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Abstract. The short fiber mixing method is well known as one of the method to improve the strength of gran-

ular soils in geotechnical engineering. Mechanical properties of the short fiber mixing granular materials are

influenced by many factors, such as the mixture ratio of the short fiber, the material of short fiber, the length,

and the orientation. In particular, the mixture ratio of the short fibers is very important in mixture design. In

the past study, we understood that the strength is reduced by too much short fiber mixing by a series of tri-axial

compression experiments. Namely, there is "optimum mixture ratio" in the short fiber mixing granular soils. In

this study, to consider the mechanism of occurrence of the optimum mixture ratio, we carried out the numerical

experiments by granular element method. As the results, we can understand that the strength decrease when

too much grain-fiber contact points exist, because a friction coefficient is smaller than the grain-grain contact

points.

1 Introduction

There is short fiber mixing reinforced soil which im-

proves material strength by mixing short fibers with gran-

ular soil material whose performance is insufficient. In

this method, short fibers made of polyethylene, polyester

or natural palm having a length of about several cm are

used. By mixing short fibers with granular soils, strength

and toughness is improved. It is a basic concept of im-

provement that the short fiber mixing reinforced soil adds

macroscopic cohesion by resisting tensile force of fibers.

Many studies are carried out by a macroscopic viewpoint

[1]. However, since various causes such as length, diam-

eter, rigidity, mixture ratio and orientation of short fibers

are complicatedly involved in the short fiber mixing re-

inforced soil, it is very difficult to elucidate its mechani-

cal characteristics and reinforcement mechanism only by

macroscopic viewpoint. There are several studies using

DEM based on a microscopic viewpoint [2]. However,

especially, relationship between the mixture ratio and the

mechanical properties is not identified clearly.

In the theme of relationship between the mixture ratio

and the mechanical properties of short fiber mixing rein-

forced soil, our research group carried out a series of lab-

oratory tri-axial compression experiments using two kinds

of silica sands and polyethylene short fibers [3]. As the

results of these experiments, we can say that the macro-

scopic strength of short fiber mixing granular soils de-

creases when the mixture ratio is increased too much. In

other words, the maximum strength exists for the short
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Figure 1. Short fibers used in our experiments

fiber mixture ratio and "the optimum mixture ratio" of the

short fibers exists.

In this study, by microscopic numerical experiments,

we examine the mechanism that the optimum mixture ratio

exists. In our numerical experiments, we employ the Gran-

ular Element Method (GEM) proposed by Kishino [4, 5],

as one of the discrete element method. Although GEM is

similar to Distinct Element Method (DEM), GEM solves

the quasi-static equilibrium equation of discrete system.

2 Outline of results of tri-axial
compression tests

Focusing on the relationship between the mixture ratio of

the short fiber and shear strength in the short fiber mixing

reinforced soil, we carried out a series of the tri-axial com-

pression test. Figure 1 shows short fibers, which are fish-
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Figure 2. Shear strength and mixture ratio

ing line made of polyethylene, used in our experiments as

the reinforcement material. The diameter of the short fiber

is about 0.52mm and length is about 20mm. We used four

silica sands called No.4, No.5, No.6, and No.7. The aver-

age grain size of silica sands is different while the shape

of grain size distribution is very similar. The mixture ratio

of fiber used in the reinforced specimens is defined as the

ratio of the weight of fibers (WF) and the dry weight of

sand (WS ):

w f =
WF

WS
× 100(%) (1)

The test specimen was made by sufficiently compacting

so that the density becomes 90% of maximum dry density

of sand. The confining pressure is 200kN/m2 in all of the

experimental cases.

Figure 2 shows the relationship between maximum

principal stress difference and mixture ratio of short fibers

obtained from the results in each case of tri-axial compres-

sion tests. In Fig. 2, normalized maximum principal stress

difference of the vertical axis normalizes maximum princi-

pal stress difference in each case in that of the sands only.

In all cases, shear strength defined by maximum princi-

pal stress difference is increased by mixing short fibers.

However, shear strength decreases when exceeding a spe-

cific mixture ratio, and the reinforcement effect by mix-

ing short fibers tends to become small. Consequently, it

became clear that optimum mixture ratio related to shear

strength in the short fiber mixing granular soils exists. Fig-

ure 3 shows the relationship between optimum mixture ra-

tio of the short fiber and average grain size. As the sand

has smaller particle size, necessary quantity of the fiber to

get the maximum reinforcement effect increases.

From the results of the tri-axial compression tests, it

is considered that when short fibers are mixed in granular

media, two effects are mainly performed internally. One of

them is a positive effect of restraining motion of grains by

the tension of short fibers. However the granular medium

without the cohesion is weak to tensile stress generally, the

macroscopic cohesive strength is obtained by mixing fiber.

The other one is a negative effect that the frictional force

between the short fibers and the soil grains is lower than

the friction between the soil particles, so that the macro-

scopic frictional force decreases. In the particulate ma-
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Figure 5. Fiber contact model for particle contacts

terial which mixed short fibers in surplus, we can assume

that macroscopic strength may decrease because the nega-

tive effect becomes dominant than the positive effect. This

assumption was considered from Hall-Petch law and in-

verse Hall-Petch law in the field of the metal materials.

Figure 4 shows the relationship between grain size

and yield stress in Hall-Petch and inverse Hall-Petch law

schematically. Generally, strength of polycrystalline metal

increases when crystal particle size becomes small. This is

called Hall-Petch equation, which is expressed as follows

[6],

σY = σ0 + kYd−1/2. (2)

Where σY is the yield stress, σ0 and kY are the material

constants, and d is the crystal grain size. Namely the yield
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(1)　Model 0（The mixture ratio 0.0%） (2)　Model 1（The mixture ratio 0.209%） (3)　Model 2（The mixture ratio 0.429%）

(4)　Model3（The mixture ratio 0.66%） (5)　Model4（The mixture ratio 0.892%） (6)　Model5（The mixture ratio 1.137%）(7)　Model6（The mixture ratio 1.391%）

Figure 6. Analysis models

stress of a polycrystalline metal is in proportion to d−1/2.

The strength of the each crystal grain becomes strong as

the size of the crystal grain becomes small, because the

dislocation motion is more obstructed. However when the

grain size is too small, the yield stress tends to decrease

conversely. Because the strength of grain boundary, which

is weaker than that of crystal grain, becomes more dom-

inant for macroscopic strength, the macroscopic strength

decreases when a crystal grain becomes small too much.

This is called inverse Hall-Petch law. From such a law, it

may be assumed that similar phenomena may also occur

in short fiber mixing reinforced soil.

3 Numerical experiments by GEM

In this section, to explain the hypothesis in section 2,

we carry out a series of numerical experiments by us-

ing 2-dimensional Granular Element Method with peri-

odic boundary conditions [5].

3.1 Outline

At first, we explain the outline of numerical experiments of

the short fiber mixing reinforced granular materials. This

is aiming to explore the relationship between the shear

strength and the mixture ratio.

As a model, the fiber connecting the small particles, is

to be used to provide the tensile resistance between them.

The schematic diagram of the contact model between the

particles is shown in Figure 5. In the conventional GEM

for analyzing the aggregate of only dry grains, if the nor-

mal relative displacement between the particles was ten-

sile, the contact force between the particles would be de-

termined as the non-contact. In the case of using fiber, the

contact state would be maintained until the tensile normal

contact force arrives at the tensile strength (c in Figure 5).

In the tangential direction, the simple Coulomb’s friction

law is adopted as shown in

pt ≤ pn tan φ (3)

where pn is the normal contact force, pt is the tangential

one and φ is the friction angle between particles. For the

fiber particles–fiber particles contact, the tangential con-

straint model is taken as shown in

pt ≤ pn tan φ + c. (4)

To represent the small bending stiffness of short-fibers the

small tangential spring constant is used compared to the

normal direction.

In general, it is considered that the friction coefficient

of short fibers is smaller than that of soil particles. The

friction coefficient of short fibers has a large influence on

the negative effect. Therefore, in this study, we carry out

the numerical experiments of two cases which changed a

coefficient of friction of the short fiber. In the first case,

the friction coefficient of short fibers is equal to that of soil

particles. It is assumed that there is no negative effect in

this case. In the second case, we use a very small fric-

tion coefficient of the fiber to assume the case which has a

very large negative effect. For each parameter on contact

points between the soil particle and the short fiber particle,

the average value of each parameter was used. Regarding

c representing the tensile strength of short fibers, a huge

value is used because short fibers never break during the

tri-axial compression test.

Figure 6 shows numerical models prepared with differ-

ent mixture ratios. In this figure, the initial state was cre-

ated with an isotropic stress of 0.2MPa. Model 0, which

has 5223 disk particles with 0.2mm-1mm diameters, is a

model that does not mix short fibers. Models 1 to 6 were

prepared by increasing short fibers particles and decreas-

ing soil particles on the basis of model 0, but the void ratio

was assumed to be almost constant in each model. On the

assumption of a short fiber having a diameter of 0.5mm

and a length of 20mm, 41 short fiber particles having a

particle diameter of 0.52mm were connected and modeled.

Numerical models are analyzed by stress control with con-

stant lateral pressure.
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Figure 7. Mixture ratio and maximum principal stress difference
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Figure 8. Fiber tension and slip occurrence (model 5)

3.2 Results

Figure 7 shows the relationship between the short fiber

mixture ratio and the maximum principal stress difference

obtained by changing the inter-particle friction angle of

each model to 5◦ and 27◦. When the friction angle be-

tween the particles of the short fibers is set to 27◦ which

is the same as the soil particles, the maximum principal

stress difference is larger at any mixture ratio compared to

the case of the short fibers are not mixed. However, even

if mixed rates increase, the maximum principal stress dif-

ference changes little. On the limited conditions, it seems

that when the friction angle is 5◦, even when the result of

model 3 is regarded as an error, the maximum principal

stress difference decreases with an increase in the mixture

ratio of short fibers. It is considered that the shear strength

of short fiber mixing reinforced soil is determined mainly

by the balance between the positive effect due to the ten-

sion of the short fibers and the negative effect due to the

decrease in the coefficient of friction between the soil par-

ticles. When the coefficient of friction between the short

fiber particles is made small, it is considered that this is

an increase in the contact point of a small coefficient of

friction due to an increase in short fibers.

Figure 8 shows the relationship between the change

in short fiber tension accompanying shearing loading in

model 5 (the mixture ratio is 1.137%) and the change in the

number of contact points where slip between short fibers

and soil particles occurs. This is a model which has the

largest influence difference of friction angle between par-

ticles . As can be seen from this figure, the tension is not so

different even if the friction angle between the short fiber

particles is changed, and almost the same tension is gen-

erated. On the other hand, as for the number of contact

points between the short fibers and the soil particles where

the slip is occurring, it can be seen that there are very many

contact points where slipping occurs from the initial stage

of loading. From the above, it is considered that the op-

timum mixture ratio with respect to the shear strength of

the particulate material mixed with the short fibers appears

because the negative action exceeds the positive action.

4 Conclusions

We clarified the appearance mechanism of optimum mix-

ture ratio in reinforced soil by mixing short fiber from the

results of the tri-axial compression tests and the numerical

experiments. It may be possible that the optimum mixture

ratio appears because the negative effect by mixing short

fibers in surplus exceeds than the positive effect. In future,

we plan to demonstrate a clear trend by conducting more

numerical experiments. It is very important that there is an

optimal solution for the mixture ratio of short fiber mixing

reinforced soil. And it can contribute to the elucidation of

the improvement mechanism of the mechanical properties

of the granular material by mixing of short fibers.
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