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Abstract. This paper examines the mechanical behavior of the short fiber reinforced plastic (SFRP)

considering the microstructure using multi-scale simulation. The SFRP, which the microstructure con-

sists of resin and fiver, has a rate, thermal, and fiber orientation dependency. The mechanical property is

predicted by matrix and fiber properties. However, the properties by material testing are different from

the prediction. Thus, this paper decides each microscopic material parameter on microstructure by the

least-square method using the experimental data. Comparing the macro simulation results using homog-

enized values and the experimental results shows microstructure influences the macroscopic behavior.

Moreover, the numerical examples compare the results under two types of tensile speed and three fiber

orientation types. The present work completes the multi-scale simulation using a simple microstructure

considering fiber orientation and strain rate.

1 Introduction

Due to social demands such as reducing environmental load and cost reduction, the transportation equip-

ment industry is reducing the weight by replacing metal materials with resin materials. Among resin

materials, those with improved mechanical properties by mixing carbon fiber and glass fiber at the mold-

ing time are called fiber reinforced plastics. Fiber reinforced plastics are characterized by high specific

strength and specific rigidity, and their use is expanding in the industrial world. There are various types

of base materials and fibers, and their characteristics are also diverse. Such composite materials, which

are a combination of different materials, are devised to satisfy the desired mechanical properties. Com-

posite materials such as fiber-reinforced resin materials, which improve strength by mixing fibers with

the base resin, have excellent properties, as described above. Still, on the other hand, they have a compli-

cated internal structure. It is difficult to grasp the properties of the microscopic structure (microstructure)

of the material because it has. Therefore, in the past, the material properties have been grasped by the

approach from the material test. However, the material properties obtained from the material test are

obtained only from the macroscopic structure (macrostructure). The properties of the microstructure

are not fully considered. Besides, the constitutive law used in conventional CAE does not consider the
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microstructure of composite materials, and analyzes using material properties based on macrostructures

have been performed. On the other hand, there is multi-scale modeling to model phenomena based on

the homogenization method [1]–[7]. In multi-scale modeling, by deriving the material properties of the

macrostructure through the analysis of the microstructure of the material, it is possible to analyze the

micro and macro phenomena in a coupled manner. Therefore, multi-scale analysis is used to predict

mechanical properties considering microstructure. Here, fiber reinforced plastics are known to have fiber

orientation dependence, velocity dependence, and temperature dependence. It is not realistic to obtain

all of them from experiments, so modeling numerical simulation is required.

Based on this, the purpose of this study is to evaluate the mechanical properties of materials by multi-

scale analysis focusing on fiber orientation and velocity dependence for limited material test results.

By comparing the experimental results of the tensile test with the analytical values, the influence of

the microstructure characteristics on the velocity dependence and fiber orientation dependence, which

are the characteristics of resin materials, will be investigated. After explaining the multi-scale analysis,

the microstructure model and the handling of fiber orientation are described. In the numerical analysis

example, the macroscopic changes in the behavior of the material and the influence of the microstructure

conditions are compared and examined in the deformation region where the nonlinearity is not strong.

2 Multi-sclae modeling for SFRP

2.1 Multi-scale simulation based on homogenization

A multi-scale analysis is a method for approximate analysis of a two-variable boundary value problem

based on nonlinear homogenization theory while maintaining both micro and macro coupled effects. It

is assumed that the smallest structural unit called a unit cell is periodically and repeatedly arranged in

the object’s microscopic area. It is assumed that the entire structure is covered with minute unit cells.

The characteristics of the macrostructure are defined by the geometric shape and material properties in

the unit cell. Numerical material tests are performed on unit cells with material properties set, and macro

mechanical properties are obtained using the obtained micro response. In the commercial code used, a

mechanism was adopted to reduce the calculation cost using the Reduced Order Model (ROM) method

for numerical material tests while following multi-scale analysis based on the general homogenization

method [1][8].

2.2 Unit cell geometry

In this paper, we consider the unit cell consists of matrix and fiber. First, a unit cell, which is the smallest

unit of the periodic repeating structure of the material, is created. In this paper, it is assumed that the

fiber in the matrix is short. Therefore, we assume that the fibers are discontinuous. In other words, the

fibers are treated as fully included in the matrix. A schematic diagram of the unit cell model is shown in

Figure 1. Figure 1 shows that the fiber is the cylinder and the matrix is hexahedral. Thus, the fiber in the

unit cell, looking at the x-axis direction, is shorter than the matrix’s ends. The parameters used to create

the unit cell are shown in Table 1. The microstructure generates based on each parameter on the Table 1

and volume fraction.
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Figure 1: Illustration of unit cell model

Table 1: Parameter of unit cell

Parameters

Matrix length of x-direction x

Matrix length of z-direction y

Matrix length of z-direction z

Fiber length of x-direction lx
Fiber raius of y-direction ry

Fiber raius of z-direction rz

Gap of x-direction gx

Gap of y-direction gy

Gap of z-direction gz

Volume fraction

Table 2: Parameters of matrix and fiber

Matrix Fiber

Young modulus[MPa] Em E f

Poisson’s ratio νm ν f

2.3 Inelastic model

The mechanical property of the fiber shows elastic behavior. On the other hand, the mechanical property

of the matrix shows inelastic behavior. Considering the inelastic behavior, we examine a rate indepen-

dent elasto-plastic model. The hardening function of the rate independent model is expressed as the

combination of isotropic and kinematic hardening. At this time, each variable related to hardening is

given by the following equations.

h(α) = (K∞ −K0)[1− exp(−δα)]+H ′α (1)

K(α) = K0 +θh(α) θ ∈ [0,1] (2)

H(α) = (1−θ)h(α) θ ∈ [0,1] (3)

Here, the equation (1) expresses the curing law to be used. The equation (2) and equation (3) represent

isotropic curing and transfer curing, respectively. At this time, K0 is the initial yield stress, K∞ is the

tensile strength, α is the cumulative plastic strain, δ is the exponential part of the evolution law, and θ is

the transfer hardening. And represents the rate of isotropic hardening. Moreover, Table 2 shows the basic

linear parameters of matrix and fibers. Em is the Young modulus for matrix, E f is the Young modulus for

fiber, νm is the Poisson’s ratio for matrix and ν f is the Poisson’s ratio for fiber, respectively.
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2.4 Fiber orientation tensor

In order to consider the dependency of the fiber orientation, each angle is defined. Figure 2 shows

illustration of the fiber orientation.
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Figure 2: Definition of the fiber direction

This can be expressed using the fiber orientation tensor ai j, which is handled in the actual resin flow

analysis, as shown in the following equation.





TXX TXY TXZ

TYY TY Z

sym TZZ



=





a11 a12 a13

a22 a23

sym a33



= ai j (5)

Here, Tkl represents how much the fibers are stochastically oriented in a certain axial direction of the

global coordinate system. However, Tkl and ai j are constrained as shown in the following equation.

TXX +TYY +TZZ = a11 +a22 +a33 = 1 (6)

Since TXX stochastically represents how many fibers are oriented in the x axis direction of the global

coordinate system, The fiber orientation tensor when the fibers are actually oriented in the x axis direction

is obtained as follows.




a

b

c



(a b c) =





1

0

0



(1 0 0) =





1 0 0

0 0 0

0 0 0



= ai j (7)

When using the fiber orientation tensor, TXX , TYY , TZZ , TXY , TY Z , TXZ The fiber orientation can be reflected

in the analysis by creating an input file corresponding to each element number of the value.

3 Tensile testing

The multi-scale analysis is performed on the shape of the material test piece used in the tensile test. By

comparing and verifying the experimental results of the tensile test of the short fiber reinforced plastic

PA66GF30 and the analysis results of the model created using multi-scale modeling, we will examine

the modeling that can reproduce the mechanical properties of the target material.

4



H. Sugiyama and S. Okazawa

Figure 3: Testpiece

Table 3: Parameters of test piece

A 75 mm

B 10 mm

C 30 mm

D 5 mm

E 30mm

F 2 mm

G 25 mm

H 58 mm

Fiber

 orientation

Matrix & Fiber

 0°  45°  90°

Figure 4: Fiber orientation

3.1 Experimental procedure

In the tensile testing, two loading conditions and three fiber orientations are conducted. The tensile rate

are 5mm/min and 100mm/min and three conditions of fiber orientation are 0◦, 45◦ and 90◦. A schematic

diagram of the tensile test piece is shown in Figure 3. Each length of the test piece expresses in Table 3.

The experiment assumes that each test piece has a uniform fiber orientation in the set direction. Figure 4

shows an illustration of the fiber orientation. In this case, fiber direction is assumed a two-dimensional

situation. A strain gauge measures the tensile direction strain, and the force is measured by the load cell.

Therefore, the nominal stress/strain is calculated by using each measured value.
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3.2 Numerical simulations

As shown in Figure 5, the 1/4 model is modeled as the analysis model considering the symmetry of

the test piece. Eight-node Hexahedral solid element meshes are employed. Furthermore, the boundary

conditions are given as shown in Figure 5. The unit cell shape is based on the Figure 1, and Table 1 shows

the unit cell size. Secondly, we consider the case where the parameter fitting of the material constitutive

law. In this case, parameter fitting is performed by the least squares method in the microstructure using

the experimental data of the tensile velocity of 5 mm / min at the fiber orientation of 0 ◦. At this time,

the equation (1) ∼ (3) is used as the constitutive law of the fiber and the matrix. In order to conduct the

numerical simulation for the microstructure, the initial value of the linear characteristics of matrix and

fiber is set using the general value of each material. And then, the elastic modulus E f of the fiber was

calculated with the initial slope of the stress-strain curve based on the experimental data. Table 5 shows

the fitting result. As is clear from Table 5, the value is significantly smaller than the reference value.

This is thought to be because the target fiber is short. Thus, the way the load is applied and the handling

of rigidity inside the actual materialize different from the reference value assumption. There is room for

consideration in measuring the internal structure’s rigidity, but here we adopt this fitted parameter. Next,

Table 6 shows the results of fitting the elasto-plastic constitutive parameters of the matrix. Here, β1 and

β2 are parameters for considering the influence of the volumetric strain on the plastic deformation of the

plastic, respectively. In this analysis, these were also adopted for fitting as one of the parameters. Multi-

scale simulation is performed using the microstructure parameters of Table 5 and 6. The macrostructure

simulation using the different fiber orientations and two types of tensile rate was conducted, and the

simulation results were compared with the experimental results.

y

xz y x

z

Figure 5: Boundary condition

Table 4: Parameters of Unit cell

Matrix length of x-direction 17.8256

Matrix length of z-direction 1.0

Matrix length of z-direction 1.0

Fiber length of x-direction 16.2051

Fiber raius of y-direction 0.3241

Fiber raius of z-direction 0.3241

Gap of x-direction 0.08103

Volume fraction [%] 30
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Table 5: Optimized parameter

Reference Fitted value　
Young modulus of fiberE f [MPa] 72395.0 16584.2

Table 6: Parameters of matrix

Parameters Fitted values

Ky[MPa] 19.62

K∞[MPa] 66.27

δ 100.5

H −4.0×10−4

θ 1.2×10−3

β1 7.5×10−5

β2 −9.99×10−7

Figure 6 and Figure 7 show the results of stress-strain curves in macrostructures with tensile velocities of

5 mm / min and tensile velocities of 100 mm / min, respectively. Figure 6 shows that the present results

correctly represent deformation in almost all strain ranges. The magnitude relation of stress due to the

difference in orientation angle matches the experimental result. However, it is necessary to study where

the peak of stress appears in the simulation as the deformation becomes larger. Besides, it is necessary

to consider the effect on the part where stable results are not obtained due to uncertainty, although three

experimental results were carried out.

On the other hand, it is clear that the present result under the tensile speed of 100 mm/min in Figure 7

is different from the previous result. When the orientation is 0 ◦, the simulation result is close to the

experimental result near the strain of 1 % and 3 %, but the error is large in the region where 2 %. Here, it

can be seen that the stress values of the other two angles are always lower than those of the experiment.

The main reason for simulation results getting lower is that the material parameters are not covered in

the case where the tensile rate 100 mm/min.

From the numerical simulations, the fiber orientation dependency was able to deal with by multi-scale

simulation. The material parameters are decided by the least squares method is which agrees well with

the experimental result. The results of the lower tensile rate case well match.
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Figure 6: 5mm/min: Stress-strain curve

0

20

40

60

80

100

120

140

160

180

200

0 1 2 3 4

st
re
ss
[M

P
a
]

strain[%]

0°_simulation

45°_simulation

90°_simulation

0°_experiment

45°_experiment

90°_experiment

Figure 7: 100mm/min: Stress-strain curve
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4 Conclutions

In this paper, we performed multi-scale analysis on short fiber reinforced plastics and obtained the fol-

lowing findings.

• Parameter fitting estimates the modulus of elastic and inelastic model

• Response of the macrostructure can be well expressed with respect to the tensile speed with pa-

rameter fitting

• The lower displacement rate simulation well matches

• The higher displacement rate simulation has errors. The difference in behavior at tensile speeds of

100 mm / min could not be fully expressed.

The following can be considered as future issues.

• Further consider the selection of target values for parameter fitting

• Considering the material model considering the rate dependency

• Introduce a model that can consider hardening such as fiber peeling for microstructure
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