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ABSTRACT: Mica is known to have thin plate shape and have high crushability and 
contractiveness. The authors performed undrained triaxial shear tests and examined the 
steady state line (SSL) of sands containing mica. At first, we plotted void ratio versus 
effective mean stress to examine the SSL of sands with varying mica contents. When the 
mica content was increased, the SSL shifted to an upper location in the plot. At the same 
void ratio, the degree of compression is different for each mica content, and it was 
inadequate to estimate the SSL using void ratio only. Secondly we tried to arrange by the 
SSL using relative density, but the maximum and minimum void ratios including the 
effects of confining stress, so it was also difficult also to estimate the SSL using relative 
density. In this paper, we performed compaction tests on the material, and then we found 
that the steady states were more or less uniquely related to the degree of compaction 
irrespective of mica contents, expect for the case of 0% mica content. 

1 INTRODUCTION 

1.1 The damage of ground containing the crushability materials  

The liquefaction strength of sand generally varies depending on the shape and type of sand. The 
effective confining stress of Toyoura sand (Japanese standard sand) that has solid particle with round 
shape, even if it is loose, is increased remarkably by the dilatancy during shearing in undrained triaxial 
compression test. In general, ground is composed of various types of soils and the behaviour of 
Toyoura sand is not necessarily a representative case. Then we thought it was important to explain 
some observed damages in which the undraind shear behaviour of sand is affected by the presence of 
some particles with particular shapes. One example is sand containing mica. According to the past 
investigation in Bangladesh, sandy ground with natural mica underwent huge damage due to 
liquefaction and flow failure during the excavation on Jamuna River (Hanzawa, 1998; Ishihara and 
Tsukamoto, 2007; Yoshimine et al., 1999.). Also during the rainy season, slope failure often occurred 
in the river resulting in large displacement. In this case, the sandy ground has about 1~5 % of mica. 
Mica has the flat and thin shape, and it is highly crushable. There is a possibility that the physical 
characteristic of the ground might be different with varying amount of specific shaped sand particles. 

The Jamuna River in the central Bangladesh flows in north-south direction and divides the region into 
east and west. Therefore, the bridge was needed to connect the east and west sides of the river. In 
addition to roads and rail traffic, there are plans for the bridge to connect electric and gas network. The 
width of Jamuna River has largely deforms due to natural process so it was necessary to build slope 
revetment.  However, flow failure generally occurred on the banks of Jamuna River. Some researchers 
reported the cause of this flow failure to be by micro earthquake, shock induced by excavation, impact 
of thunder, changes of water level and etc. In fact the real cause was not clear, we think that the shear 
resistance of the ground with mica was smaller than expected. Therefore we should research the shear 
strength characteristics of sand with mica which is crushable and contractive.  
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1.2 The estimations of sand with mica 

The authors carried out undrained triaxial 
compression tests to estimate the shear 
behaviour of sand with mica. As a result, 
we understood that the mica content of (Mc) 
had serious effect on the undrained shear 
strength of the mixture. If the relative 
density before consolidation was the same, 
the relative density after consolidation was 
higher for the sand with greater mica 
content because of the greater volumetric 
compression during consolidation. 
However, the shear strength dropped 
remarkably with increasing mica content 
(Mc) even though the relative density after 
consolidation was higher. Thus, we 
performed triaxial compression tests on 
specimens with different combinations of 
mica contents and relative densities. 

According to Figure 2, mica contents 
influence the steady state line of sand 
containing mica and the inclination of the 
steady state line was stepper with the 
increase in mica contents. It shows that 
sand with mica becomes compressive due 
to the crushability of mica. Next we tried to 
evaluate the shear characteristic of sand 
with mica using the relative density. In this 
case, we obtained the same results, that is, 
the shear strength decreases with increasing 
mica content. The relative density is 
affected by the crushability of mica so it is 
difficult to estimate the SSL by the relative density. We understood that the crushability of mica has an 
effect on the maximum and minimum densities by density test. (Masuda et al., 2008.) 
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Although we tried to use relative density defined under confining stress and/or compression index to 
estimate the shear strength (Yoshimine et al., 2009; Masutani et al., 2010.), it was difficult to obtain a 
unique relationship between relative density and the characteristics of steady state and shear strength 
of sand with various mica contents. Therefore it is necessary to examine the method of estimating the 
other index of density of sand with mica for evaluating the shear strength characteristic clearly. 

Compaction degree may be a good index for evaluating the density of crushable material because 
compaction test reflects the crushability in the test results. Therefore in this paper, we will attempt to 
clarify the effect of crushability and contractiveness of the sand on the compaction tests results, and to 
investigate methods to estimate the density of sand containing crushable materials. 

2 THE METHOD OF TESTING 

The materials used in this tests Toyoura sand (soil particle density: ρs=2.643g/cm3, mean particle 
diameter: D50=0.23mm) and Mica. These sands were poorly graded clean sand as indicated by the 
gradation curve in Figure 3. We used two types of Mica; one with product number: CS-060DC 
(ρs=2.860g/cm3, D50=0.28mm) which is almost same gradation of Toyoura sand and poorly-graded; 
and the second one with product number: CS-325DC (ρs=2.812g/cm3, D50=0.007mm) which is finer 
and more well-graded. The Micas used were dry-crushed mica powder produced by YAMAGUCHI 
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MICA CO., LTD in Japan. CS-060DC 
mica is sandy and its gradation is a little 
wider than Toyoura sand, while CS-
325DC mica is composed of fines only.  

In the compaction test, we were guided 
by the method of Japanese Standard 
Test (Japanese Geotechnical Society 
2004). We use a mold (inner diameter: 
10cm, volume: 1000cm3) and rammer 
(weight: 2.5kg, height of falling: 30cm). 
The following shows the compaction 
test method on sand with mica.  

At first, we prepared a fixed quantity of 
dry Toyoura sand and dry Mica powder 
and mixed them to make a uniform 
sample. After adding fixed quantity of 
water, we deposited the sand with mica 
in 3 layers and each layer was tamped 25 times by the rammer. We coordinated the volume to become 
1000cm3 and measured its weight. These works were repeated by adjusting the water added. 
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In this study, the Toyoura sand and Mica powder were not reused because of the crushable nature of 
mica. Then, we obtained the water contests, wet density and dry density of the compacted specimens. 
Six values of mica contents (Mc) were used, i.e. Mc =0%, 1%, 2%, 5%, 10%, 15%, 20% on coarse 
mica (CS-060DC) and five types of Mc =0%, 1%, 2%, 5%, 10%, 20% on fine mica (CS-325DC). The 
testing conditions for all compaction tests are summarized in Table 1 and 2. 

 

 

Table 1. List of compaction test on sand with coarse mica (CS-060DC) 
mica content wet density water content dry density mica content wet density water content dry density 

 Mc (%) ρt (g/cm3) ω (%) ρd (g/cm3)  Mc (%) ρt (g/cm3) ω (%) ρd (g/cm3) 
0 1.565 0.0 1.565 2 1.655 9.2 1.516 
0 1.545 3.0 1.500 2 1.706 12.3 1.519 
0 1.600 6.1 1.508 2 1.759 15.3 1.526 
0 1.651 9.0 1.515 2 1.814 18.0 1.537 
0 1.674 10.4 1.517 2 1.814 18.0 1.537 
0 1.700 12.2 1.515 5 1.689 12.4 1.503 
0 1.725 13.4 1.521 5 1.744 15.5 1.510 
0 1.765 16.0 1.522 5 1.794 18.3 1.517 
0 1.809 16.9 1.547 5 1.811 18.7 1.526 
0 1.793 17.0 1.532 10 1.649 12.5 1.466 
0 1.804 18.5 1.522 10 1.685 15.4 1.460 
1 1.550 0.0 1.550 10 1.738 18.5 1.467 
1 1.561 2.9 1.516 10 1.777 20.4 1.476 
1 1.609 6.1 1.517 15 1.622 15.0 1.411 
1 1.663 9.3 1.521 15 1.664 18.3 1.407 
1 1.719 12.3 1.531 15 1.713 21.5 1.410 
1 1.765 15.4 1.530 15 1.735 23.2 1.409 
1 1.810 16.4 1.555 20 1.416 6.2 1.333 
1 1.801 18.3 1.523 20 1.566 14.8 1.364 
1 1.767 15.3 1.533 20 1.609 18.1 1.363 
2 1.521 0.0 1.521 20 1.652 21.1 1.364 
2 1.558 3.0 1.512 20 1.686 24.3 1.357 
2 1.604 6.0 1.514     
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Table 2. List of compaction test on sand with fine mica (CS-325DC) 
mica content wet density water content dry density mica content wet density water content dry density 

 Mc (%) ρt (g/cm3) ω (%) ρd (g/cm3)  Mc (%) ρt (g/cm3) ω (%) ρd (g/cm3) 
0 1.601 0.0 1.601 5 1.634 0.0 1.634 
0 1.614 5.0 1.538 5 1.642 3.1 1.594 
0 1.708 10.1 1.552 5 1.716 6.1 1.618 
0 1.808 13.6 1.591 5 1.768 9.1 1.621 
0 1.781 16.1 1.534 5 1.821 10.9 1.642 
0 1.779 16.9 1.522 5 1.852 12.5 1.646 
1 1.588 0.0 1.588 5 1.863 15.9 1.607 
1 1.618 5.0 1.541 10 1.702 0.0 1.702 
1 1.716 10.1 1.558 10 1.681 3.0 1.632 
1 1.802 13.7 1.585 10 1.772 6.1 1.670 
1 1.764 14.6 1.540 10 1.850 8.9 1.698 
1 1.788 14.6 1.560 10 1.902 11.5 1.706 
2 1.586 0.0 1.586 10 1.854 14.4 1.620 
2 1.606 3.0 1.560 20 1.706 3.0 1.706 
2 1.652 6.0 1.559 20 1.796 5.9 1.696 
2 1.700 9.2 1.556 20 1.912 8.9 1.755 
2 1.752 12.0 1.564 20 2.040 12.0 1.822 
2 1.814 14.0 1.591 20 2.003 13.6 1.762 
2 1.840 14.8 1.602 20 1.970 15.0 1.713 
2 1.810 15.9 1.561     

3 TEST RESULTS 

3.1 Results of compaction tests 

In Figure 4 and 5, we show the water content versus dry density curve. Figure 4 illustrates the results 
for coarse mica (CS-060DC) while Figure 5 shows the results for fine mica (CS-325DC). In these 
figures, we also plotted the zero voids curve. These figures show that if the mica content is increased, 
the optimum moisture content (ωopt) and maximum dry density (ρd max) will change. We can see that 
coarse (CS-060DC) and fine mica (CS-325DC) have different compaction tendencies. However, all 
compaction curves plotted far from zero voids curve, and even if the water content is large, the 
compaction curves do not reach the zero voids curve. When we drew some constant air void curves 
and constant saturation ratio curves, we could see that sand with mica had been most compacted at 
about 70 % of saturation ratio and/or at about 14% of air void ratio for coarse and fine mica. 

For sand with coarse mica (CS-060DC), the optimum moisture content (ωopt) increases while the 
maximum dry density (ρd max) decreases with increase in mica content (Mc). However, in the case of Mc 
= 1%, the optimum moisture content 
(ωopt) is lower than the one with Mc = 
0% while the maximum dry density (ρd 

max) is higher. When mica contents of Mc 
= 0%, 1%, 2%, 10%, 15% and 20% are 
compared, the maximum dry density ρd 

max were 1.547 g/cm3, 1.555 g/cm3, 
1.542 g/cm3, 1.528 g/cm3, 1.482 g/cm3, 
1.411 g/cm3 and 1.368g/cm3, 
respectively. 

From this tendency, we could see that 
the increase in mica content (Mc) has 
connection with the dry density. In 
details, when the mica content (Mc) 
increases, the maximum dry density (ρd 

max) of compaction decreases. It is 
possible that the flat shape of mica 
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influenced the soil structure. In other 
words, the initial flat-shape structure of 
mica has not been much changed by 
compaction of rammer. 

On the other hand, for sand with fine 
mica (CS-325DC), the optimum moisture 
content (ωopt) decreases with increase of 
mica content (Mc). Therefore sand with 
fine mica (CS-325DC) shows a 
contrastive trend opposite to the case of 
sand with coarse mica (CS-060DC): The 
maximum dry density (ρd max) decrease 
with increase in mica content (Mc). the 
maximum dry density of sands with mica 
Mc = 0%, 1%, 2%, 10% and 20% were 
1.589 g/cm3, 1.592 g/cm3, 1.605 g/cm3, 
1.662 g/cm3, 1.718 g/cm3, 1.824 g/cm3.  

 

zero air voids curve

0 5 10 15 20 25

1.35

1.40

1.45

1.50

1.55

1.60

1.65

1.70

1.75

1.80

1.85

Water contents, ω (%)

Mc= 0%
Mc= 1%
Mc= 2%
Mc= 5%
Mc=10%
Mc=20%

According to this tendency, we could understand that the rise of mica content (Mc) has a connection 
with the dry density on fine mica (CS-325DC) too, but the trend is opposite. As the mica content (Mc) 
increases, the maximum dry density (ρd max) of compaction increases too. It is possible that fine mica 
(CS-325DC) is deposited within the structure of Toyoura sand. In other words, the fine mica (CS-
325DC) fills in the void of Toyoura sand little by little. 

From the results we investigated about soil structure of sand with mica. 

3.2 Characteristic of Steady state line of sand with coarse mica 

Using the above compaction test results of sands with coarse mica (Figure 4), we calculated the degree 
of compaction (Dc) of the specimen in the triaxial tests for each mica contents by the following 
equation.  

100
max

×=
testcompactionin

testtriaxialinD
d

d
c ρ

ρ
 (%) 

We arranged the steady state line of sand with coarse mica (CS-060DC) against the degree of 
compaction (Dc) based on the previous triaxial compression tests (Verdugo, 1992; Yoshimine, 1996.). 
According to Figure 6, the test results of sand with coarse mica (CS-060DC) have some scatters. 
However, we can see a unique steady state line for sand with coarse mica (CS-060DC). For the test 
results of sand with mica content Mc = 5%, we could confirm that a single curve is obtained because 
we have a lot of data corresponding to a wide range of effective mean stress. For other mica contents, 
we thought they have the same trend with some minor differences. Focusing on sand with mica 
content Mc = 20%, we can see that the effective mean stress changed more with the change in the 
degree of compaction (Dc). Although the test result at high confining stress was not obtained, we 
judged that the steady state line of mica content Mc = 20% has almost the same trend as the others, 
neglecting the minor differences.  

We plotted two different steady state lines – one for Toyoura sand (Mc = 0%) and one for Toyoura 
sand with coarse mica (CS-060DC) (Mc = 1% ~ 20%) in Figure 6. Similar to the results of previous 
studies (Yoshimine et al. 2009; Masutani et al. 2010), the coarse mica (CS-060DC) has an effect on 
the steady state line of the sand. Mica has crushable characteristic therefore the shear strength is 
influence by the confining pressure. Namely, when the confining pressure is low, the effect of 
crushability on mica is small; on the other hand, when the confining pressure is high, the effect of 
crushability on mica is large. We could obtain the trend for crushability of mica based on the results 
without mica content (Mc). 
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From the above we can draw one trend of steady state line of sand with coarse mica (CS-060DC) 
containing some scatter.  However, the steady state line of sand with coarse mica (CS-060DC) is 
different from steady state line of Toyoura sand (Mc = 0%). As consequence, we could not have a 
single trend for steady state line for all mica contents (0% ~ 20%), probably because of the 
characteristics of mica, i.e. crushability and contractility. We plan to perform additional triaxial tests to 
address this issue concerning coarse mica (CS-060DC). Finally it is necessary to also examine the 
steady state condition of sand with fine mica (CS-325DC) though triaxial compression tests. 

4 CONCLUSION 

In this paper we carefully tried to the estimate density of sand with crushable materials. For this 
purpose, we used mica, and by performing the compaction test, we clarified the characteristic of 
steady state line. The following conclusions were obtained. 

1. The mixture ratio of mica has effect on compaction curve of sands. This might be due to the high 
rushability of mica. c

th
w

2. The compaction curves of sand with coarse and fine mica showed different trends, but we could see 
e specific characteristics. Compaction test results showed that sand with mica were most compacted 
hen the saturation ratio was around 70% and/or the air void ratio was around 14%. 

3. For sand with coarse mica, we found a similar tendency for each mica content: When the mica 
content was increased from 0% to 5%, the compaction curve plotted at slightly lower position. 
However when sand included over 10% mica, the trend changed with the compaction curve plotting 
at a much lower position, indicating a possible threshold value of around 10 % of mica content Mc. 
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4. For sand with fine mica, the tendency was opposite to that observed for sand with coarse mica: 
hen the mica content was increased, the compaction curve shifted upward. W

5. Using previous undrained triaxial compression test data for sand with coarse mica we organized the 
steady state line as a function of the degree of compaction (Dc). The SSL of sand with coarse mica 
was found to be reasonably estimated by the degree of compaction (Dc), apparently independent of 
the mica content percentage. However, the trend  was observed to be different from the SSL of pure 
Toyoura sand (Mc = 0%).  

Based on the above, in order to clarify the shear strength characteristics of sand containing mica, it is 
necessary to consider a method to estimate the density of sand with mica. 

Additionally, fine mica has different compaction tendency when compacted than coarse mica, and 
therefore, it is necessary to examine the relationship between the degree of compaction (Dc) and the 
steady state. 
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