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Executive Summary 

 

Sandwich structures are nowadays widely used in lightweight structural applications because of 
their superior stiffness/weight and strength/weight ratios compared with traditional metallic as well 
as monolithic structures made from composite materials. A major limiting factor of wider 
application of sandwich structures is defects that are introduced in the manufacturing process. It is 
inevitable that areas of the face sheets will not fully adhere to the core resulting in defects known as 
“debonds”. Debonds can also be induced in-service due to e.g. localised impact loading or over 
loading. As the means of load transfer between the faces and the core layer is lost, the debonds are 
considered as primary damage initiators. Under fatigue loading the debonds may evolve into cracks 
that cause a reduction in structural performance and consequent failure.  
At present most structural design is based on “life-time expectancy” so that construction, integrity 
and functionality are maintained within a defined life-span. This design philosophy often leads to 
inherently conservative designs that are on average much heavier and stronger than is actually 
required, and therefore not cost competitive. An alternative, and at present underutilised, design 
philosophy is the “fail-safe” or damage tolerant approach where damage evolution is permitted. 
Here it is accepted that debonds and damage evolution are inevitable, so features are included in the 
construction that control the ultimate size or severity of the damage. This approach accounts for 
damage development from debonds and thereby reduces the need for over conservative design. In 
designing composite sandwich structures it is therefore essential to establish the maximum tolerable 
debond size and thereby the damage tolerance of the structure. In order to achieve such result it is 
important to devise new experimental and analytical techniques to establish the multi-mode fracture 
characteristics of sandwich plate structures and accordingly develop methods to inhibit defect 
propagation. 
This thesis deals with characterization of fracture between face and core of sandwich structures 
using a combination of numerical and finite element simulations as well as experimental testing of a 
variety of sandwich specimens. The mixed mode bending test rig and specimen was used to 
simulate mixed mode I/II loading conditions at the crack tip of artificially debonded sandwich 
samples. A number of sandwich materials were tested (GFRP/foam cores and CFRP/Nomex) both 
in static and fatigue. A linear elastic fracture mechanics model was used to determine the analytical 
expression of compliance which allowed to calculate automatically the crack length. In 
combination, a finite element model of the MMB specimen was used to determine the mode-mixity 
angle.  
A new testing methodology called G-control was developed in order to enable cyclic crack growth 
testing of sandwich structures at a constant level of cyclic energy release rate, which is not possible 
with traditional testing methods such as displacement or load controlled. Such approach guarantees 
stable crack propagation speed which provides more reliable and faster crack growth rates 
measurements, resulting in less specimens and time consuming tests. The G-control method was 



applied to experimental fatigue crack growth testing of different types of sandwich samples at 
different mode mixities and G levels, and results in agreement with previous studies were 
obtained suggesting that the developed testing method is a reliable tool for the study of face/core 
interface debonded sandwich structures. 

 

  



Synopsis 
 

Sandwich-strukturer i dag er meget udbredt i let-konstruktioner på grund af deres overlegne stivhed 
/ vægt og styrke / vægtforhold sammenlignet med traditionelle metalliske konstruktioner så vel som 
monolitiske konstruktioner fremstillet af komposit-materialer. En væsentlig begrænsende faktor for 
en bredere anvendelse af sandwich-konstruktioner er defekter, der opstår i fremstillingsprocessen. 
Særligt kritisk er områder i sandwich-kompositten, hvor skindet ikke er forbundet til kernen, og 
denne type defekter er kendt som "debonds". Debonds kan også opstå in-service på grund af f.eks 
lokaliseret belastning eller som følge af over-belastning i form af stød og slag. Men for både 
produktions og in-service relaterede debonds gælder der, at idet forbindelsen mellem skind og kerne 
er tabt er bæreevnen af sandwich-konstruktionen betydeligt forringet, og debonds betragtes derfor 
som primære skader. I forbindelse med udmattelsesbelastning kan debonds vokse, hvilket 
forårsager en yderligere reduktion i den strukturelle bæreevne og eventuelt deraf følgende svigt. 

For nuværende er det meste strukturelle design er baseret på "en forventede levetid", således at 
bæreevne, integritet og funktionalitet, holdes inden for en afgrænset levetid. Denne designfilosofi 
fører i sagens natur ofte til konservative design, der gennemsnitligt er langt tungere og stærkere end 
hvad der rent påkrævet, og er derfor ikke konkurrencedygtigt. En alternativ, og på nuværende 
tidspunkt underudnyttet, designfilosofi er en "fejl-sikker" eller en skadestolerant tilgang, hvor 
skadesudvikling i konstruktionen er tilladt. Her anderkendes, at det er uundgåeligt at skader vokser i 
løbet af konstruktionens levetid, men at strukturen indeholder konstruktionsdetaljer og monitoreres 
løbende, således at det sikres, at den ultimative størrelse af skaden og dennes indflydelse på 
bæreevnen ikke overskrides. Denne designfilosofi tillader derfor skaders udvikling og reducerer 
behovet for over-konservative konstruktioner. For sandwich-konstruktioner er det derfor vigtigt at 
kunne bestemme den maksimalt tolerable debond-størrelse og dermed bestemme skadestolerancen 
af strukturen. For at kunne udføre disse beregninger er det afgørende at udvikle nye eksperimentelle 
metoder til at måling af de multi-mode brudkarakteristika, der er nødvendige som input til 
ovennævnte beregninger af skadestolerance. 

Denne afhandling beskæftiger sig med karakterisering af brud mellem skind og kerne i sandwich 
strukturer ved anvendelse af en kombination af numeriske finite element simuleringer samt 
eksperimentel afprøvning. Mixed-mode bøjning (MMB) testriggen er blevet anvendt til at påføre 
mixed mode I / II belastningsforhold ved revnespidsen i sandwich prøveemner. En række sandwich-
materialer er blevet afprøvet (GFRP / skum-kerner og CFRP / Nomex Honeycomb) både under 
statisk og udmattelsesbelastning. En lineær elastisk brudmekanisk model blev anvendt til at 
bestemme et analytiske udtryk, som automatisk kan beregne revnelængden i et MMB sandwich 
prøveemne. I kombination hermed blev en finite element model af MMB prøveemnet anvendt til at 
bestemme mixed mode fase-vinklen. 



En ny testmetode ved navn G-kontrol er blevet udviklet for at muliggøre cyklisk afprøvning af 
sandwich prøveemners revnevækst med et konstant niveau af cyklisk energifrigørelsesrate, hvilket 
ikke er muligt med traditionelle testmetoder hvor testen styres i flytning- eller belastnings-kontrol. 
G-kontrol testmetoden sikrer konstant revneudbredelseshastighed, der giver mere pålidelige og 
hurtigere målinger, hvilket resulterer i både færre prøveemner og mindre tidskrævende test-serier. 
G-kontrol metoden blev anvendt til eksperimentel afprøvning af forskellige typer sandwich-prøver 
ved forskellige tilstande mixed mode fase-vinkler og niveauer af amplituder af energifrigøreses-
rater ( G). De opnåede resultater for udmattelsesrevnevækst er i overensstemmelse med tidligere 
undersøgelser og tyder på, at den udviklede G-kontrol testmetode er et pålideligt redskab til 
karakterisering af skind / kerne samlinger i sandwichstrukturer. 
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1. Introduction 
 

1.1. Origin and Concept of Sandwich Materials 
 

Competition is one of the greatest driving reasons leading humanity to big changes and 
achievements. A long and exhausting recreational type of competition, namely an all day long 
billiard game, led Lord John Montagu back in the 18th century to invent a revolutionary meal that 
could be quickly consumed while playing at the table, consisting of a layer of meat between two 
slices of bread: the so-called sandwich, as described in the Encyclopædia Britannica (1985). Two 
centuries later another competition, considerably bigger and certainly less playful than Montagu’s 
game, would trigger the beginning of a new era: World War Two was in fact the first time in history 
sandwich materials were used in airplanes (the british Mosquito night bombers, Fig. 1, Flight 
(1938)). Since then, substantial improvements have been made in the production and application of 
these materials. Sandwich materials are nowadays used in a number of structures like airplanes, 
wind turbine blades, helicopters, ships and many more, where high performances and low weight 
are two basic demands that must be fulfilled at the same time. 

 

 
Fig. 1 
 

The Mosquito night bomber, first airplane produced with sandwich materials. Image from De 
Havilland Mosquito: An Illustrated History, Vol.2 (Crecy Publishing, 2006:31). 

 

The advantages of building a structure using sandwich materials instead of monolithic are well 
known. Two stiff and thin face layers separated by a light and thick core give excellent bending 
stiffness and shear stiffness to weight ratios compared to beams made of only the core material or 
the face material. 



A large variety of materials is available nowadays to be used in faces and core of a sandwich 
structure. The choice of a material instead of another depends on many criteria including cost, type 
of loads applied to the structure, type of environment, risk of impact loads, etc. Face sheets must 
fulfill many requirements such as high bending stiffness, high tensile and compressive strength, 
resistance to environmental degradation (caused for instance by heat, chemicals, moisture, wear 
etc.), impact resistance. For such purposes skin sheets can be made with metals (steel, aluminum, 
titanium) as well as non-metallic materials. Among the latter the most common are fiber reinforced 
plastics (FRP), using glass, carbon or Kevlar fibers and a multitude of resins such as epoxy, 
polyester, vinylester and more.  

 

a) b) c) 

Fig. 2 
 

Different types of sandwich materials. a) CFRP/Honeycomb, b) CFRP/PVC, c) GFRP/Balsa. 
Images downloaded on February 2015 from http://img.nauticexpo.com/images_ne/photo-g , 
http://classicfibreglass.com/sandwichsheets and http://www.dutchmarinepanels.com/panels/ 
lightweight-sandwich-panels/kuiper-balsa-sandwich.html . 
    

 

On the other hand, core materials are subject to a different kind of demands, for instance low 
density and sufficient tensile, compressive and shear stiffness (high enough to prevent local 
permanent deformations due to decrease in thickness, shear or buckling failure). Different types of 
core structures exist, such as corrugated, honeycomb, cellular foams, natural (balsa): corrugated 
cores are usually metallic (steel or aluminum alloys) and used in ships or aeronautic applications; 
honeycomb structures (Fig. 2a) are made of aluminum, aramid polymers or paper impregnated with 
resin; foam cores (Fig. 2b) can be metallic (aluminum) or more commonly polymeric like 
polyvinylchloride (PVC) or polyethersulfone (PES); balsa core (Fig. 2c) is naturally obtained from 
balsa trees. Each of these core types has advantages and disadvantages: honeycomb structures are 
by far the most effective because of the highest strength to weight ratio and are used in high-tech 
applications like aeronautical or space industry, but they are also extremely expensive and have low 
resistance to impact loads. Foam cores possess on the contrary a higher tolerance to impulsive 
contact loads, constitute a cheap alternative to more expensive solutions and are for this reason 



widely used in naval and wind energy applications, although their performance to weight ratios are 
of course poorer than honeycomb. Also balsa is a substantially economical type of core but the 
natural provenance of this material does not assure homogeneous mechanical properties. 

The adhesive interface bonding core to faces also plays an important role in the overall performance 
of the sandwich structure. Because of the big difference in mechanical properties between skins and 
core, shear stresses change considerably at the interface and the adhesive layer is also subject to 
shear loads. For this reason the bonding material (epoxy resins, phenolics, polyurethanes, just to 
name a few) must be strong enough in order to prevent failure at the interface.  

 

1.2. Failure of Sandwich Structures 

 

As structures made with sandwich materials increase in size and complexity, also the risk of failure 
occurring to the structure becomes higher. Big structures such as vessels entirely built with 
composite materials or large wind turbine blades manufactured with a mix of single skin monolithic 
and sandwich composite materials are subject to a wide range of loads and deformations. Such 
events can lead to the creation of relatively small areas (compared with the overall dimension of the 
structure) where the face sheets do not fully adhere to the core resulting in defects known as 
“debonds”. In wind blades, for instance, big forces are generated by a combination of the wind 
loading and forces developed during the turbine rotation. Wind turbine blades are often exposed to 
buckling under compression-twist forces and this motivates the use of sandwich structure 
constructions due to their superior resistance to buckling compared with a monolithic composite 
structure, as investigated by Berggreen (2007) and Thomsen (2009). Sandwich panels used in 
vessels are subject to wave slamming forces which can cause shear failure in the core, as 
highlighted by Hayman et al. (1991) and (1992). Also impact events are very common in sandwich 
structures resulting in damage for both skin and core, with face-sheet delamination where the plies 
in the face are separated and core crushing occurring under the impact zone. Debonds can also be 
induced during manufacturing of sandwich panels, when e.g. the glue connecting face and core is 
not evenly distributed over the entire surface and is missing in some portions of the interface.  

Such relatively small damages can propagate to a wider portion of the structure because of in-
service static or cyclic loading and produce large areas where skin layers and core are separated, 
compromising the general sandwich concept based on the interaction between faces and core and 
leading instead to independent deformation of those elements. As a consequence, a reduction in 
structural performance occurs and catastrophic failure of the whole structure may happen. 

 

 



1.3. Damage Tolerance 

 

An important key factor regarding the life-span of a sandwich structure is the fact that a damage 
does not necessarily lead to immediate collapse of the structure (Fig. 3). Propagation of the debond 
might be slow, happening over a relatively long period compared to the lifetime of the structure, or 
developing an overall damage that is not critical to the integrity of the entire structure, or else even 
arrest due to stress redistribution or fiber bridging.  

 

    
a) b) 

Fig. 3 
 

Examples of structures failure. a) Wind turbine blades collapse, b) Bottom part of a vessel 
subjected to debond due to waves slamming. 

 

At present most structural design is based on “life-time expectancy” so that construction, integrity 
and functionality are maintained within a defined life-span. This design philosophy often leads to 
inherently conservative designs that are on average much heavier and stronger than it is actually 
required, and therefore not cost competitive. An alternative design philosophy is the “fail-safe” or 
“damage tolerance” approach where damage evolution is permitted. Here it is accepted that debonds 
and damage evolution are inevitable, so features are included in the construction that control the 
ultimate size or severity of the damage and it is therefore essential to establish the maximum 
tolerable debond size. This approach accounts for damage development from debonds and thereby 
reduces the need for over-conservative design. The work presented in this thesis aims toward the 
damage tolerance approach, focusing on new experimental and analytical tools to establish the 
multi-mode fracture characteristics of sandwich plate structures. 

 



2. Fracture Mechanics Approach 
 

2.1. Linear Elastic Fracture Mechanics 

 

Dealing with the influence of debonds on the global strength of a structure requires the proper 
approach in order to predict the critical energy necessary for a crack to grow within the structure. 
Fracture mechanics is a powerful tool that can exhaustively describe the crack phenomena if the 
correct assumptions are made and the right conditions are fulfilled. 

Modern fracture mechanics was born almost hundred years ago when Griffith (1920) established 
this theory as a scientific field for the first time. Griffith developed his theory trying to explain the 
failure of brittle materials and based his idea on the co-existence of a driving force aiming to crack 
extension along with a counter-force resisting against the crack extension. Few years later, Irwin 
and Kies (1952) extended Griffith’s theory including plastic deformations around the crack tip.  

Using an energy approach, the elastic potential for a cracked body is defined as 

 

 (1) 
 

 where H is the potential energy, W is the work supplied by the movement of the external forces and 
U is the elastic strain energy stored in the body. The system is in critical equilibrium when the 
supplied external energy equals the work required to create a unit crack area: 

 

 (2) 
 

where A is the increase in crack area and Gc is defined as the critical strain energy release or 

fracture toughness. Crack propagation occurs when G overcomes Gc : 

 

 
(3) 

 

For a linear elastic body, the energy release rate can be described as 



 

 

 

(4a) 

(4b) 

 

where P is the load applied to the body, C is the compliance of the cracked body and u is the 
displacement measured at the loading point.  

 

 

Fig. 4 
 

Basic crack modes: mode I (opening), mode II (plane shear), mode III (out of plane shear). 
Image downloaded on February 2015 from https://commons.wikimedia.org/ 
wiki/file%3amodes_de_rupture.jpg  

Three different basic loading modes can be applied to a crack (Fig. 4): opening mode (mode I), in-
plane shear mode (mode II) and out-of-plane shear mode (mode III). A crack may experience any of 
these three modes or a combination of them. Energy release rate G can be decomposed into three 
terms, each of them associated with a basic crack mode: 

 

 (5) 
 



Generally, only mode I and II are considered in 2D crack models. So it is for the work described in 
this thesis, where mode III was neglected. 

 

 

Fig. 5 
 

Near crack-tip definitions for homogeneous conditions. 

 

As described by Irwin, a stress field singularity exists very close to the crack tip (Fig. 5), and it was 
described by Hutchinson and Suo (1992) in a polar coordinate system: 

 

 (6) 

 

where   is Kronecker’s delta, T is the non-singular stress parallel to the crack surfaces, r and  are 
radius and angle in a polar coordinate system with origin at the crack tip,  and  
describe the shape of the stress field,  and  are the stress intensity factors for mode I and II 
cases. When the crack is loaded at pure mode I, the stress field is symmetric to the crack line and 
the following relations are fulfilled: 

 

 (7) 
 

while the stress field is anti-symmetric with respect to the crack line if the crack is loaded at pure 
mode II: 

 
 

(8) 

Therefore stress amplitudes are defined as  



 (9) 

 

and stress intensity factors are consequently derived as 

 

 ,            for    (10) 

 

Mode-mixity may be expressed as the ratio of the two stress intensity factors: 

 

 (11) 

 

A relation linking stress intensity factors  and  and the energy release rate G  was derived by 
Irwin 

 

 
(12) 

 

Where E and   are the Young’s moduli for plane stress and plane strain respectively and  is the 
Poisson’s ratio. 

Displacement fields near the crack tip can also be described in relation with stress intensity factors, 
with  representing the relative crack flank opening and  the relative crack flank shearing (Fig. 
5) 

 

 
(13) 

 

The use of G instead of K  has become very common in delamination growth studies of composite 
structures. The main reason of this choice is the fact that the definition of the local crack tip stress 
field necessary to determine K  is not very direct in inhomogeneous composite laminate structures, 
as showed by Wilkins et al. (1982) and Asp et al. (2001). It is possible to calculate stress intensity 



factors for interfacial cracks in layered orthotropic materials, but these can result in oscillatory 
singularities and complex solutions with real and imaginary components which considerably 
complicate the use of linear elastic fracture mechanics, as underlined by Hutchinson and Suo 
(1992). Using G instead of K helps to avoid such problem. 

 

2.2. Linear Elastic Fracture Mechanics for Face/Core Interface Fracture 

 

Linear elastic fracture mechanics is a theory that is considered valid only if the non-linear plastic 
deformation zone is confined within a very small area around the crack tip. When a crack grows in 
a homogeneous isotropic material, propagation always occurs in a direction which is perpendicular 
to the principal stress direction, resulting in mode I loading. Even if the initial loading mode is 
different from mode I, the crack path will change and kink in a direction where pure mode I exists. 
Such mechanism does not take place if the crack grows in an interface between two dissimilar 
materials, as described by He and Hutchinson (1989). In such case the loading mode at the crack tip 
is a combination of different modes even if the global loading mode is pure mode I. This happens 
because of the mismatch between material properties along the interface, generating both shear and 
normal stress at the crack tip. This phenomenon is particularly relevant in sandwich structures, 
where face sheets and core are highly dissimilar materials and have very different stiffness, shear 
modulus and Poisson’s ratio. Liechti and Chai (1992) and Shipsha et al. (1999) showed that loading 
mode-mixity at the crack tip of sandwich materials interface influences the fracture toughness. 
Mode-mixity is therefore an important parameter to take into account in crack growth studies of 
sandwich structures. 

 

 
Fig. 6 Sandwich bi-material interface crack tip. 
 

The stress field and the displacement field near the crack tip for a case of crack at the interface 
between two dissimilar materials were derived by Suo (1989) and are based on the assumption that 
the two materials behave as elastic isotropic (Fig. 6). In order to avoid confusion between the index 
notations of materials and tensors, a different type of notation (compared to section 2.1) is used in 



this section, with the longitudinal tensor indicated with x and the transverse tensor indicated with y. 
The stress field is described by 

 

 
(14) 

 

where  and  are the normal and shear stresses in front of the crack tip when  = 0. The 
displacement field is given by 

 

 
(15) 

 

with  and  being respectively the opening and shearing relative displacements of the crack 
flanks. In both stress and displacement field equations  and  are bi-material constants given 
by 

 

 

 

(16) 

 

and  is the oscillatory index described as 

 

 
(17) 

 

where  and n are non-dimensional orthotropic constants,  are compliance elements for plane 
stress conditions,   and  are Young’s moduli in longitudinal and transverse directions,  is the 
shear modulus,  and   are Poisson’s moduli in longitudinal and transverse directions: 

 



 

 

 

 

 

(18) 

 

An important aspect should be highlighted. Although stress and displacement fields for interface 
between dissimilar materials described in eqs. (14) and (15) are very similar to eqs. (9) and (13) 
showing the same quantities for a case of crack in homogeneous material, it should be noted that in 
the former case stress intensity factors   and  are not independent factors related to mode I and 
II, but are mixed-up because of the bi-material interface. 

A relation between complex stress intensity factor and strain energy release rate can be described as 

 

 
(19) 

and the mode-mixity angle at the interface crack tip is equal to 

 

 
(20) 

 

where h is  a characteristic distance defined by Quispitupa et al. (2009), in this case set equal to the 
face sheet thickness. 

Using the displacement field description showed in eq. (15), formulations of energy release rate and 
mode-mixity angle (here expressed in the “full formulation”) stated above can be derived in terms 
of the opening and sliding displacements of the crack flanks, which is more convenient from a finite 
element simulation perspective since it is easier to calculate displacements compared to stress 
intensity factors:  

  

 
(21a) 
 



 
 
 
(21b) 

 

However, this formulation of the mode-mixity angle may lead to oscillation problems, which will 
be addressed in the next paragraph where the “reduced formulation” is presented. 

 

2.3. Finite Element and CSDE Method 

 

Finite element modelling can be very helpful to calculate the energy release rate G and the mode-
mixity angle  for a crack located at the interface of two dissimilar materials and to predict whether 
or not crack propagation occurs. Several methods to model the crack tip exist, including the Virtual 
Crack Extension method (VCE), introduced by Matos et al. (1989), the Virtual Crack Closure 
Technique (VCCT), described by Rybicki et al. (1977), the Crack Surface Displacement method 
(CSD), described by Smelser (1979) and Matos et al. (1989), the Crack Surface Displacement 
Extrapolation method (CSDE) developed by Berggreen, Simonsen and Borum (2007). The latter 
approach was used in this thesis. 

Eqs. (21a) may be used for this purpose since they are only functions of the opening and sliding of 
the crack flanks. However, in an interface close to the crack tip both G and  are subject to large 
oscillations, as observed by Williams (1959). In fact, analysis shows that in the close proximity to 
the crack tip, the upper and lower faces penetrate each other, which is physically impossible. Such 
oscillatory behavior may thus compromise calculations resulting in unreliable and unrealistic 
description of the crack. The CSDE method, shown schematically in Fig.7, circumvents this issue 
based on the fact that oscillations of G and  are small away from the near crack tip zone, meaning 
that variations of these two quantities can be considered linear with respect to x. Such linear 
variations enable the extrapolation of the mode-mixity phase angle and the energy release rate at the 
crack tip avoiding the oscillatory phenomena.  

 



 
Fig. 7 
 

Schematic representation of the CSDE method, with the energy release rate G plotted for crack 
flange node pairs with increasing distance from the crack tip. Image from Berggreen, Simonsen 
and Borum (2007). 

 

Conveniently, the mode-mixity angle described in Eq. (21a) may be expressed in the “reduced 
formulation”, setting the parameter =0, presented in Eq. (17). Consequently also =0 and therefore   

 

 

 
(22) 

 

The CSDE method was proved to be an effective and simple approach to describe the near-tip zone 
since only the relative crack flank displacements are used and no externally determined Griffith 
energy is required, reducing the risk of inaccuracy. 

 

 

 

 

 

 

 



3. Crack Propagation Testing of Sandwich Materials 
 

The investigation of crack propagation in composite structures has considerably progressed in the 
last decades. Researchers started focusing their attention on crack growth in composites since the 
early 70ies when interlaminar fracture in laminated composite structures was studied for the first 
time by Pipes and Pagano (1970). This topic became more and more popular as composite materials 
were used into weight-critical large constructions such as wind turbines, aircrafts and ships which 
are subjected to various types of service loads and might contain built-in delaminated areas 
introduced during manufacturing, maintenance or impact with hard objects. Such delaminations 
may propagate under service and result into a relevant life-limiting failure process for the structure.  

Many testing methods for fracture assessment were developed following the need to study materials 
response to delamination growth. Mechanical tests were conceived for laminated composite 
specimens and aimed to characterize the interlayer crack propagating between the plies. However, it 
must be pointed out that although a number of world-wide accepted fracture toughness testing 
methods for monolithic composites exist, considerably less attention was given to fracture tests for 
sandwich composites and only recently more efforts were put into this research field.  

As already described in the previous chapters, the fracture mechanics involved in the study of crack 
growing at the interface between face and core of a sandwich structure is way more complex than a 
crack growing in a monolithic specimen. Because of the dissimilarity between face and core 
materials, an enormous variation in material properties is experienced at the interface, generating 
loading conditions at the crack tip that are not very simple to describe and analyze. Along with 
analytical and finite element representations of the problem, experimental tests often provide an 
insightful description of the properties of sandwich structures, although a careful choice and 
application of testing techniques and correct interpretation of results is essential in order to avoid 
misleading conclusions. The next paragraphs provide an overview of some of the most common 
testing methods, highlighting main aspects, advantages and disadvantages. 

 

3.1. Mode I Test Methods 
 

A number of mode I testing methods are available in the literature. Among them, the Double 
Cantilever Beam or DCB test (Fig. 8) is probably the most common because of its simple concept 
and set-up. It was first used for testing of composite specimens by Bascom et al. (1980) in a tapered 
form and then developed by Wilkins et al. (1982). It is used for mode I fracture testing and was 
adopted as ASTM standard for monolithic composite specimens, ASTM D5528 (2007). However it 
is commonly used also for characterization of sandwich, but some shortcomings were identified 



around this testing technique because of the excessive bending of the core and lower face sheet 
inducing considerable tensile stresses in the core. Moreover it was observed that this method is 
subjected to crack deviating from its original path at the interface and kinking towards the core, as 
shown by Carlsson et al. (2005). Therefore this method is not very suitable for face/core interface 
crack studies.  

 
Fig. 8 
 

Double Cantilever Beam (DCB) specimen for mode I testing. Image downloaded on February 
2015 from http://www.compositesworld.com/articles/fracture-mechanics-test-methods-for-
sandwich-composites . 

 

The SCB method, meaning Single Cantilever Beam (Fig. 9) is used for mode I testing of sandwich 
specimens and was created as an adaptation of the DCB method described above. In order to 
minimize the undesirable bending deformation in the core observed in the DCB case, the lower 
face-sheet was affixed to a lower support plate, so that only the upper face-sheet is considered a 
cantilever beam. An upward force is applied to the debonded part of the specimen through a hinge 
bonded to the upper face-sheet. To keep the vertical orientation of the load during crack 
propagation, a translating lower support plate may be used or a simpler way to achieve that is the 
use of an extended loading rod so that the applied force is maintained sufficiently vertical, as 
described by Ratcliffe and Reeder (2011). This method allows to eliminate almost completely the 
bending stresses in the core with no crack kinking in the core occurring during propagation. Such 
advantages make the SCB method appear to be suitable for sandwich interface crack studies. 



 
Fig. 9 Single Cantilever Beam (SCB) specimen, for mode I testing. Image downloaded on February 2015 

from http://www.compositesworld.com/articles/fracture-mechanics-test-methods-for-sandwich-
composites . 

 

3.2. Mode II Test Methods 
 

Among the number of tests available for shear testing of the sandwich interface, one of the most 
popular is the ENF test, which stands for End Notched Flexure (Fig. 10). It was introduced by 
Russell and Street (1982,1985) as testing method for monolithic composites under pure mode II. It 
was standardized in Europe by AECMA (1995) and in Japan by JIS (1993) and, although it was 
originally conceived for delamination study of laminates, this method has been also intensively used 
for sandwich testing, e.g. by Davidson et al. (2012). This technique consists of a beam-type 
specimen with a crack at one end and loaded in three point bending. It produces shear loading at the 
crack tip without introducing excessive friction between the crack surfaces, as demonstrated by 
Carlsson et al. (1986) but has a drawback in the unstable crack growth under displacement control if 
the crack length is too short. 

 

Fig. 10 
 

End Notched Flexure (ENF) specimen, for mode II testing. 

 



3.3. Mode III Testing Methods 

 

Extensive work has been conducted on studying of mode I, mode II and mixed mode I/II crack 
growth in sandwich composites, while mode III failure has received relatively little attention and a 
limited amount of studies are available in the literature. It is very difficult to test specimens under 
mode III loading and to obtain pure out-of-plane shear because of the spurious mode II contribution 
(higher near the edges) caused by in-plane bending moment at the crack tip. One of the common 
testing methods for mode III testing of composite is the Split Cantilever Beam or SCB (Fig. 11), 
first used by Donaldson (1988) and then modified by Robinson and Song (1994) who introduced 
additional loading points in order to reduce the spurious mode II.  

 

 
Fig. 11 Split Cantilever Beam (SCB) and Modified Split Cantilever Beam (MSCB) for mode III testing. 
 

 

Another mode III testing technique is the ECT or Edge-Cracked Torsion test (Fig. 12) introduced by 
Lee (1993) and based on a different approach compared to the SCB test. An edge delaminated plate 
is loaded in one corner and supported in the other three and the spurious mode II can be reduced by 
accurate choice of specimen geometry. However many difficulties arise around the use of this 
specimen related to data reduction and identification of the crack initiation point, as described by 
Ratcliffe (2004) and De Morais (2009). 

 



 
Fig. 12 Edged Cracked Torsion specimen. Image from Lee (1993). 
 

 

However, all the above mentioned testing procedures are commonly applied to monolithic 
composite specimens, while only very few studies on mode III testing of sandwich composite 
materials are available, including Rizov (2012) who used the Modified Split Cantilever Beam and 
experienced a non-uniform strain energy release rate distribution along the crack front. 

 

3.4. Mixed Mode Testing Methods 

 

Crack propagation in sandwich structures is most of the times related to mixed-mode stress fields 
where, for example, a combination of shear and tension stresses act at the crack tip. Many studies, 
like Johnson and Mangalgiri (1987) or Hashemi et al. (1990a, b), have demonstrated that the crack 
encounters higher resistance when significant amount of mode II loading is applied compared to 
cases where mode I is dominant. Therefore it is important to address correctly the characterization 
of sandwich interfaces by using the proper testing methods. Many mixed mode fracture tests exist in 
which various combinations of mode I and II can be achieved. Unfortunately most of them suffer 
from complex test set-up, a small range of obtainable mode-mixities, non-constant mode mixity at 
the crack tip as the crack grows, complicated data reduction methods.  

The Tilted Sandwich Debond test is a popular method used to characterize debond fracture of 
sandwich structures under a mixed mode I-II loading condition (Fig. 13) and was introduced by Li 
and Carlsson (1999). The initial configuration of the testing method consisted of a sandwich 



attached to an incline through its bottom face while an upward force was applied to the partially 
debonded upper face. The mode mixity could be changed by changing the tilt angle .  

 

Fig. 13 
 

Tilted Sandwich Debond (TSD) method for mixed mode I/II testing in its original (a) and 
modified configuration (b).  

 

 

However some issues were related to the initial design since core crushing at the intact end of the 
specimen was observed and a limited mode mixity range could be achieved. Berggreen and 
Carlsson (2010) presented later a modified version of the TSD method, where the upper loaded face 
sheet was reinforced with a thick metallic plate and a metal block was inserted at the cracked end of 
the specimen in order to broaden the mode mixity range. Furthermore a pinned link at the other end 
of the specimen was added to avoid core crushing. This technique was demonstrated to be 
successful for static fracture toughness mixed mode testing of GFRP/foam core sandwich 
specimens, as showed by Berggreen et al. (2014) but it cannot be used for fatigue testing and further 
improvements are needed before it can be used for that purpose. 

One of the most promising testing methods for static and fatigue mixed mode crack growth tests in 
sandwich composites is the so-called Mixed Mode Bending test, or MMB (Fig. 14). It was proposed 
by Reeder and Crews (1990, 1991, 1992) and was adopted as international standard by ASTM 
(2006) for testing of mixed-mode delamination in composite materials with polymer matrix 
reinforced with unidirectional fibers. The MMB test is a superposition of the DCB (mode I) and 
ENF (mode II) tests described in the previous paragraphs. The test rig is relatively simple and 
composed by three main elements: a base, a loading lever and a loading yoke. The specimen is 
attached to the base and the loading lever through hinges glued to its pre-cracked end. The loading 
lever applies an opening load at the cracked end of the specimen and a compressive load at the mid-
span, generating a combination of shear and tension at the crack front. The ratio between the 
downward force at the cracked end and the upward force at the mid-span load can be varied by 



changing the lever arm distance c indicated in Fig. 14, resulting in a variation of the mode-mixity. 
Mode I contribution increases when c increases while mode II becomes dominant when c decreases, 
achieving pure mode II when c = 0 (corresponding to the End Notched Flexure method).  

 

 

 
Fig. 14 Mixed Mode Bending (MMB) specimen, for mixed mode I/II testing. Image from Quispitupa et 

al. (2009). 
 

An important feature of this testing method is that the mode mixity at the crack tip does not depend 
on the debond length (this problem affects many testing methods) and therefore it is maintained 
constant as the crack propagates along the specimen, which is a convenient feature for fatigue 
testing. Furthermore, a closed-form analytical formulation of compliance and energy release rate for 
the MMB specimen was derived by Quispitupa et al. (2009). Because of these reasons the MMB 
method was chosen for the experimental part of this thesis and will be further introduced in Chapter 
4 and in publications [P1], [P2] and [P3].  
 

 



 
Fig. 15 Schematic representation of the Double Cantilever Beam with Uneven Bending Moment (DCB-

UBM) test rig and specimen, for mixed mode I/II testing. Image from Sørensen (2006). 
 

 

The Double Cantilever Beam with Uneven Bending Moment test or DCB-UBM (Fig. 15) is another 
interesting method to test sandwich specimens under mixed mode I-II, where a DCB specimen is 
loaded by pure moments. It was created by Sørensen et al. (2006) and it required a tall test rig 
involving a complex system of wires. It has been recently developed and improved at Technical 
University of Denmark replacing the wires with a double rail system making this method very 
promising for future mixed mode fracture characterization of sandwich. 

A last mention needs to be made of mixed mode I-II-III testing methods, which are extremely 
challenging, involving complicated multi-axial testing set-up, issues in uniform energy distribution 
along the crack front, difficulty in data reduction and interpretation of results. One interesting 
example is shown in Fig. 16, created by Davidson and Sediles (2011) and called STB (Shear-
Torsion-Bending). Such testing methods are based on the interaction of multiple axial-torsional 
actuators promoting a combination of the three loading modes at different ratios and providing 
relatively uniform energy release rate distribution along the crack front.  

 



  
Fig. 16 
 

Shear-Torsion-Bending (STB) method for mixed mode I-II-III testing of sandwich. Image from 
Davidson and Sediles (2011). 

 

3.5. Fatigue Crack Propagation in Sandwich Structures 

 

The fatigue crack propagation for a structure is defined as the crack extension a during a small 
amount of cycles N. Such quantity is usually expressed as differential da/dN. For constant loading 
amplitude a correlation between fatigue crack growth rate da/dN and stress intensity range K or 
cyclic energy release rate G can be used. The curve describing such correlation has the 
characteristic inverse-sigmoidal shape shown in Fig. 17. Three main regions can be described, each 
of them exhibiting different crack propagation mechanisms. Region I, or initiation phase, is 
characterized by non-continuous unstable crack growth rate. A threshold Kth can be identified in 
this region, below which cracks propagate at very low rate or do not propagate at all and above 
which the crack growth rate increases relatively fast as K increases. Region II, or stable crack 
growth phase, is the most interesting and useful because it is characterized by stable crack growth 
and da/dN and K or G are related through a power function. When plotted in a double 
logarithmic diagram, as shown in Fig. 17, the curve in this region is linear and is described by the 
Paris-Erdogan equation, introduced by Paris and Erdogan (1963): 

 

 

 
(23) 
 

 

where C and m are parameters determined from curve fitting. In region III, or unstable crack growth 
phase, the curve rises asymptotically and the crack propagates very fast and in an unstable manner. 

 



 
Fig. 17 
 

Fatigue crack growth rate curve da/dn vs. K divided into region I (initiation phase), region II 
(stable crack growth phase) and region II (unstable crack growth phase). 

 

 

The testing techniques described in the above sections can provide experimental data very useful to 
obtain the Paris curve and describe the fatigue behavior of sandwich interfaces. However different 
testing methods exist: the most common cyclic crack propagation approaches are based on 
displacement or load control, meaning that either the crack flanks opening displacement or the load 
applied to the crack flanks are maintained constant during the cyclic test. Displacement control 
approach leads to a gradual decrease in energy release rate G as the crack grows, meaning that the 
crack speed progressively decreases until it stops. On the other hand load control approach involves 
a continuous increase in energy release rate G resulting in the crack growth rate increasing until 
instability occurs. A third testing approach, introduced in [P2] and used for material 
characterization in [P3] and [P4], involves the stable control of the energy release rate G, meaning 
that the crack growth rate is kept constant as the crack propagates. Fig. 18 shows the three different 
approaches. 



 
 

Fig. 18 
 

Crack propagation test for a debonded sandwich specimen under displacement ( ), load 
(P) and energy release rate (G) control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4. Summary of Results 
 

Paper [P1] presents results from static and fatigue tests obtained from displacement controlled tests 
performed on sandwich specimens with GFRP face sheets and foam core using the MMB test rig. 
Paper [P2] introduces the new G-control testing method based on constant level of cyclic energy 
release rate for crack propagation tests in sandwich specimens. Paper [P3] presents experimental 
characterization of sandwich materials with GFRP face sheets and PVC foam core (H45, H100, 
H160) using the G-control method introduced in [P2]. The work described in the last section is the 
basis for a future paper [P4] and presents an attempt of fatigue testing on sandwich materials with 
CFRP face sheets and NOMEX honeycomb core using the MMB test rig and the G-control method. 

 

4.1. Face/core Debond Fatigue Crack Growth Characterization Using the 
Sandwich Mixed Mode Bending Specimen 

 

Paper [P1] focuses on fatigue crack growth in PVC foam-cored sandwich composites. Finite 
element and analytical models based on linear elastic fracture mechanics are used along with 
displacement controlled experimental tests to study the propagation of debonds at the face/core 
interface of sandwich specimens. This work constitutes the basis for [P2], [P3] and [P4], where the 
interface crack propagation is further investigated and extended on different materials using 
different approaches and testing techniques.   
 

4.1.1. Background 

 

Sandwich composite materials are used in a wide range of structures which are subjected to fatigue 
loading, such as wind turbine blades, airplanes and high speed ships just to name a few. As already 
introduced in paragraph 1.2, it is well known that sandwich components may contain a number of 
various types of defect introduced for example during the manufacturing process, where one of the 
most common is poor face/core bonding. Although such problem is quite common, studies available 
in the literature are limited. Avilés and Carlsson (2008) and Carlsson et al. (2005) used the double 
cantilever beam method (DCB) introduced in paragraph 3.1 for crack growth studies under global 
mode I. Carlsson et al. (1991) also performed crack propagation in sandwich materials under global 
mode II. It must be noticed that for the sandwich case (as explained in section 2.2) the “global” 
loading mode, indicating the external load configuration, is different from the local mode-mixity at 
the crack tip due to the bi-material configuration at the face/core interface. Results from Shipsha et 
al (1999) and Quispitupa et al. (2011) revealed that the face/core interface toughness is strongly 



dependent on the mode-mixity at the crack tip, where higher fracture toughness is associated with 
increased shear loading. It was also recognized that mode mixity and energy release rate influence 
the crack growth and crack path in sandwich specimens during cyclic debond propagation tests: in 
fact a debond crack may propagate in the core just below the resin rich layer at the face/core 
interface, in the face sheet above the interface or directly in the face/core interface. 

The Mixed Mode Bending test method (MMB), presented in paragraph 3.3, was used in [P1] to 
characterize face/core debond propagation under quasi-static and fatigue loading. More specifically, 
static fracture toughness and fatigue crack growth rate data were calculated for sandwich 
composites with H45 and H100 PVC foam cores under mode I dominant and mode II dominant 
loading conditions at the crack tip, the resultant crack paths were examined and fatigue crack 
growth laws in the form of the Paris-Erdogan equation, Eq. (23), were established. 

 

4.1.2. Experimental Procedure 

 

Sandwich specimens were manufactured with glass fiber reinforced polymer (GFRP) quadraxial 
face sheets (0/45/90/-45) and PVC foam cores H45 and H100 with nominal density 45 and 100 
kg/m3. Specimens were produced using the resin infusion process, where the face sheets become 
impregnated and the partially open foam cells at the face/core interface become filled by resin thus 
forming a resin-rich interface layer. This layer is usually tougher than the foam and fracture may 
occur in the core just underneath such resin-rich zone, depending on the mode-mixity at the crack 
tip and toughness of the interface. An artificial debond crack starter was created at one end of the 
specimen by placing a thin Teflon film insert between the upper face sheet and core before resin 
injection of the panels. Open foam cells in front of the film insert are usually filled with resin, and 
this creates a tough region which tends to provide an obstacle for subsequent crack propagation 
during fracture testing. A pre-cracking process was adopted in order to break such tough inclusion: 
it was performed by clamping the specimen between two steel blocks and applying a sinusoidal 
cyclic load to the upper debonded face sheet until the desired crack extension was achieved (Fig. 
19).  

  



 
Fig. 19 
 

Pre-cracking process with the sandwich specimen clamped between two steel blocks and the load 
applied to the upper face. The picture shows a case of crack kinking into the face, therefore the 
specimen was discarded. 

 

Pre-cracking turned out to be a relevant issue in this study, and it also influenced the work presented 
in [P3], where a different approach was adopted. A point not discussed in [P1] is that the chosen 
pre-cracking method led in many cases to promote crack kinking into the face and consequently 
fiber bridging (as visible in Fig. 19), especially for the higher density foam core H100. Since the 
Linear Elastic Fracture Mechanics approach is valid only if the crack is located at the interface, 
specimens exhibiting fracture in the face were discarded and this resulted in a waste of specimens. 
However, this method was successful for the majority of the specimens used for this study. 

 

 
Fig. 20 
 

MMB test rig and sandwich specimen with H45 foam core. 

 

The MMB test rig was chosen among many other available methods because it allows to provide a 
wide combination of tensile normal and sliding shear loadings simply varying the lever arm 



distance c, as shown in Fig. 20. Another important advantage with this test method is that the mode-
mixity remains constant for a growing crack length, which is convenient for fatigue testing. 

The MMB compliance, C, and energy release rate, G, depend on many parameters such as the crack 
length, face and core thicknesses, mechanical properties of the sandwich constituents, geometry of 
the specimen and loading conditions controlled by the lever arm distance c. Analytical expressions 
for C and G were derived by Quispitupa et al. ( 2009) and are based on the fact that the MMB 
specimen may be viewed as the superposition of the Cracked Sandwich Beam (CSB) and the 
Double Cantilever Beam (DCB) specimens. Closed-form relations for C and G  are given by  
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with  CDCB_upper , CDCB_lower  and CCSB   being compliances of the upper and lower sub-beams of the 
DCB specimen and of the CSB specimen respectively, given by 
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where 2L is the span length between the supports, ,  is a load partitioning factor, Ef is the axial 
Young’s modulus of the face sheets, hf and hc are face and core thicknesses, a is the crack length, A, 
B and D  are the extensional, coupling and bending stiffnesses for an unsymmetrical intact sandwich 
beam, Ddebonded is the effective flexural stiffness of the debonded region of the cracked sandwich 
beam, Dintact is the flexural stiffness of the intact region of the sandwich beam and Gxz is the shear 
modulus of the core,  is a foundation parameter taking into account core deformation in front of 
the core crack tip.  

Although Quispitupa et al. (2009) showed in their work that compliance and energy release rate 
calculated with their analytical method are in good agreement with the corresponding experimental 
and finite element simulation values, a number of limitations exists in their analytical solution: 

• The MMB analytical solution is not valid when contact between faces is present. 
• The local crack tip mode mixity is constant only when the relation a/L 0.2 is fulfilled.  
• Thicker cores promote mode I dominant loading conditions. Therefore it is difficult to 

obtain mode II dominant loading with high hc/hf  ratios and it is recommended to use a 
variety of specimens with different dimensions in order to achieve a wide range of mode 
mixity phase angles. 

• The calculation of the mode mixity phase angle is very sensitive to small variations of the 
lever arm distance c  at small c  values, especially for small core thickness. 

• Pure mode I loading at the crack tip cannot be achieved because a small amount of mode II 
is always present, even at very large c values. Pure mode II loading cannot be achieved as 
well, due to crack faces contact.   

• In general , this formulation can be applied to any combination of isotropic face and core 
materials as well as orthotropic face sheets. 

Given that the work presented in [P1-P4] heavily relies on the analytical solution developed by 
Quispitupa et al. (2009), the limitations described above must be taken into account and considered 
valid also in the following sections. 

Static fracture toughness characterization was first performed on MMB specimens under a wide 
range of mode mixities in order to establish the dependence of face/core debond fracture toughness 
on the mode-mixity. The critical load (Pc ) for the initiation of crack propagation was measured, 

defined by the standard ASTM D6671 (2006) as the load at which the compliance has increased by 
5%, or the maximum load, depending on which occurs first along the load-displacement curve. The 
critical load substituted into Eq. (25) provides the critical fracture toughness, Gc . 

Fatigue tests were performed in displacement control at 80% of the quasi-static crack propagation 
displacement with a loading ratio of R = Pmin/Pmax = min/ max = 0.1 for specimens with H45 core and 
0.2 for H100 core specimens, a testing frequency of 2 Hz and a sinusoidal waveform with constant 
displacement amplitude. It should be noticed that, as already discussed in paragraph 3.5, 



displacement controlled fatigue testing is associated with decreasing stress intensity factors and 
energy release rates at the tip of the growing crack. Such variation in G may lead the crack to 
slightly deviate its path during the same test resulting in a sort of “history effect”. Because of this, 
inaccuracies may arise when results are represented in the crack growth rate curve (Paris plot, 
Fig.17). The decrease in energy release rate associated to displacement controlled cyclic tests also 
results in crack arrest, which may considerably reduce the duration of the crack propagation in 
terms of number of cycles, requiring many repetitions (meaning many tested specimens) in order to 
produce exhaustive da/dN vs G curves. This problem will be addressed and solved in [P2] and 
[P3]. 

The crack length was determined using two techniques: visual measurement and compliance 
method. The visual measurements were performed with a caliper accurate within ±0.05 mm, 
checking the crack length every 300 – 400 cycles on the front and back sides of the specimen to 
examine uniformity of the crack extension. The compliance method is based on imposing equality 
between measured experimental compliance given by the ratio between actual load and 
displacement measured during the fatigue test (Cexp = exp /P ) and analytical compliance calculated 
through Eq. (24). 

 

 
Fig. 21 
 

Crack length determined using visual measurement and compliance method. 

 

Since the MMB test rig is relatively flexible due to its several mechanical connections, a 
compliance calibration was performed in order to evaluate the additional compliance contributions 
of test machine, load train and test fixture to the total compliance. A very stiff steel beam was 
installed in the test rig instead of the sandwich specimen and loaded up to 100 N at various lever 



arm lengths c. It was observed that the compliance of the system is a small fraction of the specimen 
compliance and approximately follows a linear relationship for the range of c values examined. 
Therefore such additional compliance can be neglected. 

Fig. 21 shows that the compliance method and the visual measurement technique are in good 
agreement. It is noted that the visually measured and calculated crack lengths agree closely up to 
about 2500 loading cycles. After about 2500 cycles the results diverge. Such deviation can be 
considered a “side effect” of the displacement control test: in fact the opening displacement of the 
crack flanks decreases as the crack grows, and this increases the difficulty in visually locating the 
crack tip at longer crack lengths. Moreover Fig. 21 confirms that there is almost no difference 
between the total compliance and the “corrected compliance” obtained from compliance calibration. 

 

 
Fig. 22 
 

Crack length determined using visual measurement and compliance method. 

 

Finite element analysis was used to determine the mode-mixity angle which is usually defined as 
the ratio between mode II and mode I stress intensity factors. However finite element analysis of 
crack problems tends to produce stress results of low accuracy. More accurate and convenient for 
calculation of the phase angle is to utilize the crack opening and sliding flank displacements ( y and 

x ) as defined in Eq. (21a). The CSDE method introduced in paragraph 2.3 was used for this 
purpose and implemented in a 2D plane strain finite element model of the MMB sandwich 
specimen constructed using the commercial code ANSYS, with face sheet and core materials 
assumed to be isotropic and linear elastic. Plots with the mode-mixity angle (expressed with the 
“full formulation”, Eq.(21b) ) as a function of the lever arm c were obtained for H45 and H100 
foam core sandwich specimens and are shown in Fig. 22. According to this analysis specimens with 
thinner foam core allow to promote higher amount of shear at the crack tip compared to thicker 
foam cored sandwich specimens. 



4.1.3. Results and Discussion 

 

Static tests results are reported in Appendix of [P1], where specimen dimensions and geometry, 

measured critical load, fracture toughness Gc and mode-mixity phase angles (expressed in the full 
and reduced formulations, F and R)  are listed for all the tested specimens. Roughly mode I was 
considered dominant for -30° < F < -18° and -5° < R < 7°, while mode II was dominant for -50° < 

F < -30° and -20° < R  < -5°. Results confirm that fracture toughness is considerably higher when 
a high amount of shear loading is present. 

Fatigue tests showed different crack paths depending on materials and mode-mixities. For 
specimens with H45 core, the crack propagated in the core just below the resin rich zone at the 
face/core interface in both mode I and mode II dominant loading cases, Fig. 23 a) and b). For H100 
specimens the crack path depended on the mode-mixity: the crack propagated in the core below the 
resin rich zone for mode-mixities close to mode I, Fig. 23 c), while kinked into the face for mode II 
dominated loading and in many cases it was observed that the crack propagated between the 90° 
and -45° plies, Fig. 23 d). For the latter case it could be observed that as the crack propagated 
between these two plies, some fibers were pulled out and develop a large bridging zone. Thus, no 
valid fatigue crack growth rate measurements for such specimens were obtained. 

 

 

  

a) b) 
 



  

c) d) 

Fig. 23 Crack paths for fatigue testing. a) H45 for mode I loading, b) H45 for mode II loading, c) H100 
for mode I loading, d) H100 for mode II loading. 

 

Crack growth rate results were represented using the da/dN vs G plot introduced in paragraph 3.5 
and presented in Fig. 24. Data reduction to compute the crack growth rate da/dN was performed 
according to the “Secant Method” described in the ASTM standard E647 (2014) method for 
measurement of fatigue crack growth rate. The secant method, or point to point, involves 
calculating the slope of the straight line connecting two adjacent data points on the a vs. N curve.  

 

 
                 a) 



 
                 b) 

 
Fig. 24 
 

Crack growth rate vs. energy release rate. a) Plots for specimens with H45 and H100 core tested 
under mode I dominant loading, b) Plots for specimens with H45 core tested under mode I (left) 
and mode II (right) loading.  

 

 

Graph a) shows fatigue crack propagation curves for sandwich specimens with H45 and H100 core 
under mode I dominant loading (mode-mixity angle F =-20). The shift in the curves along the G 
axis is due to the difference in static fracture toughness of the two specimens, and the exponent, m, 
in the growth law, Eq. (23), is much higher for the H45 core specimens than for those with H100 
core. The influence of mode-mixity on fatigue crack growth for specimens with H45 core is 
illustrated in Fig. 24 b). For mode I dominated loading at the crack tip ( F = -20°) the crack grows 
at a smaller range of cyclic energy release rates and at higher rates than for shear dominated loading 
( F =-40°). For mode II dominated loading, frictional forces may arise from the sliding contact of 
two very rough surfaces when the crack propagates, as shown in Fig. 23 b), and this will contribute 
to the large scatter in the results. Large scatter in the crack growth data for foam cored sandwich 
composites is common, especially for low density foam cores. In fact, a larger foam cell size in the 
low density H45 foam produces a rougher crack path than in the denser H100 foam. The cell size in 
H45 foam is about 0.7 mm and 0.45 mm for H100 core. Since cracks in foam materials tend to 
propagate by breakage of cell edges (which is a discrete process), such difference in cell size is 
likely to contribute to the scatter in the crack growth rate. The influence of cell size on crack 
propagation will be also addressed in [P3] where further experimental tests are presented. 

 

 



4.2. G-Control Fatigue Testing for Cyclic Crack Propagation in Composite 
Structures 

 

The work described in [P2] represents a continuation and, in a way, an evolution of what was 
presented in [P1]. This paper introduces the “G-control method”, a computer controlled testing 
methodology that allows cyclic crack growth testing using real-time control of the cyclic energy 
release rate.  

 

4.2.1. Background and motivation 

 

For cyclic loading of a structure it has been established that the rate of crack propagation (da/dN) is 
controlled by the cyclic stress intensity factor ( K) or the cyclic energy release rate ( G), Martin 
and Murri (1990). It is therefore essential in fatigue characterization of materials to control K or 

G which are governed by the magnitude and range of the applied load and displacement. 

As already discussed in paragraph 3.5, the two traditional crack growth testing methods are based 
on constant load range ( P ) and constant displacement range ( ), although such tests do not 
produce constant K or G. Ewalds and Wanhill (1984) have identified problems in displacement 
controlled crack tests of metallic specimens, with K decreasing and causing corrosion product 
wedging the crack faces. On the other hand load controlled tests lead to unstable crack propagation. 
The authors also discussed how a constant K test may be designed. For mode I this could be a 
DCB specimen where the thickness of the legs increases so as to make the compliance a linear 
function of crack length, where K is independent of crack length. Also Russell and Street (1988) 
made an attempt to maintain a constant G in composite materials testing. According to the authors, 
the cyclic growth rate da/dN in materials which display fiber bridging is obscured by the continuous 
change in G during displacement or load controlled fatigue tests. Keeping G constant can, thus, 
facilitate the evaluation of the influence of fiber bridging on da/dN. G in their DCB specimen was 
kept constant by connecting an elastic spring in series with the load cell. Extension of the spring 
would reduce the cyclic load as the crack opening displacement increased with crack propagation. 
A linear increase in crack length was achieved using this method, despite the fact that the procedure 
was not automatized and the test had to be periodically interrupted in order to measure crack length 
and compliance and to adjust the opening displacement. The G-control method presented in [P2] 
utilizes modern computer controlled test machines allowing a completely automatic procedure 
where crack length and compliance are determined in real time and the energy release rate is 
calculated and maintained constant as the crack propagates. 

 



4.2.2. Analytical approach 

 

The G-control method is explained in [P2] using the DCB specimen (Fig. 25), selected because of 
its simplicity and ease of analytical representation. The method is then extended to the MMB case, 
which was used for the experimental part of the study. 

 

 
Fig. 25 DCB specimen under load P.  is the displacement of the loading points. 
 

 

For the DCB specimen the compliance (C= /P ) is analytically expressed as  

 

 
 

(27) 
 

 

where E  is the elastic modulus of the beam material, I  is the moment of inertia of each leg 
(I=bh3/12), b is the beam width, h is the thickness of each leg and a is the crack length. 
Accordingly, the energy release rate may be expressed as 

 

 
 

(28) 
 

 

For a cyclic test run under load control, the load is cycled between a constant minimum load (Pmin) 
and a constant maximum load (Pmax) and G is given by  

 



                (29) 
 

 

The load can be expressed as P = /C and, using the expression of compliance for a DCB specimen, 
Eq. (27), G  for a displacement controlled cyclic tests can expressed 

 

             (30) 
 

 

Thus the cyclic energy release rate G can be controlled simply varying the maximum and 
minimum displacement in Eq. (30) as the crack grows longer. If the test machine is controlled by a 
computer, it is possible to program the software to constantly monitor the G level and to adjust 
automatically the maximum and minimum displacement every time it is needed. This is the essence 
of the G-control fatigue test methodology. The experimental part of the work presented in [P2] was 
conducted using the MMB test rig and specimen, already used in [P1] and shown in Fig. 20. 
Therefore the concept explained for the DCB case was extended to the mixed mode bending case, 
using the analytical expressions of compliance, Eq. (24) and energy release rate, Eq. (25) already 
introduced for [P1]. 

A schematic representation of the G-control method is presented in Fig. 26. Before the test is 
started, it is necessary to select the R-ratio and desired Gd level. Once a defined “n” number of 
displacement controlled cycles is completed, the following parameters are calculated in sequence: 
compliance C, crack length a (calculated using the compliance method described in [P1]), and 
cyclic energy release rate G. The latter is compared with the desired value Gd defined at the 
beginning of the test. If G  Gd another “n” cycles with the same displacement are run. If G  

Gd the displacements are increased slightly and “n” cycles are run with the new displacements. 
This sequence of operations is repeated in a loop until the crack reaches the desired length and the 
test is stopped by the operator. 

 



 
 

Fig. 26 Flow chart of the G-control method. 

 

An important feature of this method is that testing a specimen under constant G makes it possible 
to use the same specimen for more cyclic tests. In fact, a specimen can be tested at a certain energy 
release rate level for a limited amount of cycles, enough to propagate the crack by a few 
millimeters. The same specimen can then be tested at another G level with the crack extending 
further, and so on. This requires fewer specimens and fewer time consuming tests. It is however 
important to withdraw the first 200-300 cycles every time a new test is performed on the same 
specimen, in order to sharpen the crack front and obtain a fully developed fracture process zone. 

 

 

 

 



4.2.3. Experimental 

 

MMB specimens consisting of 2 mm thick GFRP face sheets with fiber glass and epoxy resin and 
20 mm thick H45 and H100 PVC foam cores were examined experimentally. The loading lever 
distance c  was set equal to 80 mm, promoting mode I dominant loading at the crack tip, and the G-
based R ratio was set as RG = Gmin/Gmax = 0.04. The material properties of the face sheets were 
measured according to ASTM standards and the foam properties were provided by the producer 
DIAB. 

An important aspect addressed in [P2] is related to the compliance-based determination of the crack 
length, which is crucial to calculate the energy release rate and maintain it constant during the 
cyclic test. The compliance equation, Eq. (24), takes into account many material properties of face 
sheets and core which always have a degree of uncertainty, especially for polymeric foam cores, as 
observed by Taher et al. (2012). It might thus happen that the properties measured through material 
characterization tests (e.g. Young’s and shear moduli of face and core) differ from the material 
properties in an actual test specimen, and this may influence the accuracy of the crack length and 
energy release rate calculation. Because of this issue, a sensitivity analysis, presented in Appendix 
of [P2], was conducted in order to evaluate the influence of any variation in the face and core 
material properties on the determination of crack length. Results show that the compliance based 
crack length determination is very sensitive to variations in the Young’s modulus of the face, while 
it is not very much affected by variations in the foam core properties. Therefore extra attention 
should be paid to the face sheets properties determination, while average manufacturer data for the 
foam core can be used without particular concern. 

Before testing, the MMB specimen must be pre-cracked. In order to avoid the issues described in 
[P1] related to crack kinking into the face during the pre-cracking process, a different approach was 
adopted and a band saw was used to create an artificial initial debonding at the upper face/core 
interface (Fig. 27). The crack tip was further sharpened using a thin blade in order to obtain a 
natural crack front and, moreover, the first 200-300 cycles of each cyclic test were always used as 
additional crack sharpening process and discarded from data analysis.  

 



 
 

Fig. 27 Pre-crack in a sandwich MMB specimen obtained using a band saw. 

 

Fatigue tests were carried out in a 10 kN MTS 858 servo-hydraulic machine with a 1 kN load cell. It 
was crucial to use such small load cell in order to minimize load signal oscillations (namely ±1 N) 
that would influence the test and pollute results. The software MTS Test Suite was used to control 
the machine: such software is another key aspect for the successful implementation of the G-control 
routine (entirely developed by M.Manca) into the machine controller, since it allows a very wide 
range of operations and provides the required flexibility to design and run complex customized 
operations. 

The crack length vs compliance equation (equivalent to Eq. (27) for the MMB case) must be 
incorporated in the code. It is obtained beforehand with a Matlab code that uses the MMB analytical 
model and material properties for the MMB specimen and provides a simple equation for a as a 
function of C that is suitable for the MTS software control algorithm. Once the correct value of 
crack length a is determined through the compliance based method, the cyclic energy release rate 

G can be determined by calculating the maximum and minimum values of energy release rate, 
Gmax and Gmin , from Eq. (25) with the maximum and minimum load as input. 

Fig. 28 shows a plot of cyclic energy release rate G and maximum displacement max for about 100 
loading cycles for a sandwich specimen with H45 foam core. The desired G level, represented by 
the dotted line, was set as G= 190 J/m2. It can be seen that G decreases as the crack is slowly 
propagating. When G falls below the target level, after about 35 cycles, the magnitude of the 
cyclic maximum displacement max is increased by a small step of 0.05 mm. This causes a sudden 
increase of G. This sequence of events occurs periodically and the higher the rate of crack 
propagation, the higher the displacement increment frequency. 



 
 

Fig. 28 Maximum displacement and cyclic energy release rate vs loading cycles for sandwich MMB test 
with H45 core and p= 0.05 mm. 

 

Compliance, as discussed previously, must be determined accurately in order to obtain the correct 
value of crack length. Problems might arise if compliance were simply determined after each 
loading cycle, since the load signal from the machine is subject to small random fluctuations due to 
background noise in the electronic recording system. Hence, cycle-cycle compliance fluctuations 
may introduce an error in the crack length determination, causing error in the estimation of G. To 
reduce the influence of such errors on the G-control it is preferable to calculate the average value of 
compliance over a block consisting of "n" cycles. This ensures that fluctuations are attenuated, and 
the estimation of crack length and energy release rate becomes more accurate. 

An entire crack propagation test, from beginning to end, is represented in Fig. 29, where a plot of 
cyclic energy release rate G vs. crack length is shown for a fatigue test on a sandwich specimen 
with H45 foam core. The initial part of the test is characterized by a transient phase where G 
slowly increases (represented by the scattered data in the plot) until the desired value is reached. 
After that point, the energy release rate is maintained constant within a small scatter band, normally 
around 5% of the desired value. The fact that the scatter band is entirely above the target level and 
not evenly distributed above and below it is due to the small increases in G occurring immediately 
after the energy release rate level falls below the target value, as shown in Fig.28. This means that 
the average of G is slightly higher than the desired value, and this aspect must be taken into 
account during the test initialization, when the G target is assigned. 

 



 
 

Fig. 29 Cyclic energy release rate vs crack length for a G-controlled crack propagation test in a sandwich 
MMB specimen with H45 foam core ( G= 210 J/m2, RG= 0.04). 

 

Fig. 30 shows a plot of crack length vs number of cycles for G-controlled fatigue tests performed on 
different specimens with H100 core at three constant G levels (350, 400 and 450 J/m2). It can be 
highlighted that the crack grows in a linear fashion in each of the three tests, which means that the 
crack growth rate is constant. This would not happen in the tests presented in [P1], where the crack 
was subject to arrest after a number of cycles, as shown in Fig. 21. It can also be seen that 
increasing the range of energy release rate G translates into faster crack growth, resulting in 
steeper slopes of the trendlines. All the tests promoted fairly stable crack propagation at the 
face/core interface. 

 
Fig. 30 Cyclic energy release rate vs crack length for a G-controlled crack propagation test in a sandwich 

MMB specimen with H45 foam core ( G= 210 J/m2, RG= 0.04). 



Crack growth rate data da/dN extracted from Fig. 30 were plotted versus G in the graph 
represented in Fig. 31 and the Paris-Erdogan law in the form of Eq. (23) was produced, where the 
parameter C =1.3758 *10-14 and the exponent m =4.55. This result is close to the value of m 
obtained in [P1] for H100 sandwich specimens, considering that the tests were run in displacement 
control and the mode-mixity and material properties were not exactly the same. Also Saenz et al. 
(2014) have conducted cyclic mode I testing of polymer foams under displacement control using a 
symmetric sandwich DCB specimen and their results for H100 PVC foam (m=4.1 for R=0.25) are 
comparable with our results. 

 

 
Fig. 31 Cyclic energy release rate vs crack length for a G-controlled crack propagation test in a sandwich 

MMB specimen with H45 foam core ( G= 210 J/m2, RG= 0.04). 
 

However, crack growth rate results presented in [P2] were generated from a very limited amount of 
tests as a practical example to describe the G-control method. Such test methodology will be 
utilized in [P3] and [P4] for extensive crack growth characterization of different sandwich 
materials.  

 

4.3. Fatigue Characterization of a Face/Core Interface Crack in PVC Foam 
Core Sandwich Composite Beams Using the G-Control Method 

 

The work described in [P3] presents experimental results from cyclic crack propagation tests 
performed on sandwich specimens with glass/epoxy face sheets and PVC foam cores with different 
densities using the G-controlled test procedure introduced in [P2].  

 

 



4.3.1. Background 

 

A number of studies on fatigue crack propagation at the interface of foam core sandwich materials 
is available in the literature. Shipsha et al. (1999) tested foam core sandwich materials, determined 
interfacial fatigue crack growth rates using the Double Cantilever Beam method for mode I and the 
Cracked Sandwich Beam for mode II and highlighted an inverse relation between foam density and 
crack growth rate. Olurin et al. (2001) performed cyclic debond growth study in aluminum foam 
core sandwich specimens using the Compact Tension method (mode I), extrapolating the Paris law 
and analyzing the mechanism of crack growth on a microscopic scale, observing that the crack 
propagation speed is controlled by crack bridging of the cell edges behind the crack tip. Many other 
studies, including Gillespie (2012) and Saenz (2014), also dealt with fatigue debond propagation, 
but all of them were based on load or displacement controlled testing approaches, which lead to 
increasing or decreasing energy release rate at the crack tip as the crack grows. This means that, for 
a fatigue crack growth test with constant load or displacement, G is never constant along the test 
but continuously varies. The G-control method developed in [P2] constitutes a simple and 
affordable way to keep the energy release rate constant during cyclic tests and was used in [P3] to 
perform crack growth characterization in sandwich MMB specimens with various PVC foam cores 
(H45, H100 and H160) under two mode-mixity loading conditions. Prior to the MMB tests, 
mechanical properties of the face sheets were determined and used in the FE and analytical 
simulations. Finally da/dN versus G curves were constructed and crack path analysis was 
performed. 

 

4.3.2. Materials and Test Methods 

 

The parametric analysis presented in the Appendix of [P2] underlined that the analytical 
compliance-based crack length calculation method is particularly sensitive to the mechanical 
properties of the face sheets, especially the Young’s modulus. Therefore particular attention was 
dedicated to this aspect, and a full mechanical characterization of the elastic properties of the face 
sheets was done. The test matrix included both in-plane and out-of-plane mechanical properties 
such as Young’s modulus, shear modulus and Poisson’s ratios of the face laminates, made from ply 
groups of DBLT-850-E10 Quadriaxial glass fiber mats (0/45/90/-45) and epoxy resin 
(RIM135/RIMH137).  

 



                   
 
 

 
 
Fig. 32 Digital Image Correlation during out-of-plane compression test of face sheet material, with left 

and right camera images shown above and the 3D model with horizontal and vertical strain 
measurements below 

 

 

All material characterization tests were performed on a 100 kN MTS 810 universal testing machine 
equipped with a 100 kN load cell. Tensile tests were conducted according to the ASTM D3039 
(2014) standard and a 3D Digital Image Correlation system (DIC) was used in addition to 0/90° 
strain gages to monitor strains on the front and rear surfaces of the specimens. In-plane compressive 
tests were conducted following the combined load compression test standard, ASTM D6641 (2009), 
and strain was measured with strain gages on both sides of the specimens. Iosipescu shear tests of 
the face materials followed the ASTM D7078 (2005), using specimens V-notched on both edges 
and monitoring the strain with a DIC system on front and rear sides of the specimen. No standard 
procedure for out-of-plane compression testing of composites is available, although a test method 
described by Carlsson et al. (2014) was followed. Test specimens were loaded between two 
compression platens, of which the upper was fixed and the lower was mounted on a spherical seat to 
avoid non-uniform loading. In order to compensate for possible lack of parallelism between upper 
and lower surfaces of the specimen, strains were measured on each of the four faces of the specimen 
using two DIC systems, Fig. 32, and results were subsequently averaged. 



The elastic mechanical properties of the face sheets are listed in Table 1a. It can be observed that 
the in-plane Young moduli in 1 and 2 directions (fiber dominated) are almost the same while the 
out-of-plane is significantly smaller (matrix dominated). Same behavior is observed for the shear 
modulus, which is considerably higher in-plane 1-2 than out-of-plane 1-3 and 2-3.  

Extensive efforts were also dedicated to the characterization of the foam core. An Instron 25 kN 
servo-hydraulic machine equipped with a 10 kN load cell was used for compressive tests on PVC 
foam core Divinycell H45, H100 and H160 samples from the manufacturer DIAB. Tests followed 
the standard ASTM D1621 and were performed applying a compressive load at a fixed piston 
displacement rate of 0.5 mm/min while strains were monitored through the DIC system (Fig. 33).  

 

 
 

Fig. 33 Strain measurement during compressive test on PVC foam core performed with Digital Image 
Correlation. Non uniform strain distribution is visible in the image. 

 

 

Anisotropic behavior of the foam core was expected, according to the results of Zhang et al. (2011). 
However, many additional criticalities arose in relation to non-uniform load introduction, non-
uniform strain distribution (Fig. 33), non-uniform densities compared to nominal values and non-
linear material response. Because of such issues, the nominal elastic foam properties provided by 
the manufacturer were used (Table 1b). Although it is well known that nominal manufacturer 
properties might deviate to a certain extent from the actual properties of the foams used in the tests, 
the analysis presented in [P2] showed that small variations in the foam properties do not influence 
the compliance, energy release rate and mode mixity very much. 



 

a) b) 
Table. 1 Elastic mechanical properties of a) face sheets and b) foam cores. 

 

The MMB test method was adopted for the fatigue tests. Sandwich MMB specimens were designed 
and manufactured according to recommendations indicated by Quispitupa et al. (2010), especially 
regarding face sheets thickness and width. Dimensions of the specimens were 250 mm (length) and 
35 mm (width) and were manufactured with 2 mm thick GFRP face sheets and foam cores of 10 
and 20 mm thickness. Piano hinges were adhesively fixed to the specimen using epoxy glue 
Araldite 2015. As already done for the experiments described in [P2], specimens were pre-cracked 
in the foam core at a small distance from the face/core interface using a band-saw. This procedure 
eliminated the resin rich cells zone at the tip and produced a clean crack front, which was further 
sharpened by using a very thin razor-blade. All specimens pre-cracked using the band-saw method 
were successfully tested exhibiting crack growing at the face-core interface, with the exception of 
sandwich specimens with H160 foam core loaded under mode II dominant conditions, where the 
crack kinked into the face in most of the cases to be described later.  

The G-control method presented in [P2] was used for the tests. Prior to the cyclic test of each type 
of specimen, the crack length vs. compliance (a vs. C ) relation, similar to Eq. (27) for the DCB 
case, was derived using a MATLAB code based on the analytical model of the MMB specimen. 
The equation was in the form 

 

  
 

(31) 
 

 

where k0…k5 are curve fitting parameters which are presented in Appendix of [P3] for all the tested 
specimens. This equation was then implemented into the software, namely MTS Test Suite used to 
control the testing machine, which allowed for automatic and real-time calculation of the crack 



length during the test by linking the experimental compliance calculated from load and 
displacement signal with a unique value of crack length. 

The mode-mixity phase angle was determined using the finite element model introduced in [P1] 
where a very fine mesh was used around the crack tip in order to obtain accurate results (Fig. 34). It 
was decided to perform all the tests on the different sandwich materials under the same mode-
mixity conditions so that the results could be compared. Two mode-mixity angles were selected for 
the tests: R= -2° (mode I dominant) and R= -30° (mode II dominant). A number of simulations 
were performed in order to determine the lever arm distance c to be used during the cyclic tests in 
order to achieve the desired mode-mixity conditions. Mode I dominant loading conditions were 
achieved for larger lever arm distances (around 70 – 80 mm) while mode II dominant conditions 
could be reached with smaller c values (in a range between 20 and 30 mm, depending on the foam 
core). 

 

 
Fig. 34 Finite element model of MMB sandwich specimen with finer mesh at the crack tip.  

 

A total of 36 specimens with GFRP faces and H45, H100 and H160 foam core were tested at two 
mixed loading conditions (6 specimens for each mode-mixity) at constant frequency of 2 Hz over a 
range of G levels that varies depending on the foam core: from 70 to 430 J/m2 for H45, from 250 
to 1200 J/m2 for H100 and from 250 to 900 J/m2 for H160, with a step of 20-30 J/m2 between each 
test. Thanks to the G-control method, each specimen could be tested several times at different G 
levels, resulting in a relatively small number of specimens tested in total. Tests which exhibited 
crack kinking into the face or showing uneven crack length between front and back part of the 
specimen were discarded. 

As explained in [P2] and shown in the schematic diagram in Fig. 26, the G-control method is based 
on a looping sequence of operations designed in a way that the level of G, always set to be smaller 
than the desired level at the beginning of the test, is slowly increased every n cycles (n was set equal 



to 5 for all the tests) through adjustment of maximum and minimum opening displacement max and 

min. Once the targeted G is reached, it is maintained stable for the entire test.  

An important aspect should not be neglected: since the MMB test rig is composed by many 
elements including rollers, loading contact points and hinges, non-ideal conditions must be taken 
into account such as non-perfect positioning of the loading saddle with respect to the test rig or 
small misalignment of the hinges glued to the sandwich specimen. Because of these unavoidable 
issues, the load introduction may occur unevenly and, as a consequence, the initial part of the load-
displacement curve might not be linear. In order to avoid the error that might result from such non-
ideal conditions, the following incremental relation was used to evaluate the compliance: 

 

 
 

 

(32) 
 

 

where   and  are the maximum load and displacement recorded at the peak of the loading 
cycle and   and  are the minimum values recorded at the valley of the cycle. Compliance 
was calculated every 5 cycles as the average of the compliance at each single cycle. The R ratio, 
defined as (Gmin/Gmax), was maintained constant (R=0.1) with Gmin  approximately equal to 10% of 
Gmax .  

 

4.3.3. Results and Discussion 

 

Results from cyclic crack propagation tests are presented in this section. For each core material, 
tested at R=-2° for mode I dominant condition and R=-30° for mode II dominant condition, 
results are represented in log-log plots showing cyclic energy release rate G on the x-axis and 
crack growth speed da/dN on the y-axis. For each of the plots a least-squares regression line was 
derived, based on the Paris-Erdogan relation, Eq. (23). 

Crack paths for all the materials tested are presented in Fig. 35. The first two pictures show how the 
debond developed in H45 specimens under mode I (Fig. 35a) and mode II (Fig. 35b) loading 
conditions. The crack path developed right below the face/core interface and it was similar in both 
cases, although mode II presented rougher crack surfaces. An interesting phenomenon was observed 
during a number of tests under mode I loading: the crack temporarily stopped its propagation and 
didn’t grow for few hundreds cycles until a distinctive crack sound was heard and the propagation 
started again. A plausible explanation for this behavior could be the presence of inclusions or 



particularly thick cells walls which required a higher number of cycles to be broken. H100 
specimens are shown in Figs. 35c and 35d, where a behavior similar to the H45 case is observed, 
with mode I crack following a more linear trajectory compared to mode II. Crack propagation for 
mode I dominant loading in H160 specimens (Fig. 35e) occurred at the interface, showing very 
smooth crack surfaces similar to the H100 specimens. Most of the tests performed under mode II 
dominant loading conditions exhibited crack kinking into the face and fibers bridging between the 
crack flanks were visible (Fig. 35f); consequently none of those data could be used for crack growth 
rate measurements. 

Crack growth plots are reported in Fig. 36. Unlike in the study presented in [P1] where the “Secant 
Method” was followed to compute the crack growth rates, data reduction for [P3] was carried out 
according to the “Incremental Polynomial Method” recommended in the ASTM E647 (2014), 
which involves fitting a second order polynomial to sets of successive data points on the a vs. N 
curve. Fig. 36a shows results for H45 specimens, where it can be observed that, for a given level of 

G, the crack growth rate is higher under mode I loading than in mode II, in accordance with 
studies presented in [P1] and [P2]. The G range covered in the tests is 70 to 150 J/m2 for mode I 
tests and 80 to 450 J/m2 for mode II tests. Fig. 36b represents da/dN vs G results for H100. 
Similarly to H45 core, the magnitude of the exponent m is greater in mode I tests (m=4.4) than in 
mode II (m=1.6), resulting in faster crack growth for mode I than in mode II. In Fig. 36c graphs for 
H160 are presented, showing that the response of this sandwich material was very similar to that for 
H100, with both mode I and mode II crack growth curves exhibiting similar exponents m. It should 
be mentioned that only few points for the Paris plot could be extracted from tests on H160 under 
mode II dominant conditions, taking into consideration only the initial cycles when the crack was 
located in the face/core interface before it kinked into the face, Fig. 35f: therefore these results 
should be considered carefully. 
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Fig. 35 

Crack paths for a) GFRP/H45, mode I dominant, b) GFRP/H45, mode II dominant, c) 
GFRP/H100, mode I dominant, d) GFRP/H100, mode II dominant, e) GFRP/H160, mode I 
dominant, f) GFRP/H160, mode II dominant. 

 



 
a) 
 

 
b) 
 

 
c) 

 

Fig. 36 da/dN vs G plots for specimens with GFRP face and H45 (a), H100 (b) and H160 (c) foam cores 
at mode I dominant ( R = -2°) and mode II dominant ( R = -30°). 

 



An overview of crack growth curves for mode I tests (Fig. 37a) and mode II tests (Fig. 37b) are 
shown below. It can be seen that the exponent m is very similar among all of the tested materials 
(m 5 for mode I and m 1 for mode II), even though a clear-cut difference between H45 specimens 
and the other two foam densities is evident. Moreover H100 and H160 exhibit almost the same 
behavior: such similarity could be explained with the similar cells size of these two foams: the 
average cell diameter for H100 is about 0.4 mm and H160 cells are about 0.35 mm wide, while H45 
cells are considerably larger (about 0.7 mm wide).  
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Fig. 37 da/dN vs G crack growth results for sandwich specimens with GFRP face and H45, H100 and 

H160 foam cores under mode I dominant loading (a) and mode II dominant loading (b). 
 



4.4. Study of Face/Core Interface Crack Propagation in Honeycomb Sandwich 
Structures Using the MMB Specimen 

 

The study in [P4] presents an initial fatigue testing on sandwich composites with GFRP/CFRP face 
sheets and honeycomb core (NOMEX) using the MMB test rig. Because of many differences in 
material and geometry compared to the specimens considered in [P1-P3], a number of variations 
were introduced in the testing methodology compared to the approaches presented in the previous 
studies. 

 

4.4.1.  Background 

 

Although Nomex-cored sandwich structures are widely used in important applications like 
aerospace industry, studies dealing with fracture in such materials are very limited. Avery and 
Sankar (2000) performed static crack propagation tests on debonded sandwich specimens with 
graphite/epoxy face sheets and aramid fiber honeycomb core using the double cantilever beam 
method (DCB) to determine the face/core interface fracture toughness. Moreover the authors tested 
the material under axial compressive loads and studied the influence of face and core thickness on 
local and global buckling of the specimens. Ratcliffe and Cantwell (2000 and 2001) carried out 
static fracture toughness measurements on a number of sandwich structures with GFRP face sheets 
and Nomex honeycomb core using the center notch flexure sandwich specimen, a simple three point 
bend test which consists in loading the lower face of a sandwich beam and propagating a central 
crack along the lower face-core interface. A work of Berkowitz and Johnson (2005) presents a study 
on fatigue face/core crack propagation in honeycomb core sandwich specimens using the DCB 
testing technique under displacement control. The authors produced da/dN vs. G curves and, since 
no exact analytical solution exists for this material due to the high orthotropy of the core, they used 
the so-called “Barry method” (1963) to compute G, which consists of an empirical equation of 
compliance vs. crack length obtained from experimental tests on a number of specimens. Rinker et 
al. (2013) performed an experimental investigation into static face/core debond using the single 
cantilever beam test (SCB), testing a wide number of honeycomb sandwich types with different 
width, face sheet thickness and core cell sizes. All the above mentioned studies were carried out 
using testing methods that do not allow control of the mode mixity at the crack tip. The work in 
[P4] deals with testing of honeycomb-cored sandwich specimens using the G-control method. 
Furthermore, it aims at studying the feasibility of testing honeycomb sandwich materials using the 
MMB test rig, which allows to vary and control the ratio between mode I and mode II loading 
simply changing the lever arm distance c (Fig. 20).  

 



4.4.2. Materials and Test Methods 

 

Sandwich specimens with 0.47 mm thick GFRP/CFRP face sheets and 30 mm thick Nomex-
HRH10-4.8-32 aramid honeycomb core were used for the tests. Specimens were cut from a 
sandwich panel provided by Airbus. The panel was cut in the width direction (represented with “W” 
in Fig. 38) into 250x35 mm beams according to MMB recommendations by Quispitupa et al. 
(2010).  

 
 

Fig. 38 Principal directions of the honeycomb core: width (W) and length (L). 

 

Nomex Young’s and shear moduli are not provided by the supplier. Based on mechanical properties 
of the cell wall material, Foo et al. (2007), and micromechanics relations for honeycomb structures 
with regular hexagonal cells developed by Gibson and Ashby (1988), it is possible to obtain the 
homogenized material properties for the core: E1 = 10.7 MPa, E2 = 8.41 MPa, E3 = 76 MPa, , G12 = 
7 MPa, G13 = 30 MPa, G23 = 14 MPa, 12 = 0.3,  13 = 23 =0.001. The face sheets consisted of a 
hybrid composite with 0.12 mm thick GFRP layer (with the following mechanical properties: 
E1=E2=17 GPa, G12=1.8 GPa, 12=0.04) and a 0.35 mm thick CFRP layer (with E1=E2=65 GPa, 
G12=4.2 GPa, 12=0.03). 

In order to simplify the analysis of the MMB specimen , homogenization of the hybrid face sheets 
was used where the two layers were considered to behave as a single layer. The homogenized face 
sheet properties are the following: E1 = E2 = 52.7 GPa, E3 = 10.5 GPa, , G12 = 3.6 GPa, G13 = 3.29 
GPa, G23 = 3.44 GPa, 12 = 0.033,  13 = 23 =0.048. 

The panel was cut in the width direction (W, 2 in Fig. 38) into beams 250 mm long and 35 mm 
wide. Preliminary analysis of the MMB specimen using the sandwich finite element model showed 
significant amount of bending of the upper face-sheet resulting in excessive deformation around the 
crack-tip. It was therefore decided to add a 2.1 mm thick GFRP reinforcement layer to the face 
sheet (E=17 GPa) in order to reduce the face sheet deformation and the vertical displacement of the 
loading piston. The FE model used in [P1-P3] was modified to include the upper loading lever, 
modeled using rigid BEAM3 elements (Fig. 39). Fig. 40 presents a close-up of the crack tip 



showing that the crack tip elements distortion in the case without the GFRP reinforcements (a) is 
much higher than that with the reinforcement layers (b). 

 
Fig. 39 Finite element model of MMB specimen modified with face sheets reinforcement layers and 

added loading lever.  
 

 

  
a) b)

Fig. 40 Close-up of the crack tip of the specimen without the GFRP reinforcements (a) and with the 
reinforcement layers (b). (Both images are represented in the same length scale). 

 

A series of finite element simulations were performed to find the mode-mixity phase angle for 
various lever arm distance c values. The study was conducted for a crack length of 20 mm over a 
range of lever arm distance c between 20 and 100 mm with intervals of 10 mm. A plot of R  vs. c  
is shown in Fig. 41. 



 

 
Fig. 41 Graph of mode mixity phase angle R vs. lever arm distance c for a sandwich specimen with 

honeycomb core for a crack length of 20 mm. 
 

 

A substantial difference between foam-core and honeycomb-core sandwich structures must be 
noted. While foam core was considered isotropic in the previous studies, allowing the use of the 
analytical linear elastic fracture mechanics model for the MMB specimen developed by Quispitupa 
et al. (2009) and successfully used in [P1]-[P3] for the determination of crack length versus 
compliance relations, honeycomb core is highly orthotropic, thus cannot be assumed to be isotropic. 
Since the analytical model from Quispitupa et al. (2009) was conceived for isotropic core materials, 
it was uncertain if that could apply to an orthotropic case. Therefore a different approach to 
calculate the a  vs. C relation (needed for G-controlled fatigue testing) was needed for [P4] in order 
to validate the analytical solution for the orthotropic case. An experimental method was chosen, as 
suggested by Berkowitz and Johnson (2005). This method consists in performing a number of static 
crack propagation tests on the same type of specimens that will be tested under fatigue. Compliance 
versus crack length data from the static tests are represented in a plot and fitted with a regression 
curve which provides an empirical a vs. C correlation law.  

 

4.4.3. Experimental and Results 

 

In order to perform an experimental comparison between sandwich beams with and without the 
reinforcement GFRP layers, specimens were tested under static loading in the MMB test rig at 
constant opening displacement rate of 0.5 mm/min and the lift-off was measured for both cases with 
the same crack length of 40 mm and lever arm distance c of 85 mm. For the case without the extra 



layers crack propagation occurred under an opening displacement of about 18 mm, corresponding to 
a load of about 60 N (Fig. 42), while for the reinforced specimen the crack propagated under a 
vertical displacement of about 10 mm with a load of about 220 N (Fig. 43).  

 

 
Fig. 42 MMB specimen with CFRP face sheets and Nomex core tested under mode I dominant loading.  

 

 

 

Fig. 43 MMB specimen with CFRP face sheets and Nomex core with face sheets reinforcement layers 
tested under mode I dominant loading.  

 



The opening displacement observed in the non-reinforced case was considered excessive and not 
suitable for fatigue testing since the large relative displacement between the yoke and the saddle 
would cause problems in the load introduction. Therefore reinforced specimens were chosen for 
cyclic tests. Fig. 44 shows the load-displacement curves for the two sandwich specimens tested 
under static loading. 

 

 
Fig. 44 Load-Displacement curves for static tests.  
 

 
Static fracture tests were also used to monitor the elastic behavior of the honeycomb core, in 
particular in the zone below the central roller where the core is subjected to compressive loads. Fig. 
45 presents three stages of a static test where the crack length gradually increases. Fig. 45a shows 
the undeformed specimen prior to testing, with the initial crack length equal to 20 mm and the crack 
tip marked with a red arrow. Fig. 45b shows the specimen loaded. Cell wall buckling is at this phase 
visible ahead of the crack tip. Fig. 45c shows the last stage of the static test, where the opening 
displacement is equal to about 10 mm and the crack length is 40 mm. It can be seen that the 
distorted cells zone has advanced and reached the area below the loading roller where a 
compressive load is applied. Such load might have contributed to additional cell wall buckling. 
 

 



 
a) 
 

 
b) 
 

 
c) 
 
 

Fig. 45 MMB specimen with Nomex core tested under static load. a) Undeformed specimen, b) P=180 N 
c) Final stage of the static test with P=230 N. 

 

 



Because of the limited amount of sandwich beams available for testing, only two reinforced 
specimens were tested under static loading and the crack length versus compliance plot shown in 
Fig. 46 was obtained and compared with the analytical results, showing good agreement. A 
quadratic fitting relation between a and C was determined and input to the G-control code 
implemented in the MTS Test Suite software.  

 

 
Fig. 46 Crack length vs. compliance for CFRP/Nomex MMB specimens tested under mode I dominant 

loading.   
 

Three sandwich specimens were tested under cyclic loading in a MTS Acumen electrodynamic 
machine equipped with a 1 kN load cell. Tests were carried out in a G range of 220 to 560 J/m2 
with a loading lever distance c equal to 85 mm, corresponding to a mode I dominant phase angle 

R= 5°, according to the study presented in Fig. 41. In all the tests the crack propagated in the core 
right below the interface from an initial length of 20 mm up to about 40 mm. Crack growth rate 
results are shown in the log-log plot in Fig. 47 showing cyclic energy release rate G on the x-axis 
and crack growth speed da/dN on the y-axis. Data reduction for crack growth rate data was 
performed according to the incremental polynomial method described in the standard ASTM E647 
(2014). The Paris law equation exhibits an exponent m=4.5, which is comparable to the results 
presented by Berkowitz and Johnson (2005) who tested sandwich specimens with honeycomb core 
under mode I loading using the DCB method and obtained m=3.2.  



 

 

Fig. 47 da/dN vs. G curve for CFRP/Nomex MMB specimens tested at R = -5° 

 

Although crack propagation tests of honeycomb core sandwich specimens were successfully carried 
out for the first time in the MMB test rig, a number of problems should be addressed and further 
investigated. First of all more attention should be paid to the core crushing issue that was observed 
during fatigue testing below the central loading roller, which might influence the mode-mixity and 
the energy release rate at the crack tip and the overall specimen response to debond growth. Results 
presented in this paragraph were produced from a very limited amount of static and fatigue tests, 
therefore more tests are required in order to obtain more complete crack growth rate information. 

 

 

 

 

 

 

 

 

 

 



5. Summary and Discussion 
 

The goal of the present thesis was to develop a deeper understanding on fracture at the face/core 
interface in sandwich materials. Mixed mode crack growth in sandwich specimens was examined 
using a combination of numerical and finite element simulations along with experimental testing by 
means of the MMB test principle. Although different materials and testing procedures were used, a 
sort of common thread interconnects the studies presented in this work.  

The investigation on face/core fracture propagation was initiated in [P1] where fatigue tests on 
sandwich with GFRP face sheets and H45 and H100 PVC foam cores were performed under 
displacement control. A consideration arose from this analysis: crack growth studies are usually 
based on load or displacement controlled testing approaches, which lead to increasing or decreasing 
energy release rate at the crack tip as the debond increases in length. This means that, for a fatigue 
crack growth test with constant load or displacement, G is never constant along the test but 
continuously varies. Paris law diagrams obtained from load or displacement controlled tests are 
based on the assumption that a certain G level is maintained constant for a sufficiently high 
number of cycles, enough to make the crack grow and thus calculate a da/dN value associated to 
that particular G value. This assumption might be acceptable for very low crack propagation 
speeds, where the energy level at the crack tip changes considerably slowly, but might become 
unreliable when the crack grows fast, with G rapidly changing. Taking such problem into 
consideration lead to the development of the G-control testing method presented in [P2] which aims 
to prevent the transient G variation experienced in [P1] and to evaluate the crack growth properties 
of sandwich interfaces when the energy is constant during the entire test.  

The G-control method was later employed in [P3] to characterize the same type of interface already 
studied in [P1] and both similarities and differences can be highlighted between the two studies. 
Paris law exponents m obtained in the two studies seemed to be quite different and a special 
mention should be made about this point. Although the sandwich materials were similar (specimens 
in both [P1] and [P3] were made with GFRP face sheets and H45 and H100 foam cores) and the 
mode mixity conditions were “mode I dominant and mode II dominant” in both studies, it must be 
pointed out that phase angles were not exactly the same (for instance, mode I loading was achieved 
with R =9° for [P1] and R =-2° for [P3] ). Such dissimilarity, along with other variations such as 
the different data reduction methods used in the two studies, may have contributed to the mismatch 
between the exponents. Apart from the Paris law exponents, crack growth results from both studies 
were in very good agreement with each other and with other studies published in the literature. 
Crack propagation rates were found to be highly influenced by the mode-mixity, with higher crack 
growth rates observed under mode I dominant loading conditions compared to mode II dominant. 
The Paris plots revealed that also the foam core density influences the crack propagation speed, 
which increases with decreasing foam density.  



The work in [P4] was an attempt to extend the use of the MMB rig and G-control method to testing 
of honeycomb-cored sandwich specimens which, according to the open literature, has never been 
tried before. The MMB test method has the advantage of changing and controlling the loading 
mode-mixity at the crack tip by simply varying the lever arm distance, and this might be an 
interesting new way of investigating honeycomb sandwich fracture properties since most of the 
honeycomb studies available in the literature involve methods with fix and non-controllable mode-
mixity. The highly orthotropic response of the honeycomb raised the question whether the Linear 
Elastic Fracture Mechanics approach used in the previous studies (conceived for isotropic core 
materials) was valid or not. For this reason an empirical experimental approach employing a 
compliance calibration was used to validate the analytical solution of the MMB specimen. Although 
only a very limited amount of specimens was tested, the empirical approach used in [P4] opened up 
new possibilities in the use of the G-control method also for cases where an analytical model of the 
specimen is not available or not usable. However, the use of the MMB test rig for Nomex sandwich 
materials testing raised a number of questions that will require further investigations to be 
answered, first of all the influence on the mode-mixity and energy release rate at the crack tip of the 
compressive loads introduced in the core by the central roller.  
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a b s t r a c t

Face/core fatigue crack growth in foam-cored sandwich composites is examined using the mixed mode
bending (MMB) test method. The mixed mode loading at the debond crack tip is controlled by changing
the load application point in the MMB test fixture. Sandwich specimens were manufactured using H45
and H100 PVC foam cores and E-glass/polyester face sheets. All specimens were pre-cracked in order
to define a sharp crack front. The static debond fracture toughness for each material configuration was
measured at different mode-mixity phase angles. Fatigue tests were performed at 80% of the static critical
load, at load ratios of R = 0.1 and 0.2. The crack length was determined during fatigue testing using the
analytical compliance expression and verified by visual measurements. Fatigue crack growth results
revealed higher crack growth rates for mode I dominated loading. For specimens with H45 core, the crack
grew just below the face/core interface on the core side for all mode-mixities, whereas for specimens
with H100 core, the crack propagated in the core or in the face laminate depending on the mode-mixity
at the debond crack tip.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The use of sandwich composites for high performance struc-
tures such as wind turbine blades, airplanes, helicopters and high
speed ships is increasing due to their superior stiffness/weight ra-
tio. Those structures are subjected to numerous cyclic load repeti-
tions leading to fatigue failure. Sandwich components may contain
a number of various defects introduced during the manufacturing
process, where one of the most common is poor face/core bonding
due to careless manufacturing. As debonds generally are difficult to
detect since they develop underneath the sandwich face sheets,
non-destructive inspection methods must be deployed to locate
and estimate the size of the defect [1]. Once debonds are detected,
damage tolerance assessment may be performed to examine the
criticality of the damage [2,3], and in severe cases, repair must
be carried out.

Fatigue crack growth studies of debonded sandwich composites
are rare in the open literature. The studies available are mostly lim-
ited to the use of the double cantilever beam (DCB [4,5]) and the
cracked sandwich beam (CSB [6]) specimens. Those specimens
were used in fatigue crack growth studies under global mode I
and global mode II [6]. The term ‘‘global’’ indicates that the loading
is mode I or mode II due to the external load configuration. The lo-

cal mode-mixity at the crack tip may, however, be very different
due to the bi-material configuration at the face/core interface
[7,8]. Results in [9] show that fatigue cracks grow faster under glo-
bal mode I than global mode II loading, which reveals that the
shear component at the face/core debond influences fatigue crack
growth. Likewise, quasi-static face/core fracture toughness charac-
terization [10] has revealed that the face/core interface toughness
is strongly dependent on the mode-mixity at the crack tip, where
higher fracture toughness is associated with increased shear
loading.

Analysis of cyclic debond propagation in sandwich structures is
complicated by the presence of multiple materials and the mixed
mode effects. The energy release and mode-mixity rate are com-
mon parameters used to characterize crack growth and crack path
in sandwich specimens [7,8,10]. It is recognized that a debond
crack may propagate in the core just below the resin rich layer at
the face/core interface, in the face sheet above the interface, and
directly in the face/core interface.

In this study, the MMB test method [11,12] is used to character-
ize face/core debond propagation under quasi-static and fatigue
loading. An advantage with this test method is that the mode-mix-
ity remains constant for a growing crack length, which is conve-
nient for fatigue testing. In order to perform fatigue lifetime
estimations of cracked sandwich composites, the fatigue crack
propagation rate, da/dN, is correlated to the cyclic energy release
rate, DG, according to the Paris–Erdogan law in a modified form
[13]:
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da
dN

¼ CðDGÞm ð1Þ

where a is the crack length, N is the number of fatigue cycles and C
and m are parameters determined from curve fitting log da/dN vs.
log (DG) data. For some monolithic materials, those coefficients
have been related to the material properties [13,14].

It has been shown experimentally that a strong relationship be-
tween fracture toughness and mode-mixity exists [10]. Thus, it is
expected that the mixed mode loading at the debond tip may also
influence the debond growth rate. Specific tasks undertaken in this
study are: (i) determine debond fatigue crack growth rate data for
sandwich composites with H45 and H100 PVC foam cores under a
wide range of mode-mixities at the crack tip, (ii) examine the
resultant crack paths, and (iii) establish fatigue crack growth laws
in the form of a modified Paris–Erdogan law.

2. Experimental procedure

2.1. Materials and specimens

Sandwich specimens were manufactured using Divinycell H45
and H100 cross-linked PVC foam cores bonded to quasi-isotropic
face sheets made from 850 g/m2 E-glass/polyester non-crimp mul-
ti-axial (0/45/90/-45) Devold AMT DBLT-850. The mechanical
properties of the face sheets and cores are listed in Table 1.

Test panels were manufactured using a resin infusion process.
During this process, the face sheets become impregnated and the
partially open foam cells at the face/core interface become filled
by resin thus forming a resin-rich interface layer. The thickness
of this resin-rich layer is approximately equal to the foam cell size,
i.e., 0.70 and 0.45 mm for the H45 and H100 cores respectively (Ta-
ble 1). The resin-rich layer often proves to be tougher than the core,
and fracture may occur in the core, just underneath the resin-rich
layer, depending on the mode-mixity at the crack tip and tough-
ness of the interface [10].

The MMB sandwich specimens used in this study (Fig. 1) are
rectangular beam type specimens, 35 mmwide, with a span length

of 180 mm (2L), core thicknesses of 10 and 20 mm, and face sheet
thickness of 2 mm. The artificial debond starter crack in the MMB
sandwich specimens was created by placing a thin Teflon film in-
sert between the upper face sheet and core before resin injection
of the panels. Open foam cells in the front of the film insert will
be filled with resin which creates a tough region which tends to
provide an obstacle for subsequent crack propagation during frac-
ture testing. Therefore, a pre-cracking technique to extend the ini-
tial debond crack a short distance through the resin pocket is
necessary, to ensure a realistic and sharp crack front. Pre-cracking
was performed by clamping the specimen between two steel
blocks and applying a sinusoidal cyclic load to the upper debonded
face sheet until the desired crack extension was achieved. Further
details about the pre-cracking technique can be found in [10].

2.2. Mixed mode bending test fixture and specimen

The MMB test fixture and the MMB sandwich specimen are
shown in Fig. 1. The MMB test rig subjects the crack front to a com-
bination of tensile normal (mode I) and sliding shear (mode II)

Nomenclature

a crack length
A extensional stiffness for a sandwich case
b width of the specimen
B coupling stiffness for sandwich beam
c lever arm distance
CCSB compliance of the cracked sandwich beam specimen
CDCB_upper compliance of the upper sub-beam of the double canti-

lever specimen
CDCB_lower compliance of the lower sub-beam of the double canti-

lever specimen
Cexp experimentally determined compliance
Cexp_corrected experimentally determined compliance corrected
CMMB compliance of the mixed mode bending sandwich spec-

imen
Csys compliance of the system
D bending stiffness of a sandwich beam
Ddebonded effective flexural stiffness of the debonded region of the

cracked sandwich beam
Dintact flexural stiffness of the intact region of the cracked

sandwich beam
Ef elastic modulus of the face sheet
GMMB strain energy release rate of the MMB specimen
Gf G1 shear modulus of the face sheet
Gxz G2 shear modulus of the core

h characteristic distance to calculate the mode-mixity at
the crack tip

hc core thickness
hf face sheet thickness
K stress intensity factor
k shear correction factor
L span between supports
P load applied to the MMB specimen
x distance from the crack tip
a load partitioning factor
b bi-material constant
e oscillatory index
wF phase angle (full)
wR phase angle (reduced)
g elastic foundation modulus parameter
dexp displacement of the piston
dfix displacement contribution of the fixture
dLT displacement of the load train
dMMB displacement of the mixed mode bending sandwich

specimen
dx relative shear displacement of the crack flanks
dy relative opening displacement of the crack flanks

Table 1
Mechanical properties of H45 and H100 PVC foam cores and fiberglass face sheets
[10,15].

Properties H45 H100

Cell size (mm) 0.7 0.45
Density (kg/m3) 48 100
Tensile modulus (MPa) 55 130
Tensile strength (MPa) 1.4 3.5
Compressive modulus (MPa) 50 135
Compressive strength (MPa) 0.6 2.0
Shear modulus (MPa) 15 35
Shear strength (MPa) 0.56 1.6
Shear strain (%) 12 40
Fracture toughness GC (J/m2) 150 310

Face DBLT-850 (0/45/90/-45)
Young’s modulus (Ex), GPa 16.4
Poisson’s ratio (mxy) 0.306
Shear modulus (Gxy), GPa 5.8
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loadings. The MMB specimen can be visualized as a superposition
of the mode II CSB (Cracked Sandwich Beam) and mode I DCB
(Double Cantilever Beam) specimens [12] and the load P, intro-
duced through a steel loading saddle and transferred via rollers
and steel hinges, Fig. 1, is partitioned into CSB and DCB using a load
partitioning parameter a [12]. The mode-mixity is controlled by
the lever arm position, c. Quasi-static and fatigue tests were per-
formed at several c values in order to evaluate the effect of
mode-mixity at the crack tip on the debond fracture toughness
and fatigue growth rates.

The MMB compliance and energy release rate depend on the
crack length, face and core thicknesses, mechanical properties of
the sandwich constituents, geometry of the specimen and loading
conditions controlled by the lever arm distance, c. Analytical
expressions for the MMB compliance, C, and energy release rate,
G, have been derived previously [12]:
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� �
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where c is the lever arm distance, L is the span between the sup-
ports, a is the crack length, CCSB is the compliance of the CSB spec-
imen, CDCB_upper and CDCB_lower are the compliances of the upper and
lower sub-beams of the DCB specimen, a is a load partitioning fac-
tor, k is the shear correction factor (k = 1.2) [6], P is the applied load,
g is a foundation parameter taking into account core deformation in
front of the core crack tip [4], Ef is the face elastic modulus, hf and hc
are face and core thicknesses, A, B and D are the extensional, cou-
pling and bending stiffnesses for a sandwich beam [8], Ddebonded is
the effective flexural stiffness of the debonded region of the cracked
sandwich beam, Dintact is the flexural stiffness of the intact region of
the cracked sandwich beam and Gf and Gxz are the shear moduli of
face sheet and core respectively. Further details are provided in
[12].

2.3. Fracture toughness characterization

MMB sandwich specimens designed according to the procedure
outlined in [16] were used to perform static fracture toughness
characterization at different mode-mixities. Several specimens
loaded at different c values were tested in order to establish the
dependence of face/core debond fracture toughness on the mode-
mixity. The geometry and loading conditions (controlled by the le-
ver arm distance c) of the test specimens are listed in Appendix A.
Moreover, the critical load (Pc) for the initiation of crack propaga-
tion, defined as the load at which the compliance has increased
by 5%, or the maximum load, depending on which occurs first
along the load–displacement curve, is also listed in Appendix A.
This procedure is in accordance with the MMB standard, ASTM
D6671 [17]. The critical load substituted into Eq. (3) provides the
fracture toughness, Gc.

2.4. Fatigue testing

Fatigue tests can be performed either in load or displacement
control modes. In the current study, preliminary experiments re-
vealed difficulties to control the test using a 25 kN capacity MTS
858 servo-hydraulic test machine with a FlexTest 60 controller un-
der load control due to the small load magnitudes and large dis-
placements encountered. Displacement controlled tests generally
offer more stable test conditions and were chosen for this study.
Notice that displacement controlled fatigue testing is associated
with decreasing stress intensity factors and energy release rates
at the tip of the growing crack.

Displacement controlled fatigue tests were performed at 80% of
the quasi-static crack propagation displacement (dmax = 0.8dcrack-
prop), with a loading ratio of R = Pmin/Pmax = dmin/dmax = 0.1 for spec-
imens with H45 core and and 0.2 for H100 core specimens, a
testing frequency of 2 Hz and a sinusoidal waveform with constant
displacement amplitude. The fatigue test conditions and materials
examined in this study are listed in Table 2. Also included in Table 2
is the mode-mixity phase angle to be defined later (Section 2.6).
Note that the nominal face sheet thickness is 2 mm for all speci-
mens tested.

Due to the small R-ratios employed for the fatigue testing
(R = 0.1 and 0.2), and with Pmin = RPmax, there is no significant dis-
tinction between DG and Gmax:

Fig. 1. MMB sandwich H45 specimen and MMB test rig are shown. (For interpre-
tation to colours in this figure, the reader is referred to the web version of this
paper.)
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DG ¼ P2
max � P2

min

2b
dC
da

� Gmax ð9Þ

Thus Gmax and DG can be used indifferently.

2.5. Measurements of crack lengths

Two techniques were employed to determine the crack length
during fatigue testing: (i) visual measurements and (ii) using the
MMB compliance expression, Eq. (2). The visual measurements
were performed with a caliper accurate within ±0.05 mm, checking
the crack length every 300–400 cycles on the front and back sides
of the specimen to examine uniformity of the crack extension.

The determination of crack length is based on the compliance
determined from the actual load and displacement data measured
during the fatigue tests. The crack length may be determined from
Eq. (2) by imposing equality between measured and calculated
compliance. However, since the MMB test rig is relatively flexible
due to its several mechanical connections, there are additional con-
tributions to the compliance which must be accounted for in order
to obtain the correct crack length. Therefore, it is necessary to mea-
sure the compliance of the test machine and test fixture.

The experimentally determined compliance is defined by

Cexp ¼ dexp
P

¼ dLT þ dfix þ dMMB

P
ð10Þ

where dexp and P are the measured displacement of the test machine
piston and the applied load respectively, dLT, dfix and dMMB are the
displacement contributions from the deformations of the load train,
fixture and specimen. By replacing an actual MMB specimen with a
very stiff homogeneous steel beam, it is possible to determine the
system compliance at various lever positions (c) simply by loading
the steel beam and measure the compliance, Csys. Thus

Cexp corrected ¼ Cexp � Csys ð11Þ
The compliance calibration was carried out by loading the steel

specimen using a span length of 180 mm (2L) which is also used for
the static and fatigue crack propagation experiments. Lever arm

distances, c, of 20, 30, 40, 60 and 70 mm were employed. The
MMB rig with the steel beam was loaded up to 100 N for the spec-
ified c values, and the system compliance results are presented in
Fig. 2. It can be observed that the compliance of the system approx-
imately follows a linear relationship for the range of c values exam-
ined. It will be shown later that the compliance of the system Csys is
a small fraction of the specimen compliance.

Eq. (11) allows correction of the compliance determined during
the fatigue testing. As the mechanical properties, specimen geom-
etry and loading conditions are known, the crack length is the only
unknown parameter. The crack length was also measured using a
caliper with an accuracy of ±0.05 mm. However it must be pointed
out that the detection of the crack tip by visual inspection is diffi-
cult and the error in crack length might be larger than the smallest
increment of the caliper. For instance, if the crack propagates in the
core, the relatively large foam cells make it difficult to locate the
crack tip, especially if the opening near the tip is small. Uniformity
of crack extension is also an important aspect to be evaluated for
each test, thus results are discarded if the crack length differs more
than 2 mm on the front and back sides of the specimen, as dis-
cussed further in Section 3.2. Fig. 3 shows results for the crack
length vs. number of cycles for a specimen with H100 core loaded
under displacement control at c = 50 mm. It is noted that the mea-
sured and calculated crack lengths agree closely up to about 2500
loading cycles. After about 2500 cycles the results diverge. It is
important to point out that the displacement controlled test results
in decreasing opening of the crack tip as the crack length increases,
which increases the difficulty in visually locating the crack tip at
longer crack lengths. The correlation between these two crack
length measurements, Fig. 3, is overall acceptable, but the compli-
ance-based crack length determination is considered the most reli-
able providing an average of the actual crack length. It should also
be pointed out that the difference between crack length measure-
ments with and without correction for the compliance of the test
setup are very small, see Fig. 3. Thus the compliance of the test ma-
chine, load train and test rig are small and may be neglected.

2.6. FE analysis

The stresses near the interface crack tip may be expressed in
terms of a complex stress intensity factor [18]. The mode-mixity
phase angle, wF, which, in principle, defines the ratio between
the mode II and mode I stress intensity factors, is defined as [18]

wF ¼ tan�1 Im½Khie�
Re½Khie�

 !
ð12Þ

Table 2
Specimens and fatigue test configurations for MMB sandwich specimens with H45
and H100 cores (b = 35 mm, L = 80 mm). The mode-mixity phase angle, wF, is defined
in Eq. (14).

Core Material hc (mm) ainitial (mm) c (mm) dmax (mm) wF (�)

H45 20 25 80 2.70 �20
20 29 80 2.40 �20
10 26 37 2.80 �40
10 40 37 3.76 �40

H100 20 18 80 3.22 �20
20 24 80 3.68 �20
10 25 30 2.48 �40
10 22 30 2.48 �40

Fig. 2. System compliance at different lever arm distances, c.

Fig. 3. Crack length determined using the analytical compliance expression and by
visual inspection using a caliper for a specimen with a H100 core (c = 50 mm,
L = 75 mm, b = 35 mm).
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where ‘‘Im’’ and ‘‘Re’’ are the imaginary and the real parts of the
argument, K is the stress intensity factor (K = K1 + iK2, with
i ¼

ffiffiffiffiffiffiffi
�1

p
) and h is a characteristic length commonly set equal to

the face sheet thickness [10]. The parameter e is called the ‘‘oscilla-
tory index’’ given by [18]

e ¼ 1
2p

ln
1� b
1þ b

� �
ð13aÞ

where

b ¼ G1ðk2 � 1Þ � G2ðk1 � 1Þ
G1ðk2 þ 1Þ þ G2ðk1 þ 1Þ ð13bÞ

G1 and G2 are the shear moduli of the face and core materials,
km = (3 � 4tm) for plane strain and km = (3 � tm)/(1 + tm) for plane
stress and tm is Poisson’s ratio. m = 1 and 2 for the face and core,
respectively.

Finite element analysis of crack problems tends to produce
stress results of low accuracy. More accurate and convenient for
calculation of the stress intensity factor and phase angle is to uti-
lize the crack opening and sliding flank displacements (dy and dx)

at a short distance (x) behind the crack tip, see Fig. 4. The mode-
mixity phase angle can then be expressed in terms of dx and dy as

wF ¼ tan�1 dx
dy

� �
� e ln

x
h

� 	
þ tan�1ð2eÞ ð14Þ

where x is the distance from the crack tip of a node behind the crack
tip defined in Fig. 4.

The phase angle defined in Eq. (14) is calculated using a numer-
ical procedure called the Crack Surface Displacement Extrapolation
the mode-mixity can therefore be calculated using (CSDE) method
[7]. This method can employ the actual values of e and b and is the
‘‘full’’ (F) formulation, defined in Eq. (12). When the crack tip is ap-
proached, the linear elastic solution shows that the stresses oscil-
late and that the crack faces interpenetrate, which is physically
impossible. However, this oscillation is usually confined to a very
small zone around the crack tip, and consequently the solution is
still useful. A convenient way to by-pass the oscillation and inter-
penetration problems is to assume b = 0 in Eq. (13a) [19]. For this
case, e = 0, and the stress field becomes square-root singular, and
K1 and K2 recover their physical meaning for a crack in a homoge-
neous material, i.e., K = KI + iKII. This approach is here denoted ‘‘re-
duced’’ (R) formulation. For this approach, the phase angle
becomes simply

wR ¼ tan�1 dx
dy

� �
ð15Þ

All parameters used in Eqs. 12, 13a, 13b, 14, 15 are also defined
in the nomenclature section in front of the paper. A more detailed
description of the finite element analysis can be found in [7,12].

2D plane strain finite element models of the MMB sandwich
specimens were constructed using the commercial code ANSYS,
with face sheet and core materials assumed to be isotropic and lin-

Fig. 4. dx and dy in a crack oriented coordinate system in a crack oriented coordinate
system.

Fig. 5. Crack paths during fatigue testing, (a) H45 at wF = �20�, wR = 9�, (b) H100 at wF = �20�, wR = 5� and (c) H100 at wF = �40�, wR = �14�. (For interpretation to colours in
this figure, the reader is referred to the web version of this paper.)
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ear elastic. Iso-parametric 4 and 8 nodes elements were used to
mesh the specimens. The crack tip was modeled using a highly re-
fined mesh which allows an accurate determination of the phase
angle and energy release rate, G, both determined using the CSDE
method [7].

3. Results and discussion

3.1. Static fracture test results

Static fracture tests were performed as reported in [10,12] on
MMB specimens with H45 and H100 core, with several loading
conditions and different initial crack lengths. Table A1 (see Appen-
dix A) summarizes specimen dimensions and geometry data, mea-
sured critical load and fracture toughness, Gc, calculated from the
measured critical load substituted in Eq. (3). Furthermore mode-
mixity phase angles, wF and wR, for all test specimens are listed.
Roughly mode I is dominant for �30� < wF < �18� and
�5� < wR < 7�, while mode II is dominant for –50� < wF < –30�
and �20� < wF < –5�.

3.2. Fatigue crack propagation

For specimens with H45 core, the crack propagated in the core
just below the resin rich zone at the face/core interface, see Fig. 5a.
For H100 specimens the crack path depends on the mode-mixity.
For mode-mixities close to mode I (wF = �20�, wR = 5�) the fatigue
crack propagates in the core, see Fig. 5b. Mode II dominated load-
ing (wF = �40�, wR = �14�) promoted kinking into the face sheet,

see Fig. 5c. For some specimens with H100 core tested at shear
dominated conditions, the crack kinked into the face sheet and
propagated between the 90� and �45� plies. As shown in Fig. 5c,
as the crack propagates between these two plies, some fibers are
pulled out and develop a large fiber bridging zone. Thus, no valid
fatigue crack growth rate measurements for such specimens were
obtained. Fiber bridging was also observed in static fracture studies
of similar specimens [20,21].

Post-mortem inspection of some specimens with H100 core re-
vealed that the crack grew in the core below the resin-rich cells on
one side of the specimen, whereas on the other side, the crack grew
in the face sheet. This may be caused by misalignment of the load
introduction or specimen supports or thickness variations in the
specimen. Test results from such specimens were discarded. Fur-
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Fig. 6. Crack length vs. number of cycles for specimens with H45 core (wF = �20�, wR = 9�) and H100 core (wF = �20�, wR = 5�).

Fig. 7. Crack growth rate vs. energy release rate for specimens with H45 core
(wF = �20�, wR = 9�) and H100 core (wF = �20�, wR = 5�).

Fig. 8. Crack growth rate vs. energy release rate for specimens with H45 core
loaded at two mode mixities (wF = �20� and �40�, wR = 5� and �12�).

Fig. 9. Crack path of a H45 specimen when wF = �40� (wR = �12�). (For interpre-
tation to colours in this figure, the reader is referred to the web version of this
paper.)
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thermore, if the difference in crack length between the two crack
fronts was greater than 2 mm, the data was discarded according
to the recommendation by ASTM D-6671 [17].

3.3. Fatigue crack growth rate

Fatigue tests were conducted at constant displacement ampli-
tude, resulting in decreasing DG at the crack tip as the crack length
increased. The crack length measurements were performed using
the compliance method as presented earlier. Typical results are
shown in Fig. 6. The fatigue tests were stopped when the crack ap-
proached an asymptotic value, Fig. 6, and no significant reduction
in load was observed (corresponding to a crack propagation of
10–15 mm). The final crack length corresponds to a low cyclic en-
ergy release rate which might produce near-threshold crack
growth rate values. However, threshold growth is not considered
in this study.

The modified Paris–Erdogan relationship, Eq. (1), is used to rep-
resent the experimental da/dN vs. DG data. Fatigue debond growth
results for specimens with H45 and H100 cores are shown in Fig. 7
(wF = �20�). The shift in the curves along the DG axis is due to the
difference in static fracture toughness of the two specimens,
Table A1, and the exponent, m, in the growth law, Eq. (1), is much
higher for the H45 core specimens than for those with H100 core.

The influence of mode-mixity on fatigue crack growth for spec-
imens with H45 core is illustrated in Fig. 8, for wF = �40� and

wF = �20�. For mode I dominated loading at the crack tip
(wF = �20�) the crack grows at a smaller range of cyclic energy re-
lease rates and at higher rates than for shear dominated loading
(wF = �40�). For shear dominated loading, frictional forces may
arise from the sliding contact of two very rough fracture surfaces
when the crack propagates (Fig. 9). This may reduce the actual
crack driving force (DG) at the crack tip, and influence the mea-
sured compliance which is used to determine the crack length from
the compliance technique. This effect will contribute to the large
scatter in the results for wF = �40� (Fig. 8). Therefore, the crack
growth results for the H45 specimen loaded at wR = �40� should
be viewed with caution. Large scatter in the crack growth data
for foam cored sandwich composites is common, especially for
low density foam cores, because core materials are highly inhomo-
geneous and prone to scatter [22]. A larger foam cell size in the low
density H45 foam produces a rougher crack path than in the denser
H100 foam. The cell size in H45 foam is about 0.7 mm and 0.45 mm
for H100 core, Table 1. Cracks in foam materials tend to propagate
by breakage of cell edges which is a discrete process. This factor is
also likely to contribute to the scatter in the crack growth rate. In
addition, manufacturing defects also contribute to the scatter in
the fatigue crack growth rate.

It is reasonable to expect that the crack propagation path will
influence the resulting crack growth rate. For instance, if the crack
grows into a large-scale fiber bridging zone (Fig. 5c), it may arrest
the crack resulting in a crack growth rate, da/dN � 0. Quispitupa

Table A1
Static fracture test results for specimens with H45 and H100 core [10].

Core material hc (mm) b (mm) a (mm) c (mm) L (mm) Pc (N) Gc (J/m2) wF (�) wR (�)

H45 20 35 22 87 80 80 207 �15.9 9.3
20 35 28 87 80 60 174 �15.9 9.3
20 35 40 65 80 65 211 �18.2 7.1
20 35 34 65 80 75 211 �18.2 7.1
20 35 39.5 35 80 135 259 �25.4 0.7
20 35 42 35 80 130 268 �25.4 0.7
20 35 31 35 80 150 208 �25.5 0.7
20 35 35 35 80 140 224 �25.5 0.7
20 21 15.5 30 75 146 149 �25.8 �0.5
20 34.5 27.5 30 75 170 195 �26.8 �0.5
10 35 45 65 80 58 198 �27.5 �1.9
10 35 31 65 80 90 243 �27.8 �1.9
20 35 17 25 80 370 228 �30.7 �4.1
20 35 33 25 80 235 296 �31.7 �4.1
20 35 14.3 18 80 513 168 �37 �10.8
20 35 14.5 18 80 535 188 �37.2 �10.8
20 35 14.8 18 80 531 192 �37.4 �10.8
10 35 28 38 80 162 228 �40 �11.8
10 35 18 35 80 300 301 �42.2 �13.6
10 35 28.5 35 80 185 265 �42.4 �13.6
10 35 33 35 80 170 284 �42.5 �13.6
10 35 36 35 80 167 334 �42.6 �13.6
10 35 35 35 80 170 330 �42.6 �13.6
20 35 25 12 80 615 350 �52 �21.3
20 35 34 12 80 495 408 �52 �21.3
10 35 27 25 80 270 300 �53.4 �21.9
10 35 31 25 80 250 334 �53.7 �21.9

H100 30 35 25 50 75 175 481 �18.4 5.9
20 35 18 65 80 215 551 �19.1 4.4
20 35 20.5 65 80 211 660 �19.2 4.4
20 35 22.3 65 80 200 683 �19.4 4.4
20 35 25 65 80 195 750 �19.5 4.4
30 35 25 40 75 253 641 �19.5 5.4
20 35 29 65 80 165 732 �19.6 4.4
20 35 32 65 80 152 740 �19.7 4.3
30 35 25 30 75 350 687 �21.3 3.4
20 34 39 25 80 345 860 �28.9 �4.1
10 35 26.3 30 75 350 663 �38.9 �12.5
10 35 26 20 80 615 902 �53.1 �23.9
10 35 29 20 80 605 1070 �53.2 �23.9
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and Berggreen [23] examined the effect of pre-crack location on
the debond fracture toughness of sandwich specimens with E-
glass/polyester faces and H100 core under quasi-static loading. It
was concluded that the debond toughness depends strongly on
the initial crack location. For fatigue loading, however, there are
no studies concerning the effect of the initial face/core debond
location on the debond growth rates. Consequently further re-
search on this issue is advised.

The results for the cyclic crack propagation obtained here show
very high exponents (m) in the crack growth rate expression (1). It
would be of interest to compare these results with those of other
investigations. Shipsha et al. [9] examined interface growth in
foam core sandwich specimens, but expressed their growth laws
in terms of the cyclic stress intensity factor, DK. However, conver-
sion fromDK toDG for interface cracks requires several (unknown)
material properties [18] making such comparison unfeasible.

4. Conclusions

Mixed mode cyclic crack growth in foam core sandwich speci-
mens has been examined using the MMB test principle. A modified
Paris–Erdogan law was found to represent the experimentally
measured crack growth rate data. Specimens with H45 core
showed higher crack growth rates than those with H100 core
tested at similar mode-mixity phase angles. The difference in
growth rate is attributed to different cell size in the foams. The
cells in H45 foams are larger than in H100, meaning that in a given
volume of H45 there is more air and less solid material (thus less
material resists fracture) than in the same volume of H100 foam.
Specimens with H45 core displayed higher crack growth rates un-
der mode I dominated loadings than under mode II dominated con-
ditions. More scatter was observed in the growth rates for mode II
dominated loading. For cyclic loading of H45 specimens it was ob-
served that the crack propagated in the core at all mode-mixity
phase angles. The fracture surfaces were more rough for mode II
dominated conditions. For specimens with H100 core, the crack
propagated along a path governed by the mode-mixity at the crack
tip. Under mode I dominated loading the crack propagated in the
core while for mode II dominated loading the crack propagated
in the face laminate and fiber bridging was observed.
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Appendix A

A.1. Static fracture tests results

For each test specimen the following data are listed: core thick-
ness hc, specimen width b, initial crack length a, lever arm c, span
length L, critical load Pc, fracture toughness Gc and phase angles wF

and wR (see Table A1).
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a b s t r a c t

This paper presents a computer controlled testing methodology called ‘‘The G-control
Method’’ which allows cyclic crack growth testing using real-time control of the cyclic
energy release rate. The advantages of using this approach are described and compared
with traditional fatigue testing methods (displacement or load control). The compliance
based analytical formulation for G-control is explained for the DCB specimen and then
applied to experimental testing of the sandwich MMB specimen. Experimental results
are presented for sandwich MMB specimens with fiberglass face sheets and PVC foam core,
showing that the G-control method allows fatigue testing at a constant range of energy
release rates leading to a constant crack propagation rate.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

In recent decades composite materials have become essential in a wide range of structures, from aerospace to automotive,
from maritime to renewable energies, from civil engineering to application sporting goods. Most of these applications
require the composite structure to undergo many loading cycles and, considering that it is very likely that defects are
introduced into the material during the manufacturing process, or inflicted during service or maintenance, propagation of
such defects can lead to irreversible damage and failure of the structure. Crack propagation studies are thus of crucial
importance to assess the lifetime of a structure or a structural part.

Standard test methods have been developed for the determination of the static delamination toughness of composite
materials. These include the mode I DCB (Double Cantilever Beam) test [1], the mode II ENF (End Notched Flexure) test
[2], and the MMB (Mixed Mode Bending) method for mixed mode I/II characterization [3]. The DCB and ENF tests have also
been used to study cyclic delamination growth by several authors [4–7]. The DCB test has also become standard for initiation
of cyclic delamination growth, ASTM D6115 [8].

For cyclic loading of a structure it has been established that the rate of crack propagation (da/dN) is controlled by the
cyclic stress intensity factor (DK) or the cyclic energy release rate (DG) [6]. It is therefore essential to control DK or DG in
fatigue characterization of materials. DK and DG are governed by the magnitude and range of the applied load and
displacement.

As will be further discussed, the two traditional crack growth testing methods are based on constant load range (DP) and
constant displacement range (Dd), although such tests do not produce constant DK or DG. For decreasing K metal specimens

http://dx.doi.org/10.1016/j.engfracmech.2015.06.059
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(displacement control) Ewalds and Wanhill [9] have identified problems caused by corrosion product wedging the crack
faces. For increasing K specimens, the crack growth becomes unstable. Ewalds and Wanhill [9] also discussed how a constant
DK test may be designed. For mode I this could be a DCB specimen where the thickness of the legs increases so as to make the
compliance a linear function of crack length and K independent of crack length.

Characterization of the cyclic growth of cracks in homogeneous and dense solids such as metals [10] and plastics [11]
utilizes the Paris growth law [12], commonly expressed in the form, da/dN = const DKn, where DK is the ‘‘cyclic stress
intensity factor’’ or range of stress intensity DK = Kmax � Kmin, where Kmax and Kmin are the maximum and minimum stress
intensity factors experienced at the crack tip during a given loading cycle. In delamination and debonding analysis of
sandwich composite materials, however, beam type specimens with a face/core interface crack are very common [13].
The growth of cracks in such specimens is typically analyzed in terms of the specimen compliance (C) and energy release
rate (G), because such quantities are mathematically well defined and relate to experimental testing in a straight-forward
manner. The use of G instead of K for cyclic delamination growth studies was analyzed by Rans et al. [14] who underlined
the potential misinterpretations of fatigue delamination growth when the difference between these two quantities is not
considered properly. Static test results have shown that the fracture toughness, expressed as a critical value of the energy
release rate, depends on the crack tip mode mixity, i.e. the amount of shear loading imposed on the crack tip [15].
Fatigue studies of monolithic composites [7] show that mode I cracks grow much faster than mode II cracks. For sandwich
specimens limited test results indicate that the growth rate of face/core cracks depends on the mode of crack loading [16,17].

Nomenclature

a crack length
A extensional stiffness for a sandwich beam
b width of the specimen
B coupling stiffness for a sandwich beam
c lever arm distance
C compliance of the DCB specimen specimen
CCSB compliance of the cracked sandwich beam
CDCB upper compliance of the upper sub-beam of the double cantilever specimen
CDCB lower compliance of the lower sub-beam of the double cantilever specimen
D bending stiffness for a sandwich beam
Ddebonded effective flexural stiffness of the debonded region of the cracked sandwich beam
Dintact flexural stiffness of the intact region of the cracked sandwich beam
E elastic modulus
Ef elastic modulus of the face sheet
f testing frequency
G shear modulus of the material
Gf shear modulus of the face sheet
Gxz shear modulus of the core
Gmax maximum energy release rate
Gmin minimum energy release rate
GIC fracture toughness
h thickness of each DCB specimen leg
I moment of inertia of each DCB specimen leg
k non-dimensional curve fitting parameter
L span between supports
m exponent from Paris-Erdogan law
P load applied to the specimen
p displacement increment
Pmax maximum load
Pmin minimum load
Q parameter from Paris-Erdogan law
R cyclic load ratio
RG cyclic energy release rate ratio
a load partitioning factor
g parameter for the elastic foundation modulus
d crack opening displacement
dmax maximum crack opening displacement
dmin minimum crack opening displacement
DG cyclic energy release rate
m Poisson’s ratio
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The scope of the work reported in this paper is the introduction of a computer controlled G-control testing methodology
which makes it possible to maintain constant range of energy release rate during cyclic crack propagation testing. An early
attempt to maintain a constant DG in composite materials testing was made by Russell and Street [7]. According to the
authors, the cyclic growth rate da/dN in materials which display fiber bridging, is obscured by the continuous change in
DG during displacement or load controlled fatigue tests. Keeping DG constant can thus facilitate the evaluation of the
influence of fiber bridging on da/dN. DG in their DCB specimen was kept constant by connecting an elastic spring in series
with the load cell. Extension of the spring would reduce the cyclic load as the crack opening displacement increased with
crack propagation. A linear increase in crack length was achieved using this method, despite the fact that the procedure
was not automatized and the test had to be periodically interrupted in order to measure crack length and compliance
and to adjust the opening displacement.

The G-control method presented here utilizes modern computer controlled test machines. The approach is first explained
by considering a monolithic isotropic DCB specimen and subsequently applied experimentally to sandwich MMB specimens.
The experimental results presented in this paper demonstrate several advantages of this approach.

2. Analytical background

The DCB specimen, shown in Fig. 1, was selected to illustrate and explain the G-control methodology. This specimen was
selected because of its simplicity and ease of analytical representation.

A dominant parameter in the G-control method is the compliance of the specimen, C, defined as

C ¼ d
P

ð1Þ

where d is the crack opening displacement (at the point of load application) and P is the applied load. For the DCB specimen,
the compliance is given by

C ¼ 2a3

3EI
ð2Þ

where E is the elastic modulus of the beam material, I is the moment of inertia of each leg (I = bh3/12), b is the beam width, h
is the thickness of each leg and a is the crack length.

In the G-control method, the crack length is most conveniently determined by compliance measurements. From Eq. (2) it
is possible to calculate the crack length based on a measured value of the compliance,

a ¼
ffiffiffiffiffiffiffiffiffiffi
3EIC
2

3

r
ð3Þ

The energy release rate at any applied load P is given by the rate of change of compliance with crack length [18]

G ¼ P2

2b
dC
da

ð4Þ

For the DCB specimen, dC/da is obtained from Eq. (2),

dC
da

¼ 2a2

EI
ð5Þ

Hence, the energy release rate becomes

G ¼ P2a2

EI
ð6Þ

For cyclic testing of cracked specimens, the crack growth rate, da/dN, is directly proportional to the cyclic energy release rate
raised to an exponent, m, according to the Paris-Erdogan law [12]

Fig. 1. DCB specimen under load P. d is the displacement of the loading points.
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da
dN

¼ QDGm ð7Þ

If the test is run under load control, the load is cycled between a constant minimum load (Pmin) and a constant maximum
load (Pmax) and DG is given by

DG ¼ ðP2
max � P2

minÞa2
bEI

ð8Þ

Hence if the DCB test is run in load control, DG will increase when the crack grows and the test will eventually become
unstable (da/dN?1).

For a displacement controlled test, the applied displacement is cycled between constant maximum and minimum values
(dmax and dmin). For such a test the applied load is given by

P ¼ d
C

ð9Þ

For this case it may be shown that the cyclic energy release rate of the DCB specimen becomes

DG ¼ 9EI
4ba4 ðd2max � d2minÞ ð10Þ

Hence, for this case DG will sharply decrease as the crack length increases, and crack propagation will eventually cease
(da/dN? 0).

The above analysis of fatigue growth rate for traditional fatigue testing indicates that cyclic loading under load control
will lead to unstable crack propagation. On the other hand, testing under displacement control will lead to crack arrest.

To avoid these disadvantages, a method where DG is kept constant as the crack advances is required. Such a method
requires adjustment of the maximum and minimum loads in Eq. (8) or the maximum and minimum displacement in
Eq. (10) during the test to maintain constant DG as the crack grows longer. It should be further noted that any controlled
fatigue test is run under constant load ratio

R ¼ Pmin

Pmax
ð11Þ

For the case of linear elasticity and small deflections (d/a < 0.4) [8]

R ¼ Pmin

Pmax
¼ dmin

dmax
ð12Þ

The R-ratio may be also expressed in terms of Gmax and Gmin according to (4)

RG ¼ Gmin

Gmax
¼ P2

min

P2
max

¼ d2min

d2max

¼ R2 ð13Þ

The displacement may thus be controlled instead of the load, which is more convenient for most test machines. If the test is
run under G-control and at constant R-value, both dmax and dmin must be adjusted to maintain constant DG and R.

For the DCB specimen under displacement control, Eq. (10) is written as

DG ¼ 9EI
4ba4 d

2
maxð1� R2Þ ð14Þ

In order to maintain DG constant as the crack grows longer, the ratio dmax/a2 must be kept constant (=k), i.e., the control
algorithm should follow

dmax ¼ ka2 ð15aÞ

dmin ¼ Rdmax ð15bÞ
If the test machine is controlled by a computer, it is possible to program the software to increase the maximum displacement
in proportion to the square of the crack length and to adjust the minimum displacement according to Eq. (15b). This is the
essence of the G-control fatigue test methodology that is further described in the sections to follow.

A schematic representation of the G-control method is presented in Fig. 2. Before the test is started, it is necessary to
select the R-ratio and desired DGd level. Once a defined ‘‘n’’ number of displacement controlled cycles is completed, the
following parameters are calculated in sequence: compliance C, crack length a, and cyclic energy release rate DG. The latter
is compared with the desired value DGd defined at the beginning of the test. If DGP DGd another ‘‘n’’ cycles with the same
displacements are run. If DG 6DGd the displacements are increased slightly and another ‘‘n’’ cycles are run with the new
displacements. This sequence of operations is repeated in a loop until the crack reaches the desired length and the test is
stopped by the operator.
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An important feature of this method is that testing a specimen under constant DG makes it possible to use the same
specimen for several cyclic tests. In fact, a specimen can be tested at a certain energy release rate level for a number of cycles,
enough to propagate the crack by a few millimeters. The same specimen can then be tested at another DG level with the
crack extending further, and so on. This requires fewer specimens and fewer time consuming tests. It is however important
to withdraw the first 200–300 cycles every time a new DG level is selected, in order to sharpen the crack front and obtain a
fully developed fracture process zone.

Although the method has been described in terms of G-control, it is of course possible to develop test algorithms for
‘‘K-control’’, i.e., tests where the intensity range DK = Kmax � Kmin is held constant as the crack grows during the cyclic test.
For the DCB specimen, the stress intensity (plane stress) is given by [9],

K ¼ 2
ffiffiffi
3

p Pa

bh3=2 ð16Þ

For testing under load control,

DK ¼ 2
ffiffiffi
3

p a

bh
3
2
ðPmax � PminÞ ¼ 2

ffiffiffi
3

p aPmax

bh
3
2
ð1� RÞ ð17Þ

Hence, to maintain constant DK, the products aPmax and aPmin should be kept constant.

2.1. MMB sandwich specimen

The experimental part of this work used the MMB sandwich specimen shown schematically in Fig. 3. This specimen was
suggested by Quispitupa et al. [19] and has the major advantage of promoting constant mode mixity at the crack tip while

Fig. 2. Flow chart of the G-control method.
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the crack propagates. A combination of opening load (mode I) and shearing load (mode II) is applied to the crack tip through
the loading lever which is connected to a servo-hydraulic piston. The lever arm distance c determines the modemixity which
becomes mode I dominant for large values of c and mode II dominant for small c values.

In order to maintain a constant cyclic DG during the fatigue tests, the maximum displacement dmax and the minimum
displacement dmin are continuously monitored and automatically adjusted during the test, ensuring that the test is run at
a constant load ratio, RG = Gmin/Gmax, according to Eq.(13).

The compliance based crack length measurement method, described earlier for the DCB test, Eq. (3), can be extended to
the MMB specimen. The expression for the compliance derived by Quispitupa et al. [19] is

C ¼ c
L
CDCB upper þ c � L

2L
CDCB lower

� �
c
L
� a

c þ L
2L

� �
þ c þ L

L

� �2

CCSB ð18Þ

where c is the lever arm distance, 2L is the span length between the supports (Fig. 3), CCSB, CDCB_upper, CDCB_lower and CCSB are the
compliances defined in [19] and a is a load partitioning factor [19]. The energy release rate for the MMB specimen is given by

G ¼ P2

2b2

c
L

c
L
� a

c þ L
2L

� �
12

Ef h
3
f

½a2 þ 2ag1=4 þ g1=2� þ c � L
2L

c
L
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A Þ

" #
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L

� �2 a2

8
1

Ddebonded
� 1
Dintact

� �� � !

ð19Þ

where Ef is the axial Young’s modulus of the face sheets, hf and hc are face and core thicknesses, A, B and D are the extensional,
coupling and bending stiffnesses for a sandwich beam, Ddebonded is the effective flexural stiffness of the debonded region of
the cracked sandwich beam, Dintact is the flexural stiffness of the intact region of the sandwich beam and Gxz is the shear mod-
ulus of the core. All these parameters are explained and defined in [19].

3. Experimental

3.1. Materials and specimens

MMB specimens consisting of 2 mm thick GFRP face sheets with DBLT-850-E10 fiber glass and RIM135/RIMH137 epoxy
resin (3 layers of a group of quadriaxial plies arranged in a 0/45/90/�45 sequence) and 20 mm thick H45 and H100 PVC foam
cores were examined experimentally. The specimens were 250 mm long and 35 mmwide. The span length (2L) was 160 mm
and the loading lever distance (c) was set to 80 mm, promoting mode I dominant loading at the crack tip [19]. The G-based R
ratio was set as RG = Gmin/Gmax = 0.04 The material properties of the face sheets were measured according to ASTM standards
[20,21] and the foam properties, listed in Table 1, were provided by the producer DIAB [22]. Fracture toughness values, GIC,
for the foams [23] are also listed in Table 1 for reference.

3.2. Sensitivity analysis for crack length

A major parameter in the G-control approach is the crack length a, which is calculated from the compliance. While
geometry and loading parameters (P and d) can be determined with good accuracy, the material properties always have a
degree of uncertainty, especially for polymeric foam cores, whose properties are subject to variations [24]. This is reflected
in substantial scatter ranges for the core properties (in Table 1). It might thus happen that the properties measured through

Fig. 3. Schematic representation of MMB specimen and test rig.
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material characterization tests (e.g. Young’s and shear moduli of face and core) differ from the material properties in an
actual test specimen, and this may influence the accuracies of the crack length calculation, and the G-control.

Because of these considerations, a sensitivity analysis was conducted in order to evaluate the influence of any variation in
the face and core material properties on the determination of crack length. The material properties (Young’s modulus and
shear modulus of the face and core) were varied over a range from 0% to ±30% from the averages listed in Table 1.
Graphs of crack length calculated from Eq. (18) vs compliance for different values of each of the material property of interest
were constructed.

The resulting plots (Figs. A.1–A.3) shown in the Appendix A reveal that the compliance based crack length determination
is very sensitive to variations in the Young’s modulus of the face, as shown in Fig. A.1. The results in Figs. A.2 and A.3 show
that the crack length is not very much affected by variations in the other material properties. It is thus crucial to perform
material characterization of the face sheets with good accuracy. The scatter range for the face modulus (E1) is fortunately
small (�5%), (Table 1), and will not substantially influence the determination of crack length.

3.3. G-control fatigue testing of the sandwich MMB specimen

Before testing, the MMB specimenmust be pre-cracked. For this purpose a band saw was used to create an artificial initial
debonding at the upper face/core interface (Fig. 4) and the crack tip was further sharpened using a thin blade in order to
obtain a natural crack front. Furthermore, the first 200–300 cycles of each cyclic test were always used as additional crack
sharpening process and discarded from data analysis. The MMB cyclic tests were carried out in a 10 kN MTS 858
servo-hydraulic machine with a 1 kN load cell. It was crucial to use such small load cell in order to minimize load signal
oscillations (namely ±1 N) that would influence the test and pollute results. The machine was controlled by an MTS
FlexTest 60 controller and the software MTS Test Suite, which allows a very wide range of operations and provides the
required flexibility to design and run complex customized operations. However, the same result could be achieved using
an external software such as LabView or similar. Specimen geometry and material properties are input to the software,
together with key test parameters such as the desired DG level, initial dmax and dmin and displacement increment p.

The crack length vs compliance equation (equivalent to Eq. (3) for the MMB case) must be incorporated in the code. It is
obtained beforehand with a Matlab code that uses the MMB analytical model (Eq. (18)) and average material properties
(Table 1) for the MMB specimen which provides the compliance for a range of crack lengths. This set of data is then plotted
in a graph of crack length vs compliance (a vs. C) and fitted to a polynomial regression curve which provides a simple
equation for a as a function of C that is suitable for the MTS software control algorithm.

An MMB specimen with an H45 foam core and a 28 mm pre-crack (Fig. 4) was fatigue cycled until the crack reached a
length of 58 mm. The compliance was monitored continuously from the load and displacement signals. The crack length
was also measured with a caliper every 300 cycles. Fig. 5 shows the crack length vs. compliance obtained from the

Table 1
Material properties for GFRP face and H45 and H100 foams.

GFRP face sheets PVC H45 foam (48 kg/m3) PVC H100 foam (100 kg/m3)

E1 18.6 ± 1 GPa E 50 ± 5 MPa E 135 ± 20 MPa
E2 18.0 ± 1 GPa G 15 ± 3 MPa G 35 ± 7 MPa
G12 6.1 ± 0.4 GPa m 0.40 ± 0.045 m 0.40 ± 0.045
G13 2.7 ± 0.1 GPa GIC 0.32 kJ/m2 GIC 1.11 kJ/m2

G23 2.7 ± 0.1 GPa
m12 0.40 ± 0.02

Fig. 4. Pre-crack in a sandwich MMB specimen.
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polynomial fit and measured (with a caliper) during the test. The two methods for determining crack length are in very good
agreement.

Once the crack length a is determined through the compliance based method, the cyclic energy release rate DG can be
determined by calculating the maximum and minimum values of energy release rate, Gmax and Gmin, from Eq. (19) with
the maximum and minimum loads as input.

Fig. 6 shows a plot of cyclic energy release rate DG and maximum displacement dmax for about 100 loading cycles for
a sandwich specimen with H45 foam core (material properties in Table 1). The desired DG level, represented by the
dotted line, was set as DG = 190 J/m2 (RG = 0.04). Previous fatigue tests on similar specimens [17] showed that a level
DG = 190 J/m2 would allow crack propagation to occur at a reasonable rate (da/dN). It can be seen that DG decreases
as the crack is slowly propagating. When DG falls below the target level, after about 35 cycles, the magnitude of the
cyclic maximum displacement dmax is increased by 0.05 mm. This causes a sudden increase of DG. This sequence of
events occurs periodically, and the higher the rate of crack propagation, the higher the displacement increment
frequency.

A critical feature of this method is to achieve sufficient accuracy in the determination of the compliance C at the end of
each block of n loading cycles (Fig. 2). In order to determine C, one might simply determine the load and displacement for
each loading cycle. A problem with this approach, however, is that the load signal from the machine is subject to small
random fluctuations due to background noise in the electronic recording system. Hence, cycle-cycle compliance fluctuations
may introduce an error in the crack length determination, causing error in the estimation of DG. To reduce the influence of
such errors on the G-control it is preferable to calculate the average value of compliance over a block consisting of ‘‘n’’ cycles,
with n usually set equal to 3–5 cycles. This ensures that fluctuations are attenuated, and the estimation of crack length and
energy release rate become more accurate.

The displacement increment (p) is of particular importance and must be properly set. Comparing two fatigue tests
conducted at two cyclic energy release rate levels DG1 > DG2, the test with higher DG will cause faster propagation of the
crack and will in general require a larger displacement increment p. If p is too small, it might not produce a DG increment

Fig. 5. Crack length for a sandwich MMB specimen with H45 core measured using a caliper and calculated from compliance equation.

Fig. 6. Maximum displacement and cyclic energy release rate vs loading cycles for sandwich MMB test with H45 core and p = 0.05 mm.
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large enough to cross the pre-defined threshold indicated by the dotted line in Fig. 6. On the other hand, a displacement
increment too large might cause DG to overshoot the pre-defined level and accelerate the crack growth. It is difficult to
define p a priori, as it depends on many parameters such as the material tested, foam core thickness, initial crack length,
energy release rate level, mode mixity and so on. The test results indicate that p should be set between 1/50 and 1/200 of
the displacement corresponding to critical static growth of the crack.

Fig. 7 shows a plot of the cyclic energy release rate vs crack length for a crack propagation test in a specimen with H45
foam core where the desiredDG level was 210 J/m2 and RG = 0.04. In this test a displacement jump p = 0.03 mmwas used and
the initial crack length was 40 mm. After an initial transient phase, which is represented by the scattered data in the plot, DG
remains constant within a small scatter band.

Fig. 8 shows a plot of crack length vs number of cycles for G-controlled fatigue tests performed on specimens with a H100
core at three constant DG levels (350, 400 and 450 J/m2) with RG = 0.04. Two observations can be made from the analysis of
this graph. First, the crack grows in a linear fashion in each of the three tests, which means that the crack growth rate is con-
stant. Second, it can be seen that increasing DG translates into faster crack growth, resulting in steeper slopes of the trend-
lines. All the tests promoted fairly stable crack propagation at the face/core interface.

Fig. 9 shows a double logarithmic plot (Paris plot) of crack growth rate da/dN vsDG, according to Eq. (7), constructed from
the data in Fig. 8. The error in evaluation of da/dN is estimated to be less than 2%, while the error in determination of DG is
below 3%. The parameters of the Paris law, Eq. (7), are Q = 1.3758 � 10�14 and m = 4.55. Few studies on face/core debond
growth in foam core sandwich are available in the literature. Manca et al. [17] have tested similar sandwich specimens with
GFRP faces sheets and H100 foam core under cyclic mode I dominant loading under displacement control and generated a
Paris plot with m = 6.5. This result is close to the value of m obtained in this work, considering that the tests were run in
displacement control and the mode mixity and material properties were not exactly the same. Also Saenz et al. [25] have
conducted cyclic mode I testing of polymer foams under displacement control using a symmetric sandwich DCB specimen
and their results for H100 PVC foam (m = 4.1 for R = 0.25) are comparable with our results.

Fig. 7. Cyclic energy release rate vs crack length for a G-controlled crack propagation test in a sandwich MMB specimen with H45 foam core (DG = 210 J/m2,
RG = 0.04).

Fig. 8. Crack length vs number of cycles for sandwich MMB specimens with GFRP face and H100 core run at three DG levels with RG = 0.04, c = 80 mm and
f = 1 Hz.
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4. Conclusions

A G-control test methodology which enables highly controlled cyclic crack growth characterization at constant DG has
been introduced and explained. The method was first outlined for a monolithic DCB specimen and then applied to
experimental fatigue testing of sandwich MMB specimens with fiberglass face sheet and PVC foam cores. Functions for
compliance and energy release rate in terms of crack length for the MMB specimen were implemented in a MTS computer
software allowing control of a servo-hydraulic testing machine. Sandwich specimens were tested under constant DG. The
experimental crack growth results over a range of DG values verified the viability of this method. Testing conducted at three
DG levels allowed determination of the parameters in the Paris-Erdogan law, which were in reasonable agreement with
limited previously published results.

It was demonstrated that the G-control method is a powerful method for controlled fatigue testing of sandwich
specimens. It has several advantages compared to traditional testing methods and requires a relatively small number of
cycles for each DG level tested, and a small number of test specimens and few time consuming tests.
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Appendix A

A.1. Sensitivity of crack length determination in sandwich mmb specimen to variations of material properties

As discussed in the main body of the text, accurate crack length determination is critical for the G-control test method.
Since crack length is derived from the measured compliance, it is important to examine the sensitivity of this calculation to
variations of the mechanical properties of the face sheets and core.

The face and H100 core moduli were varied, demonstrating their influence on the compliance based crack length calcu-
lation using Eq. (18) where each of these parameters was varied over a range from 0% to ±30% from their respective average
value (Table 1) while all the other parameters were kept constant.

The faces were assumed to be orthotropic. Only E1 and G13 were considered in this sensitivity analysis. The foam core
material was assumed isotropic, and the Young’s and shear moduli of the core to be dependent, G = E/2(1 + m).

Fig. A.1 shows a plot of crack length vs compliance for the case where the face Young’s modulus E1 is varied.
This analysis reveals a strong dependence of crack length on face Young’s modulus and underlines the importance of

obtaining accurate Ef values before the fatigue test.
Fig. A.2 shows the influence of face shear modulus G13 on the crack length determination.

Fig. 9. Paris plot of crack growth rate in MMB sandwich specimens with GFRP faces and H100 PVC foam core, RG = 0.04, c = 80 mm, f = 1 Hz.
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The results in Fig. A.2 show that the crack length determination is not affected by variations in the face shear modulus.
Fig. A.3 shows the influence of core Young’s modulus (and shear modulus) on the crack length calculation.
The results in Fig. A.3 show that variations of the core modulus influence the crack length determination, but only

slightly.

Fig. A.1. Crack length obtained from analytical compliance expression (Eq. (15a)) for a sandwich specimen with H100 foam core where Young’s modulus of
the face is varied from 0% to ±30%.
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Fig. A.2. Influence of face shear modulus G13 on crack length determination for a specimen with H100 foam core.
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Fig. A.3. Influence of Young’s modulus and shear modulus of the H100 core on crack length determination.
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Abstract

This paper presents experimental results from cyclic crack propagation tests performed

on sandwich specimens with glass/epoxy face sheets and Poly Vinyl Chloride (PVC)

foam cores using the G-controlled cyclic energy release rate (�G) test procedure. The

face material was tested in tension, compression and shear to determine in-plane and

out-of-plane mechanical properties, such as Young’s modulus, Poisson’s ratio and shear

modulus. These properties were then used in an analytical model of the mixed-mode

bending sandwich specimen to calculate compliance and energy release rate. Finite

element analysis was used to determine the mode-mixity of the crack loading.

Experimental crack growth cyclic tests were carried out on pre-cracked mixed-mode

bending sandwich specimens with H45, H100 and H160 PVC foam cores under two

mode-mixities (mode I and mode II dominant). Post-mortem analysis was performed on

tested specimens, highlighting the influence of mode mixity and foam density on the

crack path. Crack propagation diagrams showing da/dN versus �G curves were

obtained to establish the Paris-Erdogan relation for each material combination tested

at the two mode-mixities. Results showed constant crack growth rates for all the

materials tested and revealed the influence on mode-mixity on crack propagation

speed and foam density (higher foam density, slower crack propagation).
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Introduction

Fatigue crack growth rate assessment in sandwich materials has recently attracted
the attention of many researchers, using a variety of testing methods and
approaches. Shipsha et al. [1] performed cyclic crack propagation tests on foam
core sandwich materials (namely H100 and WF51) and determined interfacial
fatigue crack growth rates. The tests utilized the double cantilever beam method
(DCB) for mode I and the crack sandwich beam method (CSB) for mode II. They
produced double logarithmic diagrams of crack propagation rate (da/dN) versus
cyclic stress intensity factor (DK) for the Paris regime and demonstrated that this
analysis approach is suitable for crack propagation study in sandwich specimens.
Results highlighted an inverse relation between foam density and crack growth
rate, showing high debond propagation in low-density cores and low crack rate
in high-density cores compared at similar DK. Olurin et al. [2] performed cyclic
debond growth study in sandwich CT specimens with an aluminum foam core and
found very high Paris law exponents m ranging from 20 to 25. Furthermore, the
authors analyzed the mechanism of fatigue crack growth on a microscopic scale
observing that the crack propagation speed is controlled by crack bridging of the
cell edges behind the crack tip. Gillespie et al. [3] determined da/dN for fatigue
crack growth at the face-core interface in sandwich specimens with a core consist-
ing of discrete ceramic tiles, revealing initial failure in the gap between tiles fol-
lowed by face sheet/core debond growth. Manca et al. [4] tested mixed-mode
bending (MMB) sandwich specimens with GFRP face sheets and PVC foam
cores under cyclic loading conditions, showing that the crack growth rate decreases
with increasing density of the foam and increasing shear loading contribution.
Saenz et al. [5] tested sandwich specimens with PVC and PES foam cores under
mode I loading conditions using DCB specimens, providing log-log plots of da/dN
versus cyclic energy release rate (DG) and showing that crack growth rates are
highly dependent not only on foam density but also on loading R-ratio, with
crack growing slower for higher R-ratios.

All the above-mentioned studies are based on load- or displacement-controlled
testing approaches, which lead to increasing or decreasing energy release rate at the
crack tip as the crack grows. This means that, for a fatigue crack growth test with
constant load or displacement, DG is never constant during the test but continu-
ously varies. Paris law diagrams obtained from load or displacement-controlled
tests are based on the assumption that DG level is maintained constant for a suf-
ficiently high number of cycles, enough to make the crack grow and thus extrapo-
late a da/dN value associated to that particular DG value. This assumption might be
acceptable for very low crack propagation speeds, where the energy level at the
crack tip does not change considerably, but might become unreliable when the
crack grows fast, with DG rapidly changing as well. Therefore, such DG variation
should be minimized.

Manca et al. [6] developed a testing methodology called G-control which
maintains a constant level of DG at the crack tip as the debond propagates.
Such technique employs analytical and finite element models to determine
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the compliance, energy release rate and mode mixity at the crack tip. The analytical
model is implemented in the controller of a servo-hydraulic testingmachine equipped
with the advanced software MTS Test Suite [7] which enables automatic calculation
of the crack length in real time and control of DG during a cyclic test.

The work described in this paper presents face/core interface crack growth char-
acterization of sandwich MMB specimens with various PVC foam cores (H45,
H100 and H160) using the G-control technique. Prior to the MMB tests, both
in-plane and out-of-plane mechanical properties such as Young’s modulus, shear
modulus and Poisson’s ratio of the face sheets were determined and used in the FE
and analytical simulations of the cracked sandwich specimen. Fatigue crack propa-
gation tests were performed under mode I and mode II dominant conditions over a
range of constant DG levels and da/dN versus DG curves were constructed and
examined.

Materials and test methods

Materials

The face laminates were made from ply groups of DBLT-850-E10 Quadriaxial
glass fiber mats (0/45/90/-45) and epoxy resin (RIM135/RIMH137) using
vacuum-assisted resin transfer molding (VARTM), with a nominal cured ply thick-
ness of 0.5mm. A full mechanical characterization of the elastic properties of the
face sheets was done, see the test matrix in Table 1, where the number of ply
groups, dimensions of test specimens, gage length and number of replicates for
each test are indicated.

All the static tests were conducted on a 100kN MTS 810 universal testing
machine equipped with a 100 kN load cell. Tensile tests were conducted on
300� 25� 2.6mm specimens according to ASTMD3039 [8], except that a 3D digital
image correlation (DIC) Aramis system from GOM GmbH was used in addition to
0/90� strain gages to monitor strains on the front and rear surfaces of the specimens.

The specimens for static in-plane compressive tests were cut with dimensions
110� 15� 10mm from a panel manufactured with the same stacking sequence as
the tensile test specimens. Compressive tests were conducted following the com-
bined load compression test, ASTM D6641 [9] standard, using the Wyoming CLC
test fixture. Since the samples had a very small gage area of 10� 10mm and the test
rig is bulky, no DIC monitoring could be performed. Strain was therefore mea-
sured with strain gages glued to both sides of the specimens.

Iosipescu shear tests of the face materials followed ASTM D7078 [10]. The
specimens to determine G12 were 4.5mm thick and were V-notched on both
sides producing a gage length of 11.4mm between the notches. The specimens to
determine out-of-plane shear moduli G13 and G23 had the same geometry as the
ones for G12, but were cut through the thickness of a composite plate as illustrated
in Figure 1. For strain measurements, both sides of the shear specimens were
monitored with the DIC system.
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The out-of-plane compression test specimens were cut from a sixty-layer com-
posite plate with nominal thickness of 40mm. Cutting directions and sample size
are shown in Figure 2. No standard reference is available for determination of out-
of-plane compressive properties of FRP materials, although a test method
described by Carlsson et al. [11] was followed. Test specimens of dimensions
15� 15� 42 (mm) were loaded between two compression platens, of which
the upper was fixed and the lower was mounted on a spherical seat to avoid
non-uniform loading. In order to compensate for possible lack of parallelism
between upper and lower surfaces of the specimen, strains were measured on
each of the four faces of the specimen using two DIC systems and results were
subsequently averaged.

The elastic mechanical properties of the face sheets were determined by least-
squares fits of the initial slopes of stress versus strain graphs. The shear moduli
were calculated by least–squares fits of the initial slopes of the shear stress-strain
curves, where the strain was determined using DIC virtual strain gages. The results

Figure 1. Preparation of Iosepescu shear test specimens. (a) Cutting planes, (b) dimensions

(in mm).

Table 1. Test matrix for static characterization of sandwich GFRP face sheets. The number of

test replicates was 8, except for in-plane shear, where 24 replicate specimens were tested.

Test

Number of

ply groups

Nominal specimens

dimensions (mm)

Gage length

(mm)

0� tensile 4 300� 25� 2.6 150

90� tensile 4 300� 25� 2.6 150

0� compressive 4 110� 15� 10 10

90� compressive 4 110� 15� 10 10

Shear 12 7 19� 76� 4.5 11.4

Shear 13 27 19� 76� 4.5 11.4

Shear 23 27 19� 76� 4.5 11.4

Out-of-plane compressive 60 40� 15� 15 40
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are presented in Table 2. It can be observed that the in-plane Young moduli in 1
and 2 directions are almost the same. The shear modulus is considerably higher in-
plane 1–2 (fiber dominated) than out-of-plane 1–3 and 2–3 (matrix dominated).

Foam core mechanical properties were provided by the manufacturer [12] and
are listed in Table 3. The authors are aware that nominal manufacturer provided
properties might deviate from the actual properties of the foams used in the tests;
however, Manca et al. [6] demonstrated that small variations in the foam properties
do not influence the compliance, energy release rate and mode mixity very much.

The MMB test rig and specimen

Crack propagation tests were performed using the MMB test rig (Figure 3). The
test rig consists of a base, a loading lever and a loading yoke and allows a wide
range of mixed mode crack loading by adjusting the lever arm length, c.

Figure 2. Preparation of compression tests specimens. (a) Cutting planes, (b) dimensions (in mm).

Table 2. Elastic mechanical properties of

face sheets.

Mechanical property Experimental value

E1 (GPa) 18.6� 1.0

E2 (GPa) 18.0� 0.8

E3 (GPa) 9.5� 1.0

G12 (GPa) 6.1� 0.4

G13 (GPa) 2.7� 0.1

G23 (GPa) 2.8� 0.1

l12 0.40� 0.02

l13 0.37� 0.04

l23 0.43� 0.04
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This method was adopted as international ASTM standard in 2006 [13] and,
although such standard includes only static testing of monolithic unidirectional
fiber reinforced polymeric composites, it has also been widely used for many
years in fatigue testing of composite materials [14,15], and extended to cyclic
crack propagation studies of sandwich specimens [4,16].

Sandwich MMB specimens were designed and manufactured according to rec-
ommendations indicated in [17], where it is demonstrated that a thin core and thin
face sheets promote core crushing and indentation failure modes. In order to avoid
these undesired failure modes, sandwich specimens (250mm long and 35mm wide)
were manufactured with foam core thickness greater than 10mm and GFRP face
sheets thickness equal to 2 mm. Piano hinges were adhesively fixed to the specimen
following the instructions in [13] using epoxy glue Araldite 2015.

Following the standard procedure for monolithic composite specimens [13], an
artificial debond was created in each specimen by inserting a thin Teflon film at the
interface between the upper face and core. Pre-cracking is sometimes necessary
because the resin-rich zone at the end of the Teflon insert artificially during

Table 3. Nominal static mechanical properties of H45, H100 and H160 foams provided by

the manufacturer [12].

Material properties H45 H100 H160

Nominal density (kg/m3) 48 100 160

Compressive modulus (MPa) 50� 5 135� 10 200� 25

Shear modulus (MPa) 15� 3 35� 7 60� 10

Poisson’s ratio 0.4� 0.045 0.4� 0.045 0.4� 0.045

Cell size (mm) 0.7 0.45 0.3

Figure 3. MMB specimen and test rig.
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processing. Such area constitutes a tough inclusion which artificially prevents the
crack initiation and influences the determination of the face/core interface fracture
toughness. Pre-cracking initially involved clamping one end of the specimen and
pulling the face upwards [18] (Figure 4a). A number of attempts was made follow-
ing such method but it was observed in many cases that the crack would deviate
from the interface and kink up in the face, as shown in Figure 4(b). This behavior
was frequent in specimens with H100 and H160 cores. Crack growing in the face
would not be acceptable.

To improve the pre-cracking procedure, machining of a pre-crack in the foam
core at a small distance from the face/core interface using a band-saw was adopted
(Figure 5). This procedure eliminated the resin-rich cells zone at the tip and produced
a clean straight crack front, which was further sharpened by using a very thin razor-
blade. All specimens pre-cracked with a band-saw were successfully tested exhibiting
crack growing at the face-core interface, with the exception of sandwich specimens
with H160 foam core loaded under mode II dominant conditions, where the crack
kinked into the face in most of the cases as described later.

The G-control method

The G-control method is a compliance-based fatigue testing technique for con-
trolled cyclic crack growth characterization at constant energy release rate range
DG [6]. This method requires monitoring of the compliance at each cycle of the
fatigue crack propagation test, as schematically described in the diagram in
Figure 6. A desired DGd level and R-ratio are first selected, and a pre-defined
‘‘n’’ number of displacement controlled cycles is run, while the compliance is moni-
tored. Calculation of the crack length and measurement of the maximum and
minimum loads, Pmax and Pmin, allow calculation of DG. If the actual DG range
is different from the targeted, the maximum and minimum opening displacements

Figure 4. Pre-cracking the MMB specimen. (a) Initial pre-cracking setup, (b) crack kinking

into the face after pre-cracking.
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are adjusted by a small increment p and another ‘‘n’’ cycles are executed; if on the
other hand DG is equal to the desired level, an additional ‘‘n’’ cycles are executed at
the same maximum and minimum displacements. Such sequence of operations is
repeated in a loop, allowing the crack to grow at constant DG.

The automatic calculation of the crack length a is for this case possible by
compliance matching for the MMB specimen. Quispitupa et al. [19] derived the
following expression

Figure 6. Schematic representation of the G-control method.

Figure 5. Pre-crack obtained using a band-saw.
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where Ef is the axial Young’s modulus of the face sheets, hf and hc are face and
core thicknesses, A, B and D are the extensional, coupling and bending stiffnesses
for a sandwich beam, Ddebonded is the effective flexural stiffness of the debonded
region of the cracked sandwich beam, Dintact is the flexural stiffness of the intact
region of the sandwich beam and Gxz is the shear modulus of the core.
Detailed explanation about the parameters used in equations (1) and (2) is available
in [19].

A Matlab code was built based on the analytical model and was used with input
of material and geometrical properties of the face sheets and core, and test speci-
men dimensions to calculate compliance of the MMB sandwich specimen over a
range of crack lengths from equation (1). The results can be represented as crack
length versus compliance, see the example shown in Figure 7 for a sandwich MMB
specimen with H45 foam core. For simplicity, the data were fitted to a 5th order
polynomial regression curve (Figure 7) in the form

a ¼ k0 þ k1Cþ k2C
2 þ k3C

3 þ k4C
4 þ k5C

5 ð3Þ

where k0 . . . k5 are curve fitting parameters. Results for all experimental MMB test
cases considered here are presented in Appendix 1. This equation was then imple-
mented into the software used to control the testing machine, namely MTS Test
Suite, which allowed for automatic and real-time calculation of the crack length
during the crack propagation test from measured compliance, linking the experi-
mental compliance calculated from load and displacement signal with an univocal
value of crack length.
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Mode mixity determination

A 2D plane strain finite element model of the MMB sandwich specimen was built
using the commercial code ANSYS and used to determine the mode mixity angle at
the crack tip (Figure 8). The specimen was modeled using 4 and 8 nodes iso-
parametric elements and constrained against vertical translation on the intact
left-end and against horizontal and vertical translations on the debonded right-
end in order to simulate the lower hinge. A very fine mesh was used around the
crack tip in order to obtain accurate results. The specimen dimensions were
35� 250mm, with face sheets thickness 2mm and core thickness 10 and 20mm.
The foam core material was considered to behave isotropic, while the face sheets
were modeled as orthotropic. The mode mixity phase angle �R was calculated
using the crack surface displacement extrapolation (CSDE) method according to
the ‘‘reduced formulation’’ [20] given by

�R ¼ tan�1 �x
�y

� �
ð4Þ

where �x and �y are the sliding flank and the crack opening displacements.
Sandwich specimens with H45, H100 and H160 cores were considered. Two

mode mixity angles were targeted: �R¼�2� (mode I dominant) and �R¼�30�

(mode II dominant). Specimens with 20-mm thick core were used to achieve mode I
dominant conditions and specimens with 10-mm thick core for mode II dominant.
Face sheet and foam mechanical properties presented in Tables 2 and 3 were input
in the FE model and a number of simulations were performed in order to deter-
mine the lever arm distance c to be used to achieve the desired mode mixity

Figure 7. Crack length versus compliance for an MMB sandwich specimen with GFRP face

sheets and H45 foam core (c¼80mm) calculated from equation (1).
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angles. The span length 2L was set equal to 160 mm and the initial crack length
was 25mm for all the simulations. The results from this analysis are presented in
Table 4.

G-control fatigue crack growth tests

Fatigue tests were performed on a 10-kN capacity MTS 858 servo-hydraulic testing
machine with a 1-kN load cell controlled by an MTS FlexTest 60 controller and
equipped with the software MTS test suite. Tests were carried out on MMB spe-
cimens with geometrical parameters presented in Table 4. A total of 36 specimens
with GFRP faces and H45, H100 and H160 foam core were tested at two mode
mixity loading conditions (six specimens for each mode mixity) at a frequency of 2
Hz over a range of �G levels that varies depending on the foam core: from 70 to
430 J/m2 for H45, from 250 to 1200 J/m2 for H100 and from 250 to 900 J/m2 for
H160, with a step of 20–30 J/m2 between each test. Thanks to the G-control
method, each specimen could be tested several times at different �G levels, result-
ing in a relatively small number of specimens tested in total. The crack length was
determined using compliance technique, equation (3). Tests that exhibited crack
kinking into the face or showing uneven crack length between front and back part
of the specimen were discarded.

Figure 8. Finite element model of MMB sandwich specimen with finer mesh at the crack tip.

Table 4. Lever arm distance c (mm) for sandwich specimens with 2mm thick face sheets and

H45, H100 and H160 foam cores (20-mm thick for mode I dominant and 10-mm thick for

mode II dominant). For all specimens the span length 2 L¼ 160mm and the initial crack length

a0¼ 25mm.

Sandwich structure

Mode I dominant

ð�R ¼ �2�Þ
Mode II dominant

ð�R ¼ �30�Þ
GFRP+H45 c¼ 80 c¼ 30

GRFP +H100 c¼ 80 c¼ 23

GFRP +H160 c¼ 70 c¼ 20
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As explained in [6], several parameters must be input to the software in order to
initialize a G-controlled test: material properties of face sheets and core, dimen-
sions such as length and width as well as face and core thicknesses, lever arm c and
span length L (Figure 3) and the relation a versus C equation (3). The R-ratio
(defined as Gmin/Gmax), the displacement increment p and �G were kept constant
during the test.

The G-control method, Figure 6, is designed such as the initial DG level at the
beginning of a test is always set to be smaller than the desired level and it is slowly
increased every n cycles (n was set equal to 5 for all the tests) through adjustment of
the maximum and minimum displacements dmax and dmin until the desired value is
reached. From that moment, DG is maintained stable for the entire test. An import-
ant feature related to the compliance calculation needs to be highlighted. Ideally,
compliance may be simply calculated as �/P where � is the piston displacement and P
is the load applied. In reality, non-ideal conditions must be taken into account such
as non-perfect positioning of the loading saddle with respect to the test rig or small
misalignment of the hinges glued to the sandwich specimen. Because of these
unavoidable issues, the load introduction may occur unevenly. As a consequence,
the initial part of the load-displacement curve might not be linear.

In order to avoid the error that might result from such non-ideal conditions, the
following incremental relation was used to evaluate the compliance:

C ¼ �max � �min

Pmax � Pmin
ð5Þ

where �max and Pmax are the maximum load and displacement recorded at the
peak of the loading cycle and �min and Pmin are the minimum values recorded at
the valley of the cycle. Compliance was calculated every five cycles as the average of
the compliance at each single cycle.

The cyclic energy release rate DG¼Gmax – Gmin was determined from equation
(2), with Pmax and Pmin as input. The R ratio (Gmin/Gmax), was maintained constant
(R¼ 0.10).

Results and discussion

In this section results from the cyclic crack propagation tests of three sandwichmater-
ials are presented. Figure 9 shows DG versus number of cycles from cyclic tests per-
formed on GFRP/ H100 specimens at different DG levels. As clearly visible in the
plots,DG slowly increases for 100 to 300 cycles until it reaches the desired stable value
maintained until the end of the test. Figure 10 shows a plot of crack length versus
number of cycles for the GFRP/H100 specimens. Linear crack growth is exhibited,
corresponding to constant crack propagation speed.

It must be pointed out that data from the initial transitory phase with increasing
DG were discarded and only the cycles with constant DG were considered in the
determination of da/dN, Figure 10. The initial part of the test contributes to obtain
a sharp and natural debond front at the face/core interface.
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For each core material, specimens were tested at two mode mixities (�R¼�2�

for mode I dominant condition and �R¼�30� for mode II dominant condition
(Table 4). Results for crack propagation are represented in log–log plots showing
cyclic energy release rate �G on the x-axis and crack growth speed da/dN on the
y-axis. For each of the plots a least-squares regression line was derived, based on
the modified Paris-Erdogan relation [21]

da

dN
¼ Cð�GÞm ð6Þ

Figure 9. �G versus number of cycles for sandwich specimens with GFRP face sheets and

H100 foam core.

Figure 10. Crack length versus number of cycles for sandwich specimens with GFRP face

sheets and H100 foam core.
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where C and m are characteristic parameters determined from curve fitting.
Figure 11 shows crack growth results for sandwich MMB specimens with H45

core. It can be observed that, for a given level of �G, the crack growth rate is
higher under mode I loading than in mode II, in accordance with previous studies
[1,18]. The �G range covered in the tests is 70 to 150 J/m2 for mode I tests and 80
to 450 J/m2 for mode II tests.

The crack propagated right below the face/core interface. The path was similar
in specimens tested under both modes I (Figure 12a) and II conditions
(Figure 12b), although mode II presented more rough crack surfaces. An interest-
ing phenomenon was observed for some of the tests conducted under mode I
loading. The crack temporarily stopped and did not grow for 400–500 cycles
until a sound was heard and the propagation started again. A plausible explanation
for this behavior could be the presence of inclusions or particularly thick cell walls
which required a higher number of cycles to be broken. Saenz et al. [22] studied the
cyclic crack propagation in closed cell polymer foams on a microscopic scale and
observed the same phenomenon, with the crack occasionally stopping, deviating
from its original path and jumping to adjacent cells. This behavior was not
observed in our H100 and H160 specimens.

Figure 13 shows da/dN versus DG results for sandwich specimens with H100
core. Similar to the results for specimens with H45 core, Figure 11, the magnitude
of the exponent m is greater in mode I tests (m¼ 4.4) than in mode II (m¼ 1.6),
resulting in faster crack growth for mode I than in mode II. Crack propagation
required higher energy release rate levels than for the H45 specimens (Figure 11).

For the mode I dominant tests, the crack propagated close to the interface
(Figure 14a) and exhibited a smooth crack surface compared to H45 specimens.
This is attributed to the smaller cells in the H100 foam. Specimens tested under

Figure 11. da/dN versus �G for sandwich MMB specimens with GFRP face and H45 core

tested at �R¼�2� (mode I dominant) and �R¼�30� (mode II dominant).
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mode II dominant loading showed a crack path more coarse and articulated
(Figure 14b), resembling the path observed in the H45 foam core specimens
(Figure 12b).

Crack growth rate results for GFRP/H160 sandwich specimens are shown in
Figure 15. The da/dN versus DG response of this sandwich material shows mode I
and mode II crack growth curves with very different exponents (m).

Crack propagation for mode I dominant loading (Figure 16a) occurred at the
interface, showing very smooth crack surface similar to the H100 specimens. Most
of the tests performed under mode II dominant loading conditions exhibited crack
kinking into the face and fibers bridging the crack flanks were visible (Figure 16b);
consequently none of those data could be used for crack growth rate

Figure 12. Crack path for GFRP/H45 specimens. (a) Mode I dominant loading conditions,

(b) mode II dominant loading conditions.

Figure 13. da/dN versus �G for sandwich MMB specimens with GFRP face and H100 core

tested at �R¼�2� (mode I dominant) and �R¼�30� (mode II dominant).

388 Journal of Sandwich Structures and Materials 18(3)

 at DTU Library - Tech. inf. Center of Denmark on August 1, 2016jsm.sagepub.comDownloaded from 



measurements. Just few points for the Paris plot could be extracted from these tests
(Figure 15), taking into consideration only the cycles when the crack was located
close to the face/core interface (before it kinked into the face).

Plots summarizing the crack propagation for the foams tested under mode I
dominant loading conditions are presented in Figure 17. Although the exponent m
is very similar for all of the tested materials, a clear-cut difference can be seen
between H45 cored sandwich specimens, which exhibited crack propagation start-
ing from DG¼ 80 J/m2, and the sandwich specimens with H100 and H160 foam
cores, which required higher energy release rate levels for crack propagation. Such
similarity could be explained by the cells size of these foams (Table 3): the average
cell diameter for H100 is about 0.4mm and H160 cells are about 0.3mm, while H45
cells are considerably larger (about 0.7mm).

Figure 15. da/dN versus �G for sandwich MMB specimens with GFRP face and H160 foam

core tested at �R¼�2� (mode I dominant) and �R¼�30� (mode II dominant).

Figure 14. Crack path for GFRP/H100 specimens. (a) Mode I dominant loading conditions,

(b) mode II dominant loading conditions.
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Figure 18 shows an overview of crack growth plots for mode II dominant tests.
Similar tomode I crack growth, Figure 17, in this case also all testedmaterials exhibited
a similar growth exponentm and a sharp difference could be observed between the DG
levels for the H45 foam and the higher density foams. The Paris law exponent m for
mode I loading tests is approximately five times greater than that formode II, reflecting
the influence of the shear loading at the crack tip on the crack propagation rate.

Conclusions

The G-control testing method was applied to characterize fatigue crack growth in
sandwich specimens with GFRP face sheets and H45, H100 and H160 foam cores
tested under mode I and mode II dominant loading conditions. A full 3D mech-
anical characterization of the engineering elastic constants of the face sheets

Figure 16. Crack path for GFRP/H160 specimens. (a) Mode I dominant loading conditions,

(b) mode II dominant loading conditions.

Figure 17. da/dN versus �G results for mode I dominated growth in sandwich specimens

with GFRP face and H45, H100 and H160 foam cores (�R¼�2�).
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was done. The G-control methodology allows crack growth material characteriza-
tion using relatively small number of specimens and avoiding the continuous
change in DG experienced with displacement or load-controlled tests. Cyclic tests
were performed using the MMB test rig and specimen, and a compliance-based
technique was developed to determine crack length and cyclic energy release rate in
real time. For all the specimens tested under mode I loading conditions the crack
grew at the interface between face and core at a constant rate. Tests under mode II
loading condition on H45 and H100 foam cored specimens showed crack growing
at the interface following a path more rough than mode I tests. Specimens with
H160 foam core tested under mode II exhibited crack kinking in the face in almost
all tests and only few points in the da/dN versus DG plot could be generated for this
material. The power law exponent was m & 5 for mode I tests and m & 1.5 for
mode II tests. An overall comparison of the three sandwich materials highlighted
similar crack growth rates for H100 and H160, explained by the similar cellular size
of the two foam cores. Test results revealed that crack growth rate compared at the
same cyclic energy release rate increases with decreasing foam density.
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Appendix

Curve fitting parameters for crack length versus compliance equation

As discussed in the main body of the paper, a compliance-based method is used to
automatically determine the crack length during fatigue testing. Curve fitting para-
meters for equation (3) describing crack length as function of compliance for all
crack propagation tests are presented in the following table.

Table 5. Parameters for equation (3).

Sandwich materials set

Lever arm

distance, c (mm) Coefficients

GFRP (2mm) +H45 (20mm) 80 K0¼�1.53

K1¼ 9.57 E + 02

K2¼�8.54 E + 03

K3¼ 4.41 E + 04

K4¼�1.12 E + 05

K5¼ 1.10 E + 05

GFRP (2mm) +H45 (10mm) 30 K0¼�2.08 E + 02

K1¼ 2.80 E + 04

K2¼�1.28 E + 06

K3¼ 3.00 E + 07

K4¼�3.46 E + 08

K5¼ 1.56 E + 09

(continued)
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Table 5. Continued

Sandwich materials set

Lever arm

distance, c (mm) Coefficients

GFRP (2mm) +H100 (20mm) 80 K0¼�3.46

K1¼ 1.13 E + 03

K2¼ 1.55 E + 04

K3¼ 1.28 E + 05

K4¼�5.22 E + 05

K5¼ 8.26 E + 05

GFRP (2mm) +H100 (10mm) 23 K0¼�2.00 E + 02

K1¼ 6.49 E + 04

K2¼�7.32 E + 06

K3¼ 4.32 E + 08

K4¼�1.21 E + 10

K5¼ 1.36 E + 11

GFRP (2mm) +H160 (20mm) 70 K0¼ 5.79

K1¼ 1.43 E + 03

K2¼�2.63 E + 04

K3¼ 2.93 E + 05

K4¼�1.63 E + 06

K5¼ 3.47 E + 06

GFRP (2mm) +H160 (10mm) 20 K0¼�1.34 E + 02

K1¼ 6.48 E + 04

K2¼�1.02 E + 07

K3¼ 8.28 E + 08

K4¼�3.33 E + 10

K5¼ 5.25 E + 11
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