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Abstract
This thesis deals with damage tolerance of impacted sandwich structures for load bearing
applications. Composite sandwich structures find wide application as lightweight solutions
in aerospace components, since weight reduction and less fuel emissions are primary
concerns for aircraft manufactures. Sandwich structures are built of stiff face-sheet
materials bonded to a low-density core material. In this thesis, the face-sheets are composite
materials reinforced with carbon fibre non-crimp fabrics whereas the core consists of a
closed cell foam material. Sandwich structures are susceptible to impact damage and even
a small amount of damage can reduce the residual strength of components significantly.
Therefore, damage tolerance assessment of such structures is essential and needs to be
taken into account in the design process.
Main objective of this thesis is assessment of test methodologies for estimation of
compressive properties of foam core materials. An extensive experimental study of
different densities of closed cell foam materials is presented and existing test standards are
evaluated in this regard. Two different test methods were investigated for strain
measurements of the foam material during compression testing assisted by a digital image
correlation technique. A parametric study was also performed to investigate the effect of
in-plane specimen size on the compressive modulus measurements. Both homogenized and
stochastic finite element models are used to back the experimental observations. Different
types of boundary conditions were used to simulate the effects of in-plane specimen size
and prediction of compressive modulus. The findings were also used as basis for
recommendations for updating current test standards.
A part of the thesis work concerns the design and construction of a new drop-weight impact
rig for low-velocity impact testing of sandwich structures. A test setup was designed to
capture the true impact response without adulteration by oscillations. A novel catch
mechanism was designed and implemented for preventing secondary impact. A detailed
experimental evaluation and uncertainty analysis was also performed to evaluate the dropweight rig in terms of repeatability and precision.
The developed drop-weight rig was used to perform low-velocity impact characterization
of sandwich structure with different face-sheet thicknesses. A range of impact energies were
investigated for the identification of low level damage (LLD), barely visible impact damage
(BVID) and visible impact damage (VID). A thorough fractography study was performed
to understand the damage mechanisms at different energy levels and for different face
thicknesses. A finite element model was developed to simulate the impact response and
delamination extent, including both inter-laminar and intra-laminar damage modes.
Finally, the impact damaged specimens were tested for damage tolerance assessment. Both
symmetric and asymmetric specimen configurations with different face-sheet thicknesses
were investigated. The effect of face-sheet thickness on the residual strength of sandwich
iii

structures was studied. Three different test methodologies for damage tolerance testing
were investigated and the results were compared. A finite element model was developed
for simulation of the edgewise compression test methods and the residual strength
predictions were compared with the experimental results.
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Sammanfattning
Det presenterade arbetet avhandlar skadetålighet hos sandwichmaterial och inom dess
ramar berörs även metodik för hållfasthetmätningar för polymerskum och genererande av
väldefinierade slagskador. Sandwichmaterial består av två täckskikt, ofta av
kompositmaterial, på ömse sidor av ett tjockare kärnmaterial, ofta gjort av polymerskum
eller en bikake-struktur av aluminium eller polymerer. Kompositmaterialen består i sin tur
typiskt av glas- eller kolfiberarmerade härd- eller termoplaster. Denna typ av
sandwichmaterial används till exempel i flygplan där deras exceptionella styrka och styvhet
i förhållande till vikt är eftertraktad för ökad räckvidd, lägre bränsleförbrukning och
minskade utsläpp. Sandwichmaterial är dock relativt känsliga för slag och de skador som
sådana kan generera. Ett av problemen är att materialen kan utsättas för slag utan att det
uppmärksammas och att även skadorna kan vara svåra att upptäcka. De kan dessutom
reducera den lastbärande förmågan betydligt vilket gör att förståelse för hur slagskador
uppstår och hur de påverkar materialens bärförmåga är väsentligt för tillförlitlig användning
av materialen i avancerade lastbärande strukturer.
Ett delmål med arbetet var att undersöka och kvalitetssäkra mätning av tryckhållfastheten
för de polymerskum som användes som kärnmaterial. En omfattande experimentell studie
gjordes och kompletterades med numeriska simuleringar med finita element (FE). Tre olika
polymerskum provades och olika sätt att genomföra provningen och mäta töjningarna
jämfördes. Olika typer av randvillkor undersöktes och provobjekt med olika storlek
jämfördes. Bildanalys (digital speckle photography) användes som stöd och verifiering i
undersökningen och simulering med FE modeller, både homogeniserade och stokastiska,
gav också stöd för slutsatserna.
En annan del av arbetet var framtagandet av en ny fallrigg för att utsätta provobjekt för
väldefinierade och mätbara slagskador. En speciell lösning togs fram där lastmätningen inte
störs av vibrationer i rigg och provuppställning. En uppfångsmekanism utvecklades också
för att undvika multipla islag efter återstuds. En grundlig stokastisk utvärdering av
provningen genomfördes för att fastställa dess noggrannhet och repeterbarhet.
Den utvecklade fallriggen användes för att utföra karakterisering av slagskador i
sandwichstrukturer med olika täckskiktstjocklekar. Olika energinivåer bestämdes för att
definiera låg nivå av skada (LLD), knappt synlig skada (BVID) och synlig skada (VID). En
utförlig fraktografisk studie genomfördes också för att fastställa skademekanismer vid olika
energinivåer och för olika täckskiktstjocklekar. En FE modell utvecklades för att simulera
slagresponsen och skadeutbredningen med avseende på inter- och intralaminära skador.
Slutligen studerades resthållfastheten för slagskadade prover. Både symmetriska och
osymmetriska konfigurationer med olika täckskiktstjocklekar provades och effekten av
olika täckskiktstjocklekar på resthållfastheten undersöktes. Tre olika metoder för mätning
av resthållfastheten jämfördes. FE modellen från det tidigare arbetet vidareutvecklades för
v

simulering av resthållfasthet vid tryckprovning och jämfördes med resultaten från
experimenten.
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1 Background
Desire for high strength-to-weight ratio is one of the primary concerns for designers. Forexample a lightweight vehicle will emit less emissions and could carry more payload.
According to statistics by the European Union (EU), almost 25% of the total EU emissions
are caused by the transport sector, the second largest source after the energy industries. A
major share of these emission comes from road transportation (72%) and about 13% comes
from civil aviation [1].
So far, composite sandwich structures find wide applications in the aerospace, automotive,
marine and civil engineering sectors, largely due to their characteristics of high strength and
stiffness-to-weight ratio. In the aerospace sector, glass fibre composites were first
introduced in the design of Boeing 707 commercial aircraft in 1950s. Since then, the use of
composites in the aircraft industry has grown exponentially and at present composite
materials have to a great extent replaced metals in the recently developed Boeing 787
Dreamliner aircraft [2]. Almost half of the B787 airframe consist of advanced composites.
A breakdown of different materials used in the B787 is shown in Figure 1.

Figure 1. Use of composite material in the B787 aircraft [2]
The use of composite sandwich material is not only limited to aircraft airframes. Its
increased use can also be found in aero-engines. Apart from being lightweight, composite
sandwich structures provide a significant advantage when it comes to the manufacturing of
complex shapes. For example, the diameter of advanced commercial aeo-engines increses
in order to achieve more aerodynamic efficiency while still being lightweight. Both the
length and twist of the fan blades increase, and that calls for use of composite material,
monolithic or sandwich. A schematic of a commercial aero-engine is presented in Figure 2.
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The mechanical properties of composite sandwich structures depend on the choice of the
material and the relative orientation of the fibres. A composite sandwich strucutre is much
stronger in the direction of the fibre and this unique feature also allows designers to
procedure structures with distinctive properties. Other advantages of sandwich strutures is
their excellent corrosion and fatigue resistance that make them ideal for aerospace
applications.

Figure 2. Schematic view of a commercial aero-engine (image courtesy of GKN
Aerospace)
Composite sandwich structures have several competing damage mechanisms under general
loading. These may change in the presence of defects e.g. voids and debonds, and also due
to external conditions they are exposed to, e.g. impact damage [3]. In the aerospace sector
composite sandwich structures are highly susceptible to impact damage, both in service and
during maintenance, for-example a tool drop during maintenance, hail storms, runway
debris and bird strikes. Sometimes a low velocity impact damage is hard to detect visually
but may cause significant damage underneath the impacted surface. This might results in
deterioration of the design strength and the load bearing capability of the structure.
Therefore, damage tolerance assessment of such impacted sandwich structures are essential
for safe, cost efficient and optimized design.
This thesis consists of an introduction to the area of damage tolerance of impacted
composite sandwich structures and four appended papers. In the introduction, the
mechanical characterization of core material and impact damage along with damage
tolerance assessment methods are briefly described and discussed. A summary of the
appended papers are given and a suggestion for future work is presented.

Damage tolerance of impacted composite sandwich structures
1.1

5

Airworthiness requirements

In the aerospace sector, replacing an existing material with a new material concept is not a
straight forward process. A new material needs to be evaluated extensively from all aspects
of quality in general and safety in particular. A so called “building block approach” is used
for certification purposes, where the design and development testing is used along with
analysis. In this approach, first the material is assessed on a basic level, i.e. coupon stage,
where the critical design features are identified and test environment is produced to create
the critical failure modes. Further to that, tests are conducted at sub-component and
component level where more critical design scenarios are evaluated and compared with
analytical tools and analysis. Finally, full scale component static and potentially also fatigue
testing are performed for validation of load levels.
According to the aircraft airworthiness requirements for composite structures, FAR 25, all
composite materials and processes should be qualified through fabrication methods and
experimental tests to demonstrate both reliable design and reproducibility [4].
According to the Advisory Circular issued from U.S Federal Aviation Administration
(FAA), the damage tolerance and fatigue evaluation must show that a catastrophic failure
due to fatigue, defects from manufacturing, environmental effects or an accidental damage
is avoided throughout the aircraft operational life [4,5]. In general, five different damage
categories can be defined in relation to the amount of damage severity as shown in Figure
3. It can be seen that for a less severe damage which can go undetected during a scheduled
inspection, e.g. a barely visible impact damage (BVID) under category 1, the design
component should retain the ultimate load for the operation life of the aircraft without
undergoing a dedicated repair plan. In order to maintain such a safe and reliable design for
composite sandwich structures, damage tolerance design methodologies are essential in
order to understand the effect of impact damage on the residual strength.
The design requirement for more severe damages (category 2) that can easily be detected
during scheduled inspection e.g. a visible impact damage (VID) should retain the residual
strength of the component until next scheduled inspection time for the component. A
category 3 damage is defined by an evident damage that can be detected in few flight
occurrences. Such damage should retain the limit load level capability of the component. A
category 4 include those damages that are obvious, such as bird strikes, and need to be
repaired directly after flight. Such damage should retain a continued safe flight design load
level. Finally, a category 5 include those damages that are not related directly to the design
of component, e.g. service vehicle collision on the ground. Such damage require immediate
repair before flight.
The present thesis addresses category 1 and category 2 type of damages, i.e. BVID and
VID, for composite sandwich structures, from the aspect of low-velocity impact damage.
The thesis specifically addresses the characterization and damage tolerance assessment of
impacted sandwich specimens.
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Figure 3. Design load versus damage severity, reproduced from [6]
1.2

Research aim – DAMTISS project

The work presented in this thesis was performed within the DAMTISS project. The project
was carried out in close collaboration with GKN Aerospace Sweden. GKN’s objective is
to develop a technology for structural engine components, more specifically outlet guide
vanes, made of sandwich material with thick face sheets. Being part of the load carrying
structure in the aircraft engine these components have to be designed for damage tolerance.
A hybrid composite sandwich/metal fan frame is shown in Figure 4. In contrast to
traditional sandwich structures, the face-sheets are relatively thick compared to the foam
core. Dry non-crimp fabrics (NCF) were used in the face-sheets, impregnated with epoxy
resin using a vacuum assisted infusion process. The project aimed at determining the
damage tolerance of components and failure mechanisms in both laminate and the core
material. The project focused on experimental characterization of the materials under lowvelocity impact (LVI) damage for the identification of failure mechanism in both core and
face-sheets. The effects of face-sheet thickness and impact energies on the damage
mechanism were investigated. An extensive experimental investigation on the damage
tolerance assessment test methods and the effect of face-sheet thickness on the residual
strength was studied in the project.
The project was divided into 4 work packages (WPs): WP1 Material characterization and
impact damage classification, WP2 Damage tolerance testing, WP3 FE analysis, modelling
and simulation and WP4 Dimensioning methodology and design criteria, and the present
thesis cover most of these aspects.

Damage tolerance of impacted composite sandwich structures
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Figure 4. GKN Aerospace demonstrator for hybrid composite sandwich/metal fan frame
for high bypass ratio aero engines [7]
1.3

Research approach

In the present doctoral thesis the route to achieve the aforementioned research objectives
is summarized as:
 A detailed experimental and numerical characterization of the foam core material is
performed in order to establish the true compressive properties. These properties
are crucial for subsequent design and analysis of finite element models. Different
types and size of closed cell foam materials are studied. In addition, both
homogenous and stochastic amorphous finite element models of foam are
developed to back the experimental observations. As a result of this, new
recommendations for test procedures are presented.
 A novel instrumented drop weight impact test rig (DWR) is designed and built to
create artificial impact damages in order to classify the impact energies (BVID and
VID). The test setup was designed to prevent the transfer of unwanted mechanical
noise such as vibrations into the load cell that is used to measure the load during the
impact event. A detailed evaluation was performed both in terms of the experimental
modal and uncertainty analysis of the measured results from the DWR.

Moeen S. Rajput
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 A detailed experimental investigation is performed for low-velocity impact
characterization of NCF sandwich plates. The effect of face-sheet thickness on the
impact response is studied for symmetric and asymmetric sandwich plates.
 A detailed fractography investigation is performed to characterize the impact
damage and identify different failure modes, using state of the art destructive and
non-destructive test methods.
 A detailed experimental campaign is performed for damage tolerance assessment of
thick NCF sandwich plates subjected to low-velocity impact damage. Three test
procedures are studied with different test setups. Both compression-after-impact
and bending-after-impact test methodologies are studied and compared.
 Finally, a progressive damage finite element models is developed to simulate both
the impact response and the delamination extent, incorporating both intra-laminar
and inter-laminar damage modes. The model is validated for different face-sheet
thicknesses and impact energies. A further extension of the FE model is developed
to estimate the post impact residual strength.

Damage tolerance of impacted composite sandwich structures
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2 Sandwich structures
2.1

General remarks

Sandwich structures are widely used as a lightweight solutions in aerospace, automotive,
marine and civil engineering applications. They are made by bonding stiff and strong face
material to a low-density core material, as illustrated in Figure 5. In a sandwich structure the
face-sheets carry bending and in-plane loads, whereas the core material carries transverse
shear loads and support the faces against buckling or wrinkling. In addition to that, the core
material forces the face-sheets to interact, thus providing the overall global stiffness of the
structure. The bond between the core and face-sheets should be strong enough to sustain
the shear loads [3]. Sandwich structures provide great advantage over single skin composites
both in terms of strength to weight ratio, higher energy absorption and better thermal
insulation.

Figure 5. A typical sandwich construction
There are several manufacturing methods for sandwich constructions. Common ones are
hand lay-up, resin transfer molding (RTM), press molding, and vacuum assisted infusion
(VI). The choice of the method depends on several factors, such as volume of production
part, shape and size and the desired quality of the finished sandwich component. In RTM,
resin is injected into a closed mold where the part also cures. In case of both RTM and VI,
vacuum is generated using a vacuum pump and for VI the resin is usually transferred into
the dry fabrics using a distribution weave inside the vacuum bag. RTM is the process GKN
will use for the manufacturing of real guide vanes, whereas a VI process was used in this
work for manufacturing of the sandwich panels. That implies a slight difference in the
mechanical properties, e.g. surface finish and fibre volume fraction but the material was
deemed sufficiently similar for the purpose of the study.
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Sandwich structures are designed based on the applications and loading conditions, e.g. as
load carrying components in aircraft. Both in-plane and out-of-plane properties are of
importance and need to be taken into account in the design and analysis. The different
properties of the material have effects on various failure mechanisms and modes of the
components. Some primary failure mechanisms are face/core debonding, transverse shear
cracks, delamination between plies, core crushing, fibre/matrix failure, local and global
buckling [3].
The face-sheets are usually made of carbon fibres, glass fibres or sheet metal, whereas the
core material is usually made of polymer foam, balsa wood, honeycombs or corrugated
sheets, depending on the type of application and manufacturing process. The sandwich
structure in the present work consists of foam core material and carbon fire reinforced
epoxy face sheets, built from stacked uni-directional non-crimp fabrics (NCF). All sandwich
panels are manufactured using a vacuum infusion process. In contrast to traditional
sandwich structures, the face sheets are relatively thick compared to the core.
2.2

Non-crimp fabric (NCF) composites

Carbon fibre reinforced polymers (CFRP) have much higher stiffness and strength-toweight ratio than steel or aluminium. In addition, CFRP provides good fatigue properties,
corrosion resistance and high energy absorption capability [8]. More recent research has
also shown that standard carbon fibres can absorb ions and thereby store electrical energy
[9]. A major feature of CFRP composites is that the material is manufactured simultaneously
as the CFRF product. That allows designers to tailor the fibre content and orientation for
the desired properties in different areas of the component.
However, high performance composites are generally associated with high costs both for
the constituent materials and for manufacturing. High performance composite are made
from unidirectional pre-impregnated tapes (prepreg). In such composites the fibres are held
together by a semi cured resin [10]. Although the prepreg have excellent mechanical
properties, it is associated with high cost manufacturing and storing. Other composites are
made from reinforcements that are stitched, woven or braided where the textile techniques
are used to hold the dry fibres in place [11]. A solid composite material is made by infusing
a liquid resin into the textile preform. The present thesis is focused on a special type of
textile preform called non-crimp fabric (NCF).
In NCF composites, the fibres are held together by a thread whereas the fibre tows can be
stacked on top of each other to create a fabric with desired material properties. A schematic
of a NCF fabric process is shown in Figure 6. The present work consists of uni-directional
NCF fabric stitched by a glass/polyamide yarn as shown in Figure 7. This material has been
thoroughly characterized by Bru et al. [12], in terms of mechanical and fracture properties.

Damage tolerance of impacted composite sandwich structures
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Figure 6. Schematic of Non-crimp fabric (NCF) from [13]

Figure 7. Uni-weave NCF fabric
2.3

Foam core materials

The core material is a fundament of composite sandwich structures. Primarily the core
material carry shear stresses and out-of-plane compressive loads. A core material should be
strong enough to withstand crushing or impact loads and bond the two face-sheets
together, without adding much to the total weight. The two most common core material
types for aerospace applications are honeycomb and cellular foams. The focus of this thesis
is on the latter.
In terms of properties, cellular foams have high thermal insulation and damping properties.
In addition, the closed cell structure of foam material offer good resistance to the
penetration of fluids. Therefore foam materials are often preferred in marine and aerospace
applications. Polymer foams come in a variety of densities, thicknesses and cell sizes. For
one foam material type the properties vary with density and the selection is typically based
on strength and stiffness requirements. A microscopy images of two different cellular foam
materials i.e. Rohacell 200 Hero and Divinycell H60 are shown in Figure 8. Both materials
represent common classes of closed cell structural foams but have different density and cell
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size. A foam with smaller cells will typically have a lower resin uptake, which is important
for keeping the weight down.
The Rohacell 200 Hero foam material was used as core material in the sandwich materials
investigated in this thesis. It consists of a polymethacrylimide (PMI) and is a core material
used in aerospace applications[14]. More details about the mechanical properties of
Rohacell 200 Hero material are reported in [15].

Figure 8. Microscopy of Rohacell 200 Hero (left) and Divinycell H60 foam material (right)
2.3.1 Compressive properties of foam material
For a correct design of sandwich structures especially in this new application, a thorough
understanding about the mechanical properties of the core material is essential. The
microstructure, failure mechanisms, mechanics and general behavior of foams are
thoroughly described in the literature [16–19]. A key parameter of a sandwich core material
is its out-of-plane compressive properties, as it needs to carry transverse forces and shear
stresses. Accurate determination of these properties and understanding the compressive
response is crucial for design and analysis of sandwich structures, especially for the impact
response [20–23].

Figure 9. A typical compressive engineering stress vs. engineering strain curve for a
structural polymer foam
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A typical compressive response of these foams can be divided into three distinct regions,
i.e. an initial elastic regime, a following crushing regime and a final densification regime, as
shown in Figure 9. The elastic response remain up till the yield point, after which crushing
is initiated and progresses at a relatively constant stress level due to buckling and collapse
of the cell walls. When the majority of the cells are collapsed, the crushed foam material
starts to pack and thereby results in increasing compressive stress in the densification
region.
Compression tests of foam materials are generally performed according to the ASTM
D1621 [24] and ASTM C365/365M standard [25] (equivalent to ISO-844). The ASTM
D1621 test method is aimed at general characterization of the compressive properties of
rigid cellular materials, whereas the ASTM C365 test method is used for determining the
compressive strength and modulus of sandwich core materials. According to the test
standard, the specimen should be placed between two loading plates that apply an out-ofplane compressive load to the specimen. The compressive strain is obtained by recording
the displacement of the load plates.
It was noticed that these standardized test methods give significantly different results for
compressive modulus estimations, and that these standards to date lacked adequate
instructions on how the strain should be measured and what specimen size should be used.
This potentially also leads to a significant misunderstanding among researchers, who have
reported different compressive modulus of the same foam material, e.g. Rohacell 51WF
[23,26–28]. An erroneous estimation of such properties could lead to a significant mismatch
between results from numerical simulations and the physical response in experiments and
real applications.
A thorough experimental and numerical study is performed in Paper A on compressive
characterization of foams. Three different closed cell foam materials with difference
densities and cell sizes are tested under uni-axial compression and the strains are measured
with two different methods. A thorough experimental and numerical study is also
performed to study the effect of specimen size onto the estimation of compressive
properties of foam material. The current version of the test standard does not provide
recommendations on the specimen size. The results show that strains should be measured
only on the specimen itself and not include the interfaces with the load plates, and that the
in-plane specimen size measures should not exceed the height of the specimen.
2.3.2 Digital speckle photography (DSP) analysis
Digital speckle photography (DSP) provides more detailed readings of the strains than
extensometers since it offers full field measurements. In this method pairs of digital images
captured by a charged coupled device (CCD) are compared as the deformation evolves [29].
A speckle pattern is carefully applied onto the observed area allowing the DSP software to
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track the images precisely and extract displacement and stain data. An illustration of a 2D
DSP system is shown in Figure 10.

White light
source

o

90

CCD
Camera

Speckled sample

Loading

Figure 10. A typical 2D digital speckle photography setup
In Paper A, a detailed DSP study is performed, using the DSP system ARAMIS from GOM
GmbH, in order to obtain the compressive strains and to plot the strain maps for better
understanding of the differences in test methodologies. One such illustration is shown in
Figure 11, where the strain mapping from the DSP analysis highlights the localized higher
strains near the loading plates.
More details about the DSP analysis for different specimen types can be found in Paper A.

Figure 11. Strain map from DSP analysis showing localized higher strains near the loading
plates (from paper A)
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3 Damage resistance
3.1

Low-velocity impact

Damage resistance is defined as the ability of a structure to resist the initiation and/or
growth of damage [30]. Impact tests are generally used to screen composite sandwich
material for damage resistance, in terms of the resulting failure mechanism and damage size.
A thorough knowledge of the impact damage resistance properties of composite sandwich
structures is essential for material selection and product development. In the aerospace
industry, both federal organizations and aircraft airworthiness’s departments require impact
tests to be performed for a specific material configuration and for the possible impact threat
at hand [5].
There exists both ASTM1 and ISO2 test standards related to the impact damage resistance
testing on rigid plastics (composites). An ISO test standard, ISO 7765 [31], specifies
methods for impact testing of thin sheets, < 1mm, of laminates. The test method involves
dropping an impact mass from a specified height and varying the mass of the impact
according to the observed failure mode. Another ISO test standard, ISO 6603-1 [32],
specifies a method for impact testing of composite laminate with thickness in the range of
1-4 mm. It is a non-instrumented test method and based on an energy criterion, where the
energy is incremented uniformly by varying the impact mass or falling height until 50% of
the tested specimens fail. An improved version of this standard is ISO 6603-2 [33] which
uses a falling dart technique in which the impact resistance properties are measured from
the estimation of force and deflection response during impact in addition to the recording
of impact velocity. The ASTM D7766 [34] is specifically developed for impact damage
resistance testing of sandwich constructions. This standard originates from the previous
two standards, i.e. ASTM D7136 [35] and ASTM D6264 [36], which are solely based on
impact testing of composite laminates. In D7766, the sandwich structure should be placed
upon a rigid base with a circular opening and subjected to an out-of-plane impact loading
using a drop weight test rig.
In general, free-fall drop weight impact test rigs are used to assess the damage resistance of
composite structure subjected to low-velocity impact damage [37–39]. A schematic of a
drop weight test setup is shown in Figure 12. Earlier drop weight rigs only used impact
energy as a mean to characterize the impact damage and for subsequent damage tolerance
1
2

American Society for Testing and Materials.
International Organization for Standardization.
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assessment. However later research indicates that a fully instrumented drop weight rig can
provide much more insight into the damage process and failure mechanisms [39–41]. The
most common types of drop rigs contains either a freefall or a guided mechanism for
producing the impact, where the latter is preferable as the impact event is more controlled
and the results are more repeatable.
Impact damage resistance properties generated by drop weight impact testing are dependent
on several factors including specimen geometry, composite layup, impactor mass and force,
boundary conditions and impactor geometry. Some examples of common types of
impactors are shown in Figure 13. The choice of impactor geometry depends on the damage
resistance characteristics under examination for the known impact threat. The most
common type of impactor used by researchers [38,40,42] for low velocity impact testing is
the one with a hemispherical head, as shown in Figure 13b. Such type of impactor geometry
is also proposed by both ASTM and ISO test standards [32,33,35,36]. A sharp impactor
shape such as with a conical head, shown in Figure 13c, is normally used for high velocity
impact. An impactor commonly consists of an impactor tup, made of hardened steel in
order to resist deformation, attached to a cylindrical rod. The cylindrical rod pushes the
impactor onto the specimen and connects the impactor tup with the rest of the impactor
mass. Usually a load cell or strain gauge is attached to the cylindrical rod in order to capture
the load response directly from the impactor tup.

Impactor

Load cell

DAQ

Figure 12. Schematic of a drop weight rig test setup
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(e)

Figure 13. Common impactor types
An instrumented drop weight rig records the complete force versus time impact response
during the impact event. However, the true impact response is not easy to extract as it is
often adulterated by oscillations, such as low frequency vibrations and high frequency noise
[41–43] originating from the drop rig test setup. An example of an impact response is shown
in Figure 14. The unwanted oscillations can overshadow the true impact response and thus
prevent identification of different failure mechanisms, e.g. first ply failure, core crushing,
fibre breakage and peak contact load. In addition, this will pose a challenge to correlate
numerical models and thus lead to a mismatch between numerical and experimental results
[44]. A classical approach to overcome this problem is to use artificial filtering techniques,
but that could potentially also affect parts of the signal content that is part of the true impact
response [43,45].

Figure 14. An example of an oscillating force-time response
A new improved design approach for an instrumented, low velocity impact drop weight rig
(DWR) is presented in Paper B, in order to address the problems with many existing drop
weight rigs. The idea with the new design is to separate the impactor from the rest of the
rig throughout the impact event. By doing so, the unwanted vibrations and frequency
excitations will not transfer to the load cell attached to the impactor. Figure 15 shows
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oscillation free impact curves from a monolithic and a sandwich specimen, where subtle
details of the impact response are visible.
A more detailed design, evaluation and testing of the proposed drop weight rig is presented
in Paper B.

Figure 15. Impact response of monolithic (left) and sandwich (right) specimens (from
paper B)
3.2

Impact damage characterization

An impact event is generally classified by the impactor to laminate mass ratio [46]. For a
low-velocity impact, the recommendation is to have an impactor mass 10 times greater than
the mass of the laminate [43]. In the aircraft industry, it is most common to use the barely
visible impact damage (BVID) level. According to the ISO standard [47], an impact damage
with a dent depth of 0.3 mm is regarded as BVID. Impact damage on aircraft may arise due
to runway debris, tool drop during service, accidental damage during maintenance or hail
or bird strikes. Some detailed review work by Abrate [48] followed by Chai et al. [49]
summarized the significant developments in the field of low velocity impact damage on
composite sandwich structures.
Unlike metals, composite materials do not deform plastically and are highly susceptible to
impact loads. Due to the brittle nature of fibre composite, the impact energy is typically
absorbed in the form of [15,48–50]:






Fibre/matrix damage;
Delamination between plies;
Fibre-matrix deboning;
Matric shear cracking;
Core crushing near the impact location
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An illustration of different possible impact damage modes for a typical composite sandwich
structure with a foam core is presented in Figure 16. Due to the localized nature of the
impact damage it is possible that it can remain undetected during routine inspections of an
aircraft but it may still have created a significant damage underneath the surface. An
example of an impact damage on an aerodynamic wing brake is shown in Figure 17. The
wing brake is made of carbon/epoxy face-sheets and Rohacell foam core. The impact
damage on the surface is classified as barely visible but has obviously produced substantial
damage underneath the point of impacted. Therefore, it is important to understand and
classify the impact damages and assess the damage tolerance already in the design stage [51].
Impact

Fibre breakage

Delamination
Crushed core

Matrix
shear crack

Face/core
debond

Shear crack

Figure 16. A schematic representation of a typical impact damage mode for composite
sandwich structure with foam core
The complex damage mechanism in a low velocity impact event is affected by the choice
of fibre and matrix, the ply stacking sequence and the face-sheet and core thicknesses
[52,53]. The impact response of composite sandwich structures is highly effected by
geometric parameters, i.e. the thicknesses [54], but not much work have been performed
on the impact response of sandwich panels with thick face sheets (in relation to the core
thickness). This study is thus important for the design of composite guide vanes since they
may have varying cross-section but constant face sheet thickness, resulting in a varying core
to face thickness ratio. Hopefully, scaling procedures can be utilized based on the produced
experimental results.

Figure 17. Low-velocity impact damage in an aerodynamic wing brake [55]
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In Paper C, a detailed experimental and numerical investigation of the impact response of
a foam based composite sandwich structure is performed for three different face
thicknesses. A range of impact energies are utilized in order to identify the low level damage
(LLD), barely visible impact damage (BVID) and visible impact damage (VID). Figure 18
shows the dent depth versus impact energy for three plate configurations. The results show
bilinear responses in dent depth vs. impact energy, where the knees of the bilinear lines to
a great extent coincides with the BVID energy level, i.e. corresponding to a dent depth of
0.3 mm. It thus appears that the BVID energy level, at least for the studied material
configuration, also works as an indicator for the onset of more excessive damage.

Figure 18. Impact energy vs. dent depth (from paper C)
In addition, a thorough fractography investigation is performed in Paper C to characterize
the impact damage using both destructive and non-destructive techniques, described more
in detail in the following sections.
3.3

Characterization methods

3.3.1 Ultrasonic inspection
The effect of impact damage through the thickness is performed using ultrasonic inspection
methods, both using through transmission (TTU) and a pulse-echo (PE) techniques. In
both cases the specimen is immersed in a water tank. The through transmission (TTU)
inspection provides information on the total damaged area (face-sheet and core damage
together) whereas the pulse-echo (PE) will provide the extent of the damage in the facesheet (delamination) only. A generic illustration of the inspection methods is presented in
Figure 19.
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Figure 19. illustration of an ultrasonic inspection (from paper C)
3.3.2 X-ray microtomography
For the purpose of detailing damage between different plies and other internal features Xray microtomography (XMT) can be used. XMT is a non-destructive, three-dimensional
imaging technique, which during the past 10-15 years has become a popular tool for
quantitative studies of various materials, including geological, biological, pharmaceutical
and engineering materials [56]. During a XMT scan, a large number of x-ray projection
images are captured at equal angles as the sample makes one full rotation. The principle is
illustrated in Figure 20. Based on the projection data, the full 3D-microstructure of the
sample is reconstructed using a tomographic software. From the acquired 3D data it is
possible to make a quantitative characterization of the internal features such as delamination
pattern, voids and cracks.
Detector

Specimen

X-ray source

Figure 20. The principle of X-ray microtomography
In the present thesis, the composite sandwich specimens were scanned using a Zeiss Xradia
510 Versa X-ray Microscopy. The imaging system provides flexibility with high resolution
(down to <0.7 µm spatial resolution and <70 nm achievable voxel) and high contrast
capabilities.

Moeen S. Rajput

22

3.3.3 Optical microscopy
A traditional optical microscopy is used to visualize the internal damage in 2D. This is a
destructive type of inspection, where the sample is first sectioned and then polished for
better visibility under the microscope. The cutting plane can be chosen based on the fibre
orientation. It is a quick and convenient way to characterize impact damage through the
thickness. An example is shown in Figure 21, where the sample is cut along one of the fibre
orientations.

Figure 21. Optical microscope image, (1) delamination (2) transverse cracking
In Paper C, all the above mentioned inspection techniques are used for impact damage
characterization. For-example, 3D illustrations of microscopy images are shown in Figure
22, illustrating the delamination growth and pattern through the thickness. It can be seen
that delaminations predominately grow parallel with the fibre orientation in each respective
ply. One delamination crack is highlighted in red for each of the S1 and S2 cases in Figure
22. Fibre breakage is also visible underneath the impact but further out, there are virtually
only delaminations. More thorough details about the fractography analysis for different
specimen configurations can be found in Paper C.

Figure 22. Impact damage under optical microscopy in 3D view (from paper C)
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4 Damage tolerance
Damage tolerance is defined as the ability of a damaged structure to maintain sufficient
residual strength after damage but before scheduled inspection and/or repair is made.
Damage tolerance of sandwich structures has different characteristics compared to
laminated composites. In addition to a typical damage in composites involving fibre/matrix
interface damage and delaminations, other damage modes including face-core debonding
and core crushing also needs to be considered for sandwich structures. An impact event
may cause a small damage to the face-sheet but could still significantly reduce the strength
of the component [48]. Hence, in order to obtain maximum potential from a sandwich
structure, it is essential to understand the damage tolerance and their subsequent postdamage failure mechanisms. That is important during the design process, in order to
develop robust damage tolerant structures, but also to reduce the in-service damages and
avoid frequent repair activities.
Low velocity impact damage on sandwich structures significantly reduce the tensile,
compressive, shear and bending strengths [48] and even a barely visible impact damage
(BVID) can considerably reduce the load bearing capability [57]. Such a small damage can
remain undetected during a normal inspection and therefore the aircraft industry performs
damage tolerance assessments to ensure that any accidental damage, fatigue or corrosion of
the structure does not hamper the residual strength of a component leading to ultimate
failure. There is still a lack of understanding of the damage tolerance and related failure
mechanisms of sandwich structure in aircraft components. According to the federal aviation
authority (FAA), the damage tolerance assessment should include [5]:




4.1

Identification of the structure to be assessed
Define loading conditions and damage extent
Perform experimental tests and analysis to verify the design goals
Produce data to ensure damage detection during routine inspection process
Damage tolerance test methodologies

Significant developments have been made on the damage tolerance testing methodology
for laminated composites where ASTM D7137 [58] is a commonly used test standard for
compressive residual strength estimation of damaged polymer matrix composite plates.
However, there is a lack of standardized damage tolerance test methods for composite
sandwich structures. Although there exists a separate ASTM D7766 test standard for
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damage resistance testing of sandwich composites [34] the extension of the test method
towards damage tolerance assessment is still missing.
4.1.1 Edgewise compression-after-impact
Edgewise compression-after-impact of sandwich specimens (CAI-SW) is the most
commonly used test procedure for damage tolerance assessment of sandwich structures.
The test method follows the edgewise compression test standard for laminated composite
plates, i.e. ASTM D7137 [58]. The specimens’ (short) edges are aligned with the
compression plates in order to avoid uneven load introduction and bending of the
specimens. The free edges of the specimens are supported in order to avoid buckling of the
sample prior to compression failure.
Although this test method of calculating the residual strength is suitable for laminated
composites it has several issues with sandwich structures. First, compressing the sandwich
in this way does not provide the true residual strength of the impacted face-sheet. Since the
whole sandwich cross-section is under compression a part of the compressive load is
bypassed through the undamaged face-sheet. This may lead to overestimation of the
residual strength of the impacted face-sheet. In Paper D, a new method for measuring the
residual strength of impacted face-sheets is presented. The method is called CAI-single skin
(CAI-SS), where the core and undamaged face-sheet are removed at the loaded edges and
only the impacted face-sheet is subjected to compression during the test. An illustration of
the test method is shown in Figure 23. In addition to this, being thicker in cross-section
compared to the laminated composites, CAI-SW specimens need to be precisely machined
with fine tolerances in order to avoid uneven stress distribution in the loaded surface.

Figure 23. Typical sandwich compression (CAI-SW) using ASTM D7137 (left) compared
to a CAI-single skin (CAI-SS) test method (right) (from paper D)
A concern with using ASTM D7137 for CAI-SW specimens is that it might not be necessary
to support the unloaded edges against buckling, since the sandwich specimen typically is
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much thicker in cross-section and the core material and back face-sheet prevent buckling.
There is however a potential problem of local end crushing of the loaded edges and thus
the sandwich specimen might need end-tabs.
4.1.2 Bending-after-impact
Another test method for assessment of the damage tolerance of sandwich structures is the
four-point bending test, shown in Figure 24. Here the impacted side of the specimens is
placed so that it is subjected to compression during bending. Typically the test procedure
follows the ASTM D5467 test standard [59]. In this method there is no need for precise
machining and ultimate failure may be achieved at lower applied force, allowing for use of
a lower capacity load machine. However, in order to avoid shear failure of the core material,
prior to compression failure in the face-sheet, thorough design of the specimens is required.
In the case of thick and very strong face-sheets long specimens are needed.

Figure 24. Bending-after-impact test method (from paper D)
In Paper D different test methodologies for damage tolerance testing of composite
sandwich structures for both symmetric and asymmetric specimen configurations are
investigated and compared.

Figure 25. Normalised CAI-SS strength versus impact energy (a linear trend-line is added
for the discussion) (from paper D)
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The three identified impact energy levels, i.e. LLD, BVID and VID are particularly
investigated. A normalised residual strength versus impact energy graph is presented in
Figure 25 for symmetric plate configurations. Each specimen configuration is normalised
by its reference (non-impacted) specimen strength. It is seen that a linear trend-curve
provides a fair indication of the residual strength for all tested configurations and impact
energies. More details about the comparison of test methods are presented in Paper D.
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5 Finite element modelling
The development of more powerful computers and the enhanced use of numerical methods
provide new possibilities for structural analysis. The use of FE software enables detailed
solutions of complex engineering problems at reasonable computing time. FE modeling is
used extensively to predict the impact response of composite sandwich structures and to
conduct different sensitivity studies in order to reduce cost and time for the designing
processes [44,60,61]. Due to the complicated damage mechanisms involved in composite
sandwich structures, several failure criteria need to be considered to simulate a particular
damage threat.
In a composite material, failure usually occurs progressively and it is therefore important to
incorporate a failure model that can simulate the addressed failure mechanisms realistically.
One commonly used criterion for intra-laminar failure is the Hashin’s criterion [62,63],
where different failure modes can be distinguished by different criteria. In order to model
the inter-laminar damage, i.e. delamination between plies, cohesive zone modeling
techniques are commonly used [60,64].
In Paper C, a finite element model for simulating the LVI response of the composite
sandwich structure is presented. The face-sheets are modeled as linear elastic using Hashin’s
damage initiation criterion to catch intra-laminar damage, whereas cohesive zone modeling
is used to model inter-laminar damage i.e. delamination. Face-sheets are modeled with
continuum shell elements, and the core material is modeled with 3D stress elements. A
crushable foam material model is used to model the hardening response during crushing of
the core material. In Paper C, finite element models are presented for different face-sheet
thicknesses and both the impact response and damage extent from the experiments are
compared with results from these FE models. The numerical model predicts the impact
response well and provides reasonably good representations of several damage
mechanisms, e.g. core crushing and fibre damage at peak contact load. The extent of
delaminations and failure mode shifts for the different configurations are also well captured
by the numerical simulations.
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Figure 26. LVI and post impact FE model (from paper D)
An extension of the LVI FE model is developed and presented in Paper D where the
compression after impact is simulated and the results are compared with the experimental
damage tolerance study for different face-sheet configurations and test methods. A LVI
and post impact FE meshed model is shown in Figure 26. The numerical model predicts
both the post impact strength and the failure modes with good accuracy. The model also
predicts the by-pass load effect well for the CAI-SW specimens and verifies the proposed
analytical expression for the by-pass load estimates. The FE simulations show that damage
growth occurs just before failure, resulting in fibre damage and delaminations that
propagate across the width of the specimen, perpendicular to the loading direction, as
shown in Figure 27.
More details about the FE modelling can be found in Papers C and D.

Figure 27. (a) Delamination extent in CAI-SS specimens after low velocity impact (in
yellow) and after post impact simulation (in red) (b) Fibre failure after post impact
simulation (in red) (from paper D)
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6 Contribution to the field
The contribution of the thesis can be summarized as follows:
1. A comprehensive experimental and numerical study on the assessment of test
procedure for compression of structural foam material is performed.
a. Corrections of test procedures for compressive properties of foam materials
are suggested, including:
i. Recommendations for appropriate measurements of strains are given.
ii. Recommendations for test specimen size for the estimation of true
compressive properties.
b. The study may help core material manufacturing companies to align reported
compressive properties of their products to avoid confusion among
researchers and end users.
c. The study indicates that current test standards for estimating compressive
properties of foam materials need revision.
d. The experimental observations and phenomenological conclusions made are
backed with both stochastic amorphous and homogenized finite element
models.
2. A novel drop-weight test rig (DWR) for low-velocity impact testing of composite
and sandwich materials is presented.
a. An accepted Swedish patent exists on the design of current DWR.
b. The test rig captures the true impact response without noise from vibrations
in the test setup.
c. A novel catch mechanism is implemented in the DWR to prevent secondary
impact.
d. The design of the DWR is simple and could be implemented in existing rigs.
e. Analytical expressions derived for the uncertainty analysis can be of general
use for any type of DWR testing.
3. A comprehensive experimental and numerical study on the low-velocity impact
response of composite sandwich plate is presented.
a. The effect of face-sheet thickness on the impact response is clarified.
b. Bilinear responses in dent depth vs. impact energy and absorbed energy vs.
impact energy are identified.
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c. Damage mechanisms at different energy levels are identified and a shift in
damage progression with face-sheet thicknesses is highlighted.
d. A numerical finite element model is developed for simulation of the impact
response, incorporating material models for intra-laminar and inter-laminar
damage, and crushable foam.
4. The damage tolerance of composite sandwich structure is assessed.
a. The effect of face-sheet thickness on the residual strength is identified.
b. Three different post impact compressive test methods are investigated and
the results are compared.
c. The study can serve as a guideline for the establishment of a test standard for
damage tolerance of composite sandwich materials.
d. The aforementioned finite element model is further developed to simulate
the residual strength of the different sandwich configurations.
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7 Summary of appended papers
Paper A
A numerical and experimental assessment of the test procedure for compression of
structural foam materials is presented. Unclear instructions on how to measure the strains
and what specimen size to use motivates this work. An extensive experimental study is
performed on estimation of out-of-plane compressive properties using three different
closed cell foam materials. It is observed that the differences in the positioning of the
extensometer give different results. Digital image correlation technique is used to highlight
these differences. In addition, a parametric study is performed to study the effect of
specimen in-plane size on the measurements of compressive modulus. Both homogenized
and amorphous finite element models are used to support the experimental observations.
 Digital image correlation confirms that the strains should be measured on the
specimen at some distance from the load plates in order to avoid high localized
strains at the loaded introductions.
 Both experiments and finite element models show that the in-plane specimen size
significantly affects the measurements of the compressive modulus.
 Due to friction at the loaded boundaries, too large in-plane size (with respect to the
thickness) can shift the loading conditions from plane stress towards plane strain.
 The study shows that the in-plane specimen size should not exceed to the height of
the specimen.
 The paper suggests that the current (2018) versions of the ASTM standards D1621
and C365 would benefit from some revisions.
Paper B
A new low-velocity impact, drop-weight test rig (DWR) intended to capture the true impact
response is developed and presented. A novel design approach is used to prevent unwanted
mechanical noise from the test rig from disturbing the load measurements. Both laminated
composite and sandwich materials are used to verify the accuracy of the DWR
measurements at different energy levels. A detailed evaluation is also performed, both in
terms of experimental, modal and uncertainty analysis.
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 The DWR successfully capture the true impact response without adulteration by
noise and resonance excitations.
 A novel catch mechanism is able to prevent secondary impact.
 It is possible to capture the key features in the load time impact response, such as
ply failure, core crushing and fibre damage.
 Analytical expressions are derived for an uncertainty analysis, taking different types
of uncertainties into account in the measured parameters, in order to estimate the
confidence of the rig.
 The DWR results are repetitive and have small measurement errors.
 The DWR design is possible to implement in existing drop rigs and the general
uncertainty relations can be used for any other type of DWR’s for the estimation of
errors in the measured results.
Paper C
An experimental and numerical study on the low-velocity impact response of composite
sandwich plates with different face-sheet thicknesses is presented. A range on impact
energies is scanned in order to identify the low level damage (LLD), barely visible impact
damage (BVID) and visible impact damage (VID). A detailed fractography study is
performed to investigate the impact damage. The damage from the impact in terms of dent
depth, contact force, deflection and absorbed energy is measured. In addition, a finite
element model is developed to simulate the impact response and predict the delamination
extent.
 Regardless of the face-sheet thickness, the BVID level serves as a fair indication of
excessive onset of damage.
 The destructive investigation reveals that there is a failure mode shift from in-plane
towards more through thickness damage.
 An X-ray micro-tomography study shows that the delaminations grow along the
fibre orientation resulting in a spiral pattern through the thickness.
 The finite element model predicts the impact response very well along with the
delamination extent.
Paper D
This paper is in parts a continuation of Paper C, where the impacted specimen
configurations are subjected to damage tolerance assessment. In addition to the study of
the effect of face-sheet thickness on the residual strength estimations for different energy
levels, a detailed experimental evaluation of damage tolerance test methods is also
presented. Three different test setups are used, i.e. edge wise compression of sandwich
(CAI-SW), edge wise compression of impacted face-sheet alone (CAI-SS) and four point
bending after impact (BAI). Both symmetric and asymmetric specimen configurations are
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investigated. The finite element model developed in Paper C is further extended to simulate
the compression after impact studies.
 Residual strength of the impacted specimens decreases with increasing impact
severity. However, all specimens fail at around 0.6% strain regardless of the facesheet thickness.
 A normalized residual strength plot for all three face-sheet thicknesses shows a linear
decrease in residual strength with increasing impact energy.
 The back (intact) face-sheet of the specimens does not affect the residual strength
results from the CAI-SS tests.
 A comparison of the CAI-SW and CAI-SS test methods shows that CAI-SW
overestimates the residual strength due to the bypass load effect through the intact
face-sheet.
 A comparison of the CAI-SS and BAI test methods shows that both methods
estimate the same residual strength and that the BAI test method is also an adequate
option for damage tolerance assessment. However, quite long specimens are
required.
 The CAI-SS finite element model predicts the residual strengths with good accuracy
and the CAI-SW FE model verified some of the experimental observations.
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8 Future work
The work performed in this thesis is primarily based on flat sandwich panels. However, the
application is a guide vane geometry which has a curvature. Therefore a natural continuation
is to apply the knowledge gained in this thesis to curved geometries and compare both the
impact response and damage tolerance behavior for such. However, the developed finite
element models in Paper C and Paper D can be utilized first, to study curved geometries
and perform various parametric studies. In additions a limited number of experiments can
also be performed to verify the numerical models. Further improvement can be made in
the numerical models by incorporating advanced failure models. Another advancement is
to study the impact under fatigue loading, since the guide vanes are highly susceptible to
cyclic loads during the aircraft flight operations. The impact response and damage tolerance
assessment for different face-sheet configurations can be further used for design and sizing
of a real guide vanes. Finally, the gained experimental and numerical knowledge can be used
to test a real composite guide vane structure and assess the damage tolerance for a given
impact scenario.
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