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L
aminated fiber-reinforced composite materials are 
being used in more and more engineering applica-
tions. These materials have excellent strength-to-
weight ratios and the manufacturing processes that 

create them have been greatly improved since these materials 
were introduced. The popularity of these materials can be seen 
below in an image of the various composites used to construct 
airframes in modern aircraft.

Performing structural simulation on 
composite structures is crucial in design-
ing components made of these materials, 
but laminated fiber-reinforced composites 
are some of the most challenging structures 
to model with FEA. Factors that complicate 
the construction of finite element models of 
composites include:

• Composite construction consisting of 
stack-ups of thin laminae.

• Each lamina having unidirectional or 
woven fibers in a matrix.

• The fibers’ directions in each lamina 
can and normally having different orienta-
tions, which are used to tailor the compos-

ite’s strength and stiffness to match the loading environment 
(see image below).

A micromechanical approach for modeling composites, 
where the mesh is fine enough to model individual fibers, is 
typically not feasible and thus usually limited to research stud-
ies. Most practical composite structural analysis is performed 
using a macromechanical approach in which the smallest 
modeled component is a lamina. Even macromechanical 
models can be extremely difficult to create due to the small 
dimensions of a lamina and the difficulty in characterizing 
material property orientations. There are several general mac-
romechanical approaches used to build composite configura-

Composites can be difficult to analyze using FEA. Fortunately, software companies are 
developing programs that simplify the task.
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The labels in the figure refer to the direction of the fiber orientation 

in each layer. It is assumed each layer consists of fibers or filaments 

oriented in one direction and contained in a matrix. An angle of zero 

indicates the fibers in that layer run parallel to the length of the lami-

nate. A plus theta layer indicates the fibers are oriented at some angle 

(theta) clockwise to the length direction, and the minus theta layer 

has fibers oriented counter-clockwise. The actual angle values used 

for particular composites are chosen to tailor the strength or stiffness 

in different directions to best meet the design requirements.
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tions: layered shells, layered solids, and solid elements (one or 
more element per lamina).

Using layered shell elements is the most efficient approach 
to both generating composite finite element models and solv-
ing them. Layered shells use classical lamination theory to 
model the structural response of an entire laminate based on 
the definition of each individual lamina. The main assump-
tions are that displacements are continuous across lamina 
boundaries (no relative slip between lamina), and the lami-
nate is governed by shell theory. These assumptions result in 
a linear through-thickness variation of strain but stress varia-
tion can be discontinuous at lamina boundaries (as represent-
ed below).

Note that a single layered-shell element contains the entire 
stack-up. Classical lamination theory creates the stiffness of 
the element from individual lamina stiffness, but overall ele-
ment response is governed by shell theory. However, once the 
layered shell’s degrees of freedom are calculated in the finite 
element solution, individual layer stresses and strains can be 
obtained, and even interlaminar shear stresses can be evalu-
ated.

Using layered shells to model composite structures works 
well for thin bodies, but as the part becomes thicker, the shell 
theory’s assumptions become a limitation. For example, thin 
shells should have a ratio of the radius of curvature (or smaller 
span length for flat shells) to the thickness of 20:1 or greater. 
Thick shells may be valid down to a ratio of 5:1. For layered ge-
ometry with smaller ratios, the second approach of using lay-
ered solids is more accurate. Layered solids can model several 
laminas, and unlike shells, the finite element model can use 
multiple stacked elements to create the full composite section. 
The three-dimensional formulation predicts the full strain 
and stress tensors, but this approach likely requires more work 
in setting up the model and solving the analysis.

There are many challenges to using layered solid elements. 
For example, the solid mesh must be created with the stack-
up direction within the element specified correctly. In shells, 
the finite element model consists of the mid-surface of the 
shell, so the composite material’s stack-up direction is defined 
as normal to this surface. With solid elements, the through-
thickness stack-up direction can be in any direction within the 

element, and the finite element code may have requirements 
on which direction can be the stack-up direction. Solid lay-
ered elements can be stacked, so defining layered sections may 
require significant manual labor and requiring brick meshing 
that can be tedious to generate for complex geometry.

The third approach is to use one or more solid elements 
within each lamina. This is the more accurate approach be-
cause each element is contained within one lamina and thus 
no assumptions are needed to model layered stiffness. Detailed 
three-dimensional stress and strain tensors can be directly 
calculated without any special assumptions or approaches. 
However, an obvious drawback is that it will likely take an 
extremely large number of elements to model the composite 

structure. And, like any composite model, 
directional material properties must be de-
fined and local features such as ply drop-
offs and inserts complicate the modeling 
effort. An example is shown below.

Constructing composite finite element 
models is not the only challenge when ana-
lyzing composites. Obtaining and evaluat-
ing the results typically requires significant 
effort. Stresses and strains in each compos-

ite layer will be calculated, and each layer must be evaluated 
to determine the composite’s critical regions. Each layer, due 
to the fibers’ orientations, has stiffness different characteris-
tics based on orientation, such as along or perpendicular to 
the fibers. Thus, the stresses and strains also vary in these di-
rections. As a consequence, it takes more work to review and 
evaluate results in different directions in each layer to deter-
mine the overall response of the structure and identify critical 
regions.

Interlaminar stresses are results unique to layered compos-
ites. They are defined by the out-of-plane normal stress com-
ponent and two out-of-plane shear stress components that 
describe the response between lamina. Interlaminar stresses 
are important because they can be related to delamination, the 

Strain and stress variations in classical lamination theory
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common failure mechanism in composites. Calculating inter-
laminar stresses usually requires additional assumptions and 
post-processing techniques.

The challenge of analyzing composites is daunting. How-
ever, over the past few years, special-purpose composite pre- 
and post-processors have become available to assist in build-
ing and evaluating complex composite finite element models. 
These codes can efficiently generate 
all three types of composite models 
that were discussed. This eliminates 
much of the user-intensive manual 
work. And they can assist in efficiently 
evaluating results.

An example of a composite model 
generation tool is ANSYS Composite 
PrepPost (ACP). It works regardless 
of whether a shell or solid mesh is re-
quired and always starts with meshed 
surface geometry. The composite ge-
ometry and mesh is created from the 
surface using defined stack-up defini-
tions that include material, thickness, 
and orientation information. Ply ta-
pering and ply drop-offs can readily 

be incorporated. ACP supplies a direct model review, where 
the stacking is checked and changed on the fly. An example is 
shown below.

In ACP, an imported shell element model acts as the start-
ing point for building the composite. Users create composite 
fabrics consisting of a material and a thickness. They then de-
fine laminate consisting of an assembly of fabrics. Fiber ori-
entation is supplied using local rosettes and the ply sequence 
is specified for groups of elements. Ply drop-offs are defined 
and ACP automatically creates the layered geometry by con-
necting appropriate layers beyond the drop-off location. 
Laminates can be built-up on both sides of the original shell 
surface, allowing for efficient creation of complex composite 
geometry (as shown below).

ACP can generate layered shell, layered solids, or a specified 
number of solid elements per lamina to the ANSYS finite ele-
ment program. The composite model can readily be combined 
with non-composite geometry, such as adjacent structures or 
even inserts, by dragging and dropping several component 
models into one analysis model. The composite model is then 
analyzed using normal FEA techniques, defining loads and 
boundary conditions, and solving the structural analysis.

Tools like ACP greatly increase efficiency during post-pro-
cessing of the results from composite analysis. In composite 
analysis, the stress and strain tensor in each element’s layer is 

calculated based on its local orientation. In 
addition to sifting through large amounts 
of data, the task of interpreting composite 
stress and strain results must be addressed. 
Composites have multiple failure mecha-
nisms, such as fiber failure, matrix crack-
ing, and delamination of layers, so deter-
mining the structure’s critical regions is 
often performed using failure criteria.

Common failure criteria, such as Maxi-
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The interlaminar stresses are the out-of-plane stresses sz, txz, and 

tyz. A tensile interlaminar, sz, along an interface tends to separate 

layers, while the interlaminar shear stresses txz and tyz tend to shear 

apart the interface in their corresponding directions.
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mum Strain, Maximum Stress, and Tsai-Wu, calculate a scalar 
quantity based on a combination of the stress or strain com-
ponents to determine the failure limit. When post-processing 
using ACP, failure criteria can be selected, and it can plot the 
worst-case failure criteria over all the layers in each element. 
Critical elements can be identified, and the stresses, strains 
and failure criteria values plotted through the layer stack-up 
to determine an element’s critical layer. 

So, although modeling composites in finite elements can 
be difficult, new special-purpose and user-friendly composite 
tools alleviate much of the tedious modeling effort that was 
required in the past.

It is common to have lay-ups like this that are symmetric 
about the middle surface with equal thickness layers whose 
adjacent laminae have opposite signs of the angle of orienta-
tion. They are called symmetric angle-ply laminates and they 
have certain advantages, such as simplification of the evalua-
tion of the composite stiffness, and more shear stiffness that 
other laminates.

 These images show a contour plot of the failure criteria per element, 

along with a sampling of stresses and failure criteria values through 

the layers.
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