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INTRODUCTION

The macroscopic behaviour of soil ground such as 
compression and deformation reflects the integrated 
microscopic behaviour of soil particle movement and 
pores entrapment under applied pressure.  The compres-
sion and deformation of soil are the multiple behaviour, 
since there is the wide variation in the shape and size of 
soil particle, chemical properties of clay particles and 
the heterogeneity of pore size distribution.  There exist 
the soil materials which exhibit different mechanical 
behaviour despite they have the same void ratio.  This 
would be due to difference in the microscopic structure 
of soil.  Hence, it is expected that there is correlation 
between macroscopic information such as stress–strain 
relation and microscopic information such as micro-
scopic structure.

Scanning electron microscopy and mercury intru-
sion porosimetry are both useful methods for the evalua-
tion of microscopic structure of soils.  Delage and 
Lefebvre (1984) presented the results of the scanning 
electron microscopy and mercury intrusion porosimetry 
for the freeze–dried samples of natural sensitive clay.  
They observed clay structure at various stress levels dur-
ing one–dimensional compression and showed that the 
collapse of the structure is progressive and first affected 
is largest interaggregate pores.  Griffiths and Joshi (1991) 
showed from the study on several clayey soils using mer-
cury–intrusion porosimetry that the amount of second-
ary consolidation varied.  They concluded that the sec-
ondary consolidation does not occur exclusively as a 
result of the deformation of micro–pores.  Yamaguchi and 
Ikenaga (1993) showed that the change of pore struc-

ture in the specimens contribute to consolidation, swell-
ing and sand content by using porosimetry.  Kang et al. 
(2002) examined the effect of the drying and prepara-
tion procedure of specimen on the micro–structure and 
pore size distribution of soil for various soil conditions 
and different testing methods.  Based on these results, 
they clarified the effect of drying process on the consoli-
dation characteristics and pore size distribution for Osaka 
Pleistocene clay under different loading pressures.  
Kanayama et al. (2009) conducted conventional consoli-
dation tests on sand–clay mixed soils and examined their 
pore size distributions and microstructures using mer-
cury–intrusion porosimetry and scanning electron micro-
scope.  They found that small intra–aggregate pores are 
not compressed until all macro pores collapse due to 
consolidation, and largest interaggregate pores are 
affected first.

Besides above studies, a number of data on soil struc-
ture have been accumulated to explain stress deforma-
tion characteristics as macroscopic behaviour.  However, 
there is lack of the quantitative evaluation of correlation 
between the microscopic and macroscopic behaviour of 
soil, and hence the data accumulated in the past are not 
effectively used.

The purpose of this paper is to present the micro-
scopic stress deformation characteristics of clay, and to 
examine the correlation between the microscopic and 
macroscopic mechanical properties of clay.

MATERIALS AND METHODS

Micro–indentation test
Indentation tests are widely performed to evaluate 

the properties of solid materials such as strength, wear 
resistance, and deformation resistance.  They are widely 
used in various industrial areas because the residual life 
time of a material or structure can be predicted from its 
hardness value, hardness reduction, or hardness ratio 
(Ahn and Kwon, 2001; Hill et al., 1989; Kim et al., 2005).  
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Continuous indentation tests have been suggested 
to be an alternative to hardness tests.  In the continuous 
indentation tests, the indentation load–depth curves are 
obtained by measuring continuously applied load and 
penetration depth during testing.  Figure 1 shows typical 
load–depth curves for one loading and unloading.  The 
representative mechanical properties evaluated from the 
indentation load–depth curves are hardness and elastic 
modulus.  To estimate those values, it is necessary to 
derive load, P, contact area, Ac, and contact stiffness 
between indenter and specimen, S.  The value of S is 
equivalent to the initial slope of the unloading curve in 
Figure 1.

Cyclic Penetration Test (Rod φ = 3 mm)
In this study, the single column testing system made 

by Instron & Co. Ltd was used (Photo 1).  The cyclic pen-
etration test means repeated loading and unloading.  In 
this case the adopted indenter rod is a sphere with 3mm 
in diameter.  Firstly, to examine the effect of the number 
of cyclic penetration on the strength of the samples, we 
adopted 3 loading patterns: 1, 2, 5, 10 and 20 cycles with 
1 mm in maximum penetration depth and 0.1 mm/sec in 
rate, and 40 cycles with 0.8 mm in maximum penetration 
depth and 0.1 mm/sec in rate.  Secondary, to consider 
the effect of loading rate on the strength of the samples, 
6 rates were adopted: 0.0005, 0.001, 0.01, 0.1, 1 and 

2 mm/sec with 0.5 mm in maximum penetration depth.

Evaluation of undrained shear strength from micro 
indentation test results

Terzaghi revised the plastic solution for the bearing 
capacity of metal material proposed by Prandtl, and 
derived the ultimate bearing capacity formula for the gen-
eral shear failure of the shallow continuous foundation.  
In this study the results of micro indentation test are 
transformed to the strength of the samples by using 
Terzaghi’s bearing capacity formula.

When the sample is destroyed by the indentation of 
sphere rod (Figure 2), Terzaghi’s formula of equation 
(1) is applicable for the estimation of the bearing capac-
ity.

Qu = qdA =           (1.3cNc + 0.3γBNγ)		  (1)

where qd is the ultimate bearing capacity, c is the cohe-
sion, γ is the unit weight of the sample, B is the contact 
width and Nc, Nγ is the bearing capacity factor.

The parameter B is considered as the contact width 
when the indent sphere penetrates into the sample sur-
face for only d, the diameter that the contact portion is 
projected on the plane is given as following.

B = 2   2dr – d2 <– 2r				    (2)

The internal friction angle, φ, is assumed to be zero 
in the case of the clay sample, then Nc is 5.14 and Nγ is 
0, finally the cohesion, c is expressed as equation (3).

c =  						     (3)

The relationship between the unconfined compres-
sion strength, qu, and the cohesion, c, of the sample is 
generally represented as qu= 2c.  In this study the c value 
derived from equation (3) and the qu/2 value were exam-
ined.

Samples
In the above experiments, the commercially availa-

ble kaolin clay, and the marine sediment called Ariake 
clay were used.  For the kaolin clay, the remolded sample 
and the pre–consolidated sample by centrifugal com-
pressor were used.  The soil particle density, ρs, the liquid 
limit, wL and the plastic limit, wp, were 2.60 g/cm3, 61% 
and 27%, respectively.

Fig. 1.  Schematic depiction of indentation load–depth curves.

Fig. 2.  Bearing capacity of sample.

Photo. 1.  Single column testing system.
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Undisturbed Ariake clay were collected by thin–wall 
sampler in Saga Prefecture of Kyushu, Japan.  The col-
lecting depth is 13.0–13.8 m.  The physical properties are 
as follows.  The soil particle density, ρs, was in the range 
of 2.626–2.638 g/cm3.  The natural water content, wn, 
was in the range of 89.3–91.7%, the liquid limit, wL, was 
in the range 66.6–81.6%, and the plastic limit, wp, was in 
the range 31.3–36.0%.  The contents of clay, silt and 
sand were 46–64%, 33–48% and 3–6%, respectively.  The 
undrained shear strength, su, equivalent to a half of 
unconfined compression strength was 20.5–32.5 kN/m2.

Unconfined compression test
Because of simplicity, the unconfined compression 

test is commonly used to determine the undrained 
strength of cohesive soil.  In this study the unconfined 
compression test was conducted to compare the results 
from this test with those from the micro indentation test.  
The size of specimens was 5 cm in diameter and 10 cm in 
height, and the rate of loading adopted was 0.1 cm/min 
(1%/min as strain).  The amount of compression and load 
were measured at a designated time, and finally the 
unconfined compression strength of sample is derived.

Figure 3 shows the result of unconfined compres-
sion test for pre–consolidated kaolin clay.  The test was 
conducted in double sets for the samples trimmed from 
almost the same portion.  The unconfined compression 
strengths, qu, were 75.2 and 82.5 kN/m2 at a failure strain 
of 10.4 and 11.9%, respectively, corresponding to the 
undrained shear strength of 37.6 and 41.2 kN/m2.

RESULTS AND DISCUSSION

Results of cyclic penetration test
Remolded Kaolin Clay

The cyclic penetration tests for the remolded kaolin 
clay with various water contents were conducted and 
the results for the sample with the water content of 
42.2% are shown in Figure 4.  The number of cyclic pen-
etration was set to be 1, 2, 5, 10, 20 and 40 rounds and 
for each set the depth for one penetration was 1000, 500, 
200, 100, 50 and 20 μm, respectively.  The maximum 
penetration depth for the 40 rounds was 0.8 mm because 
of the limitation of the executable code.  The load 
increased almost linearly with increasing the penetration 
depth and the maximum values of the load were almost 

the same irrespective of the number of penetration.  
Thus the number of cyclic penetration does not affect the 
magnitude of the load.  By unloading, the load decreased 
dramatically and dropped to negative values in any cases.  
The similar trends were observed for other samples 
where the load tended to decrease with increasing the 
water content of the samples. 

Figure 5 shows the relationship between the cohe-
sion of the samples calculated by equation (3) and the 
penetration depth.  The cohesion values were in a wide 
range at the initial stage of penetration, but were almost 
constant value beyond the penetration of 0.3–0.4 mm.  
Variation in the cohesion at a given penetration depth 
tended to be less for the higher water content.  This 
would be ascribed to enhanced homogeneity in the sam-
ples with increased water content.

As mentioned above, the cohesion varied to a great 
extent at the initial stage of penetration for 40 round 
results.  This would be due to transition from the behav-
iour of individual soil particles to that of a group of soil 

Fig. 3.	 Result of unconfined compression test for pre–consoli-
dated kaolin clay.

Fig. 4.	 Load–displacement curves derived from micro indenta-
tion test for the remolded kaolin clay (w = 42.2%).

Fig. 5.	 Relation between the cohesion and penetration depth 
for the remolded kaolin clay.
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particles.  The penetration depth equivalent to a uniform 
cohesion was examined focussing on the slope of cohe-
sion and penetration depth.  The point that shows a con-
stant value is defined as dmacro.  Figure 6 shows the rela-
tionship between the dmacro and the water content.  In 
this figure the bar denotes the standard deviation.  With 
an increase in the water content of the samples, the 
standard deviation became small.  In the samples with 
low water content, interparticle distance is small, and 
the movement of one particle tends to affect adjacent 
particles.  The resultant movement as particle group 
would need the deeper penetration comparison with the 
high water content sample.  The value of dmacro decreased 
hyperbolically as the water content increases, because 
the distance between particles is large and the effect of 
particle movement on adjacent particles is less. 

Pre–consolidated Kaolin Clay
The pre–consolidated kaolin clay by centrifugation 

was used to examine the microscopic behaviour of the 
clay.  The water content of the sample was 43.9%, and the 
number of cyclic penetration was set to be 10, 20 and 40 
cycles with the rate of loading of 0.1 mm/sec.  The pene-
tration depth per cycle was 100, 50 and 20 μm for the 
sets of the cycles, respectively.

Figure 7 shows the load versus penetration depth 
curves and the relationship between the cohesion, c, 
derived from equation (3) and penetration depth for the 
pre–consolidated kaolin clay.  In the left figures, the load 
increased linearly as the penetration depth increases.  

Variation in the load became large as the cycle of loading 
increased. 

In the right figures, the solid line indicates the und-
rained shear strength, qu/2.  The values of c and qu/2 
almost agreed at the penetration depths greater than 
0.3 mm for 10 and 20 cycles.  There was large discrepancy 
between the values of c and qu/2 for 40 cycles.  This 
cause includes various factors as follows: the effect of 
cyclic number, the effect of inhomogeneity for sample 
and the installation problem of the sphere rod at the start.  
As a whole the calculated c value is tend to be slightly 
underestimation with the qu/2 values.

The indentation depth equivalent to a uniform cohe-
sion, dmacro, is examined same as the remolded sample.  
The result is shown in Figure. 8, and the results of the 
remolded kaolin clay and the undisturbed Ariake clay 
are also shown.  It is found that the dmacro of the kaolin clay 
decreases on the same curve line with increasing of the 
water content regardless of the sample condition, namely 
remolded or pre–consolidated.  Hence, it is identified 
that the dmacro of the same sample could be expressed as 
a function of the water content, but a more detailed 
examination would be needed. 

Undisturbed Ariake Clay
The microscopic behaviour of the undisturbed Ariake 

clay was examined.  The water content of the sample 
was 95.8%, and the number of cyclic penetration was set 
to be 10, 20 and 40 rounds with the rate of loading of 
0.1 mm/sec. 

Fig. 6.	 Relation between dmacro and water content for the 
remolded kaolin clay.

Fig. 8.	 Relationship between dmacro and water content for the 
samples.

Fig. 9.	 Microscopic behaviour for undisturbed Ariake clay.Fig. 7.  Microscopic behaviour for pre–consolidated kaolin clay.
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Figure 9 shows the results of the micro indentation 
test for the undisturbed Ariake clay.  In the load versus 
penetration curve, the load increased curvedly with 
increasing penetration depth, which differed in tendency 
from the kaolin sample where the load increased linearly 
with increasing the penetration depth (Fig. 7).  This may 
be due to difference in major clay minerals and the pres-
ence of diatom and organic matter in the Ariake clay.

The right figure shows the cohesion, c, against the 
penetration depth along with the range of the qu/2 val-
ues.  The c values increased until the depth reached 
about 0.5–0.6 mm, and thereafter became almost con-
stant.  When the values of qu/2 and c are compared, the c 
values were smaller than qu/2 values throughout the pen-
etration depth.  This indicates that the determination of 
strength by the micro indenter underestimates the und-
rained strength of undisturbed clay.  This discrepancy 
might be due to the effect of the adopted indentation 
rate, that is, the rate effect.

The effect of loading rate on cohesion
The monotonic indentation test was conducted to 

examine the effect of loading rate on the cohesion of 
samples.  The test condition was as follows: the maximum 
indentation depth was 0.5 mm, and the loading rate was 
0.0005, 0.001, 0.01, 0.1, 1 and 2 mm/sec.  As the cohe-
sion showed the constant values at the penetration depth 
about above 0.5 mm, the maximum penetration depth is 
set to 0.5 mm. 

Figure 10 shows the effect of loading rate on the 
cohesion determined from the monotonic indentation 
test for pre–consolidated kaolin clay and the undisturbed 
Ariake clay.  Noticing the effect of loading method, namely 
cyclic and monotonic, the c value based upon the cyclic 
loading test is underestimated with that based upon the 
monotonic loading test.  According this result, it is found 
that the difference in the loading method affects the 
strength of sample.

For the pre–consolidated kaolin clay the cohesion 

values were almost identical with the qu/2 values at the 
loading rate less than 0.1 mm/sec.  This indicates that the 
micro indentation test is valid to evaluate of the kaolinite 
clay by adopting the loading rate less than 0.1 mm/sec.

For the undisturbed Ariake clay, the cohesion showed 
the highest value at 0.0005 mm/sec, which would be due 
to the consolidation of the clay.  Beyond 0.0005 mm/sec, 
the cohesion increased with an increase in the loading 
rate, which confirms the rate effect of penetration for 
the Ariake clay.  The cohesion values determined at the 
loading rate above 0.1 mm/sec were within the range of 
the qu/2 values.  These results indicate that the cohesion 
of the undisturbed Ariake clay can be evaluated at the 
range of 0.1 to 1 mm/sec using micro indentation test.

CONCLUSIONS

In this study, the strength determined from micro 
indentation test was examined focusing on the quantita-
tive evaluation of micro–scale mechanical behavior of 
the clay samples, and the microscopic and macroscopic 
mechanical properties of the clay samples were corre-
lated.  The results obtained are in the following.

(1)	 The micro indentation test is effective to evalu-
ate quantitatively the micro–scale mechanical behavior 
of clay.  But more detailed study is needed on the effect 
of structural inhomogeneity, clay minerals, diatom and 
organic matter on micro–scale mechanical behaviour of 
clay.

(2)	 The undrained shear strength can be evaluated 
from the results of microscopic mechanical behaviour 
obtained by the micro indentation test.  Comparing the 
cohesion, c, derived from the micro indentation test with 
the undrained shear strength, qu/2, derived from uncon-
fined compression test, the resultant c value based upon 
the cyclic loading test is underestimated and the c value 
based upon the monotonic loading test shows the almost 
same value as the qu/2 value.  It is noted that the loading 
rate should be selected in the case of the clay sample 
that strength affected by the rate effect.
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