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a b s t r a c t

In this paper, we propose a new numerical multiscale homogenization method for nearly periodic struc-
tures, where perfect periodicity is disturbed due to unintended geometrical imperfections. Geometrical
imperfection is introduced as an input to the calculation, and the calculation is always done using the
idealized perfect geometry. This has a distinct advantage in numerical calculations where the same mesh
can be used for a series of imperfect geometries. The method is implemented using commercially avail-
able finite element code ABAQUS. The proposed method is validated by comparing the results to those of
a conventional calculation. The results demonstrate that the proposed method can accurately capture the
stress distribution when the amplitude of the imperfection is small. Finally, the method is applied to the
analysis of the effect of fiber waviness on the mechanical properties of a low cost CFRP. The simulation
results reveal that the fiber waviness has little effect on the macroscopic stiffness, but significantly
degrades the uniaxial tensile strength.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Materials with microstructure require multiscale analysis
methods in order to capture effects at different length scales. This
is significant in a wide variety of engineering materials, including
structural foams and carbon fiber reinforced plastic (CFRP) lami-
nates. In many instances, the microstructure geometry contains
symmetries and repeat units, which allows simplifying the result-
ing analysis through the choice of a representative repeat unit cell.
This has lead to a vast literature that deals with the mechanics of
periodic structures and the resulting homogenization analysis
methods were pioneered by a number of researchers, including,
Babuška [1], Bensoussan [2], Sanchez-Palencia [3], Bakhvalov and
Panasenko [4], etc.

In many structural materials with microstructure, it is not unu-
sual to find internal microscopic imperfections including tow dis-
tortion, voids, or resin pockets. Low-cost CFRP manufacturing
techniques such as vacuum-assisted resin transfer molding
(VaRTM) [5–8] or Out-of-Autoclave (OoA) prepreg [9] have been
studied to apply these techniques to large aerospace structures
[10–14]. Compared to prepreg-autoclave process, composites pro-
duced using low-cost manufacturing techniques tend to contain
more imperfections in the microstructure.

These microscopic imperfections significantly affect the macro-
scopic material properties, such as stiffness and strength. A number
of researchers have conducted studies on the compressive strength
of polymer composites [15–21]. These studies have revealed that
initial fiber misalignment has significant effect on the failure pro-
cess and compressive strength of composites, which includes kink
banding and fiber–matrix splitting instabilities. Moreover, Cox
et al. [22] and Mouritz and Cox [23] revealed that fiber misalign-
ment can have significant effect on the tensile failure process and
strength of 3D woven CFRP and stitched CFRP. For VaRTM speci-
mens, Hirano et al. [12] compared themacroscopicmaterial proper-
ties between VaRTM and conventional prepreg-autoclave CFRP
specimens. Compressive strengths of VaRTM specimens were sig-
nificantly lower than those of the conventional CFRP laminates.
For OoA CFRP, Agius and Fox [24] investigated the relationship
between void content and fracture toughness, and revealed that
mode-II interlaminar fracture toughnesswas significantly increased
by reducing void content. As described above, microscopic geomet-
rical imperfections in the composites significantly affect macro-
scopic material properties. Therefore, observation and evaluation
techniques ofmicroscopic imperfections and their effects onmacro-
scopicmaterial properties are very important for characterizing low
cost CFRP as they are used in large aerospace structures.

Past studies have reported results on the observation of micro-
scopic imperfection by utilizing micro-focus X-ray computed
tomography (CT). Schell et al. [25] produced 3D images of glass fiber
reinforced plastic woven composites from 3D X-ray CT images.
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Djukic et al. [26–28] applied contrast enhancementmethods toCFRP
and measured tow architecture of the woven materials. Iida et al.
[29] also applied a similar method to measure the distribution of
fiber orientation in short-fiber CFRP. Centea and Hubert [30]
acquiredX-ray CT images for several out-of-autoclave CFRP samples
whichwere partially processed, and investigated the porosity in the
material during out-of-autoclave curing process. Scott et al. [31]
employedmicro-focusX-rayCT togetherwith synchrotron radiation
X-ray CT, and observed microscopic voids and damage processes of
Aluminum-CFRP-GFRP structure. Yoshimura et al. [32] applied
image processing technique to the micro-focus X-ray CT images
and measured microscopic fiber orientation and its deviation in
CFRP. In summary, detailed observation of the microscopic imper-
fection in composite materials are possible because of advances in
micro-focusX-rayCTdevices in recentyears, togetherwith the inno-
vative methods developed by researchers.

It is well recognized that microstructure drives the performance
of a material. Thus, once the state of the microstructure is identi-
fied, analysis methods need to be developed to understand and pre-
dict the effect of the microstructure on performance. An effective
method is finite element analysis using a three-dimensional finite
element model constructed from 3D micro-focus X-ray CT images.
Naouar et al. [33] proposed amethod to produce ameso-scale finite
element model directly from micro-focus X-ray CT image and con-
ducted nonlinear simulations. Czabaj et al. [34] proposed image
processing algorithm for detecting the positions of the fiber in the
CT image, and applied it to small CFRP sample. They then con-
structed microscale (fiber and matrix) finite element model which
contains realistic fiber orientation distortion. These methods can
introduce realistic microscopic geometrical imperfection into the
finite element model. However, in order to produce the finite ele-
ment mesh directly from 3D X-ray CT image, many nodes and ele-
ments are necessary so as to trace the details of the microscopic
imperfection. This can lead to large computational costs. Addition-
ally, the mesh generation algorithm might produce distorted ele-
ments because of the CT data. In order to avoid such distorted
elements, the meshing operation becomes a time-consuming pro-
cess. When considering the structural simulation of a large aero-
space structure, the imperfection pattern is different in each part
of the structure. Therefore, it is necessary to conduct multiple cal-
culations which include many imperfection patterns. However, it
is very difficult to conduct multiple analyses based on these meth-
ods because of difficulty in meshing and the resulting large degrees
of freedom (DoF).

In this paper, we propose a method to overcome these issues by
developing a calculation method in which a single idealized mesh
is used, and each imperfection pattern is introduced to the model
as input. The theoretical developments that are needed to facilitate
this method are presented, based on the classical homogenization
method for periodic structures. A new numerical simulation
method is developed for a plate structure, in which unintended ini-
tial geometrical imperfections are considered. The method is
implemented using the finite element (FE) method and a regular
perturbation method. The geometrical imperfection is introduced
as input for the calculation, and the calculation is always done
using an idealized regular mesh. For large aerospace structural
simulations, multiscale analysis is necessary because the charac-
teristic length of the structure is much larger than the microstruc-
ture of the material. A number of researches have reported
multiscale simulation methods for composite structures [35–40],
which are relevant to the present study.

The paper is organized as follows: In Section 2, formulation of
new method is introduced. In Section 3 the proposed method is
validated by comparing the results of the proposed method to
the conventional calculation method. In Section 4, the proposed
method is applied to the analysis of the effect of the imperfection

on the properties of VaRTM CFRP laminate. Conclusions from the
present study are reported in the final section.

2. Formulation

2.1. Problem setting

Fig. 1 shows the schematic of the problem considered in this
study. Consider a macroscopic plate X that includes an in-plane
periodic microscopic inhomogeneity. It is assumed that deforma-
tion in X can be described by Kirchhoff–Love’s plate theory. Let Y
denote the representative volume (RUC; Representative unit cell)
of the in-plane periodic inhomogenity. Geometrical imperfection
is considered only in the RUC.

Orthogonal coordinate system O� X1X2X3 is used in order to
indicate reference configuration of domain X. On the other hand,
another orthogonal coordinate system O0 � Y1Y2Y3 is used for ref-
erence configuration of the RUC. Note that basis vectors of these
two coordinate systems are respectively parallel. Scales of X1 and
X2 are much larger than those of Y1 and Y2. The scale of thickness
direction X3 is the same as that of Y3.

In the macroscopic domain, the current configuration xi and ref-
erence configuration Xi are related by,

xi ¼ Xi þ uG
i Xð Þ ð1Þ

where uG
i denotes macroscopic displacement, which depends on

macroscopic position.
In the microscopic domain Y, geometrical imperfection eûL

i Yð Þ is
considered. Scalar parameter e is used as perturbation parameter
in the latter part of the paper. In order to consider geometrical
imperfection, we used three configurations: reference configura-
tion, imperfect configuration and current configuration (see
Fig. 2). In the finite element analysis, reference configuration corre-
sponds to regular mesh, and imperfect configuration corresponds
to a distorted mesh. As described in Section 1, in order to reduce
meshing cost, formulation using reference configuration is pre-
ferred. Positions in reference configuration, imperfect configura-
tion, and current configuration are expressed by vector Yi; �Yi and
yi, respectively. These vectors are related as,

�Yi ¼ Yi þ eûL
i Yð Þ ð2Þ

yi ¼ Yi þ uL
i Yð Þ ð3Þ

where uL
i denotes microscopic displacement, which depends on

microscopic position. Because of the in-plane periodicity of Y, both
ûL
i and uL

i has in-plane periodicity.

2.2. Strain and stress tensor

Infinitesimal mechanical strain tensor is calculated as,

eij ¼ 1
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Fig. 1. Schematic showing the problem considered.
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