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Effects of ageing and stress history on liquefaction resistance of soils
Y. Tsukamoto, Y. Nebuya & S. Noda
Department of Civil Engineering, Tokyo University of Science, Chiba, Japan

ABSTRACT: The effects of ageing on liquefaction resistance of soils have become one of
the critical issues to pursue more efficient soil liquefaction triggering evaluation. The ageing
effects may be reflected by simply the time effects. However, there can be physical and chemical effects that may be developed with sufficient passage of time. In the present study, the
over-consolidation, drained small cyclic loading and undrained cyclic loading are chosen as
laboratory replicated processes of physical ageing effects of soils. A series of laboratory
bender element tests and undrained cyclic loading tests are conducted and the effects of overconsolidation, drained small cyclic loading and undrained cyclic loading on the relations
between the liquefaction resistance Rl and initial shear modulus Go for reconstituted specimens of silty sand are examined.

1 INTRODUCTION
1.1 Ageing effects
From the experiences gained from 2011 Great East Japan Earthquake, it became clear that
the current procedure for soil liquefaction triggering evaluation stipulated in Japanese codes
tends to give conservative estimates of liquefaction resistance of soils, where there were many
locations at which the occurrence of soil liquefaction had been predicted and yet soil liquefaction was not in fact observed. Since then, the ageing effects on soil liquefaction triggering have
become one of the geotechnical issues with a hope that the soil liquefaction evaluation may
become more efficient by taking due account of soil ageing effects.
It is also known that the initial shear modulus Go would reflect the degree of ageing effects
that soils are subjected to. The initial shear modulus Go of soils can be obtained either from
in situ tests such as velocity logging or from laboratory tests such as bender element and resonant column devices. In view of availability of shear wave velocity from in situ tests, the empirical
chart for estimating the liquefaction resistance from shear wave velocity has also been developed
(Andrus and Stokoe 2000, Kayen et al. 1992, and others). In addition, the charts correlating the
liquefaction resistance and shear wave velocity have recently become widely used for examining
the ageing effects of soils (Amoly et al. 2016, Sasaoka and Kokusho 2015, 2017). In the present
study, returning to the fundamentals of soil dynamics, the initial shear modulus is chosen to
represent small-strain dynamic properties of soils rather than shear wave velocity.
Figure 1 shows the recent data obtained from Amoly et al. (2016). The extensive series of
laboratory bender element tests and undrained cyclic triaxial tests successfully made the useful
data of liquefaction resistance Rl and initial shear modulus Go (shear wave velocity Vs) on undisturbed soil samples as well as reconstituted soil samples available. Figure 1(a) shows the data of
Rl and Go1 on undisturbed soil samples of Asahi sand, which were retrieved from Asahi city of
Chiba in Japan. Herein, the overburden stress corrected initial shear modulus Go1 is used, which
is defined as follows,
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Figure 1. Relation between Go and Rl (a) undisturbed samples (Asahi sand) (b) reconstituted samples
(c) comparisons between undisturbed and reconstituted samples (data after Amoly et al. 2016).

Most of the data fall into the range of fines content Fc = 0 ~ 13%. The data are classified
into the two groups of liquefied sites and non-liquefied sites of diluvial sand, alluvial sand
and fill. Figure 1(b) shows the corresponding data on reconstituted soil samples of Asahi
sand. The method of sample preparation is not clearly described, however, is most likely by
means of wet tamping, and the reconstituted soil specimens with the same density as the corresponding undisturbed soil specimens were produced. Most of the data also fall into the
range of fines content Fc = 0 ~ 14%. By picking up only the data falling into Fc = 0 ~ 13%
from Figures 1(a) and 1(b), the data of Rl and Go1 for reconstituted soil samples and undisturbed soil samples of non-liquefied alluvial sand are compared in Figures 1(c). It is found
that the Rl and Go1 values of undisturbed soil samples are consistently larger than those of
reconstituted soil samples, which may be attributed to the presence of ageing effects. The
outcome of this past study indicates that it would be appropriate to examine the effects of
ageing in the plots of the liquefaction resistance Rl and the initial shear modulus Go.
1.2 Objectives of the present study
It is known that the resistance of soils to liquefaction increases due to long-term deposition.
In addition to the time effects due to simple passage of time, the physical interlocking of soil
grains may be improved or chemical bonding of soil grains may be developed. There may be
several geotechnical events contributing to the physical interlocking of soil grains. In some
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depositional environments, the “over-consolidation” may be incurred on soil deposits and
may have profound physical influence. In other depositional environments, “drained cyclic
shear stress” may be incurred on soil deposits and may stabilise the fabric structures of soil
grains. Earthquake motions may cause “undrained cyclic shear stress” and may affect the subsequent resistance of soils to liquefaction. However, it is not known how the individual events
of over-consolidation, drained cyclic shear stress and undrained cyclic shear stress may affect
the liquefaction resistance as well as the initial shear modulus of soils.
It is therefore worthy of examining how those individual geotechnical events would affect
the liquefaction resistance and the initial shear modulus of soils, which may hopefully clarify
some aspects of the physical ageing effects.

2 TESTING DETAILS
2.1 Replication of physical ageing
The events of over-consolidation, drained small cyclic loading and undrained cyclic loading
may stabilise the fabric structures of soils and may constitute part of physical ageing effects,
and can be easily replicated in laboratory tests. Figure 2 shows the schematics of soil response
in terms of void ratio e plotted against effective mean stress p’ during the three events of overconsolidation, drained small cyclic loading and undrained cyclic loading. In the event of overconsolidation, the effective mean stress p’ is increased and then reduced to an original effective
confining stress by controlling the cell pressure. In the event of drained small cyclic loading,
small axial cyclic loading with a constant single amplitude is applied while the specimen’s
drainage valve is left open. In the event of undrained cyclic loading, axial cyclic loading with a
constant single amplitude is applied with the specimen’s drainage valve closed. Herein,
“small” cyclic loading refers to the amplitudes of cyclic stress well below the corresponding
amplitude defining the liquefaction resistance of soils. These three events may take different
paths and yet may reach the same point in this diagram. The present study is aimed at examining how the individual events of over-consolidation, drained small cyclic loading and
undrained small cyclic loading may affect the subsequent liquefaction resistance Rl and initial
shear modulus Go of soils. It is also worthwhile to examine it on sands with different fines
contents.
2.2 Soils tested and test apparatus and procedures
The undisturbed soil samples were retrieved from the local natural deposits of Yuraku-cho Formation in Koto city of Tokyo, and are denoted hereafter as Yuraku-cho sand. The corresponding
age of sedimentation of this natural soil deposits is estimated to be 3,500 to 2,000 BC old. They

Figure 2.

Over-consolidation, drained small cyclic loading and undrained cyclic loading.
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were retrieved from the soil layers with SPT N-value of 10 located at a depth of 3 to 4 metres.
The soil itself was categorized as silt containing fine sand. Tohoku silica sands were also used to
produce three different mixes of soil samples with fines contents of Fc = 0, 13 and 21.3 %.
The physical properties of Yuraku-cho sand and 3 different Tohoku silica sands are shown
in Table 1. All of the triaxial specimens were prepared with 6 cm in diameter and 12 cm in
height. All the reconstituted samples were prepared by wet tamping. The undisturbed specimens of Yuraku-cho sand were isotropically consolidated to an effective confining stress of
σ’o = 50 kPa to simulate the in situ effective over-burden stress. The specimens of Tohoku
silica sand were isotropically consolidated to an effective confining stress of σ’o = 100 kPa.
The reconstituted specimens were then subjected either to prior history of over-consolidation
with the over-consolidation ratio of OCR = 2, or to prior history of drained small cyclic loading with cyclic stress ratio of σd/(2σ’o) = 0.05 and number of cycles of 500, or to prior history
of undrained cyclic loading with cyclic stress ratio of σd/(2σ’o) = 0.4 until reaching up to
double axial strain of DAεa = 1 to 2%. Herein, σd is the single amplitude of axial cyclic stress
and σ’o is the initial effective confining stress. The soil specimens were reconsolidated to an
effective confining stress of σ’o = 100 kPa, and the bender element tests were then conducted,
followed by the undrained cyclic triaxial tests. In the bender element tests measuring the shear
wave velocity Vs, the undisturbed samples of Yuraku-cho sand were tested at 8 kHz, and the
samples of Tohoku silica sand were tested at 5, 7 and 10 kHz. In the undrained cyclic triaxial
tests, the liquefaction resistance Rl was determined as the cyclic stress ratio experiencing the
double amplitude axial strain of DAεa= 5% in 20 cycles.
3 TEST RESULTS AND DISCUSSIONS
3.1 Test results on undisturbed and reconstituted Yurakucho sand
The test results of Yurakucho sand are summarised in Figure 3. The values of Rl and Go of the
undisturbed samples are larger than the reconstituted samples due primarily to the ageing effects.
The prior history of over-consolidation imposed on the reconstituted soil samples is found to
increase the values of Rl and Go up to the values similar to those of the undisturbed samples.
3.2 Test results on reconstituted Tohoku silica sand with over-consolidation history
The test results on the effects of over-consolidation history are summarised in Figures 4 and 5.
Figures 4 and 5 show the plots of initial shear modulus Go and liquefaction resistance Rl
against fines content Fc. The values of the initial shear modulus Go for reconstituted Tohoku
Table 1. Physical properties of Yurakucho sand and Tohoku silica sand
Sample

Fc (%)

ρs

(g/cm3)

Undisturbed

Dr (%)

emax

emin

1.45

0.789

1.12

0.66

65.0
66.3

Yurakucho sand

Reconstituted

34

2.71

70.1
88.9

Tohoku silica sand

0

2.66

13

2.64

1.18

0.63

21.3

2.64

1.23

0.66

30

2.64

1.58

1.08
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Figure 3.

Effect of ageing and over-consolidation on relation between Go and Rl (Yurakucho sand).

Figure 4. Plots of Go1 against ﬁnes content Fc
(effects of over-consolidation history).

Figure 5. Plots of Rl against ﬁnes content Fc
(effects of over-consolidation history).

silica sand appear to hardly change regardless of fines content. However, the corresponding
values of the liquefaction resistance Rl appear to increase consistently due to prior history of
over-consolidation. The effects of over-consolidation history seem to contradict with the
ageing effects observed in Yurakucho sand, where the values of Rl and Go for undisturbed
Yurakucho sand are both larger than those for reconstituted Yurakucho sand.
3.3 Test results on reconstituted Tohoku silica sand with drained cyclic loading history
The test results on the effects of drained cyclic loading history are summarised in Figures 6 and
7. The values of the initial shear modulus Go for reconstituted Tohoku silica sand appear to
hardly change regardless of fines content. However, the corresponding values of the liquefaction
resistance Rl appear to increase consistently due to prior history of over-consolidation. The
effects of drained cyclic loading history again seem to contradict with the ageing effects observed
in Yurakucho sand, where the values of Rl and Go for undisturbed Yurakucho sand are both
larger than those for reconstituted Yurakucho sand.
3.4 Test results on reconstituted Tohoku silica sand with undrained cyclic loading history
The test results on the effects of undrained cyclic loading history are discussed in Figures 8 to 10.
Typical behaviour of reconstituted soil specimens during prior history of undrained cyclic loading
is shown in Figure 8, in terms of effective stress path and stress – strain curves. The undrained
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Figure 6. Plots of Go1 against ﬁnes content Fc
(effects of drained cyclic loading history).

Figure 7. Plots of Rl against ﬁnes content Fc
(effects of drained cyclic loading history).

Figure 8. Behaviour during prior history of undrained cyclic loading (a) effective stress path (b) Stress –
strain curve.

Figure 9. Plots of Go1 against ﬁnes content Fc
(effects of undrained cyclic loading history).

Figure 10. Plots of Rl against ﬁnes content Fc
(effects of undrained cyclic loading history).

cyclic loading was applied until reaching double amplitude axial strain of DAεa = 1~3%, upon
which the excess pore water pressure was fully developed under cyclic mobility behaviour and the
initial liquefaction was reached. Figures 9 and 10 show the plots of the initial shear modulus Go
and the liquefaction resistance Rl against fines content Fc. The values of the initial shear modulus
Go for reconstituted Tohoku silica sand tend to slightly reduce regardless of fines content.
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Figure 11. Effect of over-consolidation on relation
between Go and Rl (Tohoku silica sand).

Figure 12. Effect of drained cyclic loading on
relation between Go and Rl (Tohoku silica sand).

Figure 13. Effect of undrained cyclic loading on relation between Go and Rl (Tohoku silica sand).

However, the corresponding values of the liquefaction resistance Rl tend to increase consistently
due to prior history of undrained cyclic loading. The effects of undrained cyclic loading history
also seem to contradict with the ageing effects observed in Yurakucho sand.
3.5 Discussions on the plots of Rl and Go
The relations between the liquefaction resistance Rl and initial shear modulus Go are discussed
in Figures 11 to 13. Figure 11 shows the plots for the test series examining the effects of overconsolidation history on Tohoku silica sand. The values of the liquefaction resistance Rl
increase greatly, while the values of the initial shear modulus Go appear to change slightly.
Figure 12 shows the plots for the test series examining the effects of drained small cyclic loading on Tohoku silica sand. The values of Rl again increase greatly. However the values of Go
appear to reduce substantially. Figure 13 shows the plots for the test series examining the
effects of undrained cyclic loading on Tohoku silica sand. As far as the undrained cyclic loading is imposed to keep the axial strain level as low as 1 to 3%, the effects of undrained cyclic
loading appear to be similar to those of drained small cyclic loading. The values of Rl tend to
5383

increase substantially and the values of Go tend to reduce to a noticeable extent. The differences in the effects of over-consolidation, drained small cyclic loading and undrained cyclic
loading on the relations between the values of Rl and Go appears to exist, which needs to be
further studied in detail.

4 CONCLUSIONS
The over-consolidation, drained small cyclic loading and undrained cyclic loading were
chosen as laboratory replicated processes of physical ageing effects of soils. A series of laboratory bender element tests and undrained cyclic loading tests were conducted to examine the
effects of over-consolidation, drained small cyclic loading and undrained cyclic loading on the
relations between the values of Rl and Go for reconstituted specimens of silty sand. Those individual processes were found to impose different effects of the relations between Rl and Go.
The effects of chemical ageing and time effects need to be further studied in the same context.
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