
Numerical examples:
• Unidirectional glass fibre-reinforced polymer composite

• Plain weave textile composites.
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Objective:
Development of multi-scale computational framework for the
prediction of nonlinear micro/meso response of the fibre-
reinforced polymer (FRP) composites.
Methods:
qThe multi-scale computational framework provides the
macroscopic constitutive behaviour of the structures based on
its microscopically heterogeneous representative volume
element (RVE).

qTwo dominant damage mechanisms [1]:
o Matrix plasticity (using pressure-dependent paraboloidal
yield criterion).

o Fibre-matrix decohesion (using zero thickness cohesive
interface elements).

o Yarns/fibres as transversely isotropic materials (calculation of
fibre directions using potential flow analysis) [2].

qGeneralised imposition of the RVE boundary conditions which
allows convenient switching between displacement, traction
and periodic boundary conditions [3].

qAdoption of hierarchic finite elements, which permits the use of
arbitrary order of approximation [4].

q Implementation of the computational framework in an open-
source finite element software MoFEM (Mesh Oriented Finite
Element Method) and is designed to take advantage of the
high-performance computing [5].
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Figure 11: Stress-strain responses for the plain weave textile composites subjected to di!erent loading conditions

Parameter Value
Ep 18.06 GPa
!p 0.34
Ez 48.47 GPa
!pz 0.25
Gzp 5.58 GPa

Table 2: Yarns material parameters for the plain weave textile composites example

5. Concluding remarks

A three-dimensional, nonlinear micro/meso-mechanical multi-scale CH framework is developed

for the FRP composites. The paraboloidal yield criterion and cohesive interface elements

are used to model matrix material and fibres-matrix interfacial decohesion respectively while

yarns/fibres are modelled as linear-elastic and transversely isotropic material. It is shown that

the two dominant damage mechanisms, i.e. matrix plasticity and fibre-matrix interfacial de-

cohesion control the strength of the FRP composites. Experimental stress-strain results for

epoxy resin for both tension and compression load cases are used to calibrate the plasticity

model and is validated subsequently for the shear loading. Three numerical examples with

a variety of RVEs and loading conditions are considered to demonstrate the performance of

the proposed computational framework. In both UD FRP composite and M2RVE examples,

fibres are randomly generated within the RVEs using a statistically proven random distribution

algorithm. In the UD FRP numerical example, the developed computational framework can ac-

curately predict the stress-strain behaviour in the pre-peak region, while in the post-peak region

size dependent response is observed, which is natural in the case of first-order computational

homogenisation. A parametric study is also conducted for the UD FRP numerical example,

i.e. the e!ect of di!erent matrix and fibre-matrix interface parameters on the stress-strain
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I Fi9.2.10 Examples of fabric 
weave styles: (a) plane weave, 
(b) 2 x 2 twill, and (c )  eight- 
harness satin weave. 

(b) (c)  

The various fibers discussed before are not always used as straight yams, but they are 
often used in the form of woven fabrics or textiles. An orthogonal woven fabric consists 
of two sets of interlaced yarns. The longitudinal direction of the fabric is called warp and 
the transverse direction weft orfill. The various types or styles of fabric are characterized 
by the repeat pattern of the interlaced regions as shown in Figs. 2.10 and 2.11. In the plain 
weave, for example, each yam is interlaced over every other yam in the other direction, 
that is, the smallest number of yarns involved in the repeat pattern in any direction is 
two (ng = 2). In the twill fabric, each yam is interlaced over every third yam in the other 
direction (ng = 3). In satin weaves each yam is interlaced over every fourth, fifth, and 
so on, yam in the other direction. These weaves are referred to asfour-harness (4H),five- 
harness (5H), and so on, satin weaves. In addition to the fiber yam type and weave style, 
the behavior of fabric reinforcement in a composite is characterized by the fabric crimp, 
which is a measure of the yam waviness. The crimp fraction decreases and the drapeabil- 
ity of the fabric increases as we move from plain to twill and multiharness satin weaves. 
Although woven fabrics are usually two-dimensional and have warp and fill yams normal 
to each other, it is possible to obtain fabrics with different yam orientations and three- 
dimensional weaves. In addition to woven fabrics, other possible forms of reinforcement 
include knitted, braided, and nonwoven mats. 

2.9.2 Matrices 

As mentioned in Section 1.1, the main role of the matrix, especially in the case of high- 
performance composites, is to provide protection and support for the sensitive fibers and 
local stress transfer from one fiber to another. As shown in Table 2.2, the following four 
types of matrices are used in composites: polymeric, metallic, ceramic, and carbon. The 
most extensively used matrices are polymeric, which can be thermosets or thermoplastics. 
The other matrices are considered for high-temperature applications, with increasing use 
temperature from metallic to ceramic and carbon matrices. 

Thermoset polymers are the most predominant types of matrix systems. Thermoset 
resins undergo polymerization and cross-linking during curing with the aid of a hardening 
agent and heating. They do not melt upon reheating, but they decompose thermally at high 
temperatures. The most commonly used thermosets are unsaturated polyesters, epoxies, 
polyimides, and vinylesters. Polyesters are used in large quantities with glass fiber 
reinforcement for quick-curing and room-temperature-curing systems in a variety of com- 
mercial products (automotive, boats, ships, structural components, storage tanks, and so 
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Figure: Multi-scale computational homogenisation

Figure: Hierarchic basis functions


