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Abstract
Sandwich composite structures are widely used for various weight critical applications by many
industries due to their long list of advantages including high stiffness and strength to weight ratios,
prolonged fatigue life, good thermal and acoustic insulation, high energy absorption capacity and lack of
corrosion. One of the most experienced damage modes of sandwich composite structures is face/core
debonding (or disbonding), which can be introduced during the manufacturing process or during the
maintenance or service. Propagation of disbonds under fatigue loading may lead to complete loss of load
carrying capacity of the sandwich structure and consequent catastrophic failure. The assessment of the
criticality of disbond damage in sandwich structures is therefore crucial for the further expansion of
sandwich structure applications. This PhD thesis facilitates the damage tolerance evaluation of sandwich
composite structures by explaining the behaviour of disbond damage more accurately.
Disbond fracture in foam core sandwich composites at low temperature was initially studied. The
effects of low temperature on disbond fracture toughness and disbond propagation rate at different modemixities were investigated. Mixed mode static and fatigue test series were conducted at different
temperatures using Mixed Mode Bending (MMB) sandwich specimens. This study provides input on
disbond fracture of foam core sandwich composites; however, the input was not used through the further
studies of this PhD project. The numerical and experimental studies of disbond damage in honeycomb
core sandwich composites with different levels of the load and geometry complexity were later set as the
primary focus of this PhD project.
Primarily, the focus was laid on development of a mature disbond fracture analysis tool to make the
disbond fracture of sandwich composites more predictable at different levels of the load and geometry
complexity. First of all, the numerical determination of energy release rate and mode-mixity for a disbond
fracture in honeycomb core sandwich composite was carried out using a two-dimensional (2D) fracture
based model. The numerical model was validated against Single Cantilever Beam (SCB) specimen tests
and verified against a closed-form semi-analytical model. The results showed an agreement. An extensive
sensitivity analysis was also carried out and the effects of the geometry and the material properties of
the SCB specimen on the energy release rate and mode-mixity have been investigated. In order to
raise the level of confidence, the 2D model was validated further against Sandwich Tearing Test
(STT) specimen tests with a propagating face/core interface crack yielding varying mode-mixities.
The numerical results agreed well with the measured values as well as the results reported in the
literature. The 2D model was also extended to fatigue loading using the experimentally measured
mixed mode Paris law, and was validated against STT fatigue experiments. The numerical predictions
and experimental results agreed well, and increased the confidence in the analysis of disbond
fractures.

Further extension of the numerical model to three-dimensional (3D) geometry with complex fatigue
loading was eventually carried out. A fracture based 3D model of unvented sandwich panels with
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arbitrarily shaped disbond was developed using the sub-modeling technique. The 3D model was
benchmarked against the results reported in two earlier numerical and experimental studies. An extensive
parametric study was conducted using the 3D model to investigate the effects of different geometry and
loading parameters on the energy release rate and mode-mixity along the disbond front as well as the
pattern and speed of the fatigue disbond propagation. The analysis tool developed in this study contributes
to the development of design and maintenance guidelines for sandwich composites structure.
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Synopsis
Sandwich kompositstrukturer bruges i vid udstrækning til forskellige vægtkritiske anvendelser i
mange brancher på grund af deres lange liste over fordele, herunder høj stivhed og styrke forhold til
vægt, øget udmattelsesegenskaber, god termisk og akustisk isolering, høj energiabsorptionskapacitet
og manglende korrosion. En af de mest udbredte skadesformer indenfor sandwich-kompositstrukturer
er revnevækst mellem dæklag og kernelag, som kan opstå under fremstillingsprocessen,
vedligeholdelse eller service. Revnevæksten under cykliskbelastning kan medføre fuldstændig tab af
den lastbærende kapacitet af sandwichstrukturen og resulter i katastrofal svigt. Vurdering af hvor
kritisk en skade er i en sandwichstruktur er derfor afgørende for yderligere udvidelse af applikationer
for sandwichstruktur. Målet med denne PhD-afhandling er at forberede kvaliteten af evaluering af
skadestolerancen af sandwich kompositstrukturer ved at studere og forklare udviklingen af
revnevæksten mere præcist.
Revnevækst i sandwichkompositter med skumkerne ved lav temperatur er tidligere blevet undersøgt.
Effekten af lav temperatur på brudsejhed og revneudbredelseshastighed ved forskellige mixed modes
blev undersøgt. Statiske og dynamisk mixed mode test blev udført ved forskellige temperaturer ved
brug af Mixed Mode Bending (MMB) sandwich-testemner. Denne undersøgelse giver informationer
om revnevækst i sandwichkompositter med skumkerne. Disse informationerne blev dog ikke brugt
videre i dette PhD-projekt. Numeriske og eksperimentelle undersøgelser af revnevækst i
sandwichkompositter med honeycomb-kerne med forskellige niveauer af belastning og ændrende
kompleksitet i geometri, blev senere sat som det primære fokus for dette PhD-projekt.
Det primære fokus blev lagt på udvikling og modning af et analyseværktøj til undersøgelse af
revnevækst i sandwichkompositter ved forskellige belastningsniveauer og geometrikompleksitet.
Først og fremmest blev numerisk bestemmelse af energy release rate og mode-mixity for revnevækst
i sandwichkomposit med honeycombkerne udført ved brug af en todimensionel (2D) brudbaseret
model. Den numeriske model blev testet mod en Single Cantilever Beam (SCB) test og en semianalytisk model hvor resultaterne viste god overensstemmelse. En omfattende følsomhedsanalyse
blev udført, og virkningerne af geometrien samt materialegenskaberne af SCB-prøven på
revneudbredelseshastigheden og mode-mixity er undersøgt. For at øge fortrolighedsniveauet blev 2Dmodellen valideret yderligere mod Sandwich Tearing Test (STT) testemne med en voksende interface
revne mellem dæklag og kerne, hvilket føre til varierende mode-mixity. De numeriske resultater
stemte godt overens med de målte værdier såvel som de resultater, der er blevet rapporteret i
litteraturen. 2D-modellen blev også udvidet til udmatningslast ved anvendelse af den eksperimentelt
målte mode-mixity Paris-lov og blev valideret mod dynamisk STT-test. De numeriske og
eksperimentelle resultater viste god overensstemmelse og øgede fortroligheden til analyse af
revnevækst i sandwichkompositter.
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Yderligere udvidelse af den numeriske model til tredimensionel (3D) geometri med kompleks
udmatningslast blev udført. En brudbaseret 3D-model af ikke ventileret sandwichpaneler med
vilkårlig revnefordeling blev udviklet ved hjælp af submodelleringsteknik. 3D-modellen blev
valideret mod resultaterne rapporteret i to tidligere numeriske og eksperimentelle undersøgelser. En
omfattende parameterundersøgelse blev udført ved hjælp af 3D-modellen for at undersøge
virkningerne af forskellige geometrier og belastningsparametre på energy release rate og mode-mixity
langs revnefronten samt mønster og hastighed af revneudbredelsen under dynamisk belastning.
Analyseværktøjet udviklet i dette studie bidrager til udvikling af design og
vedligeholdelsesretningslinjer for sandwichstruktur.
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Chapter 1.

Introduction

1.1 Background
Sandwich composite structures have been extensively used in a wide range of industries, such as
aerospace, maritime, renewable energy, automotive and many more weight critical applications.
Sandwich composite structures share the monolithic composite materials’ advantages such as
prolonged fatigue life, minimization of maintenance, good thermal insulation, high energy absorption
capacity and lack of corrosion, while their stiffness and strength to weight ratios are basically higher
than monolithic composite materials. A typical sandwich consists of a thick core which is bonded to
two thin face sheets from top and bottom using two adhesive layers. In a sandwich composite beam,
the face sheets accommodate the axial and bending loads and the core supports the transverse shear
load and prevents the buckling of face sheets.

Figure 1: Sandwich composite applications in various industries.
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Mostly the face sheets are made of laminate composite materials, such as Carbon Fiber Reinforced
Polymer (CFRP) and Glass Fiber Reinforced Polymer (GFRP), while various types of core are
available, such as honeycomb, cellular foams, balsa and corrugated. The selection of the material
configuration for the sandwich composites depends on the application. Figure 1 shows various
applications of sandwich composites in different industries. Sandwich composites with honeycomb
core and CFRP face sheets are the most common configurations in aircraft industries due to their very
high strength to weight ratio, while sandwich composites with balsa or foam core and GFRP face
sheets are widely used as a cheaper alternative by naval and wind industries.
Basically, there are different failure modes associated with sandwich composites due to the high
mismatch between the mechanical properties of the core and face sheets. Common failure modes in
sandwich structures listed by Zenkert [1] are: face sheet tension failure, face sheet compression
failure, local wrinkling instability, face sheet delamination failure, global buckling, core shear failure,
core indentation and face/core debonding or “disbonding”. The latter failure mode is one of the most
experienced damage modes which is known as disbonding in aviation and aerospace industries and
referred to as debonding in naval and wind industries. Disbonds can be introduced during the
manufacturing process as a result of poor resin flow or during the maintenance or service due to
accidental overloads, impacts or sun blister. The initial disbond can be propagated under fatigue
loading and lead to complete loss of load carrying capacity of the sandwich structure through buckling
(local buckling of the disbonded face sheet), kinking (triggering through the thickness shear failure)
or separation (rapid crack propagation in the face/core interface). Such failure mode, therefore,
compromises fatigue resistance of the sandwich structure and can lead to loss of structural integrity
of the whole sandwich component. Thus, an accurate assessment of the criticality of disbond damage
in sandwich structures is crucial for the further expansion of sandwich structure applications. The
Airbus A310-300 incident on March 2005 due to rudder disbond failure during the flight [2] (see
Figure 2), failure of the liquid hydrogen tank of the X-33 space vehicle during protoflight testing at
NASA Marshall Space Flight Center [3], and few other incidents triggered an extensive research on
disbond fracture in sandwich composites.

Figure 2: Airbus A310-300 rudder failure.
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1.2 Objectives and achievements
Disbonding of the face/core interface is a typical failure mode of sandwich composite structures. Such
failure mode compromises fatigue resistance of the sandwich structure and can lead to loss of
structural integrity of the sandwich component [2, 3]. The certification authorities are therefore
interested in a fracture mechanics based tool capable of accurately predicting the initiation and
propagation of disbond fractures in sandwich composite structures. Such tool enables the authorities
to develop guidelines and requirements for quality assurance, inspection plans and maintenance of
sandwich composite structures using the damage tolerance evaluation. Such guidelines increase the
Technology Readiness Level (TRL) and expand the adoption of sandwich composite based solutions
by industries.

Figure 3: Building block approach.

A bottom-up approach, also known as building-block approach, can be employed to make the disbond
fracture of sandwich composites a predictable failure, see Figure 3. At the bottom of the pyramid,
which is known as “coupon level”, the aim is to experimentally measure the interface fracture
toughness (using static testing) and disbond growth rate (using fatigue testing) at different modemixities and temperatures. Such database is used in the higher level, known as “sub-structural level”,
as input to the analysis of specimens with more complex loading and geometry, where the modemixity and subsequently the fracture toughness varies during the tests. Sub-structural tests are
typically employed to challenge the predicting ability of simulations through validation of numerical
results. In the next level called “structural level” the aim is to increase the complexity of the loading
scenario as well as the three-dimensional geometry towards the in-service component. Disbonded
panels subjected to Ground-Air-Ground (GAG) loading, in-plane compression, or the combination of
them are of typical structural level specimens. Since the complexity and cost of testing highly increase
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at this level, a limited series of testing can be conducted to validate the simulations. On top of the
pyramid in the “component level” very few testing can be carried out, and the aim is to perform robust
complex analyses of disbond failure in industry components using the level-by-level developed
numerical models. The major objective of this Thesis is to develop a mature disbond fracture analysis
tool by starting from the coupon level and climbing the building block pyramid towards the structural
level.
The initial study carried out in this PhD project is the experimental characterization of mixed mode
disbond fracture in foam core sandwich composites at low temperature. The effect of low temperature
on fracture toughness and disbond propagation rate at different mode-mixities was investigated. This
study provides input on disbond fracture of foam core sandwich composites at the coupon level;
however, the input was not used through the higher levels in this PhD project. This part of the work
was supported by the Office of Naval Research (ONR) and resulted in one journal article (Paper-1).
The major objective of this thesis is to develop a mature disbond fracture analysis tool by starting
from the coupon level and climbing the building block pyramid towards the structural level. Twodimensional (2D) fracture based numerical models of coupon level specimens were developed to
determine the energy release rate and mode-mixity of disbond fracture in honeycomb core sandwich
specimens. The numerical model was verified against a semi-analytical model and validated against
the experimental results of coupon level specimens. Mixed mode coupon level fatigue testing of
honeycomb core sandwich specimens was carried out. The 2D fracture based model was then
extended to fatigue loading. Mixed mode sub-structural level static and fatigue testing of honeycomb
core sandwich specimens were conducted and the experimental results were used to validate the
fatigue and static models. The models were extended to disbonded panels with complex loading
(GAG and in-plane compression) and three-dimensional (3D) geometry to undertake fracture analysis
in structural level in both static and fatigue. This part of the work was supported by AIRBUS and the
European Aviation Safety Agency (EASA) and resulted in three journal articles (Paper-2, Paper-3
and Paper-4).

1.3 Thesis outline
The summary thesis presented here is based on four journal articles and comprises the following:
Chapter 1: Brief introduction of sandwich composite material and its different failure modes, project
objectives, a summary of the undertaken approach, achievements of the project and thesis outline.
Chapter 2: Brief introduction of fracture mechanics of interfaces, introduction to the numerical modemixity method CSDE, an overview of various disbond fracture test methods and introduction to the
Cycle Jump technique to accelerate the fatigue analyses.
Chapter 3: Summary of the experimental study of low temperature disbond fractures in foam core
sandwich composites based on Paper-1.
Chapter 4: Summary of the numerical and experimental study of disbond fracture in honeycomb core
sandwich beams based on Paper-2 and Paper-3. This includes 2D static analysis of disbonded
4

honeycomb core sandwich specimens, verification and validation of the static model at coupon level,
sensitivity analysis of the 2D static model, 2D fatigue analysis of disbonded honeycomb core
sandwich specimens, static and fatigue testing of sub-structural level specimens and validation of the
static and fatigue model.
Chapter 5: Summary of the numerical study of disbond fracture in honeycomb core sandwich panels
based on Paper-4. This includes 3D static and fatigue analysis of disbonded honeycomb core
sandwich panels, benchmarking and validation of the static model, static and fatigue parametric
studies using the 3D model.
Chapter 6: Conclusions referring to the stated objectives and suggested future research.

1.4 Division of work
Paper-1:
The first author conceptualized the study with the help of the second and third authors. The first
author also conducted the experimental study, post-processed the data and documented the results.
The first author prepared the draft, and it was reviewed by second and third authors.
Paper-2:
The first author conceptualized the study with the help of the second and third authors. The first
author also performed the numerical study, designed the experiments, post-processed the data and
documented the results. The first author prepared the draft, and it was reviewed by second and third
authors.
Paper-3:
The first author conceptualized the study with the help of the second author. The first author also
carried out the numerical study, experimental study, post-processed the data and documented the
results. The first author prepared the draft, and it was reviewed by the second author.
Paper-4:
The first author conceptualized the study with the help of the second author. The first author also
carried out the numerical study, post-processed the data and documented the results. The first author
prepared the draft, and it was reviewed by the second author.
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Chapter 2.

State of the art

2.1 Fracture mechanics
During World War I, Griffith observed that the measured stress needed to fracture a brittle material
is significantly lower than the theoretical stress needed to break the atomic bonds. Moreover, the
results from his experiments on glass fibers suggested that the fracture stress increases as the fiber
diameter decreases. Griffith explained that both mentioned conflicts are due to the presence of cracks
in brittle materials leading to stress concentration [4]. By using fracture mechanics, a criterion for the
propagation of a crack was established. The criterion states that crack propagation occurs when the
released elastic strain energy is equal or more than the energy required to generate a new crack
surface. In other words, a crack will propagate when the available energy release rate, G (i.e. the
energy dissipated during fracture per unit of newly created fracture surface area) is greater than or
equal to the fracture toughness, Gc which can be obtained only experimentally. As Figure 4 shows,
there are three main fracture modes enable a crack to propagate. Consequently, the energy release
rate needs to be characterized using these three modes as the fracture toughness values for different
fracture modes are different.

Figure 4: Fracture modes.

Figure 5: Displacements at the interface of sandwich composites.

Linear Elastic Fracture Mechanics (LEFM) can be used to characterize the crack growth not only in
a homogeneous material, but also in the interface between dissimilar materials as shown in Figure 5.
Suo expressed the stress field and the displacement field at the distance, x, behind the crack tip as a
function of the stress intensity factor [5, 6]:
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Here the equations are complex, δy and δx are the relative opening and sliding displacements, see
Figure 5, of the crack flanks, σyy and σxy are the normal and shear stresses and H11, H22 and ε are bimaterial constants given by:
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where n and λ are non-dimensional orthotropic constants, Sij are components of the compliance matrix
and β is the Dundur’s bi-material parameter [7]. The mode-mixity phase angle and the strain energy
release rate are described as [8, 9]:
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Here Im(Khiε) and Re(Khiε) are the imaginary and real part of the complex expression and h is an
arbitrarily chosen characteristic length. The characteristic length is often equal to the thickness of the
disbonded face sheets in the face/core interface crack problems. The strain energy release rate and
the mode-mixity phase angle can also be expressed in terms of the relative opening and sliding
displacements of the crack flanks:
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Here ψF and ψ =ψR are mode-mixity phase angles respectively in the full and the reduced formulations.
The reduced formulation of phase angle enables the correlation of phase angle values and the fracture
modes; ψR=0º corresponds to the pure mode I and ψR=±90º corresponds to pure mode II. The interface
crack tends to propagate at the interface when ψR≤0º. In contrast, positive ψR promotes the deviation
of the crack path, also known as kinking, into the core [10, 11].

2.1.1 CSDE method
The Crack Surface Displacement Extrapolation (CSDE), introduced by Berggreen et al. [12, 13], is a
relatively new finite element (FE) based mode-mixity method to determine the energy release rate
and mode-mixity of a crack tip. In the analysis of cracked interfaces with large stiffness difference,
the CSDE method has been proven [14] to be more robust and stable compared with other FE based
mode-mixity methods such as the Virtual Crack Closure Technique (VCCT) [15, 16]. The principle
of the CSDE method is to calculate the energy release rate and mode-mixity phase angle values based
on the relative opening and sliding displacements of the crack flanks, Eqs. (8)-(10), over a region
behind the crack tip. The method subsequently finds a linear sub-region and extrapolates the values
linearly over the numerical error zone to determine them at the crack tip, see Figure 6. The energy
release rate and mode-mixity have been reported to express a physically impossible oscillatory
behaviour close to the crack tip [17, 18]. In order to circumvent this behaviour, by extrapolating over
the oscillatory region, the CSDE mode-mixity method was adopted in this study.

Figure 6: Illustration of the CSDE method.
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2.2 Experiments on disbonded sandwich composite
In general, different specimens have been used to characterize interface crack and validate numerical
disbond fracture models. Experimental characterization of disbond fracture focuses on obtaining two
main interface characteristics: 1) interface fracture toughness (through static testing) and, 2) fracture
propagation rate (through fatigue testing). It is worth noting that the characterization tests need to be
done at different mode-mixities and temperatures since in general, the interface characteristics depend
on the mode-mixity and temperature.
Double Cantilever Beam (DCB) specimen, which was originally standardized for monolithic
composite specimens [19], was modified by Prasad and Carlsson [10, 11] to measure the interface
fracture toughness of foam core sandwich specimens at mode I dominant loading conditions;
however, it was observed by Carlsson et al. [20] that the interface crack tends to kink into the core
due to excessive bending of the core and lower face sheet. DCB sandwich specimens with CFRP face
sheets and honeycomb core were tested by Grau et al. [21] to validate numerically determined fracture
toughness values. Single Cantilever Beam (SCB) was introduced by Cantwell and Davies [22] to
obtain the mode I dominated fracture toughness of honeycomb core sandwich specimens. Rinker et
al. [23] conducted SCB tests on CFRP/PMI sandwich specimens to measure the propagation load.
The fracture toughness was determined by substituting the propagation load into a proposed analytical
model. The results were used to validate numerical results obtained from FEA. The SCB sandwich
specimen is currently under the process of becoming an international standard due to its simplicity.
Carlsson et al. [24, 25] modified End Notched Flexure (ENF), which was originally developed for
monolithic composite specimens by Russell and Street [26, 27], to introduce a Cracked Sandwich
Beam (CSB) to characterize mode II dominant fracture toughness in sandwich composite specimens.
Li and Carlsson [28] proposed Tilted Sandwich Debond (TSD) specimen to measure mixed mode
face/core fracture toughnesses. Berggreen et al. [29] modified the TSD specimen to measure mixed
mode face/core fracture toughness in sandwich specimens with glass/polyester face sheets and PVC
foam core. Moslemian et al. [30] tested modified TSD specimens with glass/epoxy face sheets and
PVC foam core to validate the numerically determined mixed mode fracture toughness values. Mixed
Mode Bending (MMB) specimen, which was originally introduced [31, 32, 33] and standardize [34]
for monolithic composite specimens, was extended to sandwich specimens by Quispitupa et al. [35,
36, 37] to obtain mixed mode fracture toughness of disbonded foam core sandwich specimens. Manca
et al. [38, 39] conducted fatigue testing of MMB sandwich specimens with GFRP face sheets and
PVC foam core to measure the fatigue crack growth rate at selected mode-mixities. The Double
Cantilever Beam specimen loaded with Uneven (or Unequal) Bending Moments (DCB-UBM), which
was originally introduced for monolithic composite specimens by Sørensen et al. [40], was extended
to sandwich specimens [41, 42] to measure mixed mode fracture toughness of disbonded sandwich
specimens.
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Figure 7: Schematic representation of sandwich fracture specimens:
a) DCB, b) SCB, c) CSB, d) TSD, e) MMB, f) DCB-UBM and g) STT.

Berggreen et al. [13] introduced the Sandwich Tearing Test (STT) as a sub-structural test where the
mode-mixity varies during the test as the interface crack propagates. This test, therefore, cannot be
used as a characterization test to measure the fracture toughness; however, it has been recently used
to validate static and fatigue numerical model of disbonded sandwich beams [43, 44, 45, 46]. Figure
7 shows a schematic representation of all the mentioned testing specimens.

2.3 Cycle Jump technique
In general, fatigue characterization of disbond fracture in sandwich composite structures is focused
on experimental extraction of the relation between disbond propagation rate, da/dN, and the cyclic
energy release rate, ΔG, at different mode-mixities and temperatures. At a given fatigue cycle with
certain temperature, mode-mixity and cyclic energy release rate, the da/dN value represents the crack
growth during the cycle. The calculated growth can be added to the crack length at the beginning of
the cycle and provide the initial crack length for the next cycle. This enables the FE models, which
are capable of determining the cyclic energy release rate and mode-mixity for one cycle, to be
11

executed with cyclic loading; however, simulating every single cycle of a long fatigue experiment
can be very time expensive. Moslemian et al. [44, 47] introduced the Cycle Jump technique to reduce
the number of simulated cycles by jumping over a number of cycles. After simulating at least three
consecutive loading cycles, the Cycle Jump technique uses the determined cyclic energy release rate
and mode-mixity of at least three last cycles to find a global evolution function. The global evolution
functions can then be used to determine the maximum number of jumped cycles for a linear
extrapolation with the desired accuracy, see Figure 8. The Cycle Jump technique uses a control
parameter to control the accuracy of the linear extrapolation and subsequently the number of jumped
cycles. In this way, the crack propagation increment, cyclic energy release rate and mode-mixity for
the jumped cycles can be obtained without simulation which substantially reduces the total
computational time.

Figure 8: Schematic of Cycle Jump technique [47].

The Cycle Jump technique was employed by Moslemian et al. [44] in the analysis of the fatigue
disbond growth in sandwich specimens with glass/polyester face sheets and PVC core. The numerical
results obtained using different cycle jump control parameters were compared and a significant
reduction, over 98%, in computational time was achieved. Martakos et al. [46] also used the Cycle
Jump technique in the numerical investigation on the effect of a crack arresting device on the fatigue
disbond growth pattern in sandwich specimens with E-glass/epoxy face sheets and PVC core.
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Chapter 3.

Low temperature disbond fractures in
foam core sandwich composites – static
and fatigue loading, coupon level (Paper-1)

This chapter summarizes the experimental characterization of mixed mode disbond fracture in foam
core sandwich composites at low temperature presented in Paper-1.
Damage tolerance assessment of naval vessels, partially made of foam core sandwich composites,
operating in Arctic regions is becoming increasingly important. For sandwich structures, this includes
the static and fatigue characterization of low temperature disbond growth. To this end, an
experimental study of low temperature mixed mode disbond fracture in sandwich composite
specimens with H100 PVC foam core and E-glass/epoxy face sheets, using the MMB test setup inside
a climatic chamber was carried out. MMB specimens were tested at two mode-mixities at low
temperature (-20 °C) and at room temperature (23 °C). Quasi static and G-controlled fatigue tests
were carried out to characterize disbond fracture toughness and disbond growth rate, respectively.

3.1 Experimental procedure
A total of sixteen specimens were cut from sandwich panels consisting of E-glass/epoxy face
laminates and an H100 PVC foam core. All specimens were in a rectangular beam shape with 215
mm length, 35 mm width, face sheet thickness of 2 mm, core thickness of 10 and 20 mm and span
length (2L) of 160 mm. Initial disbonds with various crack lengths, a, were machined in the core at a
small distance below the face/core interface using a thin bandsaw. In order to provide a sharp natural
crack tip, the first 2-3 mm crack propagation of all the specimens was considered as pre-cracking and
the corresponding data were disregarded.
In order to conduct low temperature testing at temperatures typical for the Arctic region, a climatic
chamber was used. The climatic chamber consists of two main units, a chamber surrounding the test
fixture and an air handler unit connected to a liquid Nitrogen tank and supplying cold air through
hoses to the chamber, see Figure 9. The MMB test fixture was chosen due to its ability to apply mixed
mode loading and keep the mode-mixity constant while the crack propagates. The MMB test fixture
was modified in order to be able to operate inside the small climate chamber.
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Figure 9: Schematic test setup and climatic chamber supplied with liquid Nitrogen.

It has been shown that the sandwich MMB specimen can be considered as a superposition of the CSB
mode II specimen and the DCB mode I specimen [35]. Analytical expressions for the MMB specimen
compliance, CMMB, and energy release rate, G, were adopted from [35]:
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where P is the applied load, b is the width of specimen, c is the lever arm distance, L is the span length
between the supports, α is a load partitioning factor [35], Ef is the face elastic modulus, hf and hc are
face and core thickness respectively, a is the crack length, η is the elastic foundation modulus
parameter [35], Gxz is the core shear modulus, A, B and D are the extensional, coupling and bending
stiffnesses, Ddisbonded and Dintact are the flexural stiffnesses of the disbonded region and intact region
of the cracked beam, and CDCB_upper, CDCB_lower and CCSB are compliance terms of the upper DCB part
(i.e. upper face in the disbonded region), lower DCB part (i.e. core and lower face in the disbonded
region) and CSB, respectively. Analytical expressions for the mentioned stiffnesses and compliances
were also adopted from [35]:
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The mode-mixity phase angle in the reduced formulation (see Eq. (10)) was calculated using the
CSDE method implemented in a 2D plane strain finite element analysis. The mode-mixity at the crack
tip is controlled by the lever arm position, c, Figure 9. Small values of c lead to mixed mode loading
at the crack tip and larger c values provide more dominance of mode I. Mode I dominant (ψR=4.4°)
and mixed mode with a significant mode II contribution (ψR=-23.9°) conditions were selected.
Static fracture testing was conducted at -20 and 23°C. A total of eight specimens were loaded in
displacement control with 0.5 mm/min rate inside the climatic chamber to determine the crack
propagation load, Pc, as guided by the MMB test standard for monolithic composites [34].
Substituting the measured Pc in Eq. (12) leads to the critical energy release rate (i.e. the fracture
toughness), Gc. In addition, fatigue disbond growth characterization was carried out using the Gcontrol test methodology, which allows controlled fatigue crack growth testing using real-time control
of the cyclic energy release rate (ΔG) at a constant level [38]. Fatigue tests were carried out on eight
MMB specimens at a constant testing frequency of 1 Hz and a load ratio of R = Pmin/Pmax = δmin/δmax
= 0.1 over a ΔG range of 190-530 J/m2 using the MTS TestSuite digital controller software. Fatigue
tests were performed at two mode-mixities and two temperatures in the same way as the static tests
(i.e. two replicate specimens for each testing conditions), see Table 1.
Table 1: Test matrix. Each test condition employed two replicate test specimens.
LT: low temperature; RT: room temperature; S: static; F: fatigue.

Test
condition
LTSI
RTSI
LTSII
RTSII
LTFI
RTFI
LTFII
RTFII

Static Fatigue
x
x
x
x
x
x
x
x

Mode I
Mode II
-20ºC
(ψR=4.4º) (ψR=-23.9º)
x
x
x
x
x
x
x
x
x
x
x
x

15

23ºC

x
x
x
x

3.2 Results and discussion
Critical crack propagation load, Pc, at different crack lengths was measured both at room temperature
and at -20°C for two different mode-mixities, see Figure 10. At any given crack length, a, significant
reduction of the critical load is observed when the temperature is reduced to -20°C.

Figure 10: Critical load versus crack length at ψR=4.4° (left) and
critical load versus crack length at ψR=-23.9° (right).

Figure 11 shows the average values of fracture toughness for the two mode-mixities at room (23°C)
and low (-20°C) temperatures. For both phase angles, it is noted that reduced temperature leads to a
reduction of the fracture toughness. The fracture toughness reduction is also influenced by the modemixity. For ψR=-23.9° the reduction is 12%, while for ψR=4.4°, the reduction is 32%. In general, the
fracture toughness results of the low temperature tests were more scattered compared with the room
temperature results.

Figure 11: Fracture toughness versus mode-mixity phase angle.
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The results of the fatigue crack growth tests are shown in Figure 12 in the form of da/dN vs. G
diagrams. Each point represents a test carried out for an increment of crack propagation of 3-4 mm at
a constant ΔG. A modified Paris-Erdogan relation [48], Eq. (17), is used to characterize the crack
growth rate.
da
m
 C  G 
dN

(17)

The results in Figure 12 show that the crack growth rate depends on both temperature and modemixity. For mode I conditions (ψR=4.4°), a temperature reduction from 23 to -20°C resulted in a slight
increase in crack growth rate. It is noted that the growth results display more scatter at a phase angle
ψR=-23.9°. More importantly, for ψR=-23.9°, a reduction of the temperature from 23 to -20°C resulted
in a significant increase of crack growth rate.

Figure 12: da/dN versus ΔG results at ψR=4.4° (left) and da/dN versus ΔG results at ψR=-23.9° (right).
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Chapter 4.

Analysis and testing of disbonded
honeycomb core sandwich beams

The work presented in this chapter focuses on 2D plane strain analysis and experimental study of
disbond fracture in honeycomb core sandwich structures based on Paper-2 and Paper-3.
A static analysis of disbonded honeycomb core sandwich specimens was performed. The static model
was verified and validated against a semi-analytical model of DCB-UBM specimen and the
experimental results of SCB specimen respectively. In addition, mixed mode fatigue analysis of
disbonded honeycomb core sandwich composites was carried out using the sub-structural STT
specimens. Static and fatigue testing of STT specimens were conducted and the experimental results
were used to validate the static and fatigue models. Detailed discussion and results can be found in
the appended papers.

4.1 Numerical model, analytical verification and experimental
validation – static loading, coupon level (Paper-2)
Disbond damage propagation in honeycomb core sandwich structures is investigated numerically and
experimentally. A parametric two-dimensional finite element model of a disbonded honeycomb core
sandwich specimen was developed. An advanced method was adopted to obtain the homogenized
mechanical properties of the honeycomb core based on the geometry of a single honeycomb cell and
the material properties of the cell wall paper. The numerical model was validated against
CFRP/Nomex® SCB specimen tests and verified against a closed-form semi-analytical model. An
extensive sensitivity analysis was also carried out and the effects of the geometry and the material
properties of the SCB specimen on the energy release rate and mode-mixity have been investigated.

4.1.1 Core homogenization approach
In order to substantially reduce the numerical effort and to enable practicable modeling of complex
honeycomb core sandwich parts using the CSDE method, a core homogenization approach was used.
The honeycomb core is considered as a solid homogeneous continuum with equivalent mechanical
properties adequately simulating the macroscopic deformation behaviour of the real honeycomb
structure. Equivalent mechanical properties of the honeycomb core were determined following
Gibson and Ashby [49] using the geometry of a single honeycomb cell and the material properties of
the cell wall paper:
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Here t, l, h and θ are the geometry dimensions of a honeycomb cell, see Figure 13. The cell shape
was assumed to be a regular hexagonal structure with double cell walls parallel to the L direction.
Indices 1, 2 and 3 refer to W, out-of-plane and L direction, respectively, and index s refers to the cell
walls made of the Nomex® paper. E is Young’s modulus, ν is Poisson’s ratio and G is shear modulus.

Figure 13: Honeycomb cell geometry.
Table 2: Mechanical properties of Nomex® honeycomb core [Paper-2]
indices 1, 2 and 3 refer to W, out-of-plane and L direction respectively.

Properties
Core: Nomex® honeycomb
Cell size [mm]
Density [kg/m3]
Paper thickness [μm]
Young’s modulus (Ec1) [MPa]
Young’s modulus (Ec2) [MPa]
Young’s modulus (Ec3) [MPa]
Poisson’s ratio (νc12)
Poisson’s ratio (νc13)
Poisson’s ratio (νc23)
Shear modulus (Gc12) [MPa]
Shear modulus (Gc13) [MPa]
Shear modulus (Gc23) [MPa]
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value
4.8
32
56
0.0746
121.86
0.0746
0.000217
0.9995
0.354
13.066
0.00329
20.688

Properties of the Nomex® paper (i.e. Es, Gs and νs) were taken from [50]. Substituting these properties
into Eq. (18), the mechanical properties of the Nomex® honeycomb core were calculated. The
mechanical properties of the core are listed in Table 2.

4.1.2 Numerical model: SCB and DCB-UBM specimens
The numerical modeling was carried out using the Abaqus/CAE 6.14-2 FEA software. A Python
script for a parametric 2D model was generated. The pre-processing, solving and post-processing
were performed by the script within the Abaqus software. Both, face sheets and core were modeled
as homogeneous and orthotropic materials. A very fine crack tip mesh pattern was adopted following
Berggreen et al. [13]. The minimum element size was set to be 100 times smaller than the thickness
of the face sheets. Two sets of geometry, load and boundary conditions were fed into the Python
script to create the DCB-UBM and the SCB models respectively. The numerical determination of
energy release rate and mode-mixity based on local relative displacements close to the crack tip was
verified and validated using the two different models. The DCB-UBM model was employed for
verification against an analytical model, and the SCB model was also employed for validation against
the experiments, see Figure 14 and Figure 15.

Figure 14: Finite element model of DCB-UBM specimen.

Figure 15: Finite element model of SCB specimen.

4.1.3 Analytical verification using DCB-UBM sandwich specimen
Following Kardomateas et al. [51], three specimen configurations were considered. Two sandwich
specimens (tri-material) with soft and moderately stiff cores as well as one bi-material specimen were
analyzed using the presented 2D DCB-UBM model. The length of the specimens was 500 mm and
the crack length was 200 mm. For the sandwich cases, the thicknesses of the core and face sheets
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were 20 and 2 mm respectively. For the bi-material case, the thickness of the thinner layer (i.e.
Aluminium) was 2 mm and the thickness of the thicker layer (i.e. Aluminium foam) was 22 mm. For
each specimen, five load cases with different moment ratios were adopted to vary the mode-mixity,
see Table 3.
Table 3: Load cases for 3 different specimen configurations [51].

Moment on Moment on Moment
Specimen Load
disbonded substrate
ratio
configuration case
part, Md
part, Ms
Md/Ms
Sandwich:
Aluminium
face sheets +
H100 core
Sandwich:
Aluminium
face sheets +
Aluminium
foam core
Bi-material:
Aluminium +
Aluminium
foam

1

75.6

-604.8

-1/8

2

129.6

-518.40

-1/4

3

196.1

-196.1

-1/1

4

118.6

474.4

1/4

5

71.1

568.8

1/8

1

8.3

-4170.0

-1/500

2

76.8

-3840.0

-1/50

3

157.7

-2523.4

-1/16

4

199.4

-199.4

-1/1

5

159.5

2552.0

1/16

1

5.9

-2930.0

-1/500

2

55.9

-2795.0

-1/50

3

133.3

-2132.8

-1/16

4

199.0

-199.0

-1/1

5

136.8

2188.8

1/16

Energy release rate and mode-mixity phase angle (i.e. G and ψF) were numerically determined for
each specimen configuration under various load cases. The results were compared over all the
specimens and load cases with both FEA and analytical results obtained by Kardomateas et al. [51],
see Figure 16 and Figure 17.
Figure 16 and Figure 17 show that G and ψF results from the presented model agree well with the
analytical results presented in [51] as well as the FEA results. The results also show that the
numerically determined energy release rate using the current analysis is slightly (i.e. up to 0.8%) less
than the analytical value for all the specimen configurations and load cases. Verification of the FE
model against the analytical solution of the other two specimen configurations (i.e. the sandwich with
a moderate stiff core and the bi-material configuration) can be found in the Paper-2 appended to this
thesis.
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Figure 16: Energy release rate for various load cases for sandwich specimens with soft core
(i.e. Aluminium face sheet and H100 foam core).

Figure 17: Mode-mixity phase angle for various load cases for sandwich specimens with soft core
(i.e. Aluminium face sheet and H100 foam core).

4.1.4 Experimental validation using SCB sandwich specimen
Six SCB specimens with a length of 350 mm and a width of 50 mm, cut from sandwich panels
consisting of CFRP fabric prepreg face sheets and Nomex ® honeycomb core, were tested at room
temperature. Two of the tests were monitored using DIC from the top view and cameras from the side
views. All the specimens were loaded in two cycles. The first cycle was considered as a pre-cracking
cycle. The measured load-displacement data during the evaluation cycle was used to determine the
experimental fracture toughness using the Area Method [52]. The energy release rate for a disbond
growth, Δa=a2-a1, is given by the Area Method:

G

1 ΔU
b Δa

(19)

where b is the width of specimen and ΔU is the change of the elastic strain energy in the specimen,
which can be calculated from the area beneath the load-displacement curve (see Figure 18).
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Figure 18: Typical load-displacement response of an SCB specimen.

The FE model for the SCB specimen was employed for various crack lengths and their corresponding
propagation loads measured using two physical specimens. It is shown that GFEA and ψR remain
approximately constant during disbond propagation at least within the primary load cycle (cycle 2)
of the test, see Figure 19. The average value of the reduced mode-mixity phase angle was found to
be 2.8 degrees. The positive sign of the phase angle highlights the tendency of the disbond to kink
into the core; however, it is not a strong tendency as the magnitude of the phase angle is close to zero.
Thus, the results also confirm that the SCB test is an explicit mode I test for the specific specimen
configuration applied in this paper. The numerically determined fracture toughness, which was
defined as an average GFEA over eight crack lengths, was compared with the experimental fracture
toughness averaged over six specimens, see Figure 20. Figure 20 shows that the FEA results agreed
with the experimental fracture toughness within a 2.8% variation. A reason for this variation could
be the overlap between the load-displacement curves of the pre-cracking and evaluation cycle, see
Figure 18. Such overlap leads to overestimation of the energy release rate using the Area Method.

Figure 19: Numerical energy release rate and mode-mixity versus crack length.
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Figure 20: Comparison of experimental and numerical fracture toughness.

Out-of-plane displacement of the disbonded face sheet was monitored using DIC. Numerically
determined out-of-plane displacements for various crack lengths showed a close agreement with the
DIC measurements as well as displacements taken from the piston movement of the test machine
actuator.

4.1.5 Sensitivity analysis
An extensive sensitivity analysis was carried out to identify dominant parameters affecting the results.
The effects of uncertainties in the value of three sets of input parameters (i.e. geometry, material
properties of the face sheet and material properties of the honeycomb core) on the numerical energy
release rate and mode-mixity were investigated. A reference analysis with a crack length a=76.65
mm and load P=96.2 N was performed to extract the energy release rate and mode-mixity. A number
of analyses with changed input parameters (one value at the time) was then carried out at the same
load to determine the corresponding variation in the energy release rate and mode-mixity.
Table 4: Effect of variation in the geometry on the energy release rate and mode-mixity.

Variation in the geometry
Thickness of the face
Thickness of the core
sheet
+13%
-13%
+14%
-14%
+12.5%
-12.5%
(+10 mm) (-10 mm) (+0.2 mm) (-0.2 mm) (+5 mm) (-5 mm)
Crack length

Variation
in G [%]
Variation
in ψR [º]

+16.5

-16.3

-26.3

+19.5

+0.1

-0.1

-0.06

+0.07

+0.16

-0.07

+0.02

-0.05
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The results revealed that variation in the crack length (an error typically caused due to inaccurate
crack length measurement) and thickness of the disbonded face sheet have a significant effect on the
numerical energy release rate value, see Table 4. It was also found that the Poisson’s ratio, cell size
and paper thickness of the honeycomb core are most affecting the mode-mixity value, see [Paper-2].

4.2 Numerical model and validation test using STT sandwich specimen
– mixed mode static and fatigue loading, sub-structure level
(Paper-3)
Disbond damage growth in honeycomb core sandwich structures due to static and fatigue mixed mode
loadings is investigated numerically and experimentally. The two-dimensional static finite element
model, which was generated earlier using a core homogenization method and the CSDE mode
separation method, was integrated into a fracture mechanics based fatigue analysis sub-routine to
predict face/core interface crack propagation. Furthermore, the Cycle Jump technique was applied to
accelerate the fatigue analysis. Mixed mode fatigue characterization tests were conducted using DCBUBM specimens at three mode-mixities to obtain a mixed mode modified Paris Law. The measured
Paris laws were subsequently used as input data for the fatigue FE model. The numerical model was
validated against CFRP/Nomex® STT specimen tests with a propagating face/core interface crack
yielding varying mode-mixities.

4.2.1 Numerical model: STT specimen
Following the 2D models presented earlier, a static 2D model of STT specimen was developed using
the Abaqus/CAE 6.14-2 FEA software package, see Figure 22. The face sheets and core were
modeled as homogenous and orthotropic materials using 53000 elements. 4-node and 8-node plane
strain quadrilateral elements with a minimum size of 0.0126 mm were employed. Due to the large
deformation of the disbonded face sheet, geometric nonlinear behaviour was adopted. The two ends
of the specimen, which were clamped through the wood inserts, were modeled as cantilever boundary
conditions. The length of the STT model was 600 mm and the thickness of the core and face sheets
were 40 and 1.4 mm respectively. The crack length, a, was defined as the distance between the crack
tip and the loading block, see Figure 21. The initial crack length was 15 mm for all the specimens. A
rigid support was tied to the bottom of the lower face sheet at the center of the specimen. Fully
clamped boundary condition was applied to the bottom of the rigid support. A rigid loading block
was tied to the bottom of the upper face sheet at the center of the specimen. The rotation and
longitudinal displacement of the rigid loading block were constrained. The load was applied to the
bottom of the rigid loading block.
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Figure 21: Schematic STT specimen

Figure 22: Finite element model of the STT specimen.

A model for fatigue analysis was also created based on the static model. The fatigue model was
executed by running the parametric static model for one cycle with the initial disbond length and the
maximum and minimum loads as inputs to obtain the cyclic energy release rate, ΔG, and mode-mixity
phase angle, ψR, of the cycle using the CSDE method. Based on the measured Paris law fatigue
characterization input data from the DCB-UBM testing (presented in Section 4.2.3.1), the disbond
propagation increment corresponding to the determined ΔG and ψR of the cycle was calculated and
employed to obtain the initial disbond length for the next analysis cycle. In order to reduce the number
of simulated cycles, the Cycle Jump technique was utilized with the fatigue model.

4.2.2 Validation against static testing
4.2.2.1 Static STT testing
Five STT specimens, cut from sandwich panels consisting of CFRP fabric prepreg face sheets and
Nomex® honeycomb core, were statically tested at room temperature. Three of the specimens (i.e.
Static-1, Static-2 and Static-3) were continuously loaded during the test and two specimens (i.e.
Static-4 and Static-5) were loaded with multiple load cycles, see Figure 23. The results from the two
last specimens were used to determine stepwise-averaged fracture toughness for different crack length
ranges along the test using the Area Method [52]. The crack length was monitored by taking photos
from one side during all the tests.
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Figure 23: Experimentally and numerically obtained displacement versus crack length.

Stepwise-averaged fracture toughnesses were determined experimentally over multiple ranges of the
crack length for two specimens. Thirteen loading cycles of the two STT specimens were used to
determine the average fracture toughness over each cycle using the Area Method. These results were
used to validate the numerically determined fracture toughness values, see Figure 24. The results
show a fine agreement between the numerical and the stepwise-averaged experimental fracture
toughness values. The results also show that the fracture toughness increases along the test as the
mode-mixity varies from a mode I dominant towards the mixed mode regime.

Figure 24: Experimentally and numerically obtained fracture toughness versus crack length.
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The numerically determined fracture toughness versus mode-mixity phase angle was also compared
with the experimentally measured values by Saseendran et al. [53]. The FEA results for the STT
specimens show an agreement with the results of characterization tests carried out using DCB-UBM
specimens cut from a sandwich panel with the same face and core thickness and material
configuration, see [Paper-3].

4.2.3 Validation against fatigue testing
4.2.3.1 Mixed mode fatigue characterization testing using DCB-UBM specimen
The face/core crack propagation rate under fatigue loading at different mode-mixities was measured
using the reinforced DCB-UBM sandwich specimen and test fixture [54, 53]. Four reinforced DCBUBM specimens were tested with cyclic loading at three different mode-mixity phase angles (i.e.
ψR=1.1º, ψR=-24.4º and ψR=-40.6º). A modified Paris-Erdogan relation, Eq. (17), is used to
characterize the crack growth rate. Paris’ law at a mode I dominated and two mixed mode conditions
were obtained. The data were used as input for the fatigue model presented in the next section. The
crack growth rate results for three different mode-mixities are shown in Figure 25 in the form of
da/dN vs. G diagrams. The results confirmed that the crack propagation rate is greater for mode I
loading tests compared with the mixed mode loading tests. In general, the crack propagation rate for
mode I loading condition (ψR=1.1º) observed to be approximately ten times greater than the mixed
mode loading condition (ψR=-40.6º) over the tested range of G. The Paris law parameters, C and m,
were determined for each mode-mixity.

Figure 25: Crack growth rate versus cyclic energy release rate for different mode-mixities.

It was observed that the parameter m did not depend on the mode-mixity; however, parameter C can
be expressed as a function of the mode-mixity phase angle, Eq. (20), see Figure 26.

29

C( )  8.567  14  e5.78602 

(20)

Eq. (20) together with the average value m=4.01 were implemented in the fatigue FE model of the
STT specimen to determine the da/dN vs. G as a function of mode-mixity.

Figure 26: Measured Paris’ law parameters for different mode-mixities.

4.2.3.2 Fatigue STT testing
Fatigue testing of the STT specimens was conducted on three specimens, similar to specimens used
for static testing, in load control with a range of load levels and various initial crack lengths. The
disbond propagation was monitored using a camera from one side of the specimen. The maximum
and minimum displacements of the loading point (i.e. piston displacement) were also recorded for
each cycle during the tests.

Figure 27: Comparison between experimental measurements and numerical predictions of the crack length
and maximum displacement versus number of cycles at Pmax=400 N.
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The numerical fatigue model, presented in Section 4.2.1, was executed for all four test cases with the
initial crack length, maximum load and a total number of loading cycles same as the experiments.
The numerically predicted crack length versus the number of cycles was compared with the
experimentally measured values for all fatigue tests performed, see Figure 27. The maximum
displacement of the actuator piston versus the number of cycles was also used to validate the
numerical displacement of the load introduction point at each number of cycles, see Figure 27. The
results show an agreement between the numerical predictions and experimental measurements.
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Chapter 5.

Analysis of disbonded honeycomb core
sandwich panels under Ground-AirGround (GAG) loading – static and fatigue
loading, structure level (Paper-4)

The work presented in this chapter focuses on 3D analysis of disbond fracture in unvented honeycomb
core sandwich panels subjected to GAG and in-plane loading based on Paper-4.
Parametric three-dimensional static and fatigue models of unvented sandwich panels with an arbitrary
disbond shape were developed using the sub-modeling technique and the CSDE method. The static
numerical model was benchmarked against the results of an earlier numerical study on CFRP/Nomex®
sandwich panels with circular disbonds exposed to GAG and in-plane loading [55]. The static numerical
model was also validated against the experimental and numerical results of an earlier study on
CFRP/Korex sandwich panels with rectangular disbonds subjected to internal pressurization [56]. An
extensive parametric study was conducted using the static and fatigue models to investigate the effects of
different geometry and loading parameters on the mixed mode I/II energy release rate, mode III energy
release rate and mode-mixity along the disbond front as well as the pattern and speed of the fatigue
disbond propagation.

5.1 Problem description: The GAG loading
A disbond damage in an unvented honeycomb core sandwich panel divides the panel into two
sections, an intact and a disbonded, see Figure 28. Each section is considered to behave as a cavity
filled with air which cannot be exchanged between cavities or with the environment. Therefore,
pressure equalization cannot happen between the intact cavity, the disbonded cavity and the ambient
environment. It is also assumed that the initial pressure of the inner cavities is equal to the ambient
pressure.

Figure 28: Deformation behaviour of disbonded honeycomb core sandwich panel
on the ground (left) and at flight altitude (right).

An event of rapid ambient pressure drop, for instance during the ascent of an airplane, introduces a
pressure difference between the pressures of the inner cavities (e.g. an unvented disbonded
honeycomb core panel of an airplane rudder) and the ambient pressure. The induced relative pressure
inside the disbonded cavity can easily deform the disbonded section and increase the volume, and
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subsequently decreases the relative pressure of the disbonded cavity. In general, a coupled pressuredeformation-temperature problem has to be solved for the disbonded cavity to find the equilibrium
deformed shape of the disbonded section using the ideal gas law

pV  nRT

(21)

where p is the pressure of entrapped air inside the disbonded cavity, V is the volume of the disbonded
cavity, n is the number of moles of the entrapped air, R = 8.314 J/(mol K) is the universal gas constant
and T is the temperature of the entrapped air. In case of fatigue propagation of the disbond, the relative
pressure applies to a larger disbonded area with less flexural stiffness and promotes further
propagation. This highlights that the cyclic GAG disbond propagation is unstable in nature and a
robust fracture mechanics based analysis needs to be carried out throughout the damage tolerance
evaluation.

5.2 Numerical model
Analysis of a disbonded honeycomb core sandwich panel was carried out using the Abaqus/CAE
6.14-2 FEA software [57]. A Python script for a parametric 3D model was generated. In order to
reduce the computational time, it was assumed that the disbond shape is double-symmetric; therefore,
only one quarter of the panel was modeled and symmetry boundary conditions were implemented. A
sub-modeling technique was employed to facilitate the modeling. The script generates a global model
including the intact and disbonded sections of the panel defined as fluid-filled cavities filled with air.
The fluid-filled cavity is a surface based feature of Abaqus which handles the pressure-deformationtemperature coupling by solving the ideal gas law, Eq. (21), within each increment to find the
equilibrium. Subsequently, a sub-model in shape of the disbond front, including the upper face sheet
and the core around the disbond front, was generated with a very fine mesh to determine the energy
release rate and mode-mixity, using the CSDE method, along the disbond front.

Figure 29: Schematic formation of disbond front using station-points.
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The script generates a global model with an arbitrary disbond shape by taking 2D coordinates of k
station-points (i.e. SP0[X0,Y0], … , SPk-1[Xk-1,Yk-1]) defining the disbond front at the face/core
interface plane and fitting a B-spline curve to the station-points, see Figure 29. The global model
constrains the first and last station-point to be on the X and Y axes respectively. The global model
also constrains the ends of the B-spline curve to be perpendicular to X and Y axes respectively. In
the global model, the face sheets and core were modeled as homogeneous and orthotropic materials
using 20-node quadratic brick elements and the minimum element size defined to be equal to half of
the thickness of the upper face sheet. Face sheets were thus modeled with two elements through the
thickness and the core was modeled with same size elements at the interface with the upper face sheet
and a coarser mesh size at the interface with the lower face sheet, see Figure 30. In order to accurately
account for the large deformations and membrane effects of the disbonded face sheets, geometric
nonlinear behaviour was adopted for the global model.

Figure 30: Finite element model of the disbonded honeycomb core sandwich panel.
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The script also generated a sub-model with the same arbitrary disbond front profile as the global
model. The resultant displacements from the global model were input as a boundary condition at the
outer surfaces of the sub-model. Due to very small deformations, linear geometry behaviour was
adopted for the sub-model. A local coordinate system was defined at each station-point with the
station-point as the origin. The X-axis was in-plane and normal to the disbond front, the Y-axis was
in-plane and tangential to the disbond front and the Z-axis was out-of-plane normal to the disbond
front. The effective local material properties were calculated from the global material properties by
the script. The relative crack flank displacements at different local distances, x, behind the crack tip
on the local XZ-plane were obtained for each station- point. Subsequently, the CSDE method was
employed to determine the energy release rates and mode-mixity phase angle by substituting the
relative shear displacement, δx, relative opening displacement, δz, and relative out-of-plane shear
displacement, δy, into the Eq. (22).
G  GI / II 
GIII 

 1  4 2   H11
8H11 x

 y2

8 x  B1  B2 


 z2   x2 

 H 22


with

2
B   S44 S66  S46


12

(22)

 x 

 z 

   I / II ,R arctan 

where G=GI/II is the mixed mode I/II energy release rate, GIII is the mode III energy release rate [5]
and ψ =ψI/II,R is mode-mixity phase angle for the reduced formulation. H11, H22 and ε are the bi-material
constants and the oscillatory index respectively (see Eqs. (4) and (5)), Sij are components of the
compliance matrix, B is the inverse of an equivalent shear modulus given by [5] and subscript 1 and
2 refer to two materials in a bi-material interface.
Fatigue modeling of disbonded honeycomb core panels was undertaken based on the parametric static
model. The fatigue model was executed by running the static global model with the initial disbond
front profile and loading as input, and subsequently running the corresponding sub-model to obtain
the ΔG, ψ and ΔGIII for each station-point along the disbond front. Due to the lack of experimental
mode III fatigue characterization inputs, only the ΔG and ψ were used to determine the crack
increment after one loading cycle. The crack increment at each station-point was calculated using a
mixed mode Paris law, Eq. (23).
da
m ( )
 C ( )  G 
dN

(23)

where C(ψ) and m(ψ) are the Paris law parameters as a function of mode-mixity phase angle. Each
station-point was then moved independently in the local propagation direction (i.e. local X-axis) to
achieve its initial position for the next analysis cycle. The updated station-point positions were then
used as inputs to the next analysis cycle to form the disbond shape using B-spline curve fitting. This
way the disbond shape may change due to different ΔG, ψ and local mechanical properties across the
station-points.
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The Cycle Jump technique was utilized with the fatigue model to accelerate the analysis by reducing
the number of simulated cycles. For each station-point, the determined ΔG and ψ of at least three
cycles was used by the Cycle Jump technique to determine the evolution functions of ΔG and ψ over
the cycles. The two evolution functions were then used to find two maximum numbers of jumped
cycles for linear extrapolations of ΔG and ψ with a desired accuracy, and the lesser one was taken as
the greatest number of cycles possible to jump over at the station-point. This number may be different
across the station-points; therefore, the minimum was considered as the number of cycles for the
entire model to jump over. ΔG, ψ and the disbond front curve were determined over the jumped cycles
by linear extrapolation and without any simulations. The disbond front curve after the linear
extrapolation was then used as the input for the next executable loading cycle.

5.3 Model benchmarking
The static model of disbonded honeycomb core sandwich panels presented in this study was verified
against the numerical results obtained by Chen et al. [55], and also benchmarked against experimental
and numerical results of Glaessgen et al. [56]. Three-dimensional quarter models with circular and
rectangular disbonds were created similar to models presented by [55] and [56] respectively. The
geometry, the mechanical properties and the loading cases are adopted from the mentioned earlier studies.
The adopted mechanical properties for the static analysis are listed in Table 5.
Table 5: Mechanical properties of the core and face sheet used in different models [55, 56].

Circular disbond [55]
Properties
E11 [MPa]
E22 [MPa]
E33 [MPa]
G12 [MPa]
G13 [MPa]
G23 [MPa]
ν12
ν13
ν23

Face sheet

Core

64663
63250
10748
5064
3624
3824
0.053
0.516
0.512

0.1
0.1
137.8
0.1
24.1
44.8
0.3
110-6
110-6

Rectangular disbond [56]
Upper
Lower
Core
face sheet
face sheet
19300
4
47640
77900
4
43300
6900
140
6900
13310
4
10890
5500
74.5
5500
5500
15.9
5500
0.125
0.25
0.202
0.25
0.02
0.25
0.25
0.02
0.25

For the model corresponding to [55], two load cases were considered: 1) ground-air pressurization
(i.e. internal pressure only), and 2) a combination of ground-air pressurization and in-plane service
loads (i.e. internal pressure + compression). The in-plane service load was implemented as an inplane compressive displacement to simulate 0.2% in-plane strain, and the in-flight pressure and
temperature were considered as 0.0188 MPa and -56.5 ºC respectively [55]. For both load cases the
total energy release rate, GT=GI/II+GIII, was determined for seven station-points evenly distributed
along the circular disbond front. Figure 31 shows an agreement between the total energy release rate
along the disbond front obtained from the earlier study and the current analysis.
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Figure 31: Energy release rate along the disbond front for different load cases.

For the model corresponding to [56], Two load cases were implemented: 1) internal gauge pressure
equal to 1190 kPa (measured for a panel with core splice), and 2) internal gauge pressure equal to
880 kPa (measured for a panel with regular core). For both load cases, the maximum energy release
rate along the disbond front was determined and compared with the experimental and numerical
results obtained by [56]. Figure 32 shows a fair agreement between results obtained from the earlier
study and the current analysis. The energy release rate values obtained from the current analysis
agreed with the experimental fracture toughnesses within a 7% variation. This variation is 12-14%
less than the variation between the earlier numerical and experimental fracture toughnesses, see
Figure 32.

Figure 32: Maximum energy release rate at two experimentally measured critical internal pressures.
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5.4 Parametric study
5.4.1 Static loading
A 3D model of a CFRP/Nomex® sandwich panel with circular disbond was generated to investigate
the effect of three parameters (i.e. disbond radius, relative pressure and in-plane compression) on the
energy release rate and mode-mixity along the disbond front, see Figure 33. The sandwich material
configuration and the mechanical properties were taken from [Paper-2], see 0.

Figure 33: Global model of the disbonded sandwich used for the static parametric study.

A baseline load and geometry case (Case-0) with arbitrary disbond radius, Rd =50 mm, in-plane
compressive force, Fy =20 kN, and internal gauge pressure, Pg = 0.0825 MPa, was considered for the
parametric study. Thirteen more sets (i.e. case-1 to case-13) of Rd, Pg and Fy were considered to
investigate the effect of the three mentioned parameters as well as the combination of their coupled
effects, see Table 6. For all the load and geometry cases, the boundary condition of zero displacement
in Z directions was applied at the outermost corner of the intact upper face sheet (i.e. the farthest corner
from the center of disbond).
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Table 6: Load and geometry cases considered for the static parametric study.

Load and
geometry case

Disbond radius,
Rd [mm]

Gauge pressure,
Pg [MPa]

In-plane load,
Fy [kN]

Case-0

50

0.0825

20

Case-1
Case-2
Case-3

50
50
50

0.04125
0.165
0.33

20
20
20

Case-4
Case-5
Case-6

75
100
125

0.0825
0.0825
0.0825

20
20
20

Case-7
Case-8
Case-9

50
50
50

0.0825
0.0825
0.0825

0
40
60

Case-10
Case-11
Case-12
Case-13

100
100
50
100

0.165
0.165
0.165
0.0825

40
20
40
40

Five evenly distributed station-points were used to define the circular disbond front. The results (i.e.
G, ψ and GIII) were determined at each station-point along the quarter model’s disbond front, and
were mirrored to extend the results to a full panel. Figure 34 shows the effect of the three parameters
(i.e. Rd, Pg and Fy) on the mixed mode energy release rate by comparing the results of different load
and geometry cases with the baseline case.
The results of the static parametric study showed that increasing the gauge pressure or the disbond radius
significantly increased the energy release rate all over the disbond front; however, increasing the in-plane
load increased the maximum and decreased the minimum energy release rates. The results also revealed
that increasing the gauge pressure and disbond radius slightly shifted the mode-mixity at the entire
disbond front from the negative mode I dominant towards the negative mixed mode regime; however,
increasing the in-plane load shifted the phase angle in the positive direction at the 90º position, and shifted
the phase angle in the negative direction at the 0º position. Moreover, the results showed that increasing
the gauge pressure, disbond radius and in-plane compression load significantly increased the GIII;
however, GIII was found to be much smaller than the G and therefore can be neglected (GT≈G).
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Figure 34: Mixed mode I/II energy release rate, G [kJ/m2] along the disbond front
for various load and geometry cases.

5.4.2 Fatigue GAG loading
A parametric fatigue model of the disbonded honeycomb core panels was generated based on the 3D
model used for the static parametric study. The fatigue parametric study was conducted to investigate
the effect of face sheet thickness, in-plane compression and initial disbond shape on the pattern and
speed of the fatigue disbond propagation. The fatigue model was executed for six load and geometry
cases for 1000 cycles and the shape of the propagated disbond was determined at different cycles. A
baseline case (FCase-0) with a circular disbond Rd =50 mm, in-plane compressive force, Fy =40 kN,
and face sheet thickness, tf =1.4 mm, was considered for the fatigue parametric study, see Table 7.
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Table 7: Load and geometry cases considered for the fatigue parametric study.

Load and
Initial
geometry case disbond shape
FCase-0
FCase-1
FCase-2
FCase-3
FCase-4
FCase-5

Face sheet
thickness, tf [mm]

In-plane load,
Fy [kN]

1.4
1.26
1.54
1.4
1.4
1.4

40
40
40
44
36
40

Circular
Circular
Circular
Circular
Circular
Non-circular

G, ψ and GIII were determined at five station-points, and the crack increment at each station-point
was calculated based on the mixed mode Paris law input, see Section 4.2.3.1, which has been
experimentally obtained for the same sandwich material. The fatigue propagation of the disbond was
tracked by monitoring the position of the five station-points at different loading cycles. Figure 35
shows the effect of the face sheet thickness and the in-plane load on the pattern and speed of the
disbond propagation by comparing the results of different load and geometry cases with the baseline
case.

Figure 35: Disbond shape at different cycles in various load and geometry cases.

The results showed that decreasing the face sheet thickness and increasing the in-plane load substantially
increased the disbond propagation at the 0º position. In FCase-5 the Fy and tf were equal to their baseline
values; however, the initial disbond shape was defined as non-circular by moving the middle stationpoint closer to the center of the circular disbond front, see Figure 36.
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Figure 36: Disbond shape at different cycles in two cases with different initial disbond shape (left), and
the global model of FCase-5 with non-circular disbond shape (right).

Figure 36 shows the evolution of the disbond shape in FCase-5 with a non-circular initial disbond
shape, and in FCase-0 with a circular initial disbond shape. The results showed that in FCase-5, the
disbond propagates much faster at the 45º position due to the higher energy release rate compared
with other station-points along the disbond front. The results also revealed that the disbond shape at
the 45º position affected the propagation rate at the other station-points of the disbond.
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Chapter 6.

Conclusion and future work

The goal of this PhD work was to improve the current understanding of the interface fracture damage
in sandwich composites to explain and predict the behaviour of such damage more accurately. The
numerical and experimental studies carried out in this work have been presented in the four papers
appended to this thesis. The analysis tool developed in this work helps the certification authorities to
develop guidelines for damage tolerance assessment of sandwich composite structures.
Initially, an experimental investigation on the effect of low temperature on disbond fracture toughness
and disbond propagation rate at different mode-mixities was carried out. Mixed mode static and fatigue
test series were conducted at room temperature and -20C using GFRP/PVC MMB sandwich
specimens. It was found that the fracture toughness decreased as the temperature was reduced, and
the fracture toughness reduction was greater for mode I dominant loading condition than for mixed
mode loading condition. It was also shown that the stiffness properties of the foam core sandwich
composite remained almost unchanged, independent of the temperature. In cyclic debond propagation
testing reduced temperature led to increased crack propagation speed. The increase of the crack
propagation speed due to temperature decrease was substantially higher for mixed mode loading than
for mode I dominant loading. The experimental results provided in Paper-1 can also serve as input on
disbond fracture analysis of foam core sandwich composites.
The numerical and experimental studies of disbond damage in honeycomb core sandwich composites
were later carried out in different levels of the load and geometry complexity. First of all, the numerical
determination of energy release rate and mode-mixity for a disbond fracture in honeycomb core
sandwich composite was carried out in Paper-2 using a 2D fracture based model. The model was
verified against a closed-form semi-analytical model, and a close agreement was observed between
the numerical and analytical energy release rate and mode-mixity. The numerical model was also
validated against the results obtained from experiments on CFRP/Nomex® SCB specimens. The
critical energy release rate calculated by FEA agreed well with the experimentally measured fracture
toughness. The sensitivity analysis conducted in Paper-2 showed that variation in the crack length (an
error typically caused by inaccurate crack length measurement) and thickness of the disbonded face
sheet have a significant effect on the numerical energy release rate value. It was also found that the
Poisson’s ratio, cell size and paper thickness of the honeycomb core are most affecting the modemixity value.

The study carried out in this paper served as the first step toward the desired 3D analysis of disbonded
honeycomb core sandwich structures with complex geometry and loading. A basic level of confidence in
the numerical energy release rate values was achieved in 2D through 1) verification against the semianalytical model of cracks at the interface of two isotropic materials; and 2) validation against experiments
of a crack at the interface of two orthotropic materials. The numerical mode-mixity phase angle values,
however, were only verified against the semi-analytical model of cracks at the interface of two isotropic
materials.
A fracture based numerical model can truly be challenged through predicting the behaviour of the
crack in a sub-structural specimen where the mode-mixity varies along the crack propagation during
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the test. The STT specimen was chosen to challenge the 2D numerical model presented in Paper-2.
The CFRP/Nomex® STT specimens were tested to validate the 2D static model, and the results
presented in Paper-3 showed an agreement between numerical predictions and experimental
measurements. Furthermore, the numerically determined fracture toughness versus mode-mixity
results agreed well with experimentally measured values reported in the literature. Subsequently the
mixed mode Paris law was obtained by conducting fatigue tests using DCB-UBM specimens in
Paper-3. The mixed mode Paris law was then used to extend the 2D model to fatigue loading. The 2D
fatigue model of disbonded honeycomb core sandwich beams was then validated against STT fatigue
experiments. The results show an agreement between numerically predicted and experimentally
measured crack lengths and maximum displacements versus number of cycles.
The study carried out in this paper served as the second step toward the desired 3D analysis of
disbonded honeycomb core sandwich structures with complex geometry and loading. An advanced level
of confidence in the numerical energy release rate and mode-mixity values was achieved in 2D through
validation against the experimental results for the propagation of cracks, at orthotropic interfaces, with
varying energy release rate and mode-mixity at the crack tip during the test. This level of confidence in
numerical energy release rate has been reached in literature; however, this level of confidence in numerical
mode-mixity is novel.
Finally, the fracture based numerical model was extended in Paper-4 to 3D disbonded panels with
complex loading (GAG and in-plane compression) in static and fatigue. A parametric 3D model of
unvented sandwich panels with arbitrary shape disbond was developed using the sub-modeling
technique. The 3D static model was benchmarked against the results of other numerical and
experimental studies published in the literature. An extensive parametric study was conducted on the
static and fatigue models of CFRP/Nomex® sandwich panels with circular and non-circular disbonds
and various geometry and loading parameters. The results showed that increasing the gauge pressure
or the disbond radius significantly increased the energy release rate all over the disbond front;
however, increasing the in-plane load increased the maximum and decreased the minimum energy
release rates. The results also revealed that increasing the gauge pressure and disbond radius slightly
shifted the mode-mixity at the entire disbond front from the negative mode I dominant towards the
negative mixed mode regime. The results of the fatigue parametric study revealed that face sheet
thickness, in-plane compression and initial disbond shape substantially affect the pattern and speed
of the fatigue disbond propagation. The fatigue parametric study also showed that changing the
curvature of the disbond front at one point leads to the variation of propagation rate in other points
along the disbond front, and subsequently different propagated disbond shape.
Three research studies can be proposed to further expand the current work presented in this thesis.
1. Internal pressurization approach for testing of disbonded sandwich panels with GAG loading
is not accurate for fatigue testing as the natural pressure drop (caused by enlargement of the
disbonded volume) cannot be taken into account during the test. In order to conduct an
accurate fatigue GAG testing, a test setup capable of applying fatigue in-plane compression
inside a vacuum chamber is desired. The experimental results from such fatigue tests can be
used to validate the 3D model presented in Paper-4.
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2. The results of the fatigue parametric study carried out in Paper-4 revealed that the initial shape
of the disbond front at any specific position along the disbond front affects the shape and rate
of the propagation at all other positions along the disbond front. This highlights the necessity
of expanding the current quarter-model with an arbitrary disbond shape to a full model. More
accurate analysis can be conducted using such a model, since the assumption of doublesymmetric disbond shape is no longer needed.
3. In the model presented in Paper-4, the temperature change during a GAG cycle was only
implemented for the air inside and outside of the panel; however, the material properties of
the face sheets and honeycomb core can also be affected by the temperature change. The
expansion/contraction of the face sheets and core can also be implemented in the model
through the definition of the Coefficient of Thermal Expansion (CTE). Such modification
improves the 3D model presented in Paper-4.
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Introduction
Sandwich composite materials are being used more and more in a wide range of
industries. Experience has shown that a serious problem for sandwich composite
structures is the existence of debonds at the face/core interface. Such a failure mode
compromises the load-carrying capacity of the sandwich structure. The assessment
of the criticality of debond damage in sandwich structures is crucial for the further
expansion of sandwich structure applications. Many methods and approaches have
been proposed by researchers to characterise debond fracture. The mixed-mode
bending (MMB) test method is capable of characterising the fracture toughness of
delaminations in composite laminates over a wide range of mode I/II mode mixities
[1]. This test has recently been extended to face/core interface fracture characterisation of sandwich specimens by Quispitupa et al. [2]. Analytical expressions derived
for the compliance and energy release rate for the sandwich MMB specimen showed
good agreement with finite element analysis. Manca et al. [3] examined crack growth
in debonded MMB foam core sandwich specimens under both quasi-static and
cyclic loading. The face/core interface fracture toughness and fatigue crack
growth rate of E-glass/polyester and H45 and H100 polyvinyl chloride (PVC)
foam core specimens were determined. Later G-controlled cyclic interface crack
propagation tests were performed on similar sandwich MMB specimens with a
range of foam cores by Manca et al. [4]. The results reveal that the interface crack
propagated more rapidly when the foam core density decreased and the mode mixity
was changed towards pure mode I.
Arctic operations are becoming increasingly important for naval vessels due to
global warming and the need to regularly patrol cold regions. Damage tolerance
assessment of vessels operating in such regions is therefore important. For sandwich
structures, this includes the characterisation of low temperature debond growth.
Gupta and Shukla [5] studied the blast performance of foam core sandwich composites at 40 and 22 C. The main failure mechanisms observed at 40 C were face/
core debonding and core cracking. They observed brittle cracking in the M100 foam
core specimens at 40 C. The investigation of low-velocity impact response of PVC
foam core sandwich composites highlighted the effect of debonding on the postimpact compression strength of sandwich structures [6,7]. The effects of low temperature, seawater and impact on the performance of sandwich composites loaded
in four-point bending were studied by Singh and Davidson [8]. The results at 20 and
20 C showed that reducing the temperature for dry undamaged specimens had no
effect on their stiffness. Siriruk et al. [9] tested single cantilever beam H100 foam core
sandwich specimens inside a climatic chamber. Their results showed that the combined effect of sea water and low temperature (10 C) substantially reduced the
face/core interface fracture toughness. They also found that low temperatures did
not significantly affect the elastic modulus, E, for dry specimens. Ural et al. [10]
measured the face/core fracture toughness of honeycomb sandwich panels at 24 and
54 C using a double cantilever beam (DCB) test. The results showed a drop of 19–
25% in the fracture toughness at the lower temperature. However, to the best
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knowledge of the authors, no comprehensive investigation has yet been reported on
the effect of low temperature on mixed-mode fracture and fatigue of foam core
sandwich specimens.
This current paper reports an experimental study of low temperature mixedmode debond fracture in sandwich composite specimens with H100 PVC foam
core and E-glass/epoxy face sheets, using the a MMB test set-up inside a climatic
chamber. MMB specimens were tested at two mode mixity phase angles (mode I
and mixed mode) at low temperature (20 C) and at room temperature (RT)
(23 C). Quasi-static and G-controlled fatigue tests were carried out to characterise
debond fracture toughness and debond growth rate, respectively.

Experimental procedure
Specimens and test set-up
Sandwich panels consisting of E-glass/epoxy face laminates and a H100 PVC foam
core were prepared using vacuum-assisted resin transfer moulding. The face sheets
consisted of four DBLT-850-E10 quadri-axial mats with a fibre orientation of (0/
45/90/45)s which provides quasi-isotropic behaviour in the plane of the laminate.
The epoxy resin was RIM135/RIMH137. Both faces were injected simultaneously
and the resin provided bonding to the foam core. The nominal thickness of the face
laminates was 2 mm. The mode mixity (to be discussed) depends on core thickness
and lever position. Core thicknesses were 10 and 20 mm. Lever positions, c, were
65 and 20 mm (see Figure 1).
The mechanical properties of the face sheets and core are listed in Table 1. All
specimens were in a rectangular beam shape with 215 mm length, 35 mm width,
span length of 160 mm (2L) and face sheet thickness of 2 mm (see Figure 1).
A common method to prepare an artificial face/core debond is to insert a Teflon
film between face and core prior to the manufacturing process [3,4]. Unfortunately,
this method results in the formation of a resin-rich zone at the end of the Teflon
sheet. The resin-rich zone often proves to be tougher than the core, and as a result
fracture may occur in the core just beneath the resin-rich zone [12]. Pre-cracking
may circumvent this problem, but the crack may kink into the face [4]. Therefore,
an artificial crack was machined in the core at a small distance below the face/core
interface using a thin bandsaw. As the artificial crack is located inside the foam
core, there is no resin-rich zone at the crack tip. The bandsaw procedure, however,
did not lead to a sharp crack tip, thus the first propagation increment of the crack
for all specimens was considered as pre-cracking and the corresponding data were
disregarded. Typically, the pre-cracking increment included the first 2–3 mm crack
propagation of all specimens tested.
In order to conduct low temperature testing at temperatures typical for the
Arctic region, an Instron EC1637 & AH1637 micro climatic chamber was used.
The climatic chamber consists of two main units, a chamber surrounding the test
fixture and an air handler unit connected to a liquid nitrogen tank and supplying
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Figure 1. Schematic test set-up and climatic chamber supplied with liquid nitrogen.
Table 1. Mechanical properties of E-glass face sheets and H100 PVC foam
core [4, 11].
Properties
Face sheet: DBLT-850 (0/45/90/45)s
Young’s modulus (E1) (GPa)
Young’s modulus (E2) (GPa)
Young’s modulus (E3) (GPa)
Poisson’s ratio (v12)
Poisson’s ratio (v13)
Poisson’s ratio (v23)
Shear modulus (G12) (GPa)
Shear modulus (G13) (GPa)
Shear modulus (G23) (GPa)
Foam core: H100 PVC
Cell size (mm)
Density (kg/m3)
Compressive modulus (MPa)
Shear modulus (MPa)
Coefficient of thermal expansion (106/ C)
PVC: polyvinyl chloride.

value
18.6
18.0
9.5
0.40
0.37
0.43
6.1
2.7
2.8
0.45
100
135
35
40
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Figure 2. Sandwich MMB test set-up inside a climatic chamber.

cold air through hoses to the chamber (see Figure 1). The test temperature inside
the chamber was monitored and controlled. An additional thermometer was used
to measure the effective temperature at the surface of the specimen core. In order
to ensure a uniform temperature inside the specimen, thermal equilibrium time was
measured for one specimen and adopted with a margin for all the specimens. All
low temperature specimens were kept at the test temperature for 90 min prior to
testing and after the surface temperature had reached the intended value.
All tests were performed in a 3 kN MTS Acumen electrodynamic test machine
with a 3 kN load cell mounted and controlled by an MTS FlexTest 40 digital
controller. The MTS TestSuite software package was utilised to carry out the
quasi-static and fatigue tests.
Figure 2 shows the actual MMB test set-up with a specimen inside the climatic
chamber mounted in the test machine. The MMB test fixture was chosen due to its
ability to apply mixed-mode loading and keep the mode mixity constant while the
crack propagates. The MMB test fixture was modified in order to be able to
operate inside the small climate chamber. To allow testing at different lever arm
distances c, an extender beam was adopted (see Figure 1). Full-field digital image
correlation measurements of displacement of the entire MMB specimen and the
test fixture were performed in order to ensure the validity of the displacement
measurements taken from the piston movement of the test machine actuator.
It was confirmed that the extender beam transfers the applied displacement properly and the modified test set-up provides adequate test conditions.

MMB formulation
The MMB test fixture and specimen are outlined in Figure 1. It has been shown
that the sandwich MMB specimen can be considered as a superposition of the
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cracked sandwich beam (CSB) mode II specimen and the DCB mode I specimen
[2]. The MMB compliance and energy release rate depend on the specimen geometry, loading configuration and mechanical properties of the specimen. Analytical
expressions for the MMB specimen compliance, C, and energy release rate, G, have
been derived previously [2]
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where P is the applied load; b is the width of specimen; c is the lever arm distance;
L is the span length between the supports; a is a load partitioning factor [2]; Ef is
the face elastic modulus; hf and hc are face and core thickness, respectively; a is the
crack length; g is elastic foundation modulus parameter [2]; Gxz is the core shear
modulus; A, B and D are the extensional, coupling and bending stiffnesses;
Ddebonded and Dintact are the flexural stiffnesses of the debonded region and intact
region of the cracked beam; and CDCB_upper, CDCB_lower and CCSB are compliance
terms of the upper DCB part (i.e. upper face in the debonded region), lower DCB
part (i.e. core and lower face in the debonded region) and CSB, respectively.
Further details are provided in Quispitupa et al. [2].
The mode mixity phase angle is a measure of the ratio between the
relative mode II sliding and mode I opening displacements, dx and dy of the
crack flanks
wR ¼ tan1

 
dx
dy

(3)

The phase angle was calculated using the crack surface displacement extrapolation method [13] implemented in a 2D plane strain finite element analysis. The
face sheets and foam core were modelled as isotropic with RT mechanical properties (see Table 1). The mode mixity at the crack tip is controlled by the lever arm
position, c (Figure 1). Small values of c lead to mixed-mode loading at the crack tip
and larger c values provide more dominance of mode I. Mode I dominant
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Table 2. Test matrix. Each test condition employed two replicate test specimens.
Test
condition
LTSI
RTSI
LTSII
RTSII
LTFI
RTFI
LTFII
RTFII

Static

Fatigue

x
x
x
x

Mode I
(wR ¼4.4 )

Mode II
(wR ¼23.9 )

x
x

23 C

x
x
x
x

x
x
x
x

20 C

x
x

x
x
x
x

x
x

x
x

LT: low temperature; RT: room temperature; S: static; F: fatigue.

(wR ¼ 4.4 ) and mixed mode with a significant mode II contribution (wR ¼ 23.9 )
conditions were selected.

Fracture toughness characterisation
Static fracture testing was conducted at 20 and 23 C. A total of eight specimens
were loaded in displacement control with 0.5 mm/min rate inside the climatic
chamber to determine the crack propagation load, Pc, as guided by the MMB
test standard for monolithic composites [14]. Pc is defined as the maximum load,
or the load at which the compliance has increased by 5%, depending on which
occurs first along the load–displacement curve. Substituting the measured Pc in
equation (2) leads to the critical energy release rate (i.e. the fracture toughness), Gc.
At both temperatures, tests were carried out at two c values (i.e. 65 and 20 mm) to
obtain the intended mode mixity phase angle, wR. Table 2 is the test matrix where
LT and RT represent low and room temperature, S and F are static and fatigue test
and I and II indicate mode I and mode II.

Fatigue testing
Fatigue debond growth characterisation was carried out using the G-control test
methodology [15], which allows controlled fatigue crack growth testing using realtime control of the cyclic energy release rate (DG) at a constant level. This is
achieved by automatically controlling the maximum and minimum applied displacements on the fly during the fatigue test [15]. The G-control method monitors
compliance based on the measured load and displacement at user-defined time
intervals defined by a given number (n) of cycles. By back calculating the corresponding crack length, a, from the compliance, DG can be determined by substituting the maximum and minimum loads and a into equation (2). The measured value
of DG is compared with the desired value, and if needed the maximum and minimum displacements are adjusted by small increments to maintain both constant

8
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Figure 3. Experimental load versus displacement curves for four different test cases.

DG and constant R ratio, and n more cycles are subsequently run. For further
details, refer to Manca et al. [15].
Fatigue tests were carried out on eight MMB specimens at a constant testing
frequency of 1 Hz and a load ratio of R ¼ Pmin/Pmax = dmin/dmax = 0.1 over a DG
range of 190–530 J/m2 using the MTS TestSuite digital controller software. Fatigue
tests were performed at two mode mixities and two temperatures in the same way
as the static tests (i.e. two replicate specimens for each testing conditions) (see
Table 2).

Results and discussion
Fracture toughness
Figure 3 shows examples of experimental load versus displacement measurements
at two temperatures and two phase angles. The critical propagation load is marked
by an open circle on the curve.
For most specimens the crack growth was stable and the test was stopped after a
crack growth increment of 3–5 mm. Multiple fracture tests were therefore conducted on the same specimen. Critical crack propagation load, Pc, at different
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Figure 4. Critical load versus crack length at wR ¼4.4

crack lengths was measured both at RT and at 20 C for two different mode
mixities (see Figures 4 and 5). At any given crack length, a, significant reduction
of the critical load is observed when the temperature is reduced to 20 C.
Compliance was determined for all test cases at both test temperatures (see
Figures 6 and 7). The curves are least-squares fits to the experimental data.
These results show that a temperature change in this range has no substantial
effect on the compliance of the specimen, confirming earlier observations [8].
Fracture toughness, Gc, was determined from equation (2) based on critical
loads measured over a range of crack lengths (see Figures 4 and 5). The results
(not shown) revealed an almost constant Gc, independent of crack length for each
test. Figure 8 shows the average values of fracture toughness for the two mode
mixities at room (23 C) and low (20 C) temperatures. As found by previous
researchers [3,16], mode I-dominated loading leads to less fracture toughness
than mixed-mode loading. For both phase angles it is noted that reduced temperature leads to reduction of the fracture toughness. The fracture toughness reduction is also influenced by the mode mixity. For wR=23.9 the reduction is 12%,
while for wR=4.4 , the reduction is 32%.
The temperature decrease coupled with different coefficients of thermal expansion (CTE) of the face and core materials in the sandwich composite leads to
thermally induced stresses in face sheets and core. These stresses will partially
release upon crack propagation and may thus contribute to the crack propagation
force. In order to determine the thermally induced energy release rate, an analysis
was conducted using the commercial finite element software, ABAQUS [17].
A MMB specimen subject to a temperature decrease (i.e. 23 to 20 C) with no
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Figure 5. Critical load versus crack length at wR ¼23.9

Figure 6. Compliance versus crack length at wR ¼4.4 (c¼65 mm).

external mechanical loading was modelled using 20-node quadratic brick element
(C3D20R). The minimum element size was 0.01 mm and 8340 elements were
used. Longitudinal and transverse CTEs of a unidirectional E-glass/epoxy
ply were taken from Karadeniz and Kumlutas [18]. The effective CTE of the
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Figure 7. Compliance versus crack length at wR ¼23.9 (c¼20 mm).

Figure 8. Fracture toughness versus mode mixity phase angle.

quasi-isotropic face laminate was then calculated using classical lamination theory,
15.3  106/ C. CTE of the core is 40  106/ C [11]. The thermally induced energy
release rate was calculated using the J-integral in ABAQUS; G=1.97 J/m2. In
order to check the sensitivity of the analysis result to the input parameters (i.e.
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Table 3. Effect of variation in the face sheets and core material properties on the energy
release rate.
Face sheet

Core

E ¼ 18.6 (GPa)

CTE ¼15.3 (106/ C)

E¼135 (MPa)

CTE¼40 (106/ C)

þ20%

20%

þ20%

20%

þ20%

20%

þ20%

20%

Thermally 1.974
induced
G (J/m2)

1.969

1.517

2.492

2.364

1.579

3.459

0.903

CTE: coefficients of thermal expansion.

Figure 9. Debond path for specimens tested at 20 C. (a) Mode I-dominated loading conditions and (b) mixed-mode loading conditions.

Young’s modulus and CTE of core and face sheets), a sensitivity analysis was
carried out for a 20% change in the Young’s modulus and CTEs of the face
and core (see Table 3). This analysis provided an energy release rate in the range
from 0.90 to 3.46 J/m2. The maximum of G value is below 0.5% of the measured
fracture toughness. Hence, the thermally induced energy release may be neglected.

Fatigue test results
For the G-controlled fatigue propagation tests, the crack propagation path was
recorded in each specimen by taking photos of the edge during and after the test.
The crack propagated below the resin-rich layer at the face/core interface for all
specimens, regardless of mode mixity and temperature. Figure 9 shows crack paths
for specimens tested at 20 C. Debond growth took place close to the interface in
the mode I-dominated specimens (Figure 9(a)) and presented a smoother crack surface than for the mixed-mode specimens (Figure 9(b)). The mixed-mode specimens
tested at 20 C showed smoother crack surfaces than those tested at RT (results are
not shown). For mode I-dominated tests, the crack surfaces’ roughness was similar
at both temperatures. No kinking into the face sheet or fibre bridging was observed.

Farshidi et al.

13

Figure 10. da/dN versus DG results at wR ¼4.4 .

The fatigue crack growth test results are shown in Figures 10 and 11 in the form
of da/dN versus DG diagrams. Each point represents a test carried out for an
increment of crack propagation of 3–4 mm at a constant DG. A modified Paris–
Erdogan relation [19], equation (4), is used to characterise the crack growth rate
da
m
¼ C1 ðDGÞ
dN

(4)

The results in Figures 10 and 11 show that the crack growth rate depends on
both temperature and mode mixity. For mode I conditions (wR=4.4 ), a temperature reduction from 23 to 20 C resulted in a slight increase in crack growth rate
(see Figure 10). It is noted that the growth results display more scatter at a phase
angle wR=23.9 (Figure 11). More importantly, for wR=23.9 , a reduction of
the temperature from 23 to 20 C resulted in a significant increase of crack growth
speed. The characteristic parameters C1 and m in equation (4) were determined by
least square curve fitting. The values of the power law exponents, m, are provided
in the graphs (Figures 10 and 11). For the RT mode I- and mode II-dominated
tests, m=3.7 and 1.3. These values are similar to the RT results reported in Manca
et al. [4] and Saenz et al. [20]. Further investigation on the effect of the material
properties on the change of fracture toughness and crack growth speed at low
temperature can be conducted.
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Figure 11. da/dN versus DG results at wR ¼23.9 .

Conclusions
Mixed-mode face/core fracture toughness characterisation of foam core sandwich
specimens was carried out at 23 and 20 C. At both temperatures the toughness
was much less at mode I-dominated conditions than under mixed-mode conditions. It was found that the fracture toughness decreased as the temperature was
reduced. The fracture toughness reduction was greater for mode I-dominated loading condition than for mixed-mode loading condition. It was also shown that the
stiffness properties of the foam core sandwich composite remained almost
unchanged, independent of the temperature. In cyclic debond propagation testing
reduced temperature led to increased crack propagation speed. The increase of the
crack propagation speed due to temperature decrease was substantially higher for
mixed-mode loading than for mode I-dominated loading. The thermally induced
energy release rate was also found to be negligible.
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ABSTRACT
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Disbond damage propagation in honeycomb core sandwich structures is investigated numerically and experimentally. A fully parametric two-dimensional finite element model of a disbonded honeycomb core sandwich
specimen is presented. Energy release rate and mode-mixity were numerically determined using the Crack
Surface Displacement Extrapolation (CSDE) method. An advanced method was adopted to obtain the homogenized mechanical properties of the honeycomb core based on the geometry of a single honeycomb cell and the
material properties of the cell wall paper. The numerical model was benchmarked against CFRP/Nomex® Single
Cantilever Beam (SCB) specimen tests and a closed-form semi-analytical model. The results show a close
agreement between analytical, numerical and experimental energy release rate, as well as analytical and numerical mode-mixity. An extensive sensitivity analysis was also carried out and the effects of the geometry and
the material properties of the SCB specimen on the energy release rate and mode-mixity have been investigated.

1. Introduction
Sandwich composite structures have been used extensively in many
industries, such as the aerospace industry, due to their superior specific
stiffness and specific strength properties. A typical failure mode of
aircraft sandwich composite structures is disbonding between the face
sheet and the core at the interface. Such failure mode compromises
fatigue resistance of the sandwich structure and can lead to loss of
structural integrity of the sandwich component [1,2]. This highlights
the necessity of considering disbonding during damage tolerance evaluation. Different fracture mechanics methods have been used to explain and predict disbond fracture in sandwich structures. Several numerical methods have been proposed to model interface crack
propagation based on Linear Elastic Fracture Mechanics (LEFM). The
classic Virtual Crack Closure Technique (VCCT) [3,4] has been adopted
by many researchers due to its simplicity [5]. The Crack Surface Displacement Extrapolation method (CSDE) [6,7] is another advanced
method which has been recently used extensively [8–13] and proved to
be more robust for interfaces with high stiffness mismatch [14].
Different specimens have been used to validate numerical disbond
fracture models. Moslemian et al. [8] determined energy release rate
and mode-mixity numerically using the CSDE method and validated the
model against modified Tilted Sandwich Debond (TSD) tests on sandwich specimens with glass/epoxy face sheets and PVC foam core.
⁎

Comparison of numerical and experimental results showed fair agreement. Mixed Mode Bending (MMB) test was used to characterise debond fracture in foam core sandwich specimens by Quispitupa et al.
[15]. Compliance and energy release rate results were used to validate
Finite Element Analysis (FEA) and showed a fair agreement. Double
Cantilever Beam loaded with Uneven Bending Moments (DCB-UBM)
test was extended for sandwich composites by Lundsgaard-Larsen et al.
[16]. Debond fracture in sandwich specimens with PVC foam core and
glass/polyester specimens was characterised using the J-integral.
Rinker et al. [17] conducted Single Cantilever Beam (SCB) tests on
CFRP/PMI sandwich specimens to measure the propagation load. The
fracture toughness was determined by substituting the propagation load
into a proposed analytical model. Fracture toughness, mode-mixity and
stiffness results were compared with numerical results using FEA and
the VCCT method. Double Cantilever Beam (DCB) sandwich specimens
with CFRP face sheets and honeycomb core were tested and modelled
by Grau et al. [18]. Energy release rate and mode-mixity were determined from the crack tip stresses obtained using FEA. The numerical
energy release rate corresponding to the critical load was compared
with the experimentally measured fracture toughness. A very substantial scatter was observed in the measured fracture toughness for
various crack lengths and core thicknesses. It was also shown that
disregarding mode-mixity when assessing a loaded structure with disbond can notably overestimate its load carrying capacity. In general,

Corresponding author.
E-mail address: arfa@mek.dtu.dk (A. Farshidi).

https://doi.org/10.1016/j.compstruct.2018.11.052
Received 22 June 2018; Received in revised form 19 October 2018; Accepted 19 November 2018
Available online 22 November 2018
0263-8223/ © 2018 Elsevier Ltd. All rights reserved.

Composite Structures 210 (2019) 231–238

A. Farshidi et al.

very little research has been carried out to investigate the mode-mixity
determination in disbonded honeycomb core sandwich structures.
This current paper is focused on numerical determination of the
energy release rate and mode-mixity for a disbond in a honeycomb core
sandwich structure using the CSDE method. In order to substantially
reduce the numerical effort and to enable practicable modelling of
complex honeycomb core sandwich parts using the proposed method, a
core homogenization approach was used. The honeycomb core is considered as a solid homogeneous continuum with equivalent mechanical
properties adequately simulating the macroscopic deformation behaviour of the real honeycomb structure. The idealization of honeycomb
core as a homogeneous material in fracture analysis of honeycomb core
sandwich specimens has also been adopted in earlier studies [19–21]. A
Python script for a fully parametric 2D model of a disbonded honeycomb core sandwich specimen was generated and the CSDE method
implemented. An advanced method by Gibson and Ashby [22] was
adopted to obtain the mechanical properties of the honeycomb core
based on the geometry of a single honeycomb cell and the stiffness
properties of the cell wall material. Two sets of geometry, load and
boundary condition were fed into the Python script to create DCB-UBM
as well as SCB models. The DCB-UBM model was benchmarked against
the analytical model of Kardomateas et al. [23] and the SCB model was
validated against mode I dominant experiments. The results show a
very good agreement between analytical, numerical and experimental
energy release rate and mode-mixity. An extensive sensitivity analysis
was also carried out and the effects of geometry parameters, material
properties of the face sheet and material properties of the honeycomb
core on the energy release rate and mode-mixity have been investigated.

Fig. 1. Honeycomb cell geometry.

Table 1
Mechanical properties of CFRP face sheets and Nomex® honeycomb core
[25,26] indices 1, 2 and 3 refer to W, out-of-plane and L direction respectively.
Properties
Face sheet: CFRP fabric prepreg [45/0]s
Young’s modulus (Ef1) [MPa]
Young’s modulus (Ef2) [MPa]
Young’s modulus (Ef3) [MPa]
Poisson’s ratio (νf12)
Poisson’s ratio (νf13)
Poisson’s ratio (νf23)
Shear modulus (Gf12) [MPa]
Shear modulus (Gf13) [MPa]
Shear modulus (Gf23) [MPa]
Core: Nomex® honeycomb
Cell size [mm]
Density [kg/m3]
Paper thickness [μm]
Young’s modulus (Ec1) [MPa]
Young’s modulus (Ec2) [MPa]
Young’s modulus (Ec3) [MPa]
Poisson’s ratio (νc12)
Poisson’s ratio (νc13)
Poisson’s ratio (νc23)
Shear modulus (Gc12) [MPa]
Shear modulus (Gc13) [MPa]
Shear modulus (Gc23) [MPa]

2. Materials
Sandwich panels consisting of CFRP fabric prepreg face sheets and
Nomex® honeycomb core were manufactured by Airbus Operations
GmbH using a 125 °C co-curing with 2 bar autoclave cycle. The face
sheets consist of four balanced plain weave prepreg plies. Cured
thickness of a single ply was 0.35 mm and thickness of the face sheets
was 1.4 mm. Stacking sequence for the face sheets was [45/0]s which
provides quasi-isotropic behaviour in the plane of the face sheet. To
ensure adequate bonding between the honeycomb core and the face
sheets, an adhesive film AF163-2K with zero nominal cured thickness
was applied. Density and cell size of the honeycomb core were 32 kg/
m3 and 4.8 mm, respectively. Thickness of the cell wall paper was
t = 56 μm [24]. Nominal thickness of the core was 40 mm.

Equivalent mechanical properties of the honeycomb core were determined following Gibson and Ashby [22] using the geometry of a
single honeycomb cell and the material properties of the cell wall
paper.
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3.1. SCB specimen and test fixture
Six rectangular beam shaped SCB specimens with a length of
350 mm and a width of 50 mm were cut from the manufactured sandwich panel. The honeycomb core’s W direction was along the length
and the L direction was along the width of the specimens. An artificial
crack of a0 = 20 mm was cut into the core at a small distance below the
face/core interface using a thin bladed hand saw. Specimens were fully
clamped at the bottom of the lower face sheet and loaded in the out-ofplane direction using a 520 mm long loading rod, see Fig. 2. All tests
were performed with a 10 kN Instron 5566AK725010 electro-mechanical universal testing machine equipped with a 1 kN load cell and
controlled by an Instron 5566/Bluehill Ver. 2.19.732 controller.
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3. Experimental procedure
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out-of-plane and L direction, respectively, and index s refers to the
Nomex® paper. E is Young’s modulus, ν is Poisson’s ratio and G is shear
modulus.
Mechanical properties of the face sheets have been measured by
Fraunhofer Institute for Microstructure of Materials and Systems
(IMWS) [25]. Properties of the Nomex® paper (i.e. Es, Gs and νs) were
taken from [26]. Substituting these properties into Eq. (1), the mechanical properties of the Nomex® honeycomb core were calculated.
The mechanical properties of the face sheets and the core are listed in
Table 1.

2.1. Mechanical properties

t 3
cos
l (h / l + sin ) sin2

value

(1)

where t, l, h and θ are the geometry dimensions of a honeycomb cell, see
Fig. 1. The cell shape was assumed to be a regular hexagonal structure,
therefore θ = 30° and h = l = 2.77 mm. Indices 1, 2 and 3 refer to W,
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very fine crack tip mesh pattern was adopted following Berggreen et al.
[7]. Sixteen 4-node bilinear plane strain quadrilateral elements were
employed at the crack tip in order to stabilize the FE solution [7],
whereas the rest of the elements were 8-node biquadratic plane strain
quadrilateral. The minimum element size was chosen to be 100 times
smaller than the thickness of the face sheets.
The energy release rate and mode-mixity were determined using the
CSDE method, which focuses on the local displacements close to the
crack tip [7], by substituting relative crack flank displacements (i.e. δx
and δy) into Eq. (2).

Fig. 2. SCB specimen and test fixture.

3.2. Fracture toughness testing

F

Quasi-static fracture testing was conducted at room temperature on
six specimens. In order to create a sharp natural crack tip, the disbond
was propagated for about 20 mm for all the specimens through the first
loading cycle, referred to as a pre-cracking cycle. All the corresponding
data for this initial load cycle were excluded from subsequent data
reduction steps. The disbond was propagated in all the specimens for
approximately Δa ≈ 40 mm during a second load cycle (primary test
cycle), where the disbond length was monitored continuously by taking
photos from both sides during the test. Fracture toughness for each
specimen was determined using the Area Method [27]. The equivalent
bonding area, which is Δa times the specimen’s width, was used in the
Area Method. The measured critical loads for various crack lengths
were used as input to the FE model. Numerically determined energy
release rate was validated against the average fracture toughness of the
six specimens.
Two specimens were marked along the width by a line on top of the
upper face sheet at 20 mm away from the load introduction point. Outof-plane displacement of the mark-line was monitored using 3D Digital
Image Correlation (DIC) during the test. Three points, one in the middle
and two next to edges, were considered on the mark-line. The average
out-of-plane displacement measurements of these points was used to
validate the out-of-plane displacements of the corresponding point in
FEA model.
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Here G, ψF and ψR are energy release rate, mode-mixity phase angles
respectively in the full and the reduced formulations [28]. H11, H22 and
ε are bimaterial constant, and characteristic length, h, is equal to
thickness of the face sheets. Further details are provided in [7].
Two sets of geometry, load and boundary conditions were fed into
the Python script to create the DCB-UBM and the SCB models respectively. The numerical determination of energy release rate and modemixity based on local relative displacements close to the crack tip was
benchmarked and validated using the two models. The DCB-UBM
model was employed for benchmarking against an analytical model,
and the SCB model was also employed for validation against the experiments, see Figs. 3 and 4.
The analytical model proposed by Kardomateas et al. [23] was used
to benchmark the numerical results. The analytical model determines
the energy release rate as expressed in Eq. (3), where a1, a2 and a3 are
parameters which depend on geometry and material properties, and P*
and Md* are force and moment at the debonded face sheet [23]. The
analytical model also obtains the mode-mixity phase angle in terms of
scalar quantity ω, which is independent of loading and needs to be
numerically extracted once for a particular geometry and material.
Further details are provided in [23].

4. Numerical model

G = a1 P

The numerical modelling was carried out using the Abaqus/CAE
6.14-2 FEA software. A Python script for a fully parametric 2D model
was generated. The pre-processing, solving and post-processing were
performed by the script within the Abaqus software. Both, face sheets
and core were modelled as homogeneous and orthotropic materials. A
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Fig. 3. Finite element model of DCB-UBM specimen.

Fig. 4. Finite element model of SCB specimen.
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Table 2
Load cases for 3 different specimen configurations [23].
Specimen configuration

Load case

Moment on debonded part, Md

Moment on substrate part, Ms

Moment ratio Md/Ms

Sandwich: Aluminium face sheet + H100 core

1
2
3
4
5

75.6
129.6
196.1
118.6
71.1

−604.8
−518.40
−196.1
474.4
568.8

−1/8
−1/4
−1/1
1/4
1/8

Sandwich: Aluminium face sheet + Aluminium foam core

1
2
3
4
5

8.3
76.8
157.7
199.4
159.5

−4170.0
−3840.0
−2523.4
−199.4
2552.0

−1/500
−1/50
−1/16
−1/1
1/16

Bimaterial: Aluminium + Aluminium foam

1
2
3
4
5

5.9
55.9
133.3
199.0
136.8

−2930.0
−2795.0
−2132.8
−199.0
2188.8

−1/500
−1/50
−1/16
−1/1
1/16

Fig. 5. Energy release rate for various load cases for sandwich specimens with
soft core (i.e. Aluminium face sheet and H100 foam core).

Fig. 7. Energy release rate for various load cases for bimaterial specimens (i.e.
Aluminium and Aluminium foam).

Fig. 8. Mode-mixity phase angle for various load cases for sandwich specimens
with soft core (i.e. Aluminium face sheet and H100 foam core).

Fig. 6. Energy release rate for various load cases for sandwich specimens with
moderate stiff core (i.e. Aluminium face sheet and Aluminium foam core).

= tan

1

cos + ( + sin ) tan
+ sin
cos tan

(5)

The finite element model of a DCB-UBM specimen was used in [23]
to extract the energy release rate and mode-mixity phase angle. The
numerical mode-mixity value was then substituted into Eq. (5) to obtain
the ω value.
5. Results and discussion
5.1. Validation against semi-analytical model

Fig. 9. Mode-mixity phase angle for various load cases for sandwich specimens
with moderate stiff core (i.e. Aluminium face sheet and Aluminium foam core).

Following Kardomateas et al. [23], three specimen configurations
were considered. Two sandwich specimens with soft and moderate stiff
cores as well as one bimaterial specimen were analysed using the presented 2D DCB-UBM model. For each specimen five load cases with
different moment ratios were adopted to vary the mode-mixity, see
Table 2.

Energy release rate and mode-mixity phase angle (i.e. G and ψF)
were numerically determined for each specimen configuration under
various load cases. The results were compared over all the specimens
and load cases with both FEA and analytical results obtained by
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tests were monitored using DIC from the top view and cameras from the
side views. Crack propagation was monitored by taking photos from
both sides, see Fig. 11. In Fig. 11 the right specimen side image was
mirrored horizontally for visual comparison. An average of the measured crack lengths from two sides was considered as the actual crack
length.
All the specimens were loaded in two cycles, see Fig. 12. The first
cycle was considered as pre-cracking cycle where the disbond propagated for approximately 20 mm and formed a sharp and natural shaped
crack tip. All the corresponding data for the pre-cracking cycle were
disregarded. The second cycle was considered as the evaluation cycle,
where the disbond propagated for approximately 40 mm. The measured
load-displacement data during the evaluation cycle was used to determine the experimental fracture toughness using the Area Method
[27].
The FE model for the SCB specimen was employed for various crack
lengths and their corresponding propagation loads measured using two
physical specimens. The fracture toughness determined from the loaddisplacement curve by means of the Area Method inherently constitutes
an averaged value. To study the energy release rate as well as the modemixity as a function of crack length, the corresponding values GFEA and
ψR were determined numerically for various crack lengths using the
present FE model, see Fig. 13. It is shown that GFEA and ψR remain
approximately constant during disbond propagation at least within the
primary load cycle (cycle 2) of the test. The average value of the

Fig. 10. Mode-mixity phase angle for various load cases for bimaterial specimens (i.e. Aluminium and Aluminium foam).

Kardomateas et al. [23], see Figs. 5–10
Figs. 5–10 show that G and ψF results from the presented model
agree well with the analytical results presented in [23] as well as the
FEA results. The results also show that the numerically determined
energy release rate using the current analysis is slightly (i.e. up to 0.8%)
less than the analytical value for all the specimen configurations and
load cases.
5.2. Validation against experimental results
Six SCB specimens were tested at room temperature. Two of the

Fig. 11. Crack propagation measurement from both sides of the specimen.

Fig. 12. Experimental load versus displacement curves for all the specimens.
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Fig. 16. Out-of-plane displacement of the loading point versus crack length.

Fig. 13. Numerical energy release rate and mode-mixity versus crack length.

5.3. Sensitivity analysis
An extensive sensitivity analysis was carried out to identify dominant parameters affecting the results. The effects of uncertainties in the
value of three sets of input parameters (i.e. geometry, material properties of the face sheet and material properties of the honeycomb core)
on the numerical energy release rate and mode-mixity were investigated. A reference analysis with a crack length a = 76.65 mm and
load P = 96.2 N was performed to extract the energy release rate and
mode-mixity. A number of analyses with changed input parameters
(one value at the time) was then carried out at the same load to determine the corresponding variation in the energy release rate and
mode-mixity. The results revealed that the errors in measurement of the
crack length and deviations in the thickness of the face sheet substantially affect the numerical energy release rate value, while the
thickness of the core has no effect, see Table 3. Furthermore, the modemixity showed no sensitivity to variation in the crack length, thickness
of the face sheet and thickness of the core.
Regarding the effect of variation in the face sheet and core material
properties on the energy release rate, the results suggest that variation
of Young’s modulus of the face sheet in the longitudinal direction, Ef1,
has the major effect, see Tables 4 and 5. The results also show that
variation in Young’s modulus of the face sheet in the transverse direction, Ef3, the Poisson’s ratio of the face sheet, νf13, shear modulus of the
Nomex® paper, Gs, and the cell size of the honeycomb core have a minor
effect on the G value. Furthermore, mode-mixity showed only a minor
sensitivity to the Poisson’s ratio of the Nomex® paper, νs, the cell size of
the honeycomb core and the paper thickness of the honeycomb core,
see Tables 4 and 5.

Fig. 14. Comparison of experimental and numerical fracture toughness.

Fig. 15. Out-of-plane displacement of disbonded face sheet at mark-line versus
crack length.

6. Conclusions
Numerical determination of energy release rate and mode-mixity for
disbond in honeycomb core sandwich structures was carried out using
the CSDE method. A numerical FEA model was benchmarked against a
closed-form semi-analytical model using the DCB-UBM specimen geometry with various material configurations. A close agreement was
observed between the numerical and analytical energy release rate and
mode-mixity. Six CFRP/Nomex® SCB specimens were tested to validate
the numerical model under mode-I dominant loading. The numerical
results show that the energy release rate and mode-mixity remain
constant during the disbond propagation. The numerical analysis also
substantiates that the conducted SCB experiments were mode-I dominated. The critical energy release rate calculated by FEA using the CSDE
method agreed well with the experimentally measured fracture
toughness determined by means of the Area Method. The numerical
out-of-plane displacements of the disbonded face sheet were also in a
close agreement with the measured values. In order to investigate the
effects of uncertainties in the geometry and material properties on the
mode-mixity and energy release rate, an extensive sensitivity analysis
was carried out. The results revealed that variation in the crack length
(an error typically caused due to inaccurate crack length measurement)

reduced mode-mixity phase angle was found to be 2.8°. Thus, the results also confirm that the SCB test is an explicit mode I test for the
specific specimen configuration applied in this paper. The numerically
determined fracture toughness, which was defined as an average GFEA
over eight crack lengths, was compared with the experimental fracture
toughness averaged over six specimens, see Fig. 14. Fig. 14 shows that
the FEA results agreed with the experimental fracture toughness within
a 2.8% variation. However, the fracture toughness values determined
using FEA could be influenced by uncertainties in various input parameters (e.g. crack length, thickness of the face sheets etc.).
Out-of-plane displacement of the disbonded face sheet at the markline (i.e. almost 20 mm away from load introduction point) was monitored using DIC. Numerically determined out-of-plane displacements
for various crack lengths showed a close agreement with the DIC
measurements, see Fig. 15. Numerical out-of-plane displacements of the
loading point for various crack lengths were validated against experimental displacements taken from the piston movement of the test machine actuator, see Fig. 16. These results show that the compliance of
the model is equal to the experimental compliance.
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Table 3
Effect of variation in the geometry on the energy release rate and mode-mixity.
Variation in the geometry
Crack length

Variation in G [%]
Variation in ψR [°]

Thickness of the face sheet

Thickness of the core

+13% (+10 mm)

−13% (−10 mm)

+14% (+0.2 mm)

−14% (−0.2 mm)

+12.5% (+5 mm)

−12.5% (−5 mm)

+16.5
−0.06

−16.3
+0.07

−26.3
+0.16

+19.5
−0.07

+0.1
+0.02

−0.1
−0.05

Table 4
Effect of variation in the face sheet material properties on the energy release rate and mode-mixity.
Variation in the material properties of the face sheet

Variation in G [%]
Variation in ψR [°]

Young’s modulus of the face sheet (Ef1)

Young’s modulus of the face sheet (Ef3)

Poisson’s ratio of the face sheet (νf13)

+10%

−10%

+10%

−10%

+10%

−10%

−6.0
+0.21

+6.7
−0.24

−1.3
+0.01

+1.3
−0.01

−1.4
+0.02

+1.1
−0.03

Table 5
Effect of variation in the honeycomb core material properties on the energy release rate and mode-mixity.
Variation in the material properties of the honeycomb core

Variation in G [%]
Variation in ψR [°]

Young’s modulus of the
Nomex® paper (Es)

Shear modulus of the Nomex®
paper (Gs)

Poisson’s ratio of the Nomex®
paper (νs)

Cell size of the honeycomb
core

Paper thickness of the
honeycomb core

+10%

−10%

+10%

−10%

+10%

−10%

+10%

−10%

+10%

−10%

+0.2
−0.66

−0.3
+0.52

+1.1
+0.44

−1.0
−0.44

+0.1
−1.15

−0.1
+1.40

+1.9
+2.32

−0.3
−1.59

−0.1
−1.43

+0.1
+2.3

and thickness of the disbonded face sheet have a significant effect on
the numerical energy release rate value. It was also found that the
Poisson’s ratio, cell size and paper thickness of the honeycomb core are
most affecting the mode-mixity value.
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Abstract
Disbond damage growth in honeycomb core sandwich structures due to static and fatigue mixed
mode loadings is investigated numerically and experimentally. A two dimensional static finite
element model was generated using a core homogenization method and the Crack Surface
Displacement Extrapolation (CSDE) mode separation method, integrated into a fracture mechanics
based analysis sub-routine to predict face/core interface crack propagation. Furthermore, the Cycle
Jump technique was applied to accelerate the fatigue analysis. Mixed mode fatigue characterization
tests were conducted using Double Cantilever Beam specimens loaded with Uneven Bending
Moments (DCB-UBM), generating a relationship between crack propagation rates and energy
release rate amplitudes as a modified Paris Law measured at three mode-mixity phase angles. The
measured Paris laws were subsequently used as input data for the numerical model. The numerical
model was validated against CFRP/Nomex® Sandwich Tearing Test (STT) specimen tests with a
propagating face/core interface crack yielding varying mode-mixities. The results from the
validation showed an agreement between numerical predictions and experimental measurements.

Keywords
Sandwich disbond/debond, mixed-mode characterization, Sandwich Tearing Test (STT), crack
growth rate, mode-mixity, fracture toughness.

1 Introduction
Disbonding of the face/core interface is a typical failure mode of sandwich composite structures
used in the aerospace industry. Propagation of disbonds may lead to catastrophic failure of the
entire sandwich composite component [1, 2]. An accurate prediction of propagation is therefore
crucial for the damage tolerance evaluation of sandwich composite structures. For this reason, a
validated numerical model supplied with reliable face/core interface fracture characterization data
has to be developed. To this end, various numerical methods such as the Virtual Crack Closure
*
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Technique (VCCT) [3, 4] and the Crack Surface Displacement Extrapolation (CSDE) [5, 6] have
been employed. In addition, several experimental methods have been used to obtain the interface
fracture toughness and fracture propagation rate at varying mode-mixities. The Tilted Sandwich
Debond (TSD) [7] specimen was used by Berggreen et al. [8] to measure mixed-mode face/core
fracture toughness in sandwich composite structures. Sandwich specimens with glass/polyester face
sheets and PVC foam core were tested. The measured critical load and crack length were fed into a
2D numerical finite element model of the TSD specimen. Fracture toughness and mode-mixity were
then determined using the CSDE method. The numerically determined fracture toughnesses were
compared with the experimentally determined values presented in [9], and a fair agreement was
achieved. Grau et al. [10] used the Double Cantilever Beam (DCB) sandwich specimen to
numerically determine the energy release rate and mode-mixity using the crack tip stresses. The
numerically determined energy release rate was validated against the experimental values obtained
from DCB tests of sandwich specimens with CFRP face sheets and honeycomb core. The Double
Cantilever Beam specimen loaded with Uneven (or Unequal) Bending Moments (DCB-UBM) [11],
which has been extended to sandwich structures [12, 13], was modeled by Kardomateas et al. [14]
and Saseendran et al. [15] to verify their semi-analytical closed-form expressions for the energy
release rate and mode-mixity. The energy release rate and mode-mixity were determined for various
load cases using the semi-analytical method and the energy release rate results were compared with
the numerical energy release rates obtained using the CSDE method. The MMB specimen [16],
which has been used by many researchers [9, 17, 18], was employed by Manca et al. [19] as a
sandwich specimen to experimentally characterize face/core fracture toughness in foam core
sandwich structures. The energy release rate was obtained experimentally and the mode-mixity was
determined numerically using the CSDE method. Fatigue tests were then carried out at different
energy release rate amplitudes to characterize the fatigue crack growth rate at selected mode-mixity
phase angles.
The Sandwich Tearing Test (STT) [6] specimen was employed by Moslemian et al. [20, 21] to
study the fatigue debond growth in sandwich specimens with glass/polyester face sheets and PVC
core. Fatigue tests were carried out on STT specimens to obtain the crack length versus number of
cycles. MMB testing was also conducted to measure the fatigue crack growth rate data versus the
numerically determined cyclic energy release rate (modified Paris’ Law [22]) at a chosen modemixity, as the variation of the fatigue crack growth rate due to the mode-mixity change during crack
propagation in the STT specimen was neglected. These measured Paris Law data was implemented
into a 2D cyclic model of the STT specimen and the numerically determined crack length versus
number of cycles results were compared with the corresponding experimental ones. The Cycle
Jump technique [23] was employed to accelerate the simulations with different control parameters.
The results obtained using different cycle jump control parameters were compared and a significant
reduction in computational time was obtained. Martakos et al. [24, 25] also used the STT specimen
to study the effect of a crack arresting device on the fatigue debond growth pattern in sandwich
specimens with E-glass/epoxy face sheets and PVC core. STT specimens with implemented crack
stoppers were cyclically tested to determine the loading point displacement versus number of
cycles. The input data for the fatigue crack growth rates against cyclic energy release rates under
mode I dominant loading conditions were adopted from [26]. It was assumed that the analyzed
variations in mode-mixity along the crack propagation length in the STT specimen had no
considerable effect on the Paris’ law curve. The loading point displacement versus number of cycles
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was numerically obtained using a 2D model of the STT specimens along with the CSDE method
and Cycle Jump technique. The numerical results were validated against the experimental results
and showed a fair agreement.
This current paper is focused on static and fatigue analysis of disbonded honeycomb core sandwich
beams under mixed mode (I/II) loading conditions. A 2D model of the STT specimen with
homogenized core and utilizing the CSDE method is generated. STT specimens with CFRP face
sheets and Nomex® honeycomb core are tested with static and fatigue loading to validate the
numerical results. Numerical results are obtained at various crack lengths with different modemixities, and mixed mode fatigue characterization tests using DCB-UBM specimens are carried out
to obtain the mixed mode Paris’s law input for the fatigue model. The fatigue model, utilizing the
Cycle Jump technique is executed for various initial disbond lengths, cyclic loads and number of
cycles and compared with the corresponding experimental results.

2 Experimental procedure
2.1 Materials, specimens and test fixtures
Sandwich panels consisting of Nomex® honeycomb core (Cormaster C1 [27]) and CFRP fabric
prepreg face sheets were manufactured by Airbus Operations GmbH. The face sheets consist of four
balanced plain weave prepreg plies with a stacking sequence of [45/0]s. An adhesive film AF1632K with zero nominal cured thickness was used to bond the honeycomb core to the face sheets. The
thickness of the core and face sheets were 40 and 1.4 mm respectively. The core homogenization
method was adopted from [28] to achieve the equivalent mechanical properties of the honeycomb
core. Mechanical properties of the honeycomb core and face sheets, adopted from [28], are listed in
Table 1.
Seven rectangular specimens with a length of 700 mm and a width of 50 mm were cut parallel to
the core’s ribbon direction (i.e. L direction) from the manufactured panel. In an earlier pilot study
on similar STT specimens, it was observed that removing the entire core at th
e center of the
specimen and replacing it with a core insert following [24, 25], may lead to an unintended disbond
propagation at the lower face/core interface, see Figure 1. It was, therefore, decided not to remove
the honeycomb core close to the lower face sheet at the center of the specimen.

Figure 1: Unintended disbond propagation at the lower face/core interface.
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Table 1: Mechanical properties of face sheets and honeycomb core [28]
indices 1,2 and 3 refer to L, out-of-plane and W direction respectively.

Properties
Face sheet: CFRP fabric prepreg [45/0]s
Young’s modulus (Ef1) [MPa]
Young’s modulus (Ef2) [MPa]
Young’s modulus (Ef3) [MPa]
Poisson’s ratio (νf12)
Poisson’s ratio (νf13)
Poisson’s ratio (νf23)
Shear modulus (Gf12) [MPa]
Shear modulus (Gf13) [MPa]
Shear modulus (Gf23) [MPa]
Core: Nomex® honeycomb
Cell size [mm]
Density [kg/m3]
Paper thickness [μm]
Young’s modulus (Ec1) [MPa]
Young’s modulus (Ec2) [MPa]
Young’s modulus (Ec3) [MPa]
Poisson’s ratio (νc12)
Poisson’s ratio (νc13)
Poisson’s ratio (νc23)
Shear modulus (Gc12) [MPa]
Shear modulus (Gc13) [MPa]
Shear modulus (Gc23) [MPa]

value
48143
6430
48143
0.0368
0.3159
0.2756
2265
18380
2265

4.8
32
56
0.0746
121.86
0.0746
0.354
0.9995
0.000217
13.066
0.00329
20.688

Consequently, only a part of the core was removed at the center of the specimen below the upper
face sheet. The center of the upper face sheet was gripped between two steel plates on the top and
bottom of the face sheet and was connected to the load cell and actuator piston, see Figure 2. The
bottom of the lower face sheet at the center of the specimen was fixated using a two component
room temperature curing epoxy adhesive, Araldite 2015. The honeycomb core was replaced with
two wood inserts (505040 mm) at both ends of the specimens using the adhesive Araldite 2015.
The specimen was clamped at both ends through the wood inserts and face sheets, see Figure 2 for
further details.
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Figure 2: STT specimen and test setup details.

A disbond with a total length of 340 mm was cut in the honeycomb core just below the meniscus
layer at the upper face/core interface, see Figure 3. The crack length, a, was defined as the distance
between the crack tip and the loading block. The initial crack length was 15 mm for all the
specimens.

Figure 3: Schematic STT specimen

All tests were performed in a four-column 100 kN MTS 810 testing machine equipped with a 5 kN
load cell to increase the accuracy of the load measurements.

2.2 Static STT testing
Static fracture testing was conducted on five STT specimens in displacement control until the crack
length reached approximately a≈245 mm. Three specimens were loaded with 0.5 mm/min rate
during the entire test; however, two specimens were loaded in multiple cycles with 0.5 mm/min rate
in loading and 2 mm/min rate in unloading. The results from the two last specimens were used to
determine stepwise-averaged fracture toughness for different crack length ranges along the test
using the Area Method [29]. The crack length was monitored by taking photos from one side during
all the tests.

2.3 Fatigue STT testing
Fatigue tests were carried out on three STT specimens in load control at a constant frequency of 0.2
Hz and a load ratio of R = Pmin/Pmax = 0.1 with various Pmax in a range of 400-750 N. The specimens
were subjected to cyclic loading in the range of 13,400 to 140,000 cycles. The maximum and
minimum displacements of the loading point (i.e. piston displacement) were recorded for each cycle
during the tests. The crack length was also monitored by taking photos from one side of the
specimen every 20 cycles.
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2.4 Mixed mode fatigue characterization testing
The face/core crack propagation rate under fatigue loading at different mode-mixities was measured
using the DCB-UBM sandwich specimen and test fixture [30]. Four DCB-UBM specimens (45060
mm) were cut parallel to the core’s ribbon direction from the manufactured sandwich panel. The
DCB-UBM specimens were reinforced by steel doubler layers, with a thickness of 6 mm, in the
same way as explained by Saseendran et al. [31]. The same test setup as used by Saseendran et al.
[31] was employed to test the specimens at three different mode-mixities with fatigue loading, see
Figure 4. Fatigue tests were conducted at various cyclic energy release rate amplitudes, ΔG, for
each mode-mixity. For all the tests, the ratio between the maximum and minimum moment,
Mmin/Mmax, was chosen to be 0.1 and the crack was propagated for at least 10 mm for each data
point. A modified Paris-Erdogan relation [22], Eq. (1), is used to characterize the crack growth rate.
Paris’ law at a mode I dominated and two mixed mode conditions were obtained. The data were
used as input for the fatigue model presented in the next section.
da
m
 C  G 
dN

(1)

Figure 4: DCB-UBM test rig and specimen

3 Numerical model
3.1 Static model
A two-dimensional STT specimen was modeled using the Abaqus/CAE 6.14-2 FEA software
package, see Figure 5. The face sheets and core were modeled as homogenous and orthotropic
materials using 53000 elements. 4-node and 8-node plane strain quadrilateral elements with a
minimum size of 0.0126 mm were employed. A very fine mesh pattern was defined around the
crack tip following Berggreen [32]. Due to the large deformation of the disbonded face sheet,
geometric nonlinear behaviour was adopted. The two ends of the specimen, which were clamped
through the wood inserts, were modeled as cantilever boundary conditions. The length of the
modeled specimen was therefore equal to 600 mm. A rigid support was tied to the bottom of the
lower face sheet at the center of the specimen. Fully clamped boundary condition was applied to the
bottom of the rigid support. A rigid loading block was tied to the bottom of the upper face sheet at
the center of the specimen. The rotation and longitudinal displacement of the rigid loading block
were constrained. The load was applied to the bottom of the rigid loading block.
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The sliding and opening relative crack flank displacements, δx and δy, at different distances, x,
behind the crack tip was obtained from the FE model. The CSDE method was then used to
determine the energy release rate and mode-mixity phase angle by substituting the relative crack
flank displacements into Eq. (2).
 H 22  x 
 H  
11
y 


   R arctan 
G

 1  4 2   H11
8H11 x

(2)


  

 H 22

2
y

2
x

Where H11, H22 and ε are bimaterial constants, G is the energy release rate, ψ =ψR is mode-mixity
phase angle for the reduced formulation. Further details are provided in [6].

Figure 5: Finite element model of the STT specimen.

3.2 Fatigue model using the Cycle Jump technique.
A model for fatigue analysis was created based on the static model. The fatigue model was executed
by running the parametric static model for one cycle with the initial disbond length and the
maximum and minimum loads as inputs to obtain the cyclic energy release rate, ΔG, and modemixity phase angle, ψR, of the cycle using the CSDE method. Based on the measured Paris law
fatigue characterization input data from the DCB-UBM testing, the disbond propagation increment
corresponding to the determined ΔG and ψR of the cycle was calculated and employed to obtain the
initial disbond length for the next analysis cycle.
In order to reduce the number of simulated cycles, the Cycle Jump technique was utilized with the
fatigue model. The Cycle Jump technique [23] used the determined ψR and ΔG of at least three
cycles to find the global evolution functions. The global evolution functions were then used to
determine the maximum number of jumped cycles for an extrapolation with a desired accuracy. A
control parameter, Q, was employed to control the accuracy of the linear extrapolation. The
extrapolated ψR and ΔG parameters were again used together with the mixed mode Paris law data to
determine the disbond length for the next cycle. In this way, the disbond propagation increment,
cyclic energy release rate amplitude and mode-mixity for the jumped cycles were obtained without
simulation which substantially reduces the simulation time.
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4 Results and discussion
4.1 Static results
Five STT specimens were statically tested at room temperature. Three of the specimens (i.e. Static1, Static-2 and Static-3) were continuously loaded during the test and two specimens (i.e. Static-4
and Static-5) were loaded with multiple load cycles, see Figure 6. For all specimens, the disbond
propagation was stable during the duration of the test.

Figure 6: Experimentally and numerically obtained load versus displacement

All static specimens were loaded in displacement control to a point where the disbond had
propagated up to a≈245 mm. Disbond propagation took place in the core close to the interface for
all the specimens. Figure 7 shows the fracture surfaces of the upper face sheet and the honeycomb
core. No kinking into the core or face sheet was observed.

Figure 7: Disbonded surfaces of a tested STT specimen.
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Seven cases were analyzed using the static FE model with various crack lengths and the
corresponding measured propagation loads. Displacement of the loading point, energy release rate
and the mode-mixity phase angle were determined. The numerically determined loading point
displacements were compared against the experimental results, see Figure 8. The results show a
very well agreement between numerical and experimental results.

Figure 8: Experimentally and numerically obtained displacement versus crack length

The energy release rate values obtained from FEA were considered as numerically determined
fracture toughnesses as the experimentally measured propagation loads were implemented in the FE
model. Stepwise-averaged fracture toughnesses were determined experimentally over multiple
ranges of the crack length for two specimens. Thirteen loading cycles of the two STT specimens
were used to determine the average fracture toughness over each cycle using the Area Method.
These results were used to validate the numerically determined fracture toughness values, see
Figure 9. The results show a fine agreement between the numerical and the stepwise-averaged
experimental fracture toughness values. The results also show that the fracture toughness increases
along the test as the mode-mixity varies from a mode I dominant towards the mixed mode regime.
Figure 10 reveals that the test is mostly under the mode I dominant loading conditions (i.e. ψR=13.2º) when the crack is short at the beginning of the test; however, the mode-mixity changes
toward the mixed mode regime with a substantial mode II portion (i.e. ψR=-52.1º) as the crack
propagates towards the end of the specimen.
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Figure 9: Experimentally and numerically obtained fracture toughness versus crack length.

Figure 10: Numerical mode-mixity phase angle versus crack length.

The numerically determined fracture toughness versus mode-mixity phase angle was also compared
with the experimentally measured values by Saseendran et al. [31], see Figure 11. The FEA results
for the STT specimens show an agreement with the results of characterization tests carried out using
DCB-UBM specimens cut from a sandwich panel with the same face and core thickness and
material configuration.
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Figure 11: Fracture toughness versus mode-mixity phase angle.

4.2 Mixed mode fatigue characterization results
Four reinforced DCB-UBM specimens were tested with cyclic loading at three different modemixity phase angles (i.e. ψR=1.1º, ψR=-24.4º and ψR=-40.6º). An initial face/core crack of 50 mm
was created using a band saw for each specimen. For each specimen, the first 10 mm propagation of
the crack length was considered as a pre-cracking to create a sharp natural crack tip. All
corresponding data from the formation of the pre-crack were disregarded. For the subsequent
propagation, the crack propagated inside the core close to the interface, see Figure 12. The crack
propagation paths were observed to be similar at all tested mode-mixities.

Figure 12: Crack propagation path in DCB-UBM specimen during fatigue characterization testing.

All specimens were tested at 0.25 Hz, a loading ratio (i.e. Mmin/Mmax) of 0.1 and at room
temperature. Various cyclic moment amplitude levels in the rage of 60-90% of the corresponding
static propagation moment were applied during the fatigue tests at each mode-mixity. The crack
growth rate results for three different mode-mixities are shown in Figure 13 in the form of da/dN vs.
G diagrams. The results confirmed that the crack propagation rate is greater for mode I loading
tests compared with the mixed mode loading tests. In general, the crack propagation rate for mode I
loading condition (ψR=1.1º) observed to be approximately ten times greater than the mixed mode

11

loading condition (ψR=-40.6º) over the tested range of G. The Paris law equation, Eq. (1), for each
mode-mixity is also provided in the graph, Figure 13. The Paris law parameters, C and m, were
determined for each mode-mixity. Figure 14 shows the Paris law parameters versus mode-mixity
phase angle. It was determined that the parameter m did not depend on the mode-mixity; however,
the parameter C can be expressed as a function of the mode-mixity phase angle, Eq. (3), see Figure
14.
C( )  8.567  14  e5.78602 

(3)

Eq. (3) together with the average value m=4.01 were implemented in the fatigue FE model of the
STT specimen to determine the da/dN vs. G as a function of mode-mixity.

Figure 13: Crack growth rate versus cyclic energy release rate for different mode-mixities

Figure 14: Measured Paris’ law parameters for different mode-mixities.

4.3 STT fatigue results
Fatigue testing of the STT specimens was conducted on three specimens with a range of load levels.
The disbond propagation was monitored using a camera from one side of the specimen, see Figure
15. The crack path and the roughness of the fracture surfaces were similar to the specimens tested
with static loading. No kinking into the core or face sheet was observed.
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Figure 15: Fracture path and the crack propagation length measurement carried out during the fatigue tests.

Four fatigue tests were carried out using three specimens (i.e. one of the specimens were used for
two fatigue tests) in load control with various initial crack lengths in the range of 42.5-204 mm,
Pmax in a range of 400-750 N and a total number of loading cycles in range of 13.4-140 thousand
cycles. The numerical fatigue model was executed for all four test cases with the same initial crack
length, maximum load and total number of loading cycles. The numerically predicted crack length
versus the number of cycles was compared with the experimentally measured values for all fatigue
tests performed, see Figure 16-Figure 19. The maximum displacement of the actuator piston versus
the number of cycles was also used to validate the numerical displacement of the load introduction
point at each number of cycles, see Figure 16-Figure 19. The results show an agreement between
the numerical predictions and experimental measurements.

Figure 16: Comparison between experimental measurements and numerical predictions of the crack length
and maximum displacement versus number of cycles at Pmax=400 N.
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Figure 17: Comparison between experimental measurements and numerical predictions of the crack length
and maximum displacement versus number of cycles at Pmax=550 N.

Figure 18: Comparison between experimental measurements and numerical predictions of the crack length
and maximum displacement versus number of cycles at Pmax=600 N.
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Figure 19: Comparison between the experimental measurements and numerical predictions of crack length
and maximum displacement versus number of cycles at Pmax=750 N.

5 Conclusions
Two dimensional analysis of a disbonded honeycomb core sandwich beam specimen (i.e. the
Sandwich Tear Test specimen - STT) under static mixed mode (I/II) loading condition was carried
out using core homogenization and the CSDE mode-mixity method. Five CFRP/Nomex® STT
specimens were tested to validate the numerical results at various crack lengths yielding different
mode-mixities. The results showed an agreement between numerical predictions and experimental
displacement measurements at various crack lengths. Furthermore, the numerically determined
fracture toughness versus mode-mixity results agreed well with reported values measured
experimentally. Mixed mode fatigue characterization tests at three different mode-mixities were
conducted using DCB-UBM specimens. Paris law was obtained at each mode-mixity and the Paris
law parameters were expressed as a function of the mode-mixity phase angle. A 2D fatigue model
using the Cycle Jump technique and supplied with the mixed mode Paris law input from the DCBUBM tests was also generated. Fatigue testing was carried out with various initial disbond lengths,
cyclic loads and number of cycles to validate the numerical fatigue model. The results show an
agreement between numerically predicted and experimentally measured crack lengths and
maximum displacements versus number of cycles.
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Abstract
Disbond damage propagation in unvented honeycomb core sandwich panels subjected to GroundAir-Ground (GAG) and in-plane loading is numerically investigated. Parametric three-dimensional
static and fatigue models of unvented sandwich panels with an arbitrary disbond shape were developed
using the sub-modeling technique and the Crack Surface Displacement Extrapolation (CSDE) mode
separation method. The numerical model was benchmarked against the results reported in two earlier
numerical and experimental studies. The results obtained from the presented model showed a close
agreement with the reported numerical and experimental results. An extensive parametric study was
conducted using the static and fatigue models to investigate the effects of different geometry and loading
parameters on the mixed mode I/II energy release rate, mode III energy release rate and mode-mixity
along the disbond front as well as the pattern and speed of the fatigue disbond propagation. The results
showed that varying the disbond radius, internal gauge pressure and in-plane compression significantly
affected the energy release rates and slightly affected the mode-mixity. The results also revealed that the
maximum disbond propagation rate along the disbond front was substantially affected by the thickness of
the face sheets and in-plane compression.

Keywords
Disbond/debond, Ground-Air-Ground (GAG), fatigue disbond propagation, mode-mixity, energy
release rate.

1 Introduction
Sandwich composite structures with honeycomb core are extensively used in primary structures of
aircrafts due to their lightweight, corrosion resistance, fatigue durability, high-strength and highstiffness properties. Certification of sandwich composite structures, however, is challenging due to
lack of experience with large-scale structures, complex interactive failure mechanisms, sensitivity to
temperature and moisture, and scatter in the data [1]. Honeycomb cores are typically applied in aircraft
sandwich structures and consist of air-filled cells. The air is able to flow to the external environment in
*
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vented honeycomb core structures; however, this is not desirable in many cases due to moisture
ingression, and thus honeycomb core sandwich structures in aircrafts are therefore mostly unvented. The
pressure of the entrapped air in unvented honeycomb cores is therefore also independent from the external
environment pressure. The ambient pressure drop during the aircraft altitude ascent increases the relative
pressure between the entrapped air in the core and in the ambient environment. The relative pressure loads
the honeycomb core sandwich structure during flight and unloads by decent and landing, generating a
load cycle called Ground-Air-Ground (GAG) cyclic loading. The GAG load cycle may become critical in
disbonded sandwich structures with an unvented honeycomb core, and several failure incidents have been
attributed to the unvented honeycomb core pressurization [2], and pressurization of disbonded sandwich
structures with unvented honeycomb core [3, 4]. The aviation certification authorities, therefore, triggered
extensive research to address the issue.

Extensive research has been carried out to study the disbond fracture in honeycomb core sandwich
structures subjected to ground-air pressurization and GAG cyclic loading. Three-dimensional
analysis and core-pressurization testing were carried out by Glaessgen et al. [5] to determine the
causes of the X-33 liquid-hydrogen tank failure. Disbonded sandwich panels with CFRP face sheets
and Korex honeycomb core were internally pressurized to failure. The experimentally measured
fracture pressure was then used to validate the critical core pressure for unstable debond growth,
which was determined numerically. Propagation of a circular disbond in unvented honeycomb core
sandwich structures due to internal pressurization was investigated analytically and numerically by
Goyal et al. [6]. A closed form solution for the critical disbond radius was developed as a function of
internal honeycomb pressure, fracture energy, face sheet modulus and face sheet thickness. A twodimensional axisymmetric model of a disbonded sandwich structures was developed. The internal
pressurization was implemented as a pressure load applied to the inner surface of the disbonded face
sheet. The numerically determined critical disbond size using the Virtual Crack Closure Technique
(VCCT) [7, 8] was compared with those obtained using the closed form solution. Koontz et al. [9]
investigated disbond propagation in unvented honeycomb core sandwich panels subjected to groundair pressurization and in-plane loading. Panels with various circular disbond radius equipped with
strain gauges were first pressurized, and then subjected to in-plane compression load until failure. A
quarter-symmetry finite element model of the disbonded sandwich panel under similar loading was
also developed. The strain results were compared with measurements and the allowable disbond size
for a hypothetical flight condition was determined. Analysis of unvented honeycomb core sandwich
panels with circular disbonds subjected to ground-air pressurization was carried out using an
advanced quarter-symmetry model by Rinker et al. [10]. Ground-air pressurization was implemented
in the finite element model using the fluid cavity feature in ABAQUS®/Standard to model the
pressure-deformation coupling. The total energy release rate, GT, along the disbond front was
determined for different core densities using the VCCT method. The maximum GT along the disbond
front was also determined for various face sheet thicknesses, disbond radiuses and core thicknesses.
The mode-mixity was not determined at the disbond front. Chen et al. [11] expanded the analysis
methodology developed earlier [10] with the implementation of in-plane compression loading to
simulate 0.2% compression strain. The numerically determined total energy release rate along the
circular disbond front was compared with the results obtained from the pressure-only case. It was
shown that the energy release rate determined for the combined loading case is significantly higher
than the pressure only case and the results for the combined load cases cannot be obtained by
superposition of the individual load cases.
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The current paper is focused on the analysis of disbond fracture in unvented honeycomb core
sandwich panels subjected to GAG and in-plane loading. A Python script for a parametric 3D quarter
model of unvented sandwich panels with arbitrarily shaped disbonds under static and fatigue loading (i.e.
GAG and in-plane loading) was generated using the sub-modeling technique and CSDE method. The
3D static model was verified against the numerical model by Chen et al. [11], and also benchmarked
against the experimental and numerical results of Glaessgen et al. [5]. An extensive parametric study was
conducted using the static model to investigate the effect of different geometry and loading parameters
on the energy release rate and mode mixity along the disbond front. Moreover, a fatigue parametric study
was also carried out to investigate the effect of different geometry and loading parameters on the pattern
and speed of the fatigue disbond propagation.

2 The GAG mechanism for a disbonded sandwich panel
A disbond damage in an unvented honeycomb core sandwich panel divides the panel into two
sections, an intact and a disbonded respectively, see Figure 1. It is assumed that the disbond is between
the upper face sheet and the core, and is in a much smaller size compared to the panel’s in-plane
dimensions. The disbonded section of the panel consists of the disbonded upper face sheet and the
honeycomb core and lower face sheet below the disbond. The rest of the panel surrounding the
disbonded section is the intact section. Each section is considered to behave as a cavity filled with air
which cannot be exchanged between cavities or with the surrounding environment. Therefore,
pressure equalization cannot happen between the intact cavity, the disbonded cavity and the ambient
environment. It is also assumed that the initial pressure of the inner cavities is equal to the ambient
pressure.

Figure 1: Deformation behavior of disbonded honeycomb core sandwich panel
on the ground (left) and at flight altitude (right).

An event of rapid ambient pressure drop, for instance during the ascent of an airplane, introduces a
pressure difference between the pressures of the inner cavities (e.g. an unvented disbonded
honeycomb core panel of an airplane rudder) and the ambient pressure. The induced relative pressure
inside the disbonded cavity can easily deform the disbonded section due to its low flexural stiffness
and result in bulging of the panel, see Figure 1. The bulging of the disbonded section increases the
volume and decreases the relative pressure of the disbonded cavity. The relative pressure can also be
decreased due to low temperature, for instance at high flight altitude. The equilibrium can be
calculated using the ideal gas law

pV  nRT

(1)

where p is the pressure of entrapped air inside the disbonded cavity, V is the volume of the disbonded
cavity, n is the number of moles of the entrapped air, R = 8.314 J/(mol K) is the universal gas constant
and T is the temperature of the entrapped air. In case of in-plane compression loading, which promotes
bulging of the disbonded section through buckling of the disbonded face sheet, the increased volume
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results in a reduction of the relative pressure which obstructs the bulging in the disbonded section. In
general, a coupled pressure-deformation-temperature problem has to be solved for the disbonded
cavity to find the equilibrium deformed shape of the disbonded section. In case of fatigue loading,
once the disbond is propagated the relative pressure applies to a larger disbonded area with less
flexural stiffness and promotes further propagation. This highlights that the cyclic GAG disbond
propagation is unstable in nature and a robust fracture mechanics based analysis needs to be carried
out throughout the damage tolerance evaluation.

3 Numerical model
3.1 Static model
Analysis of a disbonded honeycomb core sandwich panel was carried out using the Abaqus/CAE
6.14-2 FEA software. A Python script for a parametric 3D model was generated. In order to reduce
the computational time, it was assumed that the disbond shape is double-symmetric; therefore, only
one quarter of the panel was modeled and symmetry boundary conditions were implemented. A submodeling technique was employed to facilitate the modeling. The script generates a global model
including the intact and disbonded sections of the panel defined as fluid-filled cavities filled with air.
The fluid-filled cavity is a surface based feature of Abaqus which handles the pressure-deformationtemperature coupling by solving the ideal gas law, equation (1), within each increment to find the
equilibrium. Subsequently, a sub-model in shape of the disbond front, including the upper face sheet
and the core around the disbond front, was generated with a very fine mesh to determine the energy
release rate and mode-mixity, using the Crack Surface Displacement Extrapolation (CSDE) method
[12], along the disbond front.

Figure 2: Schematic formation of disbond front using station-points.

The script generates a global model with an arbitrary disbond shape by taking 2D coordinates of k
station-points (i.e. SP0[X0,Y0], … , SPk-1[Xk-1,Yk-1]) defining the disbond front at the face/core
interface plane and fitting a B-spline curve to the station-points, see Figure 2. The global model
constrains the first and last station-point to be on the X and Y axes respectively. The global model
also constrains the ends of the B-spline curve to be perpendicular to X and Y axes respectively. In
4

the global model, the face sheets and core were modeled as homogeneous and orthotropic materials
using 20-node quadratic brick elements and the minimum element size defined to be equal to half of
the thickness of the upper face sheet. Face sheets were thus modeled with two elements through the
thickness and the core was modeled with same size elements at the interface with the upper face sheet
and a coarser mesh size at the interface with the lower face sheet, see Figure 3. In order to accurately
account for the large deformations and membrane effects of the disbonded face sheets, geometric
nonlinear behaviour was adopted for the global model.

Figure 3: Finite element model of the disbonded honeycomb core sandwich panel using a sub-modeling
technique.
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The script also generates a sub-model with the same arbitrary disbond front profile as the global
model. The cross section of the sub-model, which is a square with the disbond at the center, remains
constant along the disbond front. The edge size of the cross section is two times larger than the
thickness of the upper face sheet. The resultant displacements from the global model are imported as
a boundary condition at the outer surfaces of the sub-model. Due to the very small deformations,
linear geometric behaviour was adopted for the sub-model. Along the disbond front, a high mesh
density was implemented around the station-points and the CSDE method was used to determine the
energy release rate and the mode-mixity phase angle at each station-point. A local coordinate system
was defined at each station-point with the station-point as the origin. The X-axis was in-plane and
normal to the disbond front, the Y-axis was in-plane and tangential to the disbond front and the Zaxis was out-of-plane normal to the disbond front. The effective local material properties were
calculated from the global material properties by the script. The relative crack flank displacements at
different local distances, x, behind the crack tip on the local XZ-plane were obtained for each stationpoint. Subsequently, the CSDE method was employed to determine the energy release rate and modemixity phase angle by substituting the relative shear displacement, δx, relative opening displacement,
δz, and relative out-of-plane shear displacement, δy, into the equation (2).
G  GI / II 
GIII 

 1  4 2   H11
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 y2

8 x  B1  B2 
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 H 22
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where G=GI/II is the mixed mode I/II energy release rate, GIII is the mode III energy release rate and
ψ =ψI/II,R is mode-mixity phase angle for the reduced formulation. Sij are components of the
compliance matrix, B is the inverse of an equivalent shear modulus given by [13] and subscript 1 and
2 refer to two materials in a bimaterial interface. Further details are provided in [12, 13]. H11, H22 and
ε are the bimaterial constants and the oscillatory index respectively, and are given by:
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(3)

3.2 Fatigue model
Fatigue modeling of disbonded honeycomb core panels was undertaken based on the parametric static
model. The fatigue model was executed by running the static global model with the initial disbond
front profile and loading as input, and subsequently running the corresponding sub-model to obtain
the ΔG, ψ and ΔGIII for each station-point along the disbond front. Due to the lack of experimental
mode III fatigue characterization data and input, only the ΔG and ψ were used to determine the crack
increment after one loading cycle. The crack increment at each station-point was calculated using a
modified mixed mode Paris law, equation (4).
6

da
m ( )
 C ( )  G 
dN

(4)

where C(ψ) and m(ψ) are the Paris law [14] parameters as a function of mode-mixity phase angle.
Each station-point was then moved independently in the local propagation direction (i.e. local X-axis)
to achieve its initial position for the next analysis cycle. The updated station-point positions were then
used as inputs to the next analysis cycle to form the disbond shape using B-spline curve fitting. This
way the disbond shape may change due to different ΔG, ψ and local mechanical properties across the
station-points.
The Cycle Jump technique [15] was utilized with the fatigue model to accelerate the analysis by
reducing the number of simulated cycles. For each station-point, the determined ΔG and ψ of at least
three cycles was used by the Cycle Jump technique to determine the evolution functions of ΔG and ψ
over the cycles. The two evolution functions were then used to find two maximum numbers of jumped
cycles for linear extrapolations of ΔG and ψ with a desired accuracy, and the lesser one was taken as
the greatest number of cycles possible to jump over at the station-point. This number may be different
across the station-points; therefore, the minimum was considered as the number of cycles for the
entire model to jump over. ΔG, ψ and the disbond front curve were determined over the jumped cycles
by linear extrapolation and without any simulations. The disbond front curve after the linear
extrapolation was then used as the input for the next executable loading cycle.

4 Model benchmarking
4.1 Verification against a numerical model
The static model of disbonded honeycomb core sandwich panels presented in this study was verified
against the numerical results obtained by Chen et al. [11]. A 3D quarter model of a honeycomb core
sandwich panel with circular disbond was created. The edge length of the quarter model and the
disbond radius were 304.8 and 152.4 mm respectively. The core and face sheets were considered to
be homogeneous and orthotropic materials. Mechanical properties of the core and face sheets, adopted
from [11], are listed in Table 1. The thicknesses of the core and face sheets were 76.2 and 0.772 mm
respectively.
Table 1: Mechanical properties of the core and face sheets [11]

Properties
Face sheet: CYCOM 5320PW [45/0/90/-45]
Young’s modulus (Ef1) [MPa]
Young’s modulus (Ef2) [MPa]
Young’s modulus (Ef3) [MPa]
Poisson’s ratio (νf12)
Poisson’s ratio (νf13)
Poisson’s ratio (νf23)
Shear modulus (Gf12) [MPa]
Shear modulus (Gf13) [MPa]
Shear modulus (Gf23) [MPa]
Core: Nomex® honeycomb
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value
64663
63250
10748
0.053
0.516
0.512
5064
3624
3824

Young’s modulus (Ec1) [MPa]
Young’s modulus (Ec2) [MPa]
Young’s modulus (Ec3) [MPa]
Poisson’s ratio (νc12)
Poisson’s ratio (νc13)
Poisson’s ratio (νc23)
Shear modulus (Gc12) [MPa]
Shear modulus (Gc13) [MPa]
Shear modulus (Gc23) [MPa]

0.1
0.1
137.8
0.3
110-6
110-6
0.1
24.1
44.8

Two load cases were considered; 1) ground-air pressurization (i.e. internal pressure only), and 2) a
combination of ground-air pressurization and in-plane service loads (i.e. internal pressure +
compression). In the model corresponding to the first load case, the boundary conditions of zero
displacement in Y and X directions were applied at the XZ- and YZ-planes; while in the second load
case model the boundary condition on the YZ-plane was replaced with an in-plane compressive
displacement to simulate 0.2% in-plane strain, see Figure 4. For both load cases the in-flight pressure
and temperature were considered as 0.0188 MPa and -56.5 ºC respectively [11].

Figure 4: FE model used for verification against [11].

For both load cases the total energy release rate, GT=GI/II+GIII, was determined for seven stationpoints evenly distributed along the circular disbond front. Figure 5 shows the total energy release rate
versus circumferential location (0º at XZ-plane and 90º at YZ-plane) along the disbond front obtained
from the presented model and from [11] for the two load cases. The comparison shows a good
agreement between the results of the earlier study and the current analysis.
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Figure 5: Energy release rate along the disbond front for different load cases.

4.2 Validation against blow-off experiments
The static model for the disbonded honeycomb core sandwich panels presented in this study was
validated against the experimental and numerical results obtained by Glaessgen et al. [5]. Two
honeycomb core sandwich panels with rectangular disbonds were internally pressurized up to failure
by Glaessgen et al. through a pressure tap located under the fabricated disbond. The honeycomb core
in one of the panels contained a splice (a location where adjacent honeycomb core sections are joined
together with a foaming adhesive); therefore, two sets of SCB tests were conducted [5] to measure
the fracture toughness of the sandwich composite materials (i.e. with and without splice) used in the
two Blow-Off tests. The location on the disbond front with maximum energy release rate was chosen
by Glaessgen et al. as the point of interest (i.e. at YZ-plane). The Blow-Off energy release rate at the
point of interest, induced by the critical gauge pressure, was assumed to be equal to the measured
fracture toughnesses of the panel. A 3D model was also developed by Glaessgen et al. to determine
the energy release rate, at the point of interest, in a disbonded sandwich panel internally pressurized
with the critical gauge pressure. The numerically determined critical energy release rate
corresponding to the blow-off pressure was compared with the experimentally measured critical
energy release rate for each panel.
In order to validate the static model presented in this study, a 3D quarter model (305305 mm) of a
honeycomb core sandwich panel with a rectangular disbond (12.733.4 mm) was created. The
thickness of the upper face sheet, core and lower face sheet were 1.78, 38.1 and 0.86 mm respectively.
The disbond was implemented at the interface between the upper face sheet and the honeycomb core.
The core and face sheets were considered to be homogeneous and orthotropic materials. Mechanical
properties of the core and face sheets are listed in Table 2. Following [5], identical mechanical
properties were adopted for the panels with and without the splice.
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Table 2: Mechanical properties of the core and face sheets [5]

Upper
face sheet
19300
77900
6900
13310
5500
5500
0.125
0.25
0.25

Properties
Young’s modulus (E11) [MPa]
Young’s modulus (E22) [MPa]
Young’s modulus (E33) [MPa]
Shear modulus (G12) [MPa]
Shear modulus (G13) [MPa]
Shear modulus (G23) [MPa]
Poisson’s ratio (ν12)
Poisson’s ratio (ν13)
Poisson’s ratio (ν23)

Core
4
4
140
4
74.5
15.9
0.25
0.02
0.02

Lower
face sheet
47640
43300
6900
10890
5500
5500
0.202
0.25
0.25

Two load cases were implemented; 1) internal gauge pressure equal to 1190 kPa (measured for the
panel with core splice), and 2) internal gauge pressure equal to 880 kPa (measured for the panel with
regular core). For both load cases boundary conditions of zero displacement in Y and X directions were
applied at the XZ- and YZ-planes, see Figure 6.

Figure 6: FE model used for benchmarking against [5].

The 3D model with the rectangular disbond was executed for the two load cases. The total energy
release rate at the point of interest (i.e. last station-point) was determined for each load case. The
numerically determined energy release rate, induced by the internal pressurization, was validated
against the experimental and numerical results obtained by [5]. Figure 7 shows a fair agreement
between the results for both load cases. The energy release rate values obtained from the current
analysis agreed with the experimental fracture toughnesses within a 7% variation. This variation is
12-14% less than the variation between the earlier numerical and experimental fracture toughnesses,
see Figure 7.
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Figure 7: Maximum energy release rate at two critical internal pressures.

5 Parametric study
5.1 Static loading
A 3D model of a honeycomb core sandwich panel with a circular disbond was generated to investigate
the effect of three parameters (i.e. disbond radius, relative pressure and in-plane compression) on the
energy release rate and mode-mixity along the disbond front. To this end, the parametric static model
presented earlier (i.e. section 3.1 Static model) was employed. The edge length of the quarter model
was chosen as 200 mm and the thickness of the core and face sheets were chosen as 40 and 1.4 mm
respectively. The core and face sheets were considered to be homogeneous and orthotropic materials.
Mechanical properties of the core and face sheets, adopted from [16], are listed in Table 3.
Table 3: Mechanical properties of the core and face sheets [16]

Properties
Young’s modulus (E11) [MPa]
Young’s modulus (E22) [MPa]
Young’s modulus (E33) [MPa]
Shear modulus (G12) [MPa]
Shear modulus (G13) [MPa]
Shear modulus (G23) [MPa]
Poisson’s ratio (ν12)
Poisson’s ratio (ν13)
Poisson’s ratio (ν23)

Face sheets: CFRP
fabric prepreg [45/0]s
48143
48143
6430
18380
2265
2265
0.3159
0.2756
0.2756

Core: Nomex®
honeycomb
0.0746
0.0746
121.86
0.00329
13.066
20.688
0.9995
0.000217
0.000217

The boundary condition of zero displacement in the X direction was applied at the YZ-plane. An inplane compressive force was also applied at the XZ-plane, see Figure 8. A baseline case (Case-0)
with arbitrary disbond radius, Rd =50 mm, in-plane compressive force, Fy =20 kN, and internal gauge
pressure, Pg = 0.0825 MPa, was considered for the parametric study. The internal gauge pressure was
chosen as the difference between the sea level atmospheric pressure, 0.1013 MPa, and the pressure at
11

12192 m (40000 ft) flying altitude, 0.0188 MPa. Thirteen more sets (i.e. case-1 to case-13) of Rd, Pg
and Fy were considered to investigate the effect of the three mentioned parameters as well as the
combination of their coupled effects, see Table 4. For all the load and geometry cases, the boundary
condition of zero displacement in Z directions was applied at the outermost corner of the intact upper face
sheet (i.e. the farthest corner from the center of disbond).

Figure 8: Global model of the disbonded sandwich used for the static parametric study.
Table 4: Load and geometry cases considered for the static parametric study.

Load and
geometry case

Disbond radius,
Rd [mm]

Gauge pressure,
Pg [MPa]

In-plane load,
Fy [kN]

Case-0
Case-1
Case-2
Case-3
Case-4
Case-5
Case-6
Case-7
Case-8
Case-9
Case-10
Case-11
Case-12
Case-13

50
50
50
50
75
100
125
50
50
50
100
100
50
100

0.0825
0.04125
0.165
0.33
0.0825
0.0825
0.0825
0.0825
0.0825
0.0825
0.165
0.165
0.165
0.0825

20
20
20
20
20
20
20
0
40
60
40
20
40
40
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Five evenly distributed station-points were used to define the circular disbond front. The results (i.e.
G, ψ and GIII) were determined at each station-point along the quarter model’s disbond front, and
were mirrored to extend the results to a full panel. The load and geometry Case-1 to Case-13 were
grouped into four groups to be compared with the Case-0. In the Case-1 to Case-3 only the gauge
pressure was varied, and in the Case-4 to Case-6 only the disbond radius was changed. Case-7 to
Case-9 were only different in magnitude of the in-plane compressive force, and Case-10 to Case13
investigated the combined effect caused by variations of multiple parameters.
Figure 9 and Figure 10 show the effect of the three parameters (i.e. Rd, Pg and Fy) on the mixed mode
energy release rate through comparing the results of different load and geometry cases with the
baseline case. The plot on the left side of Figure 9 shows that Pg significantly affected G along the
disbond front. The maximum G values in Case-2 and -3 were 2.7 and 7.3 times bigger than the
baseline value. The plot on the right side of Figure 9 shows that Rd also substantially affected the G
along the disbond front. The maximum G in Case-5, which has two times longer Rd than the Case-0,
was 3.5 times larger than the maximum G in the Case-0.
G remained constant along the disbond front for the case without in-plane loading (Case-7), and
varied along the disbond front in cases with in-plane loading (i.e. all cases except Case-7). The plot
on the left side of Figure 10 shows that increasing the in-plane load increased G at 0º and decreased
the G at 90º. The plot on the right side of Figure 10 shows that doubling all the parameters scaled the
maximum G to 11.4 times more. Each of Case-11, -12 and -13 can be seen as the Case-10 with one
parameter reduced to its baseline value. Therefore, comparing the maximum G of Case-11, -12 and 13 with the Case-10 suggests that the disbond radius was the parameter which had the strongest
impact on G as Case-12 with the baseline disbond radius had the lowest maximum G value.

Figure 9: Mixed mode I/II energy release rate, G [kJ/m2] along the disbond front
for various load and geometry cases.
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Figure 10: Mixed mode I/II energy release rate, G [kJ/m2], along the disbond front
for various load and geometry cases.

Figure 11 and Figure 12 show the effect of the three parameters on the mode-mixity phase angle along
the disbond front. Figure 11 shows that increasing the gauge pressure and disbond radius slightly
shifted the mode-mixity from negative mode I dominant towards the negative mixed mode regime.
The plot on the left side in Figure 12 shows that increasing the in-plane load shifted the phase angle
in the positive direction at the 90º position, and shifted the phase angle in the negative direction at the
0º position. The plot on the right side in Figure 12 shows that in general, combinations of the effects
shifted the mode-mixity phase angle in the negative direction at the 0º position.

Figure 11: Mode-mixity phase angle, ψ [º], along the disbond front for various load and geometry cases.
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Figure 12: Mode-mixity phase angle, ψ [º], along the disbond front for various load and geometry cases.

Figure 13 and Figure 14 show the effect of the three parameters on the mode III energy release rate
along the disbond front. The results show that at the 0º, 90º, 180º, 270º positions the mode III energy
release rate is almost zero due to the symmetry boundary conditions of the quarter model. However,
the results were determined for three station-points (at 22.5º, 45º and 67.5º positions) along the
disbond front. The results at these positions showed that increasing the gauge pressure, disbond radius
and in-plane compression load significantly increased the GIII. The results also showed that GIII was
much smaller than the G and can be neglected (GT≈G) for the cases investigated.

Figure 13: Mode III energy release rate, GIII [kJ/m2], along the disbond front
for various load and geometry cases.
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Figure 14: Mode III energy release rate, GIII [kJ/m2], along the disbond front
for various load and geometry cases.

5.2 Fatigue GAG loading
A parametric fatigue model of the disbonded honeycomb core panels was generated (as explained in
the earlier section 3.2 Fatigue model) based on the 3D model used for the static parametric study. The
fatigue parametric study was conducted to investigate the effect of face sheet thickness, in-plane
compression and initial disbond shape on the pattern and speed of the fatigue disbond propagation.
The fatigue model was executed for six load and geometry cases for 1000 cycles and the shape of the
propagated disbond was determined at different cycles. A baseline case (FCase-0) with a circular
disbond Rd =50 mm, in-plane compressive force, Fy =40 kN, and face sheet thickness, tf =1.4 mm,
was considered for the parametric study, see Table 5. The internal gauge pressure, Pg = 0.0825 MPa,
was chosen for all the fatigue cases. The face sheet thickness was varied (i.e. baseline value ±10%)
in FCase-1 and -2, and the in-plane compression was changed (i.e. baseline value ±10%) in FCase-3
and -4. In FCase-5 the Fy and tf were equal to their baseline values; however, the initial disbond shape
was defined as non-circular by moving the middle station-point closer to the center of the circular
disbond front, see Figure 15.
Table 5: Load and geometry cases considered for the fatigue parametric study.

Load and
Initial
geometry case disbond shape
FCase-0
FCase-1
FCase-2
FCase-3
FCase-4
FCase-5

Face sheet
thickness, tf [mm]

In-plane load,
Fy [kN]

1.4
1.26
1.54
1.4
1.4
1.4

40
40
40
44
36
40

Circular
Circular
Circular
Circular
Circular
Non-circular
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Figure 15: Global model for FCase-5 with a non-circular disbond shape.

G, ψ and GIII were determined at five station-points, and the crack increment at each station-point
was calculated based on the mixed mode Paris law input, equation (4), which has been experimentally
obtained for the same sandwich material (i.e. same face and core thickness and material
configuration) in [17].
m( )  4.01

(5)

C ( )  8.567  14  e5.786 02 

The face sheets were quasi-isotropic and the effect of the honeycomb core direction on the mixed
mode Paris law was neglected; therefore, the same mixed mode Paris law was employed for all the
station-points along the disbond front.
The fatigue propagation of the disbond was tracked by monitoring the position of the five stationpoints at different loading cycles. The disbond propagated non-uniform along the disbond front due
to the in-plane compression loading. Figure 16 shows the effect of the face sheet thickness on the
shape and speed of the disbond propagation. The results highlighted that changing the face sheet
thickness significantly affected the maximum disbond propagation rate. The results showed that
reducing the face sheet thickness by 10% increased the disbond propagation at the 0º position by 2.5
times. Figure 17 shows the effect of the in-plane loading on the shape and speed of the disbond
propagation. The results demonstrated that changing the magnitude of the compressive in-plane
loading substantially affected the maximum disbond propagation rate. The results showed that
increasing the in-plane loading by 10% increased the disbond propagation distance at the 0º position
by 1.7 times.
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Figure 16: Disbond shape at different cycles for various load and geometry cases.

Figure 17: Disbond shape at different cycles for various load and geometry cases.
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Figure 18 shows the evolution of the disbond shape in FCase-5 with a non-circular initial disbond
shape, and in FCase-0 with a circular initial disbond shape. The results showed that in FCase-5, the
disbond propagates much faster at the 45º position due to the higher energy release rate compared
with other station-points along the disbond front. The results also revealed that the disbond shape at
the 45º position affected the propagation rate at the other station-points of the disbond.

Figure 18: Disbond shape at different cycles for two cases with different initial disbond shapes.

6 Conclusions
Disbond static and fatigue fractures in unvented honeycomb core sandwich panels subjected to GAG and
in-plane loading were numerically modeled using the sub-modeling technique and the CSDE method. The
static numerical model was benchmarked against the results of an earlier numerical study on
CFRP/Nomex® sandwich panels with circular disbonds exposed to GAG and in-plane loading. A good
agreement on the energy release rate along the disbond front was observed between the two models. The
static numerical model was also validated against the experimental and numerical results of an earlier
study on CFRP/Korex sandwich panels with rectangular disbonds subjected to internal pressurization.
The maximum energy release rate values at the critical internal pressure obtained from the static model
agreed well with the results reported for blow-off tests and FEA simulations. An extensive parametric
study was conducted on the static and fatigue models of CFRP/Nomex® sandwich panels with circular
and non-circular disbonds and various geometry and loading parameters. The static model was executed
with fourteen different sets of geometry and loading parameters to investigate the effect of disbond radius,
relative pressure and in-plane compression loading on the energy release rate and mode-mixity along the
disbond front. The results showed that increasing the gauge pressure or the disbond radius significantly
increased the energy release rate all over the disbond front; however, increasing the in-plane load
increased the maximum and decreased the minimum energy release rates along the disbond front. The
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results also revealed that increasing the gauge pressure and disbond radius slightly shifted the modemixity at the entire disbond front from the negative mode I dominant towards the negative mixed mode
regime; however, increasing the in-plane loading shifted the phase angle in the positive direction at the
90º position, and shifted the phase angle in negative direction at the 0º position. The fatigue model was
executed with six different sets of face sheet thickness, in-plane compression and initial disbond shape
for 1000 cycles and the shape and speed of the fatigue disbond propagation was investigated. The results
showed that decreasing the face sheet thickness and increasing the in-plane loading substantially increased
the disbond propagation at the 0º position of the disbond.
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