layers

5.1 Equation for estimating the cyclic shear-induced settlement of clay

When soft clay layers are subjected to strong cyclic shears by an earthquake, the cyclic

shear-induced pore water pressure is accumulated inside the layers and due to its dissi-

pation, the settlement occurs. The estimation method for the cyclic shear-induced settle-

ment of clay layers has been widely developed (Ohara and Matsuda 1988; Matsuda 1997;

Matsuda and Nagira 2000; Matsuda et al. 2013a, b; Yasuhara and Andersen 1991;

Yasuhara et al. 1992, 2001; Yasuhara 1995; Hyodo et al. 1992), in which Ohara and

Matsuda (1988) derived Eq. (8) where the settlement in strain (eV, %) induced by the

undrained uni-directional cyclic shear is a function of the so-called ‘‘cyclic recompression

index, Cdyn’’ and ‘‘stress reduction ratio, SRR’’.

ev ¼ Dh
h0

¼ De
1 þ e0

¼ Cdyn

1 þ e0

log
1

1 � Udyn

r0
v0

0

@

1

A ¼ Cdyn

1 þ e0

log SRR ð8Þ

where Dh is the settlement, h0 is the initial height of the specimen, De is the change of void

ratio, e0 is the initial void ratio and SRR is defined by 1= 1 � Udyn=r0v0

� �
.

Table 4 Experimental constants A, B, C and m in relation to Ip

Experimental constant Uni-direction Multi-direction

A A = 7.5606 Ip - 188.150 A = 3.9518 Ip - 97.798

B B = -0.0042 Ip ? 0.0229 B = -0.0004 Ip - 0.0417

C C = -0.0047 Ip ? 1.1569 C = -0.0037 Ip ? 1.1190

m m = 0.0226 Ip - 2.9534 m = 0.0200 Ip - 2.5904

Fig. 16 Comparisons between observed and calculated results for the relations of Udyn/r0v0 versus c on clays

with a wide range of Atterberg’s limits subjected to undrained uni-directional and multi-directional cyclic
shears
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5.2 Change of void ratio induced by cyclic shears

The changes of void ratio (De) on Kaolin, Tokyo bay clay and Kitakyushu clay after

undrained uni-directional and multi-directional cyclic shears are shown against SRR in

Fig. 17 for a wide range of c. In this figure, symbols show observed results, and solid and

dashed lines correspond to the calculated ones by using Eq. (8) in which SRR was

determined by using Eq. (5). Although the observed results of Kaolin show some scat-

tering, the calculated lines are on the observed plots for all cases.

It has been reported that, in the case of the uni-directional cyclic shear, there is a linear

relationships between De and the logarithm of SRR irrespective of number of strain cycles

and shear strain amplitude (Ohara and Matsuda 1988). In Fig. 17, for three kinds of clays

with different plasticity indices, different values of cyclic recompression index were

obtained for uni-directional cyclic shear (CdynU) and multi-directional one (CdynM) and so

the relations are affected by the direction of cyclic shear strain. The obtained values of

CdynU and CdynM are summarized in Table 5 indicating their increasing tendency with the

plasticity index and when comparing with the compression index Cc, CdynU = 0.180 Cc–

0.233 Cc and CdynM = 0.198 Cc–0.250 Cc are obtained. These relations are very close to

those as Cdyn = 0.225 Cc which has been proposed by using cyclic direct-simple shear tests

on normally consolidated Drammen clay (Yasuhara and Andersen 1991; Yasuhara et al.

2001).

In addition, by using a series of undrained uni-directional and multi-directional cyclic

shear tests on Kaolinite clay, Matsuda et al. (2013a) showed that the change of the void ratio

in the recompression stage is independent of shear strain amplitude but being affected by the

cyclic shear direction. Consequently, authors have confirmed the existence of the difference

between CdynM and CdynU for a wide range of shear strain amplitude (c = 0.05–3.0%) and

number of cycles (n = 10–200). Furthermore, by performing the consolidation test after

undrained uni-directional cyclic simple shear on normally consolidated Kaolin and natural

clay, Ohara and Matsuda (1988) and Yasuhara and Andersen (1991) indicated that the

recompression curve in the e-logP relations does not approach the virgin compression curve

even when the recompression stress reaches considerably larger than the pre-consolidation

one and this phenomenon remains over a long period. Therefore, although the differences

between CdynM and CdynU in Fig. 17 and Table 5 are relatively small and there is a tendency
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of decreasing with Ip, these differences should be taken into account when estimating the

post-cyclic settlement and the effect of the multi-directional cyclic shear on the recom-

pression characteristics of clay should be further recognized.

5.3 Estimation of post-cyclic settlement concerning the effect of Atterberg’s
limits

To clarify the effects of Atterberg’s limits on the cyclic recompression index, relationships

between CdynU and CdynM and the plasticity index are shown in Fig. 18.

Relationships between ev and c are shown in Fig. 19a for clays subjected to undrained

uni-directional and multi-directional cyclic shears. Symbols in this figure show observed

results, and solid and dashed lines correspond to the predicted ones by using Eq. (8) where

CdynU and CdynM were calculated by using the relations in Table 6. To confirm the

applicability of Eq. (8) more in detail, relationships between the observed results and

calculated ones are shown in Fig. 19b. Reasonable agreements are seen for the whole range

of c, and therefore, the developed method is valid for estimating the post-cyclic settlement

of clays with a wide range of plasticity indices.

5.4 Prediction of earthquake-induced pore water pressure and post-
earthquake settlement of a clay layer concerning the effect of cyclic shear
direction and its irregularity

Several series of multi-directional cyclic shear tests were carried out on Kaolin by using

the irregular strain–time histories of Hyogo-ken Nanbu earthquake 1995. The orbit of these

irregular strain–time histories has been shown in Fig. 1b. To clarify the effect of cyclic

shear strain direction on the earthquake-induced pore water pressure accumulation and the

settlement of clayey soil, cyclic shear tests were performed under the undrained condition

and followed by the drainage, in which the maximum shear strain amplitudes in NS and

Table 5 Cyclic recompression index of clays subjected to uni-directional and multi-directional cyclic
shears

Cyclic recompression index Kaolin Tokyo bay clay Kitakyushu clay

Uni-direction, CdynU 0.060 0.083 0.140

Multi-direction, CdynM 0.075 0.091 0.150
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EW directions were changed, covering from lower to higher levels based on the original

ones. The method of irregular multi-directional cyclic shear tests has been shown more in

detail by Matsuda et al. (2013b). The changes of pore water pressure during undrained

cyclic shear and the vertical settlement after cyclic shear are shown in Fig. 20a, b for

respective maximum shear strain amplitude (cmax). Because the maximum shear strain

amplitude in NS direction is larger than those in EW direction, i.e. cmaxNS [ cmaxEW and so

cmaxNS is referred as the maximum shear strain amplitude of the earthquake, i.e.

cmax = cmaxNS (Matsuda et al. 2013b). In Fig. 20, the observed results of cmax = 0.38% was

newly added to the previous ones (cmax = 0.57, 1.15 and 2.30%) and it is evident that the
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Cyclic shear direction Relation

Uni-direction CdynU = 0.0021 Ip ? 0.0019
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pore water pressures accumulate during the earthquake continuously and that the larger the

maximum shear strain amplitude, the higher the earthquake-induced pore water pressure

accumulation and settlement.

In order to show an example of practical applicability of the methods, the developed

model for multi-directional cyclic shear-induced pore water pressure and the settlement

was applied to the irregular multi-directional cyclic shear test results mentioned above and

the calculated results were compared with the observed ones. The first step of the method is

to determine the equivalent effective number of cycles (Ncy) and the equivalent uniform

shear strain amplitude (cdyn) of the irregular shear strain–time histories for its transfor-

mation into the equivalent uniform ones. The equivalent number of cycles should be

calculated directly from the acceleration records by using the peak-counting definitions

(Malhotra 2002; Hancock and Bommer 2005), meanwhile the equivalent uniform shear

strain amplitude has been confirmed as a function of the maximum shear strain amplitude,

such as cdyn = 0.65 cmax (Seed et al. 1975; Annaki and Lee 1977) or cdyn = F(cmax)
G

where F and G are the experimental parameters (Matsuda and Hoshiyama 1992). The

transformation procedure by using these methods has been developed and applied to

Hyogo-ken Nanbu earthquake 1995 by Matsuda et al. (2013b) and the obtained results of

Ncy and cdyn are shown in Table 7 for various maximum shear strain amplitudes.

The changes of pore water pressure ratio (Udyn/r0v0) with Ncy during undrained cyclic

shear are shown in Fig. 21a and the accumulation of Udyn/r0v0 after cyclic shear (at

Ncy = 8.9) are plotted against cdyn in Fig. 21b for Kaolin subjected to irregular multi-

directional cyclic shear with various levels of cmax. Symbols in these figures correspond to

observed results, and dashed and solid lines are the calculated ones by using Eqs. (5)–(7) in

which n and c were replaced by Ncy and cdyn, respectively, and the experimental constant A,

B, C, m were determined by using relations in Table 4 for the case of multi-direction. In

Fig. 21a, when comparing the observed and calculated results for the changes of Udyn/r0v0

during earthquakes, some differences are seen. On the other hand, reasonable agreements

are seen in Fig. 21b and therefore the validity of the developed model for estimating the

earthquake-induced pore water pressure accumulation is confirmed for a wide range of

cmax. In addition to the accumulation component of Udyn/r0v0 which is focused in the current

developed model, the changes of Udyn/r0v0 during undrained cyclic shear is also affected by

the so-called ruffling component (Matsuda et al. 2013b) and this is considered to be one of

reasons for the differences between the estimated and observed results in Fig. 21a.

After finishing the undrained irregular multi-directional cyclic shear, the drainage was

allowed to simulate the pore water pressure dissipation after earthquakes and at the same

time, the settlement of soil specimen was measured. In Fig. 22a, b, the change of void ratio

(De) and the post-earthquake settlement (ev, %) are plotted against SRR and cdyn. The

Table 7 Equivalent number of cycles and shear strain amplitude (Matsuda et al. 2013b)

Maximum shear strain
amplitude, cmax (%)

Equivalent number
of cycles, Ncy

Equivalent shear strain amplitude, cdyn (%)

cdyn = 0.65 cmax cdyn = F (cmax)
G

0.38a 8.9 0.25 0.25

0.57 0.37 0.35

1.15 0.75 0.61

2.30 1.50 1.05

a Observed data of cmax = 0.38% was added to the previous data on the same Kaolin
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calculated results shown by dashed and solid lines were obtained by using cdyn = 0.65 cmax
and cdyn = F(cmax)

G, respectively. The calculated results agree reasonably with the

observed ones and therefore, the validity of the developed model for predicting post-

earthquake settlement can be confirmed.

6 Conclusions

Saturated clay specimens with different Atterberg’s limits were prepared for uni-direc-

tional and multi-directional cyclic shear tests under undrained conditions, and the effects of

Atterberg’s limits on the pore water pressure accumulation and the recompression were

evaluated. Then a model for the pore water pressure accumulation and the post-earthquake

settlement under multi-directional cyclic shears was developed. The main conclusions are

as follows:

The pore water pressure accumulation and the post-cyclic settlement induced by multi-

directional cyclic shear increase considerably to a higher level compared with those
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induced by the uni-directional ones and therefore, the effects of cyclic shear direction on

the cyclic shear-induced pore water pressure and settlement are confirmed for clays with a

wide range of Atterberg’s limits. This behavior is different from those of saturated sands,

in which the effect of cyclic shear direction is negligible when c C 0.3%.

For the pore water pressure ratio and the settlement in strain between multi-directional

and uni-directional cyclic shears, by using its ratio and the differences the effects of cyclic

shear direction on such properties were clarified in relation to the shear strain amplitude

and the plasticity index.

When the plasticity index of clay increases, the pore water pressure accumulation and

the post-cyclic settlement decrease. This effect of the plasticity index correlates well with

experimental constants, and a model for cyclic shear-induced pore water pressure and

settlement was developed for clays with a wide range of Atterberg’s limits.

The practical applicability of the developed model was confirmed by applying the

earthquake-induced irregular multi-directional cyclic shear strains.
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