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ABSTRACT: In this paper, the natural depositary soft clay is tested by applying the static or cyclic loading with several Hz under K0 and 
isotropic conditions. Meanwhile, the micro structure of the clay samples before and after the loadings is investigated with high resolution 
SEM and the anisotropy of magnetic susceptibility (AMS) is checked carefully in order to find if there are any changes in the internal 
textures of specimens. As the results, under K0 condition, the cyclic loading may give rise to large volumetric compression in macro scale 
and the formation of prominent foliation anisotropy both in fabric structure and the AMS, especially when the loading number is beyond 
one thousand. Under isotropic condition, similar results are observed. It is also needed to emphasize a fact that in the consolidation-
swelling-reconsolidation process, the natural depositary clay is firstly consolidated to 1.5 MPa under K0 condition and then unloaded to 
0.0 MPa, and finally isotropically reconsolidated to 2.0 MPa. During the reconsolidation processes, it is found that the anisotropy formed 
in K0 consolidation process is removed. In both cases, it is possible to say from the test results that the cyclic loadings, under K0 or 
isotropic condition, either may become a possible reason for the formation of the décollement zone. 

RÉSUMÉ: Dans cet article, une argile sédimentaire molle est testée en appliquant des chargements statique et cyclique de plusieurs Hz et sous des 
conditions K0 et isotrope. De plus, la microstructure des échantillons d’argile avant et après les chargements est étudiée par le MEB de haute résolution 
et l’anisotropie de susceptibilité magnétique (AMS) est vérifiée soigneusement afin de savoir s’il y a des changements des textures internes des 
échantillons. Comme résultats, sous des conditions K0, le chargement dynamique provoque de grande déformation à l’échelle macroscopique et la 
formation de l’anisotropie de foliation au niveau de la microstructure et de l’AMS, surtout quand le nombre de chargement dépasse mille. Sous des 
conditions isotropes, des résultats similaires sont obtenus. Il est aussi nécessaire d’insister sur le fait que dans le processus de consolidation-
gonflement-reconsolidation, l’argile sédimentaire molle est d’abord consolidée sous 1,5 MPa en condition K0, la même condition de contraintes 
comme le décollement in-situ, et ensuite déchargée à 0,0 MPa et finalement reconsolidée de façon isotrope à 2,0 MPa. Pendant les processus de 
reconsolidation, il est observé que l’anisotropie formée en condition K0 est effacée. Dans les deux cas, il est possible de dire à partir des résultats 
d’essais que les chargements cycliques sous des conditions K0 ou isotrope, sont des raisons possibles pour la formation de la zone de décollement.

KEYWORDS: dynamic load, anisotropy of magnetic susceptibility, natural depositary soft clay. 

 
1  INTRODUCTION 

It is predicted with high probability that a huge earthquake with a 
moment magnitude (Mw) of 8.0 would happen in near future at 
Nankai Trough, a plate boundary fault in the Southwestern Japan. 
Understanding its scale and mechanism may also help us to be able to 
take more suitable engineering countermeasures against the tsunami 
and the liquefaction. Although the knowledge concerning the plate 
boundary fault is accumulated to some extent, researches and 
countermeasures related to the great earthquake are mostly based on 
the data from telemetry and the past geological records. Accordingly, 
Ocean Drilling Program (ODP) and Integrated Ocean Drilling 
program (IODP) are recently conducted to drill into the plate 
boundary fault. ODP Leg 190 penetrated successfully into the Nankai 
accretionary prism off Muroto: the drilling sites are located at the 
prism toe (Site1174) and reference site (seaward of the prism, 
Site1173), respectively. These drilling sites are very important point 
in familiarization with the static-dynamic mechanical characteristics 
of the plate boundary fault at accretionary prism. The following 
information from the detailed texture analysis of the Nankai Trough 
samples taken by deep-sea drilling survey has been reported by many 
researchers: 
1) Muddy materials in the proto-décollement zone (e.g., Site1173) 

could keep a relative high porosity, since the random fabric 
structures are maintained by the cementation due to inter-
granular bonding of authigenic clays (Ujiie et al., 2003). These 
structures are formed with a spurt in diagenesis between the 

smectite and illite due to the heat flow of the Nankai Trough 
(140 mW/m2 and more). Steurer and Underwood (2003) also 
reported that phase transition from the smectite to illite 
happened within the sediments below the proto-décollement 
zone. 

2) On the other hand, the cementation between the soil particles in 
the décollement zone (e.g., Site1174) collapsed and 
consequently formed a fault zone with denser material (Morgan 
and Karig, 1995; Ujiie et al., 2003). These results indicate that 
the cementation formed by inter-granular bonding in the proto-
décollement zone collapsed and the sediments are shifted to 
denser state during the formation process of the décollement 
zone. Meanwhile, the décollement zone is mainly composed of 
brecciated fragments with a size up to several centimeters, 
within which the random fabric structure remains intact (Ujiie et 
al., 2003). In other words, the material within the brecciated 
fragments of the décollement zone did not experience any 
shearing even if it is at a denser state. These facts are quite 
different from the knowledge of conventional geotechnical 
engineering that the plate boundary fault is formed by the shear 
deformation, implying the possibility that there exists other 
forming factors of the plate boundary fault. 
In geotechnical engineering, it is commonly acknowledged that 

the cementation or structure (e.g., card house structure) existed in 
naturally deposited soils will collapse if it is subjected the shearing 
deformation. The above-mentioned phenomenon observed in the 
décollement zone, however, contradict totally to this understanding. 
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 Therefore, it is necessary to find out other possible explanations for 
this phenomenon. In geology, Davis et al. (2006) reported that 
transient fluctuation of fluid pressure apparently occurs in the 
décollement zone due to very low frequency earthquakes, which is 
very similar to a description by Asaoka et al. (2002) that a cyclic 
loading may cause a large compression of weakly cemented soils. 
Based on this background, the authors make a dramatic hypothesis 
here that is totally different from the conventional idea. The 
hypothesis is that the main factor causing the formation of the 
décollement zone at early stage is not the static shear deformation 
but the cyclic loading both in isotropic and deviator stresses due to 
the stress wave propagation, especially P-wave during an 
earthquake or fluctuation of fluid pressure and localized fracture 
failure. 

In order to verify the hypothesis, two test apparatus that can 
apply not only the static loading, but also the cyclic loading with 
several Hz under K0 and isotropic conditions on the soil sample 
were developed to reproduce the in-situ stress condition at the plate 
boundary fault and the above-mentioned external dynamic forces 
(Kurimoto et al., 2015). Several types of loadings tests for the 
proto-décollement and décollement samples are conducted using 
the newly developed test apparatus to identify the macro-scale 
deformation properties. On the other hand, the anisotropy of 
magnetic susceptibility (AMS) of specimen before and after the 
tests, and scanning electron microscope (SEM) are also used to 
evaluate the micro-scale behavior, such as the collapse of 
cementation and random fabric structure during the initial 
formation process of the décollement zone. In this paper, as the first 
step to achieve our purpose, the natural depositary soft clays were 
tested by applying static or cyclic loading with several Hz under K0 
and isotropic conditions. Particular attention was paid to the 
deformation properties and internal textures of specimen subjected 
to the cyclic loading. It is expected to identify what kind of external 
force is dominant in the initial formation of the décollement zone. 

2  TEST SPECIMENS AND CONDITIONS 

In theory, the proto-décollement sample should be used directly for 
the specimen in this research. However, these core samples are at 
unconsolidated state, very brittle, and extremely valuable. In 
addition, in order to get a better understand of formation 
mechanism of the décollement zone, it is also necessary to 
understand the transition process from the soft clay to rock under 
high confining pressure. Thus, in this research, the natural 
depositary soft clays drilled from Mie Prefecture in central Japan 
were tested with cylindrical specimen whose size is 50 mm in 
diameter and 20 mm in height. Some basic physical properties of 
the natural depositary soft clays are given in Table 1. The soil 
samples 3T-3, 3-28, and 2B-2 were silty clay, especially the soil 
sample 3-28 contained a lot of shellfishes. Meanwhile, the soil 
sample 1-T18 was silty sand and composed of mica and 
foraminifera. After cutting and polishing the soil samples, the 
exposure test was carried out in order to make sure that the 
specimen during the loading test is at unsaturated state so that the 
loads could be effectively applied to the specimen as effective 
stress. The term exposure test here, cut and polished specimen is 
exposed in a constant temperature room at 20°C, and then the 
prescribed degree of saturation is adjusted by controlling the mass 
of specimen. In this research, the target degree of saturation was set 
to around 85% by referring to Kurimoto et al. (2015). It should be 
noted that the exposed specimen was sealed with wax, and then 
stored in the refrigerator more than 24 hours to achieve a uniform 
degree of saturation, because drying process began from the surface 
on the specimen. 

Cyclic loading tests under K0 and isotropic conditions are listed 
in Table 2. Case A was set as a base case, and other cases were set 
to examine the influence of cyclic loading, especially the amplitude 
and number of cyclic loadings, on the deformation properties and 
internal textures of specimen. Here, K0 cyclic loading test is defined 

as the test in which the specimen is subjected to cyclic loading 
under K0 condition, which corresponds to in-situ stress condition 
where the lateral displacement and friction on the side surface of 
specimen do not exist. In the isotropic cyclic loading tests, before 
conducting the cyclic loading, the sample was firstly consolidated 
to a maximum consolidation stress 1.5 MPa at constant strain rate 
of 0.05%/min. The test was conducted under drained condition in 
the static loading process to the initial consolidation stress, while 
the cyclic loading was applied to the same under undrained 
condition. 

Figure 1 and Figure 2 show the progresses of loadings under K0 
and isotropic conditions, respectively. The prescribed consolidation 
stress was held for several hours before the cyclic loading was 
applied. The reason why doing holding is that if the cyclic loading 
test is conducted right after the static loading, the vertical 
displacement would be unstable, making it difficult to distinguish 
whether the vertical displacement was generated by the static or 
cyclic loading. In addition, the influence of static loading on the 
internal textures of specimen under K0 and isotropic conditions 
were checked. Under K0 condition, the constant rate of strain (CRS) 
consolidation tests with a rate of 0.05%/min to a maximum 
consolidation stress 2.0 MPa were conducted. On the other hand, 
the static loading tests with a rate of 0.006025 kN/min to a 
maximum consolidation stress 2.0 MPa were conducted under 
isotropic condition. 
 
Table 1. Physical properties of natural depositary soft clays. 

Unit 3T-3 3-28 2B-2 1-T18
Soil particle density, s g/cm3 2.65 2.68 2.67 2.69 

Wet unit weight, t kN/m3 14.6 15.3 15.4 15.4 

Dry unit weight, d kN/m3 8.25 9.15 9.46 9.61 

Void ratio, e0 - 2.15 1.87 1.77 1.74 
Moisture content, w % 77.2 67.4 62.7 60.7 

Degree of saturation, Sr % 95.1 96.4 94.7 93.7 

Liquid limit, wL % 100.7 83.1 69.8 76.1 

Plastic limit, wp % 52.8 38.9 40.4 39.4 

 
Table 2. Cyclic loading tests under K0 and isotropic conditions. 

Soil 
sample

Stress 
condition

Case
Consolidation 

stress 
(MPa) 

Amplitude 
(MPa) 

Frequency
(Hz) 

Number
of 

vibrations
3T-3 K0 A-K01 1.5 0.5 0.5 1000 
3T-3 K0 B-K01 1.5 1.0 0.5 1000 
3T-3 K0 C-K01 1.5 0.5 0.5 3000 
3-28 K0 A-K02 1.5 0.5 0.5 1000 
3-28 K0 B-K02 1.5 1.0 0.5 1000 
3-28 K0 C-K02 1.5 0.5 0.5 3000 
3-28 K0 D-K02 1.5 0.5 0.5 5000 
2B-2 K0 A-K03 1.5 0.5 0.5 1000 
2B-2 K0 B-K03 1.5 1.0 0.5 1000 
2B-2 K0 C-K03 1.5 0.5 0.5 3000 
1-T18 Isotropic A-Iso1 1.5 0.5 0.5 1000 
1-T18 Isotropic C-Iso1 1.5 0.5 0.5 3000 
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Figure 1. A type of stress path for cyclic loading under K0 condition 
(Case A-K01). 
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Figure 2. A type of stress path for cyclic loading under isotropic 
condition (Case A-Iso1). 

3  LOADING TESTS UNDER K0 CONDITION AND 
INTERNAL TEXTURES OBSERVATION 

Figure 3 shows the tests results of each soil sample subjected to the 
loadings under K0 condition. Each figure on the left shows the 
relationship between the volumetric strain and number of vibrations, 
in which the vertical axis represents the relative volumetric strain, 
whose value at the start of cyclic loading is 0.0%. General speaking, 
geomaterials usually are density/ confining pressure dependent, that 
is, less deformation under high confining pressure. In this research, 
however, the plastic volumetric strain occurs regardless of 
increment in confining pressure. Especially for the soil samples 3-
28 and 2B-2, over two times of volumetric strain occurs when the 
stress amplitude is doubled. Meanwhile, if pay attention to the 
number of vibrations dependency, it is found that the plastic 
volumetric strain increases along with the increase of loading 
number. Above all, the plastic volumetric strain due to the cyclic 
loading is more dependent on the amplitude than the number of 
vibrations. 

In order to survey the change in micro texture of specimen 
before and after the tests, the anisotropy of magnetic susceptibility 
(AMS), which is a method based on the lithology and geology 
(Graham, 1966; Hrouda, 1978), was conducted. As shown in the 
right side of Figure 3, in which, the value of L (lineation 
anisotropy) and F (foliation anisotropy) is correspondent to the 
degree of magnetic susceptibility, and the particle orientation in the 
specimen is lineation or foliation, respectively. If L is equal to F, it 
means that the particle orientation is at isotropic state, also called as 
a random particle orientation state. In the tests, before conducting 
the AMS, the specimens were shaped into three equally sized for 
instrument, whose maximum measurable specimen size is 25 mm 
in diameter and 25 mm in height. As shown in Figure 3, the 
specimens have already developed prominent foliation anisotropy 
due to the influence of sedimentation processes at the initial state. 
There is only little difference in the degree of foliation anisotropy 
between the static and cyclic loading tests (Case A and B). 
Meanwhile, the foliation anisotropy is significantly developed in 
the cases whose the number of vibrations is over 1000 times (Case 
C and D). From these results, it is found that the development of 
foliation anisotropy is more dependent on the number of vibrations 
than the amplitude. It is admitted however, that there exists some 
variation in the AMS values in each case which is dependent on 
measurement position and component material of specimen. For 
this reason, the scanning electron microscope (SEM) was also 
conducted to enhance the objectivity of this issue. 

The micro structures of soil samples 3-28 and 2B-2, which have 
the least/most foliation anisotropy values developed after the cyclic 
loading test, were observed by SEM images. From Figure 4 and 
Figure 5, it can be seen that both the soil samples exist a great deal 
of space to deform and consolidate at initial state. For the soil 
sample 3-28, the voids are distributed so denser after both the static 
loading and cyclic loading that there are only few spaces for the soil 
particles to rearrange. Meanwhile, there remains visible voids in the 
soil sample 2B-2 after the loadings, meaning that the soil particles 
still could be rearranged. In other words, the differences in the 

plastic volumetric strain and the AMS values are strongly related to 
microstructural changes within the specimen. 
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Figure 3. Deformation behaviors of soil samples 3T-3, 3-28, and 2B-2 
subjected to loadings under K0 condition and diagrams of AMS. 
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Figure 4. Micro structure images of soil sample 3-28 by SEM. 
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 2B-2 (Initial state)

 

 
Figure 5. Micro structure images of soil sample 2B-2 by SEM. 

4  LOADING TESTS UNDER ISOTROPIC CONDITION 
AND INTERNAL TEXTURES OBSERVATION 

In Figure 6, figure on the left shows the relationship between the 
vertical displacement and number of vibration under isotropic 
condition. The vertical axis represents the relative vertical 
displacement, whose value is 0.0 mm at the start of cyclic loading. 
It can be observed from this figure that, like the cyclic loading tests 
under K0 condition, the residual vertical displacement increases 
along with the increase of number of vibrations. The right side of 
Figure 6 shows the diagrams of AMS of specimen, whose value is 
strongly linked to the particle orientation in the material, before and 
after the loading. The major fabric variation before and after the 
loading tests is not confirmed by the AMS values except for Case 
C-Iso1. The explanation for this behavior is that, as shown in 
Figure 2, the specimens were firstly consolidated to 1.5 MPa under 
K0 condition, the same stress condition as the décollement at field, 
and then unloaded to 0.0 MPa, and finally isotropically 
reconsolidated to 1.5 MPa to start the static or cyclic loading. As 
the result, during the reconsolidation or cyclic loading processes 
under isotropic condition, the anisotropies formed in K0 
consolidation process are probably demolished. Of course, this 
explanation requires more observation because this phenomenon is 
only confirmed in the soil sample 1-T18. If pay attention to the test 
case (Case C-Iso1) with the maximum number of vibrations 3000 
times, the AMS values of specimen are slightly developed in 
foliation anisotropy compared to the others. Above all, degrees of 
foliation anisotropy in the specimen, as shown in Table 3, are 
smaller than the cyclic loading tests under K0 condition. 
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Figure 6. Deformation behaviors of soil sample 1-T18 subjected to 
loadings under isotropic condition and diagrams of AMS. 
 
 
 
 
 
 

Table 3. Development of F under K0 and isotropic conditions in Case A. 
Soil 

sample
Stress 

condition
F in the initial 

state 
F after cyclic 

loading 
Development of F

3T-3 K0 1.016 1.037 0.021 
3-28 K0 1.035 1.050 0.015 
2B-2 K0 1.039 1.102 0.063 
1-T18 Isotropic 1.043 1.048 0.005 

5  CONCLUSION 

In this paper, as the first step to understand the fundamental 
mechanism of initial formation of the décollement zone, the natural 
depositary soft clays have been tested by applying several types of 
loadings under K0 and isotropic conditions. The following 
concluding remarks can be drawn: 
1) Under K0 condition, the cyclic loading may give rise to large 

volumetric compression in macro scale and the formation of 
prominent foliation anisotropy both in fabric structure and the 
AMS, especially when the loading number is beyond one 
thousand. Although the plastic volumetric strain due to the 
cyclic loading is more dependent on the stress amplitude than 
the number of vibrations, the development of foliation 
anisotropy is totally the opposite. Meanwhile, under isotropic 
condition, the internal textures of specimen remain unchanged 
while the density increases significantly. 

2) From the tests results, it is reasonable to say that the cyclic 
loadings, under K0 or isotropic condition, may be the possible 
reason for the initial formation of the décollement zone. In 
future study, in order to enhance the reliability of the above-
mentioned viewpoint, cyclic loading tests on the undisturbed 
proto-décollement and décollement samples should be 
conducted, by which it might be possible for us to clarify the 
formation mechanism. 
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