ABSTRACT
WEGENER, ANDREW MARK. Characteristic Trends of Composite Panel Stacking Sequences
for Compressive Strength Retention After Low Velocity Impact. (Under the direction of Dr.
Mark Pankow).
Composite structures are utilized for their lightweight yet strong properties. However, due
to the layered nature of composites this strength can be degraded from separation of the layers [1].
This delamination damage is an internal type of damage that is difficult to detect during exterior
inspections. This type of damage can occur when the structures is impacted even at a low velocity
such as when a tool is dropped on it or damage from a hailstorm. This can lower the overall strength
of the structure which must be accounted for in the design stage. One of the benefits of composite
laminates is the ability to tune the stacking sequence to improve results from the structure for the
expected loading conditions. This study investigated the effects of altering the layup on the
compression strength retention of composites after receiving impact damage. Previous
experimental and numerical FEA studies were considered to find key stacking sequence
characteristics that may have influential effects on the residual compression strength after low
velocity impact.
In order to simulate the impact and compression tests, the commercial finite element
analysis software Abaqus® Explicit was run using the High-Performance Computing Services at
North Carolina State University using multiple cores to reduce computational run time. The
damage model used came from prior work done by Joglekar et al [2], [3]. The Hashin failure
criteria were utilized to determine damage initiation and damage propagation was determined
using a fracture mechanics approach. The strength retention was calculated using the strengths
found in both pristine and impacted samples in order to determine the effect the stacking sequence
had on the residual strength after impact. Stacking sequences were selected in groups in order to

test specific layup characteristics that may be impactful to the residual strength. These
characteristics include traditional stacking sequences, variations in number of plies, ply clustering,
ordering of plies, play angle mismatch, asymmetric sequences, sequences with similar stiffnesses,
and laminates with error in the layup process.
The strength values before and after impact along with the strength retention percentage
were then compared to the other stacking sequences in the same design category to determine
trends for improving the residual strength. It was found that the relative strength between a pristine
compression strength and compression strength after impact was improved when stacking
sequences had quasi-isotropic properties. Thicker laminates had a tendency to decrease the
strength retention, as did ply clustering and large mismatch angles. The ordering of the layers did
have an effect, but the cause of the effect was uncertain. An increase in impact energy due to an
increase in speed also reduces retention. The introduction of asymmetry in helicoidal panels
resulted in an improved residual strength. While no global stiffness properties showed any
correlation with strength retention, the bending stiffness properties D11, D66, and D12 showed linear
correlations with R2 values between 0.7 and 0.75 indicating these properties may have effects on
the strength retention and could be utilized to tune the results to a stronger value. Finally, the
changes due to error in layup do have can have an effect on residual strength.

© Copyright 2021 by Andrew Wegener
All Rights Reserved

Characteristic Trends of Composite Panel Stacking Sequences for Compressive Strength
Retention After Low Velocity Impact

by
Andrew Wegener

A thesis submitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the degree of
Master of Science

Mechanical Engineering

Raleigh, North Carolina
2021

APPROVED BY:

_______________________________
Dr. Mark Pankow
Committee Chair

_______________________________
Dr. Scott Ferguson

_______________________________
Dr. Landon Grace

DEDICATION
This thesis is dedicated to God, who created the laws of physics. I am just the reporter.

ii

BIOGRAPHY
Andrew Wegener completed his Bachelor of Science degree in aerospace engineering in
2016 at North Carolina State University. After gaining professional experience in the industry, he
returned to complete his master’s degree in mechanical engineering. His focus is on structures of
composite materials and design optimization, with the expectation of creating innovative products
that are safe to use.

iii

ACKNOWLEDGMENTS
I would like to thank my advisor, Dr. Pankow for his guidance throughout this process.
Similarly, Tyler Goode for his work on helping with the damage model.
I would also like to thank my family for their never-ending support they have given me
this year, as well as my friends for being there for me when I needed them.

iv

TABLE OF CONTENTS
LIST OF TABLES ......................................................................................................................... vi
LIST OF FIGURES ...................................................................................................................... vii
CHAPTER 1: INTRODUCTION................................................................................................ 1
Overview ......................................................................................................................................... 1
Previous Work: Physical Experiments............................................................................................ 7
Previous Work: Finite Element Models .......................................................................................... 9
Objective ....................................................................................................................................... 15
Outline........................................................................................................................................... 16
CHAPTER 2: METHODS ......................................................................................................... 17
Damage Model .............................................................................................................................. 17
Design Curves ............................................................................................................................... 23
Determining Layups...................................................................................................................... 23
CHAPTER 3: RESULTS ........................................................................................................... 29
Individual Layup Results .............................................................................................................. 29
Characteristic Results.................................................................................................................... 37
CHAPTER 4: CONCLUSION .................................................................................................. 43
Conclusions ................................................................................................................................... 43
Future Work .................................................................................................................................. 44
REFERENCES............................................................................................................................ 46
APPENDIX: MATLAB CODES ............................................................................................... 49
Equivalent Laminate Stiffness Calculator .................................................................................... 50
ABD Stiffness Matrix Calculator.................................................................................................. 51

v

LIST OF TABLES
Table 1.1: ASTM Failure Modes [6] .............................................................................................. 5
Table 2.2: Hashin Failure Criteria ................................................................................................ 21
Table 2.3: Material Properties....................................................................................................... 22
Table 2.4: Traditional Stacking Sequences ................................................................................... 24
Table 2.5: Thickness Stacking Sequences .................................................................................... 24
Table 2.6: Ply Clustering Stacking Sequences ............................................................................. 25
Table 2.7: Ordering Stacking Sequences ...................................................................................... 25
Table 2.8: Mismatch Angle Stacking Sequences .......................................................................... 26
Table 2.9: Impact Energy .............................................................................................................. 26
Table 2.10: Helicoidal Stacking Sequences .................................................................................. 27
Table 2.11: Bending Stiffness Stacking Sequences ...................................................................... 27
Table 2.12: Equivalent Laminate Stiffnesses................................................................................ 27
Table 2.13: Bending Stiffness Matrix ........................................................................................... 28
Table 2.14: Layup Error Stacking Sequences ............................................................................... 28
Table 3.15: Traditional Results ..................................................................................................... 38
Table 3.16: Thickness Results ...................................................................................................... 38
Table 3.17: Ply Clustering Results ............................................................................................... 39
Table 3.18: Ordering Results ........................................................................................................ 39
Table 3.19: Mismatch Angle Results ............................................................................................ 40
Table 3.20: Impact Energy Results ............................................................................................... 40
Table 3.21: Helicoidal Results ...................................................................................................... 41
Table 3.22: Bending Stiffness Results .......................................................................................... 41
Table 3.23: Layup Error Results ................................................................................................... 42

vi

LIST OF FIGURES
Figure 1.1: Common Damage Types in Composite Panels [5] ...................................................... 2
Figure 1.2: ATSM Impact Mechanism [5] ..................................................................................... 3
Figure 1.3: Force vs Time of Impact Test [5] ................................................................................. 4
Figure 1.4: Examples of Acceptable Failure Modes [6] ................................................................. 5
Figure 1.5: Composite Buckling Failure [7] ................................................................................... 6
Figure 1.6: Example of a Helicoidal Layup [10] ............................................................................ 8
Figure 1.7: LaRC03-04 Damage Activation Methods [15] .......................................................... 11
Figure 1.8: Mesh Refinement [17] ................................................................................................ 12
Figure 2.9: Mesh Refinement ....................................................................................................... 18
Figure 2.10: Supporting Structure and Impactor .......................................................................... 19
Figure 2.11: Impact and Compression Simulations ...................................................................... 20
Figure 2.12: Damage Degradation [19] ........................................................................................ 22
Figure 3.13: Compression Without Impact Failure (A0) .............................................................. 30
Figure 3.14: Panel Instability (A0) ............................................................................................... 30
Figure 3.15: Global Stress vs Strain Graph (A0) .......................................................................... 31
Figure 3.16: Deformation During Impact (A1)............................................................................. 32
Figure 3.17: Impactor Velocity vs Time (A1) .............................................................................. 32
Figure 3.18: Damage After Impact (A1)....................................................................................... 33
Figure 3.19: Delamination Damage (A1) ..................................................................................... 34
Figure 3.20: Laminate Fail Initiation After Impact (A1) .............................................................. 35
Figure 3.21: Final CSAI Result (A1) ............................................................................................ 36
Figure 3.22: Stable Panel Mid Fail (G1) ....................................................................................... 37
Figure 3.23: 24-Ply Bending Stiffness Properties......................................................................... 42

vii

CHAPTER 1: INTRODUCTION

Overview
Composite structures have now reached a point where they are the standard for aerospace
applications and are also increasing in popularity for non-aerospace industries. The lightweight yet
strong properties given through unidirectional fibers give a significant advantage over isotropic
materials by allowing the designer to tune the stiffness matrix to match expected loading cases.
The adaptation of composites in other fields will likely continue as manufacturing methods
continue to improve and production costs decrease.
One of the negative aspects of composites is its failure modes. Unlike metals, most
composite structures are fragile due to the brittle nature of the reinforcement fibers [4]. This
indicates that they will break suddenly. Sometimes there is no warning but other times that warning
may just not be visible. Because a composite is a sequence of layers, there may be internal damage
between layers that is not noticeable upon inspection as demonstrated in Figure 1.1. This is the
case for delamination damage, which occurs when the layers separate from each other. This type
of damage also reduces the physical properties of the composite, making it more susceptible to
other failure methods [1]. It is important to understand how much strength degradation occurs in
order to validate a structure’s safety.

1

Figure 1.1: Common Damage Types in Composite Panels [5]
Internal damage types can initialize after a panel is impacted by a small object even at a
low velocity. This barely visible impact damage (BVID) can have significant consequences if the
panel is then subjected to loading, particularly compressive loading. After an impact strike,
composite panels are subjected to a compression strength after impact (CSAI) test to determine its
residual strength. The American Society for Testing and Materials created specific testing methods
to demonstrate the impact damage using a drop test (ASTM D7136/D7136M-12) using a device
shown in Figure 1.2 followed by a compression strength after impact test (ASTM D7137/D7137M07) [5], [6].

2

Figure 1.2: ATSM Impact Mechanism [5]
The results of the drop test will reveal a force vs time graph similar to Figure 1.3. As the
laminate is impacted, the force beings to increase as the stress in the panel builds up. At some point
in time when the force hits a certain value F1, the panel will begin to delaminate. This will lower
the current impact force as energy is absorbed into the damage of the structure, causing a reduction
in the stiffness matrix. It is important to note that some microdamage may be created before this
loading threshold [5]. Delamination will continue to propagate until the object delivers its
maximum force to the object. At this point the impactor will start to recoil, lowering the applied
force until it returns to zero.
3

Figure 1.3: Force vs Time of Impact Test [5]
After the damage is induced, the resulting laminate has a weaker residual strength under
compression loading. To determine a panel’s compression strength after impact, a uniaxial
compression test is performed. A support structure holds the laminate in place and compression is
applied until failure. Table 1.1 gives a list of ASTM codes for possible failure modes determined
by failure type, area, and location. Figure 1.4 provides a few examples of acceptable failure modes.
Note that end crushing, panel instability, and delamination to the panel edge are typically not
acceptable failure modes for this test [6]. Panel instability creates a potential issue for thinner
laminates, which are likely to break through buckling rather than compression. However, the
ASTM also states that panel instability can be ignored if it causes less than 10% bending or if the
dimensions used are representational of the actual structure. Since the current investigation is using
the same flat panel for each case, the changes in panel instability would be a result of the change
in stacking sequence, which is acceptable within the scope of this investigation.
4

Table 1.1: ASTM Failure Modes [6]

Figure 1.4: Examples of Acceptable Failure Modes [6]
A critical factor to consider for thinner laminates is buckling failure. Buckling failure
results in lower failure limits than fiber breaking and is a concern for unstiffened panels [7]. A
smaller scale of buckling can occur in composites once delamination occurs when the layers on
one side of the delamination buckle. This damage is amplified when the panel is undergoing
buckling as well. Figure 1.5 shows the effect of ply buckling of the panel when global buckling is
present, causing delamination propagation at a lower strain than without global buckling.
5

Figure 1.5: Composite Buckling Failure [7]
One of the unique properties of composites is that since it is composed of layers, designers
can arrange the angles of each ply to tune the structure to handle expected loading cases. By
altering the stacking sequence, the ABD stiffness matrix is also altered [8]. While symmetric
panels have a relatively simple calculation for determining the results of compression loading, it
cannot be directly applied to a panel that has been subjected to an impact. This is due to the fact
that even if the impact is small enough to not cause any permanent deformation, the delamination
damage itself is not symmetric. This lack of symmetry causes interaction between the extension
and bending properties for the material which is usually undesirable in industrial use. The
deformation of the panel and interior delamination caused by out-of-plane forces results in a
reduction in the overall strength. Previous studies have shown that altering the stacking sequence
affects the results of compression strength after low velocity impact [1], [9]–[13]. Therefore, the
stacking sequence needs to be considered when designing for potential impact damage.
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Previous Work: Physical Experiments
Many experimental tests performed in the past show the importance of stacking sequence
changing the amount of damage received from low velocity impact testing. Caminero et al. utilized
an ultrasonic C-scan to measure damage after impact of various layups. They found that an increase
in the number of plies increased peak force and delamination area and decreased the peak
deformation and damage. They also determined that quasi-isotropic laminates (consisting of 0°,
90°, and ±45° layers) showed higher peak force and lower peak deformation than both cross-ply
(only 0° and 90° layers) and angle-ply (only ±45° layers) laminates. They attributed the difference
to the quasi-isotropic panel’s higher bending stiffness and a lower stiffness difference between
layers since there were layers that were 45° apart instead of only 90° apart found in cross-ply and
angle-ply layups [1].
Strait et al. investigated the effects of impact focusing on the layup and weave patten [9].
They found that while there was no discernible difference between quasi-isotropic and cross-ply
in the energy required for damage initiation. However, quasi-isotropic laminates were found to
have higher energy to maximum loading than cross-ply laminates. For the maximum loading
energy, the stacking sequence order did not have an effect.
The results of back face deformation on both cross-ply, quasi-isotropic, and helicoidal
laminates were examined by Hazzard et al. examined [10]. An example of a helicoidal layup is
shown in Figure 1.6. They found that both quasi-isotropic helicoidal laminates had less back face
deflections than cross-ply. This was thought to be due to the lack of symmetry, causing a non-zero
B stiffness matrix, linking bending and extension deformations.
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Figure 1.6: Example of a Helicoidal Layup [10]
Hitchen and Kemp investigated initiation energy, maximum energy absorbed, and the
residual energy between the two [11]. This energy resembles the delamination growth after
initiation and was larger for stacking sequences with plies starting with a 0° lamina rather than a
45° lamina. The residual energy represents an increase in total delamination area. The increase in
maximum delamination area was found to have a decrease in residual strength in a compression
test. The authors were unable to identify the relationship between compression strength after
impact and the initiation energy. It is important to note that the tests they performed had multiple
impacts spaced out on the same panel, which may have influenced the results.
Some stacking sequence characteristics may not have an effect on compression strength
after impact. Gonzalez et al. tested three quasi-isotropic laminate stacking sequences that were 32
plies thick that were varied only by change in ply clustering [(45n, 0n, -45n, 90n) m] S [12]. They
concluded that increasing the ply clustering reduced the maximum amount of force experienced
on the laminate during impact. It also reduced the amount of force required to initiate delamination,
and the damage area between plies with different angles increased. The ply clustering also seemed
8

to smoothen the material’s response during impact and resulted in a longer impact time. This
resulted in a decrease in the structure’s total resistance to damage, however they found no evidence
that ply clustering impacted the compression strength after impact.
Finally, Lopes et al. studied the effects of stacking sequence in relation to relative stiffness
[13]. Every time the ply order is changed, the ABD stiffness matrix is also altered. They
determined three stacking sequences with relatively equal properties (within 3%) for the axial,
transverse, and shear modulus and subjected them to low velocity impact and compression after
impact testing. The authors did find some fluctuation in the amount of damage area for different
stacking sequences, though there was a lot of scatter in their data points. The locations of the
damage also changed. It was also noticed that there was relatively little change in the compression
strength after impact, and they were unable to determine if one of the stacking sequences were
better than the others.

Previous Work: Finite Element Models
While physical tests are best for determining real results, experimental variation prevents
a single repeatable solution from being determined. This could be due to a wide variety of factors
during physical testing such as preexisting defects in the laminate, change in speed of the impactor,
and effects of the grips on the compression test. Furthermore, each test requires a significant
amount of time to both set up and analyze afterwards. Finite Element Analysis (FEA) can be
utilized to simulate the response of a laminate with given material properties and structural
geometry. In order for these models to be accurate, they need to be able to determine the amount
of delamination damage due to impact as well as track both fiber and matrix failure [14].
FEA takes advantage of modern technology’s high-processing computing capability to
solve complex simulations by breaking it down to the most basic parameters and solving the
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problem piece by piece. Elements are used to break a model into tiny individual boxes that are
linked together at points connected by their corners, called nodes. The full-scale model will receive
a full set of applied boundary conditions and loading, which are then applied to the applicable
elements. The stresses and strains of each of the nodes are then calculated as a system of equations
to determine the final deformation of the element. Neighboring elements will take the data from
the known shared nodes to solve their unknown values, and this will continue until all nodes are
solved.
Due to the combination of materials in composite structures, creating and analyzing failure
criteria is not as simple as traditional isotropic materials. Some rudimentary models use a
progressive ply failure that calculates each lamina’s strength individually. When that lamina fails
it is no longer considered load bearing in the structure. However, this is not always an accurate
method, especially when multiple modes of loading occur simultaneously [15].
Several damage models have been created to analyze low velocity impact testing [14]–
[23]. Maimi et al. created an in-plane damage model in which the response would be elastic until
the loading exceeded the elastic loading zone. This zone was bounded by four failure mechanisms
for longitudinal and transverse tension and compression based on the LaRC03 and LARC04 failure
criteria demonstrated in Figure 1.7. While one of these failure criteria are violated, damage
propagation begins to be modeled by analyzing the gradient of that criterion’s stress function. The
model also takes crack closure into account to prevent the model from estimating too much damage
when subjected to complex loads [15]. A crack band model was utilized to ensure an objective
response independent of mesh size by setting a characteristic distance for fracture mechanics
calculations. A viscosity model was also implemented to help converge the model [16].
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Figure 1.7: LaRC03-04 Damage Activation Methods [15]
Following their previous work on experimental testing discussed earlier [13], Lopes et al.
[14] used an updated version of the Maimi et al. [15]–[16] to extend to out-of-plane loading. Solid
elements were used to model the laminate’s plies and cohesive elements were used to connect the
plies to check for delamination. When a cohesive element broke, it was deleted from the mesh
creating a separation between the layers. A penalty contact method was then introduced in this
area to determine frictional effects [14].
Fuoss et al. utilized 8-node elements to perform a linear analysis. To reduce computation
time, four different mesh sizes were used as seen in Figure 1.8 where each ply was three elements
thick. The impact force was modeled as a point load and utilized the Choi-Chang failure criteria
to determine delamination. This model did not account for damage progression, and while it was
generally able to predict the delamination length well, it was unable to predict the width correctly
without properly accounting for the increased stress around the delaminated area or other types of
internal damage. They tested 24-ply laminates and found that delamination was reduced when ply
clustering was avoided, large angles were used between adjacent plies, and the first ply did not
have a 0° orientation [17].
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Figure 1.8: Mesh Refinement [17]
Fuossat et al. continued their previous work by creating a parameter based on bending
strain to predict impact damage. An approximation using one-dimensional beam bending was used
to save on computational cost [18]. This parameter was calculated in Fortran and was compared
to the previously developed damage model in the earlier work [17]. The FEA damage model’s
damage prediction had a fairly linear correlation with the damage resistance parameter. The scatter
between the results of the two methods was attributed to the differences in methodology. The
authors did find that this prediction method was not effective if the angle between adjacent plies
was large, a key drawback as some of the most industrial standard layups (quasi-isotropic, crossply, and angle-ply) all have 90° adjacent plies in some locations [18].
Riccio et al. utilized the Hashin failure criteria for intra-laminar damage and modeled with
continuum shell elements for the plies and cohesive elements between the plies using the quadratic
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nominal stress criterion to predict delamination. After delamination initiation, a deteriorating
constant was multiplied to the stiffness to degrade it linearly from 1 to 0, where full delamination
occurred. Both a quasi-isotropic and a cross-ply laminate were tested at two different impact
energy levels. For both energy levels, the quasi-isotropic laminate absorbed less energy than the
cross-ply laminate. The higher impact energy increased the amount of energy absorbed and the
size of the delamination area between plies, although they maintained similar shapes to the lower
energies [19].
Shi et al. also utilized the Hashin failure criteria to predict fiber failure and matrix tension
failure and the Puck and Schurmann model to predict failure initiation for the matrix compression
loading, which utilizes the predicted angle for the direction of matrix fracture. Once damage was
initiated, the stiffness matrix was gradually lowered until full delamination occurs. The
Benzeggagh-Kenane fracture-based parameter was used to determine the mixed mode fracture
displacement. Non-linear shear behavior was also modeled into the FEA where the matrix was
subjected to plastic strain and cracking causing irreversible damage. This was coupled with a
damage evolution law to better represent the actual damage mechanisms. A circular composite
plate was tested for impact and compared to experimental data. The authors found that while the
peak energy was often accurate, the recovery after impact as well as absorbed energy were slower
than the experimental results [20]. A later study utilized that damage model on a rectangular
composite panel with mesh refinement near the impact area. They improved the model by adding
cohesive elements to calculate matrix damage [21]. They also used results from Nak-Ho and Suh’s
physical experiment that showed that the interlaminar friction coefficient was dependent on the
angle mismatch between layers, ranging from 0.2 for same angle layers to 0.8 for layers 90° apart
[24]. For Shi et al.’s second study, the friction coefficient was set to 0.5 between layers, and 0.3
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for interaction with the impactor during the impact phase. Adjusting this friction coefficient has
shown to change the calculated amount of energy absorbed. While the results have similar trends
to the previous experiment, accounting for the additional matrix damage resulted in improvements
towards matching the experimental data [21].
Feng and Aymerich recognized the limitations of a pure stress-based model approach. Once
delamination starts, the immediate area was instantly subjected to stress concentrations. They
utilized a cohesive zone model which used stress to determine delamination initiation and then
switched to the Virtual Crack Closure Technique (VCCT) to determine the interlaminar crack
propagation. The authors also utilized the Puck and Schurmann criterion for determining
transverse compression failure, which is similar to the Hashin interlaminar failure but also takes
into account the added shear stress when cracks such as delamination are present. To determine
crack propagation, the strain energy release rate was determined at a set characteristic distance
based on the element volume and was measured by an interactive power law. The authors ran
simulations using just delamination as well as delamination with interlaminar damage and
determined that while modeling the extra damage sources were more computationally expensive,
they yielded better results when compared to experimental data [22].
Thorsson et al. compared two different FEA models against experimental data. The first
model used two layers of continuum shell elements per ply and utilized the enhanced Schapery
theory to model non-linear matrix response and a discrete cohesive zone model to determine
delamination. The second model used a single layer of elements per ply and utilized stress criteria
to determine fiber failure. Shear cracks were modeled using an enhanced continuum damage
mechanics model which uses continuum damage mechanics to model before the peak stress and a
smeared crack model for crack propagation which incorporates mixed mode failure. The
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delamination damage was modeled with a cohesive zone model. Both of the models showed
accurate peak loads and longer impact duration compared to experimental tests. The first model
slightly overpredicted the overall extent of delamination damage while the second model
underpredicted when compared to an ultrasonic scan [23].
Due to the difficulty of running both an impact and compression strength simulation, most
of the previous work focused on the effects of altering the stacking sequence on the damage after
impact without the follow up compression test. The work that has been done with compression
loading has shown that some stacking sequence characteristics have an influence on the impact
damage and resulting residual strength. Running a wide variety of stacking sequence trends allow
the attributes that were only studied in the impact phase to be analyzed through the compression
phase and compared with other characteristics to determine the importance of each trait.

Objective
During the course of this research, a list of alternate layups was developed to investigate
the effect of varying the stacking sequence characteristics on the compressive strength retention
after impact. These layups were modeled using a FEA damage model in ABAQUS® that has
shown to have reasonable accuracy and has the advantage of a relatively low runtime and
computational cost. Compression simulations were run for both pristine samples as well as samples
that were damaged from low velocity impact. The objective of this research is to determine the
retention of compression strength between the pristine and impacted samples then determine the
effect of altering the various stacking sequence characteristics to provide insight to the relative
importance of each of the individual traits. This will provide structural design engineers better
knowledge about what factors they should be concerned about when designing structures that are
likely to develop damage from low velocity impact and are expected to experience compression.
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Outline
Chapter 2 discusses how the damage model was designed and why it is advantageous for
this research. It also goes over the approach for determining what layups should be analyzed as
well as how the design curves were constructed. Chapter 3 displays the results of a particular
stacking sequence in detail as well as the values from all the simulations. Then the results were
grouped within their characteristics to determine design curves. Chapter 4 summarizes the findings
as well as discuss potential future work.
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CHAPTER 2: METHODS

Damage Model
In order to simulate the impact and compression tests, Abaqus® Explicit was run using the
High-Performance Computing Services at North Carolina State University with multiple cores to
decrease simulation run time. The damage model used came from prior work done by Joglekar et
al [2], [3]. The model was shown to accurately represent the deformation and damage during the
impact phase, but overpredict the strength in the compression phase. This may be due to either the
lack of interaction between inter-laminar and intra-laminar damage types or the lack of
consideration of time dependent properties. Despite this overestimation, it was shown to capture
the correct trend of results. This is acceptable for this investigation as the general trend for
compression strength is the focus of this study and not the exact results themselves.
The laminate was modeled as a 150 mm x 100 mm plate where the longer side was the
direction of compression. Figure 2.9 shows that the mesh is fine (1 mm x 1 mm) in the center 90
mm x 100 mm section where it is needed to model impact damage, however on the outer sections
(30 mm x 100 mm) there is a coarser mesh of (3.75 mm x 3.75 mm). This is done to save
computational time as the damage in the center should make the compression fail in the center
region as well.
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Figure 2.9: Mesh Refinement
SC8R continuum shell elements were used to model each ply. This element type utilizes
reduced integration to save on computational cost [2]. Using continuum shell elements instead of
regular shell elements utilize both sides of the thickness direction to evaluate delamination damage
[3]. The plies are connected using cohesive elements that are given significantly larger stiffness
values so that they do not cause extra deformation when loaded. The impactor was modeled as a
rigid body using C3D10 solid elements which would prevent the impactor from absorbing energy
during the impact [2]. The supporting structure for impact loading consisted of a rectangular grid
in the back and four circles in the front to model the clamps holding the panel down to secure it in
place. Figure 2.10 depicts the supporting structure and impactor highlighted in red.
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Figure 2.10: Supporting Structure and Impactor
To simulate both pristine and damaged scenarios, the model is run in three separate phases
depicted in Figure 2.11. The first phase is the impact test where the impactor deformation and
damage are simulated with 200 results being recorded in evenly spaced time steps for later analysis.
The next step is removing the impact support system. Then the compression test is simulated, again
recording data at 200 evenly spaced time steps for later analysis. In order to judge the compression
strength without impact to use as a base for the study, the first phase is skipped but the second step
is still needed to remove the support structure before the compression test.
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Figure 2.11: Impact and Compression Simulations
Success in the impact step was determined by ensuring the impactor had fully rebounded
after impact. Failure would indicate that the impactor was still contacting the panel which would
have caused extra deformation during the compression phase giving incorrect results. Success
during the compression test was determined by plotting the stress vs strain curve and ensuring the
laminate reached complete failure.
The total impact time was different for various thickness, but full impact was ensured by
looking at the impactor’s velocity vs time graph and determining that it reached a peak velocity
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after impact and started slowing down again from the gravitational force. The impactor was given
an initial velocity of 1.88 m/s and a weight of 5.439 kg which resulted in simulations with an
impact energy of 9.61 J. While the impact energy is on the low side the energy just needed to be
enough to create delamination damage to weaken the structure since the relative strength of the
different stacking sequences is the subject of consideration.
The Hashin failure criteria are used to evaluate damage initiation. This method
simultaneously checks for tension and compression failure in both the fibers and matrix. Table 2.2
lists the damage initiation criteria. For this damage model, α was set to 1 in the fiber tension
equation to include interaction from shear stress [3].
Table 2.2: Hashin Failure Criteria
Failure Mode

Criteria

Fiber Tension

𝐹𝑓𝑡 = ( 𝑋11 ) + 𝛼 ( 𝑆12 )

Fiber Compression

𝐹𝑓𝑐

Matrix Tension

𝐹𝑚𝑡 = ( 𝑌 ) + ( 𝑆12 )

Matrix Compression

𝐹𝑚𝑐

2

𝜎

𝑡

=(

2

𝜏

𝑙

𝜎11 2

)

𝑋𝑐
𝜎22 2
𝑡

𝜎22 2

𝜏

2

𝑙

𝜏12 2

𝜎

𝜏

= (2𝑆 ) + [( 𝑆 ) − 1] ( 𝑌22 ) + ( 𝑆12 )
𝑡

𝑙

𝑐

2

𝑙

Once failure occurs, damage propagation begins. As the deformation continues, the
stiffness matrix for the material is linearly reduced by using the material’s fracture energy to
measure damage propagation. Figure 2.12 shows a representation of the elastic strain up to the
point of damage initiation followed by linear degradation of the stiffness until the element is
completely broken [19]. The fracture energy is calculated by using a combination of mode I, mode
II, and a mixed mode B-K power law with a value of 1.4. The adhesive fails when the critical
energy release rate is reached. At that point, the element only looks for frictional effects. A friction
coefficient of 0.5 is used between plies and 0.3 between the laminate and the impactor [3].
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Figure 2.12: Damage Degradation [19]
The composite material for all of the tests in this study utilized IM7/977-3 carbon fiber
graphite epoxy unidirectional tape. The material property values reported below in Table 2.3 fall
within one standard deviation from the experimental results reported by Clay and Knoth [25].
Table 2.3: Material Properties
Metric
Value
Units
General Properties
ρ
1590
Kg/m3
ν
0.3197
Material Properties
E1T
164.3
GPa
E1C
137.4
GPa
E2T
8.977
GPa
E2C
8.694
GPa
G12
4.88
GPa

Metric
Value
Units
Strength Properties
F1T
2905
MPa
F1C
1567
MPa
F2T
F2C
F6
GIC
GIIC
GIIIC

80
247
99.44
256
650
650

MPa
MPa
MPa
J/m2
J/m2
J/m2

Metric
Value
Units
Delamination Initiation
KNN
15
MPa
KSS
30
MPa
KTT
30
MPa
Damage Propagation
GFT
81500
J/m2
GFC
106300
J/m2
GMT
256
J/m2
GMC
650
J/m2
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Design Curves
Once all the laminates were evaluated for both pristine compression strength and
compression strength after impact, the percent retention value was calculated. The compression
before impact strength is the typical design consideration when creating structure, but the
compression after impact value is important to determine the new strength that must be accounted
for in areas likely to be affected by low velocity impact. Taking the percent-based difference
between these two values is critical in determining the effect of the stacking sequence. This is due
to the fact that some layups will have a naturally higher compression strength, so the compression
after impact strength will likely be high as well. Using the relative difference allows insight to the
actual factors that make a composite stacking sequence better or worse at resisting impact damage.
The relative difference in compression strength can then be evaluated against all other
tested laminates to see which has the least amount of strength loss, however it is more important
to look at the results for each group of laminates to determine general design trends. Since it is
infeasible to generate every possible stacking sequence, the overall characteristics of each category
can be utilized to point towards good and bad qualities. This data can then be combined to create
a layup that is structured to maximize resistance against the damage caused by low velocity impact.

Determining Layups
In order to maximize the amount of information that can be gathered from each run,
stacking sequences must be carefully chosen so they can be compared against each other. By
creating groups of laminates based off specific characteristics, potential benefits can be noted for
each stacking sequence attribute. These trends can then be taken into account when selecting a
laminate while designing for known loading conditions.
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The first characteristic to analyze is the traditional stacking sequence types. Quasiisotropic, cross-ply, and angle-ply are all widely utilized stacking sequences as they are frequently
studied and easy to manufacture. Table 2.4 shows the list of layups used for this traditional study.
These results will show which of the common laminate types are best at resisting impact damage.
Table 2.4: Traditional Stacking Sequences
Layup

Ply Count

Sequence

A
B
C

16
16
16

[(0/90/±45)2]S
[(0/90)4]S
[(±45)4]S

The next characteristic is one of the most critical in terms of design considerations,
laminate thickness. This attribute is the best example to show why the compression strength
retention percentage is utilized. Due to the increased stiffness of thicker laminates, a study
observing only the compression after impact results would yield similar results to a regular
compression test where thicker laminates have higher strengths. Using percent retention, the study
allows the possibility to find if a thinner laminate is better at resisting the impact damage than a
thicker laminate, even if the magnitude of the strength is lower. Table 2.5 gives a list of quasiisotropic laminates at various thicknesses that were used for testing.
Table 2.5: Thickness Stacking Sequences
Layup

Ply Count

Sequence

D
A
E
F

8
16
24
32

[0/90/±45]S
[(0/90/±45)2]S
[(0/90/±45)3]S
[(0/90/±45)4]S

Both Gonzalez et al.’s physical experiments [12] and Fuoss et al.’s numerical simulations
[17] investigated the effects of ply clustering. Ply clustering groups layers of the same orientation

24

together. This makes the layers act as if they were a singular thicker layer which reduces the
expected delamination between the identical layers. However, since damaging energy is not being
absorbed between those layers, it may change the amount of delamination between the dissimilar
layers in the stacking sequence which could impact the overall compression strength. Table 2.6
gives a list of tested standard quasi-isotropic laminates at two different thicknesses along with their
ply clustering counterparts.
Table 2.6: Ply Clustering Stacking Sequences
Layup

Ply Count

Sequence

A
G
E
H

16
16
24
24

[(0/90/±45)2]S
[02/902/452/-452]S
[(0/90/±45)3]S
[03/903/453/-453]S

Hitchen and Kemp [11] ran physical experiments that investigated the order of the plies.
In this scenario, each laminate has the same number of plies running in the same directions, but
the order in which they are stacked is altered. While this does not affect the extension stiffness
matrix, it does have an effect on the bending stiffness which would be utilized in the event of outof-plane force applications such as low velocity impact. Since the order of the plies are different
there may be a change in the size and shape of delamination damage between each of the layers.
Table 2.7 displays a list of quasi-isotropic laminates with various layup order.
Table 2.7: Ordering Stacking Sequences
Layup

Ply Count

Sequence

A
I
J
K

16
16
16
16

[(0/90/±45)2]S
[(0/45/90/-45)2]S
[(∓45/90/0)2]S
[(-45/90/45/0)2]S
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The physical experiment of Hazzard et al. [10] and the numerical model of Fuoss et al. [17]
both partially looked at the angle difference between adjacent plies. The concept of the mismatch
ply angle is similar to the ply clustering theory. If adjacent plies have the same or similar
orientations, the amount of damage in between those laminates should be lower, whereas high
angles of mismatch should have more damage and be more likely to fail sooner during the
compression phase. Table 2.8 lists the tested mismatch angles of 90°, 45°, 30°, and 22.5°.
Table 2.8: Mismatch Angle Stacking Sequences
Layup

Ply Count

Sequence

B
I
L
M
N

16
16
16
24
24

[(0/90)4]S
[(0/45/90/-45)2]S
[0/22.5/45/67.5/90/-67.5/-45/-22.5]S
[(0/45/90/-45)3]S
[(0/30/60/90/-60/-30)2]S

One potential issue is a designer may not know how much impact to expect. Running the
same laminate at different impact energies could give further insight into if the strength retention
effects need to be analyzed at multiple impact energies. Table 2.9 shows two impact energies used
on the same standard quasi-isotropic laminate.
Table 2.9: Impact Energy
Layup

Ply Count

Sequence

A
O

16
16

[(0/90/±45)2]S
[(0/90/±45)2]S

Impactor Mass Impactor Velocity Impact Energy
(kg)
(m/s)
(J)
5.439
5.439

1.88
2.66

9.61
19.22

To get a bit more data on ply angle mismatch as well as getting a better comparison to the
work of Hazzard et al. [10], a study of helicoidal plies is also implemented. The key difference
between this test and the mismatch angle test is the lack of symmetry. In most cases, structures are
designed to be symmetric to prevent a link between extension and bending deformations. By using
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a nonsymmetric layup, a panel will have some bend when forces are applied and also have some
extension when moments are applied. There are unique applications this relationship is useful, like
the forward swept wing of an aircraft. Table 2.10 shows the list of helicoidal layups to be tested.
Table 2.10: Helicoidal Stacking Sequences
Layup

Ply Count

Sequence

P
Q
R
S

24
24
24
24

[(0/45/90/-45)6]
[(0/30/60/90/-60/-30)4]
[(0/22.5/45/67.5/90/-67.5/-45/-22.5)3]
[(0/15/30/45/60/75/90/-75/-60/-45/-30/-15)2]

As discussed earlier, the order of the plies changes the bending stiffness matrix. Since
multiple plies are used, the orientation can be tuned to get the same stiffness with alternate layups.
Lopes et al. [13] experimented with different stacking sequences that had similar stiffnesses. This
is useful in determining if the ply orientation is a key factor or if it is actually the bending stiffness.
Table 2.11 shows the tested laminates with similar stiffnesses. Table 2.12 shows the equivalent
laminate stiffnesses and Table 2.13 shows the bending stiffness matrix of the layups which were
found using the material properties listed earlier and the MATLAB codes in the APPENDIX.
Table 2.11: Bending Stiffness Stacking Sequences
Layup

Ply Count

Sequence

T
U
V

24
24
24

[±45/90/0/45/04/-45/02]S
[±45/0/±70/0/15/±10/-15/±15]S
[±45/80/5/±20/10/-80/-10/-5/±15]S

Table 2.12: Equivalent Laminate Stiffnesses
Layup

EX (GPa)

EY (GPa)

GXY (GPa)

T
U
V

90.327
89.177
87.514

29.222
30.023
33.758

15.041
15.194
14.671
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Table 2.13: Bending Stiffness Matrix
Layup Bending Stiffness Matrix D
Units
2.602
0.731
0.156
T
0.731
1.821
0.156 MPa-m3
0.156
0.156
0.811
2.632
0.739
0.116
U
0.739
1.775
0.092 MPa-m3
0.116
0.092
0.820
2.610
0.729
0.164
0.729
1.817
0.155 MPa-m3
V
0.164
0.155
0.809

Finally, one of the biggest problems of composites is the manufacturing process. Often
times composite structures are laid up by hand, which is difficult to get the angles exactly correct.
A similar issue occurs on structures with curved features, where there is likely to be some
misalignment along those curved surfaces. Table 2.14 shows tests of slightly incorrect orientation
angles on the stacking sequence.
Table 2.14: Layup Error Stacking Sequences
Layup

Ply Count

Sequence

A
W
X
Y
Z

16
16
16
16
16

[(0/90/±45)2]S
[(2/92/47/-43)2]S
[(5/95/50/-40)2]S
[(2/88/±47)2]S
[(2/88/±43)2]S

The determined layups were numerically tested in ABAQUS® and simulated with
compression loading for both pristine samples and those damaged due to impact. These results
were then compared to each other to determine the residual strength for each stacking sequence.
Once all the layups have been tested, the specified attributes were compared to determine if that
stacking sequence characteristic is impactful to the strength retention of composite materials.
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CHAPTER 3: RESULTS

Individual Layup Results
Before going over the characteristic trends of altering the stacking sequence, a detailed
analysis of one of the panels is performed to investigate the performance of the structure. Laminate
A was selected for this analysis because it is used in several of the studies. It is a 16-ply laminate
with a quasi-isotropic stacking sequence of [(0/90/±45)2]S. The color scale used in the results is
DMICRTMAXVAL, which displays the maximum damage initiation value.
A baseline must first be established in order to determine the degradation of the
compression strength after impact so that the stacking sequences can then be compared. As stated
previously, the panel is initially simulated skipping the impact phase of the simulation so that the
pristine panel is compressed in the same manner as the impact case but without the damage and
deformation applied. Figure 3.13 shows the resulting compression failure without impact, which
measured at a maximum stress of 10.89 MPa. Looking right before failure in Figure 3.14, some
panel instability can be seen which causes out-of-plane deformation. The stress vs strain graph in
Figure 3.15 shows a drop in stress as soon as the instability causes out-of-plane bending, reducing
the composite’s overall strength. This is common in thinner laminates and must be accounted for
when designing panels that are not reinforced.
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Figure 3.13: Compression Without Impact Failure (A0)

Figure 3.14: Panel Instability (A0)
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Figure 3.15: Global Stress vs Strain Graph (A0)
Once the pristine compression strength is determined, the stacking sequence is then
simulated with impact loading, followed afterwards by the compression. During the impact, a
significant amount of elastic deformation occurs, which can be observed in Figure 3.16. The timing
of this is determined from the impactor velocity vs time graph seen in Figure 3.17. Maximum
impact force occurs when the impactor is at rest. Once the impactor recoils off the laminate, the
elastic deformation returns back to the original shape. Figure 3.18 shows the residual damage that
remains after impact, which will result in the degraded compression strength after impact. There
is hardly any noticeable permanent deformation, however there is significant internal residual
damage. This is the issue with composite structures and low velocity impact, as the damage can
be severe while not showing any signs of damage from a surface inspection. This exemplifies the
validity of the term barely visible impact damage discussed previously.
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Figure 3.16: Deformation During Impact (A1)
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Figure 3.17: Impactor Velocity vs Time (A1)
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Figure 3.18: Damage After Impact (A1)
After the impact is completed, most of the damage appears to be gone from the structure.
However, delamination that occurs between plies cannot be observed from the outside. Since
continuum shell elements were utilized, the deformation on each side of every ply can be
determined. The delamination between each layer can be seen in Figure 3.19. The color scale for
delamination damage was based off the CSDMG variable in Abaqus®.
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Figure 3.19: Delamination Damage (A1)
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After the impact phase, compression loading is then applied to the panel until failure
occurs. Figure 3.20 shows the beginning of the failure of the panel. The maximum strength before
failure was measured at 9.83 MPa. This maximum strength is then compared to the result of the
non-impact test determined earlier. This particular stacking sequence resulted in a 90% strength
retention after impact. The final state after failure can be seen in Figure 3.21. Similar methods are
used on the other stacking sequences to determine their strength retention, which can then be used
to compare stacking sequences with similar traits to gain understanding about that characteristic.

Figure 3.20: Laminate Fail Initiation After Impact (A1)
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Figure 3.21: Final CSAI Result (A1)
Panel instability can still be observed in the failure after impact, which indicates the impact
did not have enough effect to change the failure method even though it caused an earlier failure.
Thicker laminates show a tendency to fail at the location of impact, better exemplifying the
influence of the impact damage on the structure. However, some 16-ply laminates such as laminate
G in the ply cluster test [02/902/452/-452]S also showed this behavior. The beginning of failure for
stacking sequence G can be seen in Figure 3.22. This shows that the stacking sequence can also
affect the method of failure in addition to the overall strength value. It also indicates that the
thickness plays a critical role for the failure mode. To prevent buckling, thinner laminates would
require more stiffening reinforcement so that the size of each unsupported area is smaller.
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Figure 3.22: Stable Panel Mid Fail (G1)

Characteristic Results
All of the stacking sequences discussed in chapter 2 were tested for compression strength
before and after impact and the strength retention percentage was calculated with the same method.
These values were then compared to the other stacking sequences observed in their test category.
Note that pristine panels experienced degrees of buckling but the failure mode for impacts varied.
The results for the traditional stacking sequences can be seen in Table 3.15. When the
traditional stacking sequences are compared, it can be seen that the quasi-isotropic stacking
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sequence was able to maintain the most strength compared to cross-ply and angle-ply laminates.
Even though the cross-ply started with a stronger pristine model because there were more 0° plies,
it absorbed more damage and ended up being slightly weaker than the quasi-isotropic laminate
after impact. Angle-ply was the weakest due to the lack of any plies in the compressive direction.
Table 3.15: Traditional Results

Layup

Sequence

Energy
Absorbed
(J)

Strength
(MPa)

CSAI
(MPa)

Impact
Failure
Method

Percent
Retention

A
B
C

[(0/90/±45)2]S
[(0/90)4]S
[(±45)4]S

1.47
1.75
1.94

10.89
12.04
6.77

9.83
9.67
4.26

Buckling
Compression
Compression

90%
80%
63%

Table 3.16 displays the findings of the thickness test. Observing the results of the change
in thickness study revealed that thinner laminates are able to retain their compressive strength
better than thicker laminates. This may be in part due to the method in which the laminates are
failing. Thinner laminates are more likely to fail from a buckling load and some panel instability
is noticed during the simulations. Thicker laminates are more likely to fail from fiber breakage
which relies more on the strength of the fibers than the geometry of the panel. However, even
when only considering the same failure method, thicker laminates still performed worse.
Table 3.16: Thickness Results

Layup

Sequence

Strength
(MPa)

CSAI
(MPa)

Impact
Failure
Method

Percent
Retention

D
A
E
F

[0/90/±45]S
[(0/90/±45)2]S
[(0/90/±45)3]S
[(0/90/±45)4]S

6.83
10.89
16.06
21.61

6.48
9.83
12.27
13.90

Buckling
Buckling
Compression
Compression

95%
90%
76%
64%

The effects of ply clustering can be seen below in Table 3.17. This test was run using two
different thicknesses. Both tests showed that ply clustering was detrimental to the strength
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retention of the panel and also upheld the findings of the previously run thickness test. Looking at
the two different thicknesses, the results indicate that increasing the amount of ply clustering is
further detrimental to the residual strength.
Table 3.17: Ply Clustering Results

Layup

Sequence

Strength
(MPa)

CSAI
(MPa)

Impact
Failure
Method

Percent
Retention

A
G
E
H

[(0/90/±45)2]S
[02/902/452/-452]S
[(0/90/±45)3]S
[03/903/453/-453]S

10.89
10.08
16.06
15.62

9.83
8.72
12.27
10.72

Buckling
Compression
Compression
Comperssion

90%
86%
76%
69%

Table 3.18 demonstrates how altering the order of the plies affects the residual strength.
The data between tests gives evidence that the ordering of the laminates has some effect on the
reduction of strength, although the cause is unclear. One notable point that can be made is the
laminates that had some 90° difference between plies absorbed less energy than the laminates with
only 45° differences. The lack of trend may be due to some panel instability found in the thinner
laminates and a trend might be more prevalent for a thicker laminate.
Table 3.18: Ordering Results

Layup

Sequence

Energy
Absorbed
(J)

Strength
(MPa)

CSAI
(MPa)

Impact
Failure
Method

Percent
Retention

A
I
J
K

[(0/90/±45)2]S
[(0/45/90/-45)2]S
[(∓45/90/0)2]S
[(-45/90/45/0)2]S

1.47
1.57
1.47
1.66

10.89
10.46
10.31
9.95

9.83
10.27
10.14
8.98

Buckling
Compression
Compression
Buckling

90%
98%
98%
90%

The mismatch angle between adjacent plies has the effects shown in Table 3.19. Similar to
the ply clustering test, this experiment was run on two different thicknesses. For two of the 16-ply
laminates I and L, a decrease in mismatch angle did result in a loss of strength, but this seemed to
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be a result of panel instability in stacking sequence I which was not present in L. However,
laminate B did have a significant loss is strength, suggesting large mismatch angles is detrimental
to the strength loss. The results from the thicker 24-ply laminates M and N showed almost no
difference in using angles similar to I and L, further suggesting that instability was the factor for
the reduction in strength seen between the I and L laminates and not the mismatch angle.
Table 3.19: Mismatch Angle Results

Layup

Sequence

Energy
Absorbed
(J)

Strength
(MPa)

CSAI
(MPa)

Impact
Failure
Method

Percent
Retention

B
I
L
M
N

[(0/90)4]S
[(0/45/90/-45)2]S
[0/22.5/45/…/-22.5]S
[(0/45/90/-45)3]S
[(0/30/60/90/-60/-30)2]S

1.75
1.57
1.47
2.12
2.12

12.04
10.46
10.49
16.67
16.10

9.67
10.27
9.32
13.70
12.99

Compression
Compression
Compression
Compression
Compression

80%
98%
89%
82%
81%

The effect of altering the impact energy can be seen in Table 3.20. The results indicate that
when the impact energy was increased due to an increase in the velocity, there was a decrease in
the strength retention. The increased energy also caused the structure to fail before panel instability
occurred, indicating that the impact energy plays a critical role in failure method.
Table 3.20: Impact Energy Results

Layup

Sequence

A
O

[(0/90/±45)2]S
[(0/90/±45)2]S

Impact
Energy
(J)
9.61
19.22

Strength
(MPa)

CSAI
(MPa)

Impact
Failure
Method

Percent
Retention

10.89
10.89

9.83
8.38

Buckling
Compression

90%
77%

Table 3.21 shows the results for helicoidal laminates. These stacking sequences are the
only non-symmetric layups. The results help confirm the claim in the mismatch angle test that
smaller mismatch angles less than 45° do not affect the strength retention after impact. While the
compression test did not show a noticeable amount of bending, the damage was not symmetric on
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the surfaces once compression started which is likely a result of the lack of symmetry in the panels.
Comparing similar mismatch angles to the symmetric version of the test (P with M and Q with N)
it can be seen that the addition of asymmetry actually increased the residual strength.
Table 3.21: Helicoidal Results

Layup

Sequence

Strength
(MPa)

CSAI
(MPa)

Impact
Failure
Method

Percent
Retention

P
Q
R
S

[(0/45/90/-45)6]
[(0/30/60/90/-60/-30)4]
[(0/22.5/45/…/-22.5)3]
[(0/15/30/…/-15)2]

15.51
15.89
16.18
15.85

13.96
14.57
14.60
14.22

Compression
Compression
Compression
Compression

90%
92%
90%
90%

The results for stacking sequences with similar stiffness properties can be seen in Table
3.22. There is little change between the three compression strengths both before and after impact,
leading to fairly consistent amounts of strength retention. The results were then compared to all
the other 24-ply laminates tested earlier to see if a change in any of the stiffness properties
displayed a trend in residual strength. The 16-ply laminates were not compared since they had
varying degrees of panel instability. While none of the global stiffness properties showed a trend,
Figure 3.23 shows that three bending stiffness properties D11, D66, and D12 showed a linear
correlation with R2 values of 0.7375, 0.7072, and 0.7072, respectively. This indicates these
stiffness properties may have key contributions to the strength retention after impact.
Table 3.22: Bending Stiffness Results

Layup

Sequence

Strength
(MPa)

T
U
V

[±45/90/0/45/04/-45/02]S
[±45/0/±70/0/15/±10/-15/±15]S
[±45/80/5/±20/10/-80/-10/-5/±15]S

19.03
19.40
19.64

CSAI
(MPa)

Impact
Failure
Method

Percent
Retention

16.26
16.65
16.16

Compression
Compression
Compression

85%
86%
82%
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Figure 3.23: 24-Ply Bending Stiffness Properties
Finally, Table 3.23 displays the effects of what happens if laminates are laid up incorrectly.
The results show the small changes in angles result in a small change in the strength for the first
two. This is expected as they are essentially the same stacking sequence but rotated a couple
degrees. However, the second two result in additional loss of strength. The difference in the last
two plies is the changes in the orientations make the design no longer quasi-isotropic.
Table 3.23: Layup Error Results

Layup

Sequence

Strength
(MPa)

Pristine
Failure
Method

CSAI
(MPa)

Impact
Failure
Method

Percent
Retention

A
W
X
Y
Z

[(0/90/±45)2]S
[(2/92/47/-43)2]S
[(5/95/50/-40)2]S
[(2/88/±47)2]S
[(2/88/±43)2]S

10.89
10.77
10.81
10.56
10.89

Buckling
Buckling
Buckling
Buckling
Buckling

9.83
9.56
10.04
8.69
8.87

Buckling
Buckling
Buckling
Compression
Compression

90%
89%
93%
82%
81%
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CHAPTER 4: CONCLUSION

Conclusions
Looking at the results of the stacking sequences, general trends can be determined. It was
found that the three main sequence types had a wide range of strength loss after impact. The angleply had the most strength loss and absorbed more energy than either the cross-ply or quasi-isotropic
layups. While the quasi-isotropic sequence did not have the largest initial strength, it had less
energy absorbed, giving it the highest strength after impact and best strength retention response.
Comparing thickness values, thinner laminates were found to have better relative strength
than thicker laminates. This is likely due to the impact phase, where thinner laminates are more
flexible and able to temporarily store energy in elastic deformation over a longer impact time than
thicker laminates which also have more layers that absorb damage.
At two different thickness levels, the effects of adding ply clustering showed a decrease in
residual strength. Damage between the laminas of the ply cluster had a regular circle shape and
were smaller than the irregularly shaped damage zones for the interfaces between ply clustering
groups. This indicates that while less damage is taken in the clusters, more damage was taken by
the transition layers which resulted in a decrease in strength.
Changing the order of the stacking sequence does have an impact on the final strength but
the results of the ordering test alone do not definitively demonstrate in what manner the order
affected the results.
While the thinner mismatch angle test seems to be affected by failure method, it can be
determined that a significantly large mismatch angle is detrimental to strength retention. The
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thicker test reveals that there is not much change when reducing the mismatch angle between
smaller angles.
The increase in impact energy due to an increase in initial velocity also reduces the
performance of the composite.
The helicoidal tests helped confirm the results of the low angle mismatch test, and the
introduction of asymmetry actually improved the amount of strength retention.
The results of the similar bending stiffness test showed similar results for all three cases,
indicating there may be properties that are linked to residual strength. Looking at the stiffness
values of all 24-ply laminates, no global stiffness properties showed any correlation with strength
retention. However, the bending stiffness properties D11, D66, and D12 all showed linear
correlations with R2 values between 0.7 and 0.75, indicating these properties may have effects on
the strength retention and could be utilized to tune the results to a stronger value.
Finally, the layup error can have an effect on the residual strength. These results indicate
that the stacking sequence has a high impact on compression strength after impact of composite
panels and must be taken into account during the design phase. The studied characteristics can be
utilized to improve the residual strength after low velocity impact.

Future Work
The model used in this research was shown to accurately model impact damage and give
the correct trend of residual strength in composite panels. Further work can be done to validate the
results found in this study by performing physical experiments on the actual layups to confirm the
trends found in the numerical simulations.
Some of the characteristics were set up independent from one another, giving trend lines
of the specific data only so as not to get interference from other traits. The interactions of these
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categories may impact the amount of damage absorbed and would provide further insight to more
complex stacking sequences.
Other work can be done to further expound on the results found here by investigating the
effects of other factors on the results. This could include testing the same impact energy level with
different impactor qualities such as size or the speed and weight of the impactor to see if the
damage distribution changes with the same stacking sequence.
Another possibility for investigation is alternating the failure mode. Composites are
subjected to all different types of loading configurations. Since other failure modes are likely to
happen in real world situations, it would be beneficial to investigate how the impact damage affects
the residual strength of other failure types.
A final suggestion for future work is by investigating other types of composite structures.
This could be utilized by analyzing sandwich panels, curved surface panels, or weaved patterns
and seeing if the interactions are similar to the flat unidirectional laminate panel. These
investigations would grant additional insight as to how the strength of composite structures
subjected to low velocity impact are affected by the stacking sequence in more real-world scenarios
and would further improve the safety of composites.
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APPENDIX: MATLAB CODES
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Equivalent Laminate Stiffness Calculator
%%Setup
clear
clc
%% Inputs
layup = [45 -45 90 0 45 0 0 0 0 -45 0 0 0 0 -45 0 0 0 0 45 0 90 -45 45];
E1 = 1.374e11;
E2 = 8.694e9;
v12 = .3197;
G12 = 4.88e9;
t = 3.2226e-3;
%% Calculations
% Q matrix
v21 = v12*E2/E1;
Q11 = E1/(1-v12*v21);
Q12 = v12*E2/(1-v12*v21);
Q22 = E2/(1-v12*v21);
Q66 = G12;
Q = [Q11 Q12 0; Q12 Q22 0;0 0 Q66];
% Height per layer
layers = (1:length(layup));
thickness = t*ones(1,length(layup));
z = zeros(1,length(layup)+1);
z(1) = -sum(thickness)/2;
for i=1:length(layup)
z(i+1) = z(i)+thickness(i);
end
% Calculate ABD matrix
[ABD,A,B,D]=ABD(layers,layup,z,Q11,Q12,Q22,Q66);
%% Outputs
Ex = (A(1,1)-(A(1,2)^2/A(2,2)))/sum(thickness)
Ey = (A(2,2)-(A(1,2)^2/A(1,1)))/sum(thickness)
Vxy = A(1,2)/A(2,2)
Gxy = A(3,3)/sum(thickness)
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ABD Stiffness Matrix Calculator
%% Setup
function[ABD,A,B,D]=ABD(layers,layup,z,Q11,Q12,Q22,Q66)
A = zeros(3);
B = zeros(3);
D = zeros(3);
%% Calculations
for i=layers
% Qbar
t = layup(i);
m = cos(t*pi/180);
n = sin(t*pi/180);
Qbar11 = Q11*m^4+2*(Q12+2*Q66)*m^2*n^2+Q22*n^4;
Qbar12 = (Q11+Q22-4*Q66)*m^2*n^2+Q12*(m^4+n^4);
Qbar22 = Q11*n^4+2*(Q12+2*Q66)*m^2*n^2+Q22*m^4;
Qbar16 = (Q11-Q12-2*Q66)*m^3*n+(Q12-Q22+2*Q66)*m*n^3;
Qbar26 = (Q11-Q12-2*Q66)*n^3*m+(Q12-Q22+2*Q66)*n*m^3;
Qbar66 = (Q11+Q22-2*Q12-2*Q66)*m^2*n^2+Q66*(m^4+n^4);
Qbar = [Qbar11 Qbar12 Qbar16; Qbar12 Qbar22 Qbar26; Qbar16 Qbar26 Qbar66];
% ABD matrix
A = A+Qbar*(z(i+1)-z(i));
B = B+Qbar*(z(i+1)^2-z(i)^2)/2;
D = D+Qbar*(z(i+1)^3-z(i)^3)/3;
end
% Remove rounding error for 0's
for i=1:3
for j=1:3
if abs(A(i,j))<1E-9
A(i,j) = 0;
end
if abs(B(i,j))<1E-9
B(i,j) = 0;
end
if abs(D(i,j))<1E-9
D(i,j) = 0;
end
end
end
%% Output
ABD = [A,B;B,D];
end
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