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Abstract

For soil improvement, a method using plant fiber has been used since ancient
times. In recent years, the construction method using plant fiber has attracted
attention as a ground improvement technology with less environmental load.
In this work, the soil improvement effect using waste bamboo fiber was expe-
rimentally examined. The liquid limit and plastic limit of the mixed soil
tended to increase with increasing bamboo fiber content and there was no
change in the plasticity index of the mixed soil by the difference of bamboo
fiber content. As a result from the compaction test and unconfined compres-
sion test, it was revealed that mixing of bamboo fiber resulted in a reduction
of soil material required for construction and increasing in strength. The
maximum compressive stress of the bamboo fiber mixed soil at the mixing
ratio of 0%, 1%, 3% and 5% were 115, 108, 130 and 152 kN/m’, respectively.
As the soil with fiber showed the lower stiffness and higher strength than that
without fiber in the dry region, it can be judged that the addition of fiber
brought ductility to the soil. And it was found that the decrease in the stiff-
ness of the specimen due to the increase of water content was suppressed by
the addition of the bamboo fiber. From the results of the observation with the
digital microscope, it was observed that the two-layer structure consisting of
the main relatively thick fibrous structure and the secondary capillary fibrous
structure were formed. Thus, it was found that the complex structure of the
bamboo fiber is deeply involved in the strength of the mixed soil.

Keywords

Industrial Waste, Bamboo Fiber, Andosol, Unconfined Compressive
Strength, Soil Improvement

1. Introduction

In recent years, the invasion of neglected bamboo forest into Satoyama in Japan
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has become a more serious problem. When bamboo invades the surrounding
fields and forests, the growth of other plants and trees will be inhibited as a re-
sult of light shielding by height and occupying the area by making groups. In
addition, since the roots of bamboo spread widely in the ground as much as 30
cm depth, it is known that the watershed protection function declines, and
landslides are induced if heavy rain falls. Bamboo grows fast and breeds by un-
derground stems. Therefore, just removing the bamboo shoot does not mean
that the bamboo itself is removed. Once bamboo invades Satoyama, it is difficult
to completely remove them. For the above reasons, while maintaining the bam-
boo grove which has been excessively propagated, it is also required to establish
the effective utilization method of bamboo and to bring the bamboo grove into
profitability again.

In the improvement of ground during the construction of structures, the me-
thods using plant fibers have been used for a long time. It is known that the sta-
ble improvement of soil material by not only bamboo waste materials but also
natural substances has been done for thousands of years. Hejazi ef a/. [1] sum-
marized the history of stable improvement of soil material by natural substances
as follows. They stated that in the Mesopotamian civilization limestone was used
as construction material with mixing into weak soil, and in various ancient civi-
lizations straw and hay, etc. were mixed with mud and those were used as a
sun-dried brick. They also stated that people were improving the ground soil
using familiar plant fibers in the Great Wall of China and Ziggurat of Babylon
respectively. Furthermore, the ground improvement by natural fibers such as
hemp, jute, coconut and bamboo has been done for more than 5000 years as a
traditional construction method.

Various improvements of building materials using the bamboo have been car-
ried out by efforts to eliminate the bamboo groves problem and development of
construction method considering the environment in recent years. Several stu-
dies showed that the bamboo fiber was the suitable fiber for mixing with the ce-
ment material [2] [3]. It is clarified that the improvement effect was much supe-
rior to that by other fibers. As a further improvement, various fibers are added
into lime-soil to enhance the mechanical properties, and to reduce the vertical
and lateral deformation [4] [5] [6]. Nishida et al [7] investigated the improve-
ment effect due to the high water absorption by adding the bamboo waste ma-
terial with the cementitious solidifying material to the bottom sediment with
high water content. As a result, it was clarified that the bottom sediment with
high water content can be improved to the transportable strength by adding the
bamboo waste material. It was also revealed that the improvement effect was
larger for the water absorbing material with higher water absorption ratio. Ya-
mashita et al. [8] studied the strength and cracking characteristics of the building
wall mixed with the bamboo as the reinforcing material. As a result, it was re-

vealed that the unconfined compressive strength of the wall clay mixed with the
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bamboo was greater than that of the conventional wall clay mixed with the
straw. In addition, it was revealed that the cracked area ratio decreased by in-
creasing the added amount of the reinforcing material regardless of that type. In
particular, it was reported that the effect of suppressing cracks was remarkable in
the bamboo fiber with long fiber length. Sako ef al. [9] examined the availability
of the bamboo chips to prevent the erosion of the promenade in the historic site.
As a result, it was revealed that the specimens mixed with the bamboo chips had
high erosion resistance and increased the unconfined compression strength. Ot-
subo et al [10] used the bamboo fiber as the base material for the sprayer in the
greening plant of the slope, and investigated the erosion preventing the effect of
the base material itself. They showed that utilizing the bamboo fiber resulted in
less erosion than the conventional methods. Sato et al [11] have extensively in-
vestigated the improvement of soft clay by incorporating bamboo chips and
flakes that have high water absorption characteristic of bamboo material.
Brahmachary and Rokonuzzaman [12] conducted the number of soaked and
unsoaked CBR value tests for ordinary soil and soil mixed with different quanti-
ty of bamboo fiber, and concluded that both unsoaked and soaked California
Bearing Ratio (CBR) value of soil increases due to the addition of bamboo fiber.
Devi and Jempen [13] investigated the shear strength behavior of a bamboo fiber
reinforced soil. They showed an increase in the shear strength parameters of the
soil with an increase in the percentage of fiber up to an optimum amount.
Ismanti and Yasufuku [14] presented the utilization of natural and environmen-
tal-friendly material, bamboo chips, mixed with a small amount of cement con-
tent in soil improvement. Thus, fiber-soil has been attracting attention in geo-
technical engineering [15] [16].

As described above, various studies on soil improvement using bamboo waste
materials have been conducted all over the world. From the results of the past
research, it can be judged that the ground improvement by the bamboo waste
material can be applied to the embankment work at general civil engineering
sites and the levee embankment at the agricultural field. Generally, relatively
rough bamboo chips and flakes are the common fiber conditions used in those
research, and the research as for the application of fine bamboo powder is not
much. In this paper, focusing on the relatively fine bamboo powder, the physical
and mechanical characteristics of the bamboo fiber mixed soil were experimen-

tally investigated and the effect of the improvement was clarified.

2. Material and Methods

In this experiment, the andosol collected from the field in Iwate University was
used as soil material. The bamboo fiber, which was fibro used after logging and
commercially available, was used. This bamboo fiber contains fibers of various
sizes. When 1 kg bamboo fibers were classified using sieves of 2, 0.85 and 0.425

mm, the residual fractions of 2, 0.85 and 0.425 mm were 13%, 16% and 21%, re-
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spectively, and the fraction passing through 0.425 mm was 50%. This indicates
that this bamboo fiber contained many fine powdery particles. In order to inves-
tigate the effect of improving by addition of bamboo fiber and the influence of
compounding ratio on improving effect, the experiments conducted in this
study were 1) water absorption test of bamboo fiber, 2) liquid limit test and plas-
tic limit test, 3) compaction test, 4) unconfined compression test, 5) image ob-
servation of specimens by digital microscope. The physical properties of the soil

are shown in Table 1.

2.1. Water Absorption Test of Bamboo Fiber

In order to evaluate the effect of moisture content and water absorption time of
the bamboo fiber on water absorption rate, the water absorption test of the
bamboo fiber was carried out. The specimens with the moisture content of 10%
dried by natural air and 0% absolutely dried by the oven were used. The bamboo
fiber corresponding to 1 g of dry mass was added to the beaker filled with dis-
tilled water and stirred, and then absorbed for 1 or 1440 minutes. After water
absorption, the water absorbing sample was poured into the funnel and it was
confirmed that the surplus water was sufficiently dropped, and then the mass of
the bamboo fiber was measured. In this study, the water absorption rate was de-
fined as the ratio of the mass of absorbed water to the dry mass of the bamboo
fiber as following.

A, =m, [m, x100 1)

where A, is the water absorption rate, m,, is the mass of absorbed water in the

bamboo fiber, m, is the dry mass of the bamboo fiber.

2.2. Liquid Limit Test and Plastic Limit Test of Bamboo Fiber
Mixed Soils

In order to evaluate the influence of difference in the bamboo fiber content on
the consistency of the bamboo fiber mixed soil, the liquid limit test and the plas-
tic limit test was conducted. The mass mixing ratio of the bamboo fiber to the
dry soil mass was 0%, 1%, 3% and 5%. Both tests were carried out in conformity
with Japanese Industrial Standard JIS A 1205.

2.3. Compaction Test of Bamboo Fiber Mixed Soils

In order to evaluate the effect of difference in bamboo fiber content on the

Table 1. Physical properties of soil.

Soil particle density p, (g/cm®) 2.727
Sand content (%) 28
Silt content (%) 44
Clay content (%) 28
Fine particle content F_ (%) 72
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maximum dry density and the optimum water content of the bamboo fiber
mixed soil, the compaction test by tamping with bamboo fiber mixed soil was
carried out. The mass mixing ratio of the bamboo fiber to the dry soil mass was
0%, 1%, 3% and 5%. Table 2 shows the condition of the compaction test. The

test was carried out in conformity with Japanese Industrial Standard JIS A 1210.

2.4. Unconfined Compression Test of Bamboo Fiber Mixed Soils
and Image Observation

In order to evaluate the unconfined compressive strength as an index when han-
dling as a ground improvement material on site, the unconfined compression
test of the specimen prepared by the compaction test was carried out. The test
was conducted in conformity with Japanese Industrial Standard JIS A 1216 by
using the universal compression tester (RTG-1210 manufactured by A&D Co.,
Figure 1). The compression rate was set to compressive strain 1%/min.

The influence on unconfined compressive strength of the mixed soil was ex-
amined by changing the mass mixing ratio of the bamboo fiber to the dry soil
mass to 0%, 1%, 3% and 5%, respectively. Furthermore, a part of the specimen
after the unconfined compression test was sampled and the change of the struc-
tural skeleton due to the addition of the bamboo fiber was observed by using the

digital microscope (UM 06 manufactured by Kenis Co., Figure 1).

3. Results and Discussion

3.1. Results of Water Absorption Test of Bamboo Fiber

The results of the water absorption test are shown in Table 3. The bamboo fiber
used in this study was found to have a very high water absorption rate of 742.8% -
775.4%. Focusing on the water absorption time of the bamboo fiber in this test

result, there was no difference in the water absorption rate between the water

Figure 1. Universal compression tester and digital microscope.

Table 2. Condition of compaction test.

Rammer Mass  Falling Height Mold Inner ~ Mold Volume  Number Number of
(kg) (cm) Diameter (cm) (cm?) of Layers  tamps per layer

1.25 30 6 550 3 25
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Table 3. Results of water absorption test of bamboo fiber.

Initial Water Content

in Bamboo Fiber (%) Absorption Time (min) Water Absorption Rate A4, (%)
1 775.4
0
1440 772.3
1 751.5
10
1440 742.8

absorption time 1 minute and 1440 minutes at either water content ratio. On the
other hand, in terms of the initial water content ratio, the water absorption rate
of the bamboo fiber with 0% initial water content was higher by about 30% than
that with 10% initial water content. This is thought to be the thermal denatura-
tion due to the oven-drying of the bamboo fiber, so it is presumed that the water
absorption rate of the bamboo fiber has increased.

Nishida et al [7] reported that the water absorption rate varies depending on
the condition of the bamboo fiber, based on the water absorption test results.
They showed that as the bamboo fiber became coarser the water absorption rate
became lower, and the lowest value was 102.5%. On the contrary, they also re-
ported that the cotton-like bamboo fiber has a higher water absorption rate, and
the highest value was 455.1%. Hejazi et al [1] summarize that the water absorp-
tion rate of bamboo before fiberization is about 40% to 45%. Based on the results
of the past research and the sieve analysis of bamboo fiber, it can be judged that
the high water absorbency in this study is caused by the amount of finer bamboo
fiber. According to this result, it is revealed that the improvement effect such as
the bottom sediment with high water content is larger for the finer bamboo fi-
ber.

3.2. Results of Liquid Limit Test and Plastic Limit Test of Bamboo
Fiber Mixed Soils

In the liquid limit test and the plastic limit test, both limits tended to increase
with increasing bamboo fiber content as shown in Table 4. It is noted that the
plasticity index is the difference between the liquid limit and the plastic limit and
the flow index is the gradient of the flow curve in the liquid limit test, defined as

following equations.
I, =w, —w (2)

I, =(w —w,)/(log N, —log N,) (3)

where 7, is the plasticity index, w; is the liquid limit, w, is the plastic limit, 7,is
the flow index, and w and N indicate arbitrary water content and number of
drops in the liquid limit test, respectively.

The liquid limit increased 47.7%, 46.8%, 48.3% and 51.8% and the plastic limit
increased 34.6%, 34.4%, 36.3% and 38.5% at the bamboo fiber content 0%, 1%,
3% and 5%, respectively. These increases are caused by the high water absorp-

tion of bamboo fiber. Both tests with 10% bamboo fiber content were also
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Table 4. Results of liquid limit and plastic limit of the mixed soil.

Fiber Content Liquid Limit Plastic Limit Plasticity Index Flow Index
(%) w (%) w, (%) 1, I
0 47.7 34.6 13.1 3.5
1 46.8 344 12.4 53
3 48.3 36.3 12.0 6.8
5 51.8 38.5 13.3 7.4

conducted. However, since the properties of bamboo fiber became dominant
and the consistency of the soil was lost, both limit values could not be detected.
The plasticity index showed an almost constant value of about 12 to 13 regard-
less of the bamboo fiber content in this test. This is due to the increments of
both limit values with the increase of the bamboo fiber content. As a result it was
found that there was no change in the plasticity index of the mixed soil by the
difference of the fiber content. The flow index, which is equivalent to the gra-
dient of the flow curve in the liquid limit test, increased with an increase of the
fiber content. This means that the fiber mixed soils become difficult to flow as

the mixing ratio increases.

3.3. Results of Compaction Test of Bamboo Fiber Mixed Soils

The results of the compaction test for the bamboo fiber mixed soils are shown in
Figure 2. It can be seen that the higher the bamboo fiber content, the lower
compaction curve tends to be located. At bamboo fiber content 0%, 1%, 3% and
5%, each maximum dry density was 1.19, 1.17, 1.14 and 1.07 g/cm’, respectively,
similarly each optimum water contents was 32.3%, 34.9%, 35.5% and 36.8%, re-
spectively. Thus, it was found that as the bamboo content increased, the maxi-
mum dry density decreased and the optimum water content increased. Accord-
ing to this result, the unit volume weight of bamboo fiber mixed soil at the
maximum dry density becomes smaller, which means that the mixed soil be-
comes very lightweight as a material.

Using this result, the calculation was done about the mass of each bamboo fi-
ber mixed soil necessary for compacting 1 m* with 30 cm in thickness at the op-
timum water content. For the sample soils with the bamboo fiber mixing content
0%, 1%, 3% and 5%, the mass required for the construction can be estimated to
be 356.2, 351.8, 342.0 and 320.4 kg, respectively. Comparing the required mass
of 0% and 5% mixed soil, 5% mixed soil is about 35 kg lighter. Assuming an ac-
tual construction site, it is considered that the weight loss of this soil sample is

economically beneficial.

3.4. Results of Unconfined Compression Test of Bamboo Fiber
Mixed Soils and Image Observation

The stress-strain curves of the mixed soils derived from unconfined compression

test are shown in Figure 3. It is found that the compressive stresses of all
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Figure 2. Results of the compaction test for the bamboo fiber mixed soils.
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Figure 3. Stress-strain curves of mixed soils derived from unconfined compression test.

specimens tended to increase with an increase in the bamboo fiber content. The
maximum compressive stress of the bamboo fiber content 0%, 1%, 3% and 5%
were 115, 108, 130 and 152 kN/m”.

There was no difference in the stress-strain curves between the bamboo fiber
content 0% and 1%. According to this result, the bamboo fiber mixing content
was less than 1%, it was found that there was no improvement in the mechanical
properties of the soil due to the mixing of the bamboo fiber. When the bamboo
fiber content is above 3%, it is found that the maximum compressive strength is
exhibited at the optimum water content. Furthermore, the slope of the initial li-
near part in the stress-strain curve at high water content are tended to be steep
when the bamboo fiber content increased.

Figure 4 shows the relationship between deformation modulus and water
content of mixed soils with different fiber content. It is interesting that the ten-
dency of the stiffness characteristics of the specimens differs depending on the
presence and content of fibers. The soil with no fiber showed the high deforma-

tion modulus at the dry region and then decreased steeply with an increase of
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Figure 4. Effect of bamboo fiber addition on deformation modulus of mixed soils.

the water content. On the other hand, the soil with fiber showed the lower de-
formation modulus and decreased gradually. Considering the lower stiffness and
higher strength of the soil with the fiber than those without fiber in the dry re-
gion, it can be judged that the addition of fiber brought ductility to the soil. And
it is obvious that as the addition of fiber increased, the rate of decrease in the
deformation modulus became slower. Finally, it can be seen that in the wet re-
gion the deformation modulus with or without fiber was reversed. This means
that the decrease in the stiffness of the specimen due to the increase of water
content was suppressed by the addition of the bamboo fiber, the cause is consi-
dered to be due to the absorbency and structure of the bamboo fiber.

Figure 5 shows the relationship between the maximum dry density and the
unconfined compressive strength when bamboo fiber content is changed. It was
found that the strength of mixed soil increases and the maximum dry density
decreases due to the increase of bamboo fiber content. From this result, it was
clarified that the mixing of the bamboo fiber to the soil contributes to the in-
crease of the strength of the soil. It is expected to be utilized the bamboo mixed
soil as a lightweight civil engineering and agricultural material, such as ground
base reinforcement.

Figure 6 shows the result of image observation with the digital microscope.

It was confirmed that the bamboo fiber was placed very irregularly with re-
spect to the inside soil and so as to embrace the soil particles. Focusing on the
bamboo fibers, the structure was such that the thin fibers branch off from the
main fibers. In this way, it was observed that the two-layer structure consisting
of the main relatively thick fibrous structure and the secondary capillary fibrous
structure was formed. Figure 6 also shows the schematic diagram for this struc-
ture. As these bamboo fibers have high water absorbency, it could be imagined
that the fiber has remarkable water retention function, especially in the capillary
fibrous structure. Moreover, it is considered that the soil particles are bonded by
the capillary fiber and their aggregations induce frictional forces on the fibers
with interlocking forces. These complex forces are a relation to mobilize the ten-
sile stress on the fiber itself, it is suggested that the two-layer structure

contributes to the increase in strength of specimens.
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Figure 6. Picture of inside specimen with water content 32%and schematic diagram for
two-layer structure.

4. Conclusions

The purpose of this research is to propose an effective utilization method of
waste bamboo material. In this paper, the physical and mechanical characteris-
tics of the bamboo fiber mixed soil were investigated and the effect of the im-

provement was clarified. The main results obtained are as follows.
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1) The bamboo fiber used in this study contained many fine powdery particles
and was found to have a very high water absorption rate of 742.8% - 775.4%.

2) The liquid limit and plastic limit of the mixed soil tended to increase with
increasing bamboo fiber content and there was no change in the plasticity index
of the mixed soil by the difference of bamboo fiber content.

3) From the result of the compaction test, it was found that the maximum dry
density of the mixed soil decreased and the optimum water content of the mixed
soils increased with an increase of the bamboo fiber content. According to this
result, the unit volume weight of the bamboo fiber mixed soil at the maximum
dry density becomes smaller, which means that it becomes very lightweight as a
construction material.

4) From the unconfined compression test, it was found that the compressive
stresses of all specimens tended to increase with an increase in the bamboo fiber
content. The maximum compressive stress of the bamboo fiber content 0%, 1%,
3% and 5% were 115, 108, 130 and 152 kKN/m” The soil with fiber showed the
lower stiffness and higher strength than that without fiber in the dry region, it
can be judged that the addition of fiber brought ductility to the soil. And it was
found that the decrease in the stiffness of the specimen due to the increase of
water content was suppressed by the addition of the bamboo fiber.

5) From the results of observation with the digital microscope, it was found
that the complex structure of the bamboo fiber is deeply involved in the strength
of the sample.

The bamboo fibers used in this study contained the fibers of various shapes. In
the next step, it is necessary to study the influence of their shape and the amount

of addition on the mechanical properties of the mixed soil.
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