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Abstract 

The Single Cantilever Beam (SCB) sandwich specimen has been proposed, as a fracture test standard for 
mode I peel loading. Critical parameters, including specimen dimensions, determine whether the crack 
propagates along the face/core interface in mode I during the fracture test. This paper outlines a 
parametric study based on a numerical method to examine local mode mixity conditions for a wide array 
of sandwich systems by varying several geometrical and material parameters. The thickness and modulus 
of the face sheet were seen to influence the mode mixity for most sandwich systems. Core PoissonÕs ratio 
was shown to influence the local mode mixity and has the capability of driving the crack along the 
interface or into the core. The effect of the intact specimen length was analyzed and presented from a 
mode mixity perspective based on various elastic foundation modulus expressions. Reinforcement of the 
SCB specimen with stiff layers was also investigated numerically and compared with a similar analysis 
in the literature. The analysis presented in this paper shows that, despite reducing the global shear 
component, the local mode mixity condition deviated away from the mode I regime for several sandwich 
specimens. An appropriate foundation model along with a minimum loading rod length was one of the 
recommendations provided from the analyses, which may supplement the ASTM International 
standardization efforts.   
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1.! Introduction   
 

Typical damage modes in sandwich structures include face/core debonding and core crushing; posing a 
threat to the structural integrity of a component. These damage modes are of particular interest to 
certification authorities since several in-service occurrences, such as a rudder structural failure [1] and 
other control surface malfunctions, have been attributed to debonding [2]. Extensive studies have shown 
that debonding can lead to failure caused by internal pressure changes in the core due to ground-air-
ground (GAG) cycles [1]—[5]. Future composite structure applications including composite sandwich 
construction of the fuselage of business jets that experience higher altitudes than transport aircraft, are 
driving a need to understand the phenomenon of debond growth under generalized load scenarios that 
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include maneuvers and gust conditions. Furthermore, the relevance of this issue extends to spacecraft 
where large scale face/core debonding were reported [6], [7]. 
 
In order to have reliable damage assessment models, the quality of face/core interface strength must be 
ascertained with a high degree of accuracy. The most critical debonding phenomenon in sandwich 
composites is likely to be mode I dominated, where the face sheet was peeled away from the core. Thus, 
the critical strain energy release rate (interface fracture toughness) related to the face/core separation 
must be estimated using reliable test methods. In a recent study, the suitability of five test methods for 
measuring debond toughness associated with face/core peel loading was evaluated [8]. A single 
cantilever beam (SCB) type configuration, initially  discussed in [9] and [10], was identified as the most 
appropriate test (see Figure 1a). This determination was based on the following findings: (1) the test 
involved a simple loading fixture; (2) debond front conditions were found to be uniform over a range of 
debond lengths; (3) debonding was found to take place along or near the face/core interface, rather than 
kinking into the core; (4) the data reduction method used for computing debond toughness involved a 
straightforward compliance calibration procedure.  
 

 

(a)!                                                                    (b) 

Figure 1. (a) Schematic illustration of the Single Cantilever Beam (SCB) sandwich specimen (b) 
typical load-unload curve of a sandwich SCB specimen. 

The SCB sandwich specimen (see Figure 1a) with a pre-crack (a) lying close to the upper face sheet was 
fixed on a rigid base and loaded with a loading rod. The pre-crack is a discontinuity in the interface and 
is usually created by inserting Teflon¤ film during the production phase. Pre-cracks have also been 
introduced using saw-cuts, but all must have a sharp crack front. In the SCB test method, load is applied 
to the upper debonded face sheet and the bottom face sheet is rigidly fixed. The force is applied through 
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a loading rod which is attached to the upper debonded face sheet through a hinge. Both loading rod and 
hinge ensure that the load application point remains vertical as the debond grows. The test is conducted 
in displacement control by pulling the debonded face sheet at a constant rate. The specimen is un-loaded 
when the crack increases to a1 (see Figure 1b). A suitable imaging system is used to ascertain crack 
position during the test and both displacement and force are continuously recorded during the test. 
Different methods to reduce energy release data have been proposed for the SCB test: area method, 
modified beam theory, and compliance calibration method [11]. The latter two methods require a linear 
force-displacement response of the specimen, which specimens with thin face sheets may not yield. To 
encompass testing of a wide range of specimens, the area method is generally more favorable. Here, 
strain energy release rate is calculated from the load — displacement (P vs. ! ) curve obtained during a 
test. For an infinitesimal increase in debond length, da, the energy release rate is given by:   

1 dUG
b da

=       (1) 

where U is the total elastic strain energy in the specimen (area beneath the P vs. !  curve, see Figure 1b), 
b is the specimen width and da is the increase in debond length recorded during the test. The test can be 
repeated for several load/un-load cycles and the energy released for an incremental da can be estimated 
using Equation (1).   
 
Due to the inherent high elastic mismatch present across a sandwich interface, the crack propagation 
occurs in mixed mode condition. The mode mixity can be described as the measure of shear loading at 
the crack tip. Therefore, the energy release rate at a bi-material fracture interface is a function of mode 
mixity as described in [12]. In order for the SCB test to be useful as a ÒpeelÓ or mode I dominant test, it 
must be ensured that the debond grows under mode I conditions corresponding to a peel dominated 
loading on the face sheet. The mode mixity at the crack tip is expressed in terms of a phase angle, " , 
which is the arc tangent of the ratio of sliding to opening displacement of the crack tip [12]. The reader 
must note that mode mixity and phase angle can be used interchangeably. The principle of Linear Elastic 
Fracture Mechanics (LEFM) applied to brittle materials can also be extended to study face/core interface. 
The failure process zone in terms of crack tip plasticity is very small in brittle materials. This is also valid 
for sandwich structures, with the exception of specimens with tougher cores or which exhibit fibre 
bridging resulting in a larger failure process zone.  
 
Efforts are underway to develop an ASTM International testing standard to determine the peel-dominated 
fracture toughness of sandwich constructions using the SCB sandwich specimen. The SCB fracture test, 
when developed as an industrial standard, is poised to be used by different industry clientele and in 
configurations in which the stiffness mismatch across the sandwich interface varies with each user. To 
establish a reliable test protocol, the specimen must be designed such that a mode I condition prevails at 
all crack lengths. This implies that the SCB test must be robust enough to account for a wide variety of 
face/core combinations. The existing sizing study detailed in [13] was based on the beam on elastic 
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foundation model approach [14]. Several limitations were imposed to ensure that the SCB sandwich 
specimen response remains linear during testing and the shear component at the crack tip was minimized. 
In addition, by restricting the specimen geometry, pre-crack length (a), loading rod length (Lrod), 
maximum crack length (amax) and face sheet and core thicknesses (hf, hc), to certain values, the specimen 
yields a linear response. However, in reality not all specimens used across industries yield linear 
responses, e.g. specimens with thin face sheets (hf ! 0.5 mm) exhibit a non-linear unloading curve. 
 
The compliance based solution outlined in [13] does not ensure that the pre-crack advances along the 
interface. The measured energy release rate during the test must be associated with interface crack 
propagation as the fracture toughness of a core material is much lower. Since the crack advances through 
an interface between dissimilar materials, the mode mixity condition determines whether the crack will 
enter the core, propagate along the interface or kink into the face sheet. Thus, limiting the SCB specimen 
dimensions solely based on kinematic analyses overlooks the local mode mixity condition at the crack 
tip.  
 
An extensive experimental campaign to determine the mode mixity influence in the SCB test, by taking 
into account a wide variety of core and face sheet material systems, would be expensive. Moreover, a 
closed-form expression to ascertain the mode mixity at various crack lengths for the SCB sandwich 
specimen has not appeared in the literature. Hence, the objective of the current work was to conduct a 
parametric analysis studying the influence of various material and geometrical parameters of the SCB 
sandwich specimen on the mode mixity. The analysis was based on a numerical fracture mechanical tool, 
the Crack Surface Displacement Extrapolation (CSDE) method [15]. It must be noted that the thermal 
residual stresses affecting the crack tip loading conditions were not considered. A crack in a sandwich 
face/core interface propagates just beneath the interface, and was modelled as an interface crack between 
two dissimilar materials. The bi-material problem was treated in plane strain, and LEFM was considered 
to be valid.  
 
Hypothetical sandwich material systems were studied initially to identify the influence of critical 
governing parameters that influence the crack tip mode mixity. The phase angle, ",  evaluated for various 
face/core interfaces aids in identifying whether the fracture test remains in a mode I regime at all crack 
lengths. In terms of the phase angle (in degrees), pure mode I corresponds to 0¡, and 90¡ corresponds to 
a pure mode II loading at the crack tip. Therefore, in this analysis mode I dominance was considered 
within the bounds: -10¡ ! " ! 10¡. A case study is presented by taking into account representative 
sandwich composite systems used in three different industries. Sizing parameters derived in [13] were 
closely examined and their influence on the phase angle, ",  was studied. A discussion on the mode mixity 
phase angle and implementation of the CSDE method are provided in the following section.  
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2.! Finite element modeling of the SCB sandwich specimen 

 

Figure 2. 2-D finite element model of SCB sandwich specimen with highly discretized mesh at the 
crack tip. 

A 2-D plane-strain finite element (FE) model consisting of isoparametric 4-node linear (PLANE182) and 
8-node parabolic (PLANE183) elements was built in ANSYS¤  [16], with the smallest element edge 
length of 2.5 µm (see Figure 2). PLANE182 elements with 4 corner nodes supporting two degrees of 
freedom were used at the crack tip to capture large strains. The rest of the model was built using 8-node 
PLANE183 elements containing two translation degrees of freedom on each node. Highly densified 
meshing was employed at the crack tip zone for the CSDE mixed-mode partitioning method 
implementation. The loading rod was modeled using a beam element, hinged above the top face sheet, 
which takes only tension. The hinge leaf was not considered in the analysis. Unit load per width (P/b = 
1 N/mm) was applied on top of the rod. The base was modeled by applying fixed boundary conditions 
on the lower face sheet. The crack flanks in the debonded region were modeled as frictionless contact 
surfaces to circumvent interpenetration or overlapping of the surfaces.  

Both energy-release rate, G, and mode mixity phase angle, ",  should be consistent in the crack tip 
displacement dominated field. A highly dense mesh was required close to the crack tip to accurately 
model this displacement field. Moreover, the zone was limited by two borders: an inner border in which 
numerical errors close to the crack tip corrupt the results because the elements close to the crack tip 
cannot calculate the correct displacement field, and an outer border where the external displacement 
starts to dominate (see Figure 3). The zone of numerical noise pertains to the small region close to the 
crack tip where the linear elastic solution shows that the stresses oscillate confined to that small zone. 
From several numerical investigations, it was observed that the transition from the external displacement 
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field to the internal crack dominated field was linear with respect to nodal pairs, until the border to 
numerical error zone was reached [17]. Hence, both G and "  in the linear transition zone (or K-dominant 
zone) can be linearly extrapolated to the crack tip. The CSDE method uses only the results from relative 
crack-flank displacements (!y  and !x ) to calculate both G and " . 

!

Figure 3. Schematic illustration of CSDE method implementation: face/core interface crack with 
sliding, !x  and opening, !y  displacements. G and "  values are extrapolated from the K-dominant zone. 

The phase angle, " , defines the ratio between mode II and mode I stress intensity factors of a bi-material 
interface crack. In terms of relative opening ! y and sliding ! x displacements (see Figure 3), the phase 
angle can be expressed as [12]: 

1 1tan ln tan (2 )x
F

y

x
h

!" # #
!

$ $
% & % &= $ +’ ( ’ (’ ( ) *) *

    (2) 

where x is a short distance within the singular region behind the crack tip, and h is a characteristic length, 
usually chosen equal to the face sheet thickness, h = hf. It was evident from the linear elastic solution 
that stresses and displacements oscillate near the crack tip [12]. The oscillatory index # is given by [12]:  

1 1ln
2 1

!"
# !

$ %&= ’ (+) *
       (3) 

where $ is a non-dimensional bimaterial interface constant (DundurÕs parameter) given by [18]:  
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      (4) 
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where S1 and S2 represent the shear moduli of face sheet and core located above and below the interface, 
respectively. The phase angle from Equation (2), calculated using the FE-based CSDE method with 
values of # and $ from Equations (3) and (4) and with x = hf, is F! , referred to as the Òfull formulationÓ. 
Both G and "  are affected by oscillations according to the linear elastic solution since stresses oscillate 
when the crack tip is approached. The influence of crack tip oscillation can be suppressed by assuming # 
= 0 in Equation (2), which helps recover the conventional square-root based singular stress intensity 
factors [19]. Therefore, the phase angle in Equation (2) can be re-expressed in Òreduced formulationÓ (# 
= 0), as: 

1tan x
R

y

!"
!

#
$ %

= & ’& ’( )
      (5) 

Throughout this paper, the reduced formulation is used, and the phase angle will be denoted as " , without 
the subscript. The energy release rate obtained in terms of crack-flank displacements is given by [15]:  

     
2 2

1 2

( )
2 (c c )

x yG
x

! " "+
=

+
              (6)  

where x is the distance from the crack tip and c1 and c2 are stiffness parameters of the face sheet and core 
given by: 

1m
m

m

kc
S

+=       (7) 

The parameter km = (3 — 4vm) for plane strain and km = (3 — %m)/(1 + %m) for plane stress, where %m is 
PoissonÕs ratio with m = 1 and 2 for the face sheet and core, respectively. 

A separate subroutine was implemented in the program ANSYS¤ [16] where sliding (!x ) and opening 
(!y ) crack-flank displacements were extracted. The CSDE method is very effective in calculating both G 
and " when distortions in the near tip elements are present, especially in the case of sandwich where an 
elastic mismatch across the face/core interface exists. It should be noted that the CSDE method can 
analyze phase angles in both reduced and full formulation (Equations 2 and 5). If "  > 0, the crack is 
directed towards the core, whereas if "  < 0, the crack is directed toward the face sheet. A mode I dominant 
window was assumed to exist in the phase angle regime: -10¡ ! " ! 10¡.  
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3.! SCB parametric fracture analysis 

The SCB specimen is intended for mode I fracture testing of a wide array of face/core material systems. 
Typical through-thickness core moduli varies from 76 MPa (Nomex Honeycomb used in Aerospace 
industry) to 6840 MPa (high density balsa widely employed in the marine and wind energy sectors). Face 
sheet and core thicknesses of sandwich systems invariably differ based on the application. Correct 
loading rod length in the SCB test was paramount in preventing shear loading at the load application 
point. Testing frame heights and cross head displacement capacities vary at different test labs. Therefore, 
it is necessary to stipulate the loading rod length (Lrod) to enable robustness of the SCB fracture test 
methodology.  

A parametric study of the SCB sandwich specimen was conducted using the finite-element model 
presented in the previous section in conjunction with the CSDE method. A unit load P = 1 N/mm was 
applied on a pre-cracked specimen for all cases. The list of parameters considered to determine whether 
the fracture testing remains under mode I conditions is provided in Table 1. For the initial study, 
PoissonÕs ratio of both face sheet and core were held constant at %f = 0.30 and %c = 0.35. A separate 
section is dedicated to investigating the effect of core PoissonÕs ratio, %c. The length of the hinge was 
kept constant throughout the analysis, Lhinge = 12.7 mm and the total length of the specimen is given by: 
L = Lhinge + amax + Lb. The compliance based solution in [13] and [20] recommended a minimum intact 
length of the specimen (Lb), by stipulating that the compliance coefficients remain at unity;  Lb is given 
by:  

1/43

,min 2.7
3

c f f
b

c

h h E
L

E
! "

= # $
# $% &

      (8) 

The maximum debond length was fixed to amax = 150 mm for all cases in the analysis. By selecting a 
specimen length, L = 300 mm, the intact length (Lb) was found to satisfy the minimum recommended 
length in Equation (8) for all combinations of materials considered in Table 1. The effect of intact portion 
length on mode mixity is presented later. To study the effect of different combinations of the parameters 
(see Table 1) on the mode mixity phase angle (" ), the parameters are varied in steps in the numerical 
study. Using the values shown in Table 1, calculated values of ( ) ( )1 2 1 2E E E E! = " + varied from 0.65 

to 0.99 typical values found in a sandwich face/core interface. The YoungÕs modulus for plane stress and 
plane strain conditions are given by, E E=  and ( )21E E != " , respectively, with subscripts 1 = face 

sheet and 2 = core.  
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Table 1. Parameters altered in the SCB parametric study. 

SCB Parameters  
Core modulus, Ec [MPa] 100, 500, 1000 
Face sheet Modulus, Ef [GPa] 5, 10, 50, 100, 200, 250 
Core thickness, hc [mm] 10, 40 
Face sheet thickness, hf [mm] 0.5, 3, 7 
Loading rod length, Lrod  [mm] 120, 250, 500  

 

 

Table 2. Possible & = Ef/Ec values for Ec = 100, 500 and 1000 MPa. 

                      Ec [MPa] 
     Ef [MPa] 

100 500 1000 

5Æ103 50 10 5 
10Æ103 100 20 10 
50Æ103 500 100 50 
100Æ103 1000 200 100 
200Æ103 2000 400 200 
250Æ103 2500 500 250 

 

 

Effect of core and face sheet modulus (& = Ef / Ec) 

The effect of both core and face sheet moduli on phase angle are presented in this section. Three core 
moduli were chosen Ec = 100, 500 and 1000 MPa, and face sheet moduli were chosen in the range, Ef = 
5 to 250 GPa (see Table 1). The range of & = Ef/Ec values are provided in Table 2. Three face sheet 
thicknesses were chosen: hf = 0.5, 3 and 7 mm, and core thickness was hc = 40 mm. The length of the 
loading rod was Lrod = 500 mm, and length of the specimen was L = 300 mm. To capture non-linear 
effects associated with specimens with thin face sheets, a geometrically non-linear Finite Element 
Analysis (FEA) was performed.  

Figure 4 shows the variation of phase angle (" ) for a 40 mm thick core with three core moduli: Ec = 100, 
500 and 1000 MPa. Figures 4(a) — 4(c) show results for Ec = 100 MPa at three face sheet thicknesses. 
Figures 4(d) — 4(f) and 4(g) — 4(i) show corresponding results for Ec = 500 MPa and Ec = 1000 MPa, 
respectively. In Figure 4, the region not satisfying the assumed mode I dominant bound (-10¡ ! " ! 10¡ ) 
was identified.   
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For the case of a low modulus core (Ec = 100 MPa) with a thin face sheet, the phase angle (" ) increased 
with & for short crack lengths, a ~< 30 mm (see Figure. 4a). A similar trend with a thin face sheet (hf = 
0.5 mm) was observed for stiffer cores (see Figures. 4d and 4g). For all core moduli considered here, "  
increased with ’ . For the case of Ec = 100 MPa, mode I dominant behavior was observed at small values 
of ’  (’  ( 500).   

It was noted with increased core stiffness and small values of &, the phase angle (" ) shifts toward the 
negative region. It was also noted that "  was largely positive (> 10¡) for all cases except when " <100. 
For the case of a stiff core (Ec = 1000 MPa), negative values of "  (< 0¡) were observed for small values 
of & (see Figures 4 g-i). Therefore, there was a strong influence on the mode mixity by both face sheet 
stiffness and core modulus.  
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Figure 4. Mode mixity phase angle (" ) vs. crack length with Lrod = 500 mm, hc = 40 mm, L = 300 mm 
for Ec =  100 MPa: (a) hf = 0.5 mm, (b) hf = 3 mm (c) hf = 7 mm, Ec = 500 MPa: (d) hf = 0.5 mm (e) hf 
= 3 mm (f) hf = 7 mm and Ec = 1000 MPa: (g) hf = 0.5 mm (h) hf = 3 mm (i) hf = 7 mm.  

                (a)                                                       (b)                                                     (c) 

                (d)                                                       (e)                                                     (f) 

                (g)                                                       (h)                                                     (i) 
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Effect of core PoissonÕs ratio (!c) 

The crack tip mode mixity condition was influenced by crack tip root rotation [21]. In sandwich systems, 
the core is less stiff compared to the face sheets, contributing to the deformation and rotation of the upper 
face sheet. The effect of core PoissonÕs ratio (%c) on mode mixity phase angle (" ) was investigated using 
the SCB FE-model. For the analysis, the core modulus was held constant at Ec = 100 MPa, and the face 
sheet modulus was chosen in the range Ef = 5 to 250 GPa (see Table 2). Rod length, face sheet thickness, 
core thickness and length of the SCB specimen were held constant at: Lrod = 500 mm, hf = 2 mm, hc = 40 
mm and L = 300 mm. The core PoissonÕs ratio was varied from %c = 0.15 to 0.45, and the phase angle 
was computed for each case. Figure 5(a) shows a plot of "  vs. crack length for three %c values for 50 ! & 
( 2500. As shown in the plot, "  was strongly dependent on the core PoissonÕs ratio.  

The phase angle, ",  remains higher for a core with lower PoissonÕs ratio, %c, over the entire range of & = 
Ef/Ec values. For better inspection, a slice from Figure 5(a) is presented in Figure 5(b) for & = 100. It can 
be noted that for the case, %c = 0.45, "  remains in the mode I regime (-10¡ ! " ! 10¡) for all crack lengths. 
As %c decreased, "  increased causing the mode mixity to deviate away from mode I condition. At the 
maximum crack length considered here (a = 150 mm), the mode mixity varies from "  = 25¡ for %c = 0.15 
to "  = -5¡ for %c = 0.45 (see Figure 5b). However, for a constant core PoissonÕs ratio (%c), the change in 
"  across crack lengths remains negligible for a > 20 mm. Therefore, both stiffness and PoissonÕs ratio of 
the core influence " and cause the test to deviate away from mode I conditions.  

!  

(a)!                                                                      (b)!

Figure 5. Mode mixity phase angle (") vs. crack length (a) for various & values (b) " vs. crack length 
at & = 100. (hc = 40 mm, hf = 2 mm, L = 300 mm, Lrod = 500 mm, %c = 0.15, 0.30 and 0.45). 

!

!
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Effect of face sheet and core thickness (hf, hc) 

To investigate the influence of face sheet and core thicknesses on the phase angle (" ), the face sheet 
thickness (hf) was varied from 0.5 mm to 7 mm for two different core thicknesses (hc = 10 mm and 40 
mm). The face sheet and core moduli were considered as: Ef = 5Æ103 MPa and Ec =100 MPa (& = 50). 
Loading rod length was kept constant at Lrod = 500 mm, and total length of the specimen, L = 300 mm. 
A plot of "  vs. crack length is shown in Figure 6 for the two core thicknesses, hc = 10 and 40 mm.  

For the thin core case (hc = 10 mm), "  leveled to a plateau for a > 40 mm for all cases of face sheet 
thicknesses considered. It was noted that a thicker face sheet had the tendency to drive the crack into the 
negative mode mixity regime (see Figure 6(a)). For the thick core (hc = 40 mm) considered here, mode 
mixity becomes increasingly positive with increased face sheet thickness (Figure 6b). 

The difference in "  between thin (0.5 mm) and thick (7 mm) face sheets for the case of a thick core was 
small at larger crack lengths (~ 2¡). Furthermore, in the case of thick core (hc = 40 mm), for face sheet 
thickness hf # 1.5 mm at short crack lengths, the mode mixity deviated away from the mode I regime. 
Thus, the energy release rate computed at short crack lengths laid outside the mode I regime. When the 
phase angle was positive (" > 0¡), the inclination of crack was to enter the core. For "  < 0¡, and with 
tough face sheets, the crack propagates along the interface verses kinking into the core. 

 

    !  

(a)!                                                               (b) 

Figure 6. Phase angle (" ) vs. crack length for & = 50 (Ef = 5 GPa, Ec = 100 MPa) for core thickness; (a) 
hc = 10 mm (b) hc = 40 mm. (Lrod = 500 mm and L = 300 mm for both cases). 
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Effect of intact length (Lb) and elastic foundation modulus (k) 

The influence of SCB specimen intact length (Lb) and elastic foundation modulus on the phase angle (" ) 
are discussed in this section. The top face sheet was perceived as a beam resting on a linear elastic 
foundation [14]. Li et al. [20] derived the deformation of a top face sheet for a Tilted Sandwich Debond 
(TSD) [22] specimen by using the Winkler foundation model first utilized by Kanninen [14]. The beam 
on foundation approach of the TSD specimen was extended to the SCB specimen in [13].  

The SCB specimen was sized in order to ensure that the global shear deformation introduced on the 
debonded upper face sheet remains negligible. The intact part of the SCB specimen (Lb) plays a key role 
in reducing the shear component and must be kept above a minimum length such that )Lb # 2.7 [13], 
where parameter )  is the ratio of stiffness of the elastic foundation to the bending stiffness of the upper 
face sheet:  

1/4

3

3

f f

k
E h b

!
" #

= $ %
$ %& ’

       (9) 

where b is the width of SCB specimen. Several expressions for k exist in the literature, of which three 
are shown in Table 3. The minimum required intact length (Lb,min) for a SCB specimen was given by 
[13]:  

,min
2.7

bL ≤
=        (10) 

Table 3 shows )  and the minimum required length stipulated by Equation (10) computed for a 
hypothetical sandwich configuration comprised of an aluminum face sheet (Ef = 68.9 GPa, hf = 7 mm) 
and a PVC DIAB H100 (Ec = 130 MPa, hc = 25.4 mm) core [23]. 

 

Table 3. Minimum intact length (Lb,min) calculated using elastic foundation modulus (k) expressions for 
Ef = 68.9 GPa, hf = 7 mm and Ec = 130 MPa, hc = 25.4 mm. 

Elastic Foundation Modulus  k [MPa] " [mm-1] Lb,min [mm] 

Li et al. [20]; c

c

E bk
h

=   5.31 0.028 94.21 
 

Aviles et al. [24]; 2 c

c

E bk
h

=  10.63 0.034 79.22 

Quispitupa et al. [25];  2 c

f

E b
k

h
=  38.57 0.047 57.40 
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The recommended minimum length (Lb,min) ensured that the shear component remains negligible. 
Therefore, if  a fracture test was conducted with a specimen which does not satisfy Equation (10), the 
mode mixity phase angle (" ) deviated from the mode I regime. A numerical study was carried out to 
check if any variation in "  occurs when insufficient intact length was used. Two specimen lengths, L = 
200 and 300 mm, with a maximum crack length, amax = 150 mm, were considered. This means that when 
amax = 150 mm, the intact portion length was 50 mm for the former and 150 mm for the latter case. The 
analysis was performed for face sheet thicknesses in the range: hf = 0.5 to 7 mm. A plot of "  vs. crack 
length is provided in Figure 7 for both specimen lengths (L = 200 and 300 mm).  

For a face sheet thickness hf = 7 mm, Table 3 showed that the foundation modulus expression (k) by Li 
et al. [20] yields a maximum value Lb,min = 94.21 mm, whereas the lowest value Lb,min = 57.40 mm, was 
obtained using the modulus by Quispitupa et al. [25]. The intact length in Figure 7(a) is Lb = L — amax = 
50 mm, less than the recommended lengths (Lb,min) listed in Table 3. The phase angle (" ) for hf = 0.5 mm 
remained nearly constant for a > 30 mm, and for hf = 2 mm a slight deviation in "  was observed at a = 
130 mm. Significant influence on "  is observed for hf # 4 mm. For hf = 4 mm, the phase angle (" ) started 
to spike at a = 120 mm, and for the thicker hf = 7 mm, "  spiked at a = 90 mm. In Figure 7(b), no deviation 
in " from the plateau occurred for all face sheet thicknesses attributed to a longer specimen length. 
Therefore, in line with the observations made here, careful selection of the SCB specimen length and 
maximum crack length were required to ensure that fracture testing is conducted in the mode I region 
over all ranges of crack lengths. The intact portion length obtained using Li et al. [20] captures the shift 
in mode mixity very well compared to other elastic foundation modulus expressions, and recommended 
for use in estimation of Lb for a given amax. 

  

(a)!                                                                                  (b) 

Figure 7. Mode mixity phase angle vs. crack length for an Aluminum/H100 sandwich system; (a) L = 
200 mm (b) L = 300 mm with amax = 150 mm. 
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Effect of loading rod length (Lrod) 

In the SCB fracture test, it is paramount that the load introduction point always remain vertical and avoids 
any horizontal component, which introduces shear. A conservative estimate of a minimum loading rod 
length (Lrod,min) following the kinematic approximation in [20], was provided in [13]:  

, min 1.06rodL = amax       (11) 

To prevent shear loading at the face/core interface, a long loading rod length is desired requiring a tall 
load frame. Analysis using the parametric numerical model from a mode mixity perspective was 
undertaken to investigate the effect of reducing the loading rod length from the recommended value. The 
maximum crack length in this analysis was amax = 150 mm with a total length of the specimen, L = 300 
mm. According to Equation (11), the minimum required length of the rod should be 159 mm. Three 
different loading rod length cases (Lrod = 50, 120 and 500 mm) were considered, with core thickness kept 
constant at hc = 25.4 mm. The bi-material tensile moduli & = Ef/Ec were 100, 1000 and 2500 for this 
analysis with a constant core modulus Ec = 100 MPa. Only three values of & were considered, since only 
a trend in the influence of various rod lengths was desired. The results of the analysis for three face sheet 
thicknesses (hf = 0.5, 3 and 7 mm) are presented in Figure 8. 

It is evident that a short loading rod length introduced a shear component leading to higher mode mixity 
values (see Figures. 8a-c). The difference in "  for 50 and 120 mm rod lengths was small, except at very 
short crack lengths (maximum 5¡) and was indistinguishable in the current plot for the cases considered 
here. Longer rod lengths of 750 and 1000 mm showed no significant influence on "  compared to a rod 
length of 500 mm and thus have been omitted in the plot.  

The influence of rod length on "  for a thicker face sheet, hf = 7 mm is shown in Figure 8(c). For hf = 7 
mm at short crack lengths (a < 10 mm), there was very little difference in " between short and long rod 
lengths. The mode mixity deviates away from mode I regime at short crack lengths, as observed in 
previous sections. However, for a thin face sheet, hf = 0.5 mm, increasing the rod length shifts "  in to the 
mode I regime (see Figure 8a). The variation of phase angle at short (a = 30 mm) and long (a = 120 mm) 
crack lengths were provided for a thick face sheet (hf = 7 mm) case in Figure 8d and 8e.  As observed, 
the longer rod length yielded lower values of "  at all values of ’ . It should be noted that plots in Figures 
8d and 8e were smoothed using an interpolation function to obtain a best trend. A minimum length (Lrod) 
of 500 mm is desired to ensure that "  remains in the mode I regime for the generality of sandwich 
systems. Therefore, a new rod length based on the specimen length was proposed, Lrod # 1.70 L to 
accommodate the generality of sandwich constructions. 
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(a)!                                                                                 (b) 

            

(c)                                                                                 (d) 

 

                                             (e) 

Figure 8. Effect of loading rod length on phase angle (" ) for three face sheet thicknesses (a) 0.5 mm 
(b) 3 mm and (c) 7 mm, (" ) vs. $ at (d) a = 30 mm and (e) a = 120 mm (L = 300 mm, hc = 25.4 mm). 
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4.! Case studies 

A study was conducted to investigate the mode mixity conditions for typical SCB sandwich specimens 
used in different industries, namely aerospace, marine and wind. Material properties selected for face 
sheet and core materials representative of each industry are provided in Table 4. To keep the analysis 
simple and devoid of any additional failure mechanisms, face sheets comprised of unidirectional (UD) 
fibers were considered. The geometrical parameters chosen for the analysis are also shown in Table 4. 
The loading rod length was kept constant at Lrod = 500 mm, and a maximum crack length of amax = 150 
mm was chosen. The minimum required intact length (Lb,min) was calculated using Equation (10) for each 
specimen. A unit load of P = 1 N/mm was applied. The core was modeled as orthotropic and the FE-
model was solved as geometrically non-linear for all cases. 

A plot of the mode mixity phase angle (" ) vs. crack length is presented in Figure 9 for all three sandwich 
systems presented in Table 4. Pure mode I conditions in terms of phase angle were defined to exist 
between -10¡ ! "  ! 10¡. A line demarcating "  = 10¡ shows the region in which mode I regime exists in 
Figure 9. For all cases considered here, short crack lengths exhibit increased mode mixity.  

The aerospace specimen (Carbon/Nomex honeycomb core), with thin face sheet (hf ! 0.5 mm) was 
observed to be in the mode I regime for the entire range of crack lengths. For face sheets with hf # 1 mm, 
a mode I regime exists for crack length a ~> 20 mm (see Figure 9a). It was observed that phase angle for 
hf # 1.5 mm converged and followed the same trend at all crack lengths. The discrepancy in mode mixity 
for all face sheet thicknesses was small for crack length, a # 90 mm. 

Results for the marine configuration (Glass/epoxy tape/ H100) are shown in Figure 9b for all face sheet 
thicknesses. The phase angle (" ) lies in the mode I regime at all crack lengths, but was larger for short 
crack lengths. The specimen with thin face sheet (hf = 0.5 mm) exhibited the lowest phase angle at all 
crack lengths. For specimen with thicker face sheets (hf # 2 mm), the phase angle converged with 
increased crack lengths, with the exception of face sheet with hf = 7 mm.  

In the case of the sandwich system used in the wind industry (Glass/epoxy Ð Balsa) for all face sheet 
thicknesses, a mode I region exists for a > 30 mm (see Figure 9c). For hf = 0.5 mm, the phase angle was 
within the mode I bounds at all crack lengths. As observed in the other cases, with increased crack 
lengths, the phase angle values tend to converge (~ 8¡) for a # 60 mm. Note that for "  < 0¡, the propensity 
of the crack was to kink towards the face sheet. When "  > 0¡, the inclination of the crack was to enter 
into the core, especially if the core was soft. The specimen dimensions of the various test cases presented 
in this study were representative of each industry. In accordance with the analysis presented in this 
section, it was recommended not to consider the energy-release rate computed for an initial debond 
increment up to 30 mm. Moreover, an initial cycle with a debond increment close to 30 mm aids in 
creating a natural crack front.  
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The recommended minimum length (Lb,min) ensured that the shear component remains negligible. 
Therefore, if  a fracture test was conducted with a specimen which does not satisfy Equation (10), the 
mode mixity phase angle (" ) deviated from the mode I regime. A numerical study was carried out to 
check if any variation in "  occurs when insufficient intact length was used. Two specimen lengths, L = 
200 and 300 mm, with a maximum crack length, amax = 150 mm, were considered. This means that when 
amax = 150 mm, the intact portion length was 50 mm for the former and 150 mm for the latter case. The 
analysis was performed for face sheet thicknesses in the range: hf = 0.5 to 7 mm. A plot of "  vs. crack 
length is provided in Figure 7 for both specimen lengths (L = 200 and 300 mm).  

For a face sheet thickness hf = 7 mm, Table 3 showed that the foundation modulus expression (k) by Li 
et al. [20] yields a maximum value Lb,min = 94.21 mm, whereas the lowest value Lb,min = 57.40 mm, was 
obtained using the modulus by Quispitupa et al. [25]. The intact length in Figure 7(a) is Lb = L Ð amax = 
50 mm, less than the recommended lengths (Lb,min) listed in Table 3. The phase angle (" ) for hf = 0.5 mm 
remained nearly constant for a > 30 mm, and for hf = 2 mm a slight deviation in "  was observed at a = 
130 mm. Significant influence on "  is observed for hf # 4 mm. For hf = 4 mm, the phase angle (" ) started 
to spike at a = 120 mm, and for the thicker hf = 7 mm, "  spiked at a = 90 mm. In Figure 7(b), no deviation 
in " from the plateau occurred for all face sheet thicknesses attributed to a longer specimen length. 
Therefore, in line with the observations made here, careful selection of the SCB specimen length and 
maximum crack length were required to ensure that fracture testing is conducted in the mode I region 
over all ranges of crack lengths. The intact portion length obtained using Li et al. [20] captures the shift 
in mode mixity very well compared to other elastic foundation modulus expressions, and recommended 
for use in estimation of Lb for a given amax. 

  

(a)!                                                                                  (b) 

Figure 7. Mode mixity phase angle vs. crack length for an Aluminum/H100 sandwich system; (a) L = 
200 mm (b) L = 300 mm with amax = 150 mm. 
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(c)                                                                                 (d) 

 

                                             (e) 

Figure 8. Effect of loading rod length on phase angle (" ) for three face sheet thicknesses (a) 0.5 mm 
(b) 3 mm and (c) 7 mm, (" ) vs. $ at (d) a = 30 mm and (e) a = 120 mm (L = 300 mm, hc = 25.4 mm). 
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4.! Case studies 

A study was conducted to investigate the mode mixity conditions for typical SCB sandwich specimens 
used in different industries, namely aerospace, marine and wind. Material properties selected for face 
sheet and core materials representative of each industry are provided in Table 4. To keep the analysis 
simple and devoid of any additional failure mechanisms, face sheets comprised of unidirectional (UD) 
fibers were considered. The geometrical parameters chosen for the analysis are also shown in Table 4. 
The loading rod length was kept constant at Lrod = 500 mm, and a maximum crack length of amax = 150 
mm was chosen. The minimum required intact length (Lb,min) was calculated using Equation (10) for each 
specimen. A unit load of P = 1 N/mm was applied. The core was modeled as orthotropic and the FE-
model was solved as geometrically non-linear for all cases. 

A plot of the mode mixity phase angle (" ) vs. crack length is presented in Figure 9 for all three sandwich 
systems presented in Table 4. Pure mode I conditions in terms of phase angle were defined to exist 
between -10¡ ! "  ! 10¡. A line demarcating "  = 10¡ shows the region in which mode I regime exists in 
Figure 9. For all cases considered here, short crack lengths exhibit increased mode mixity.  

The aerospace specimen (Carbon/Nomex honeycomb core), with thin face sheet (hf ! 0.5 mm) was 
observed to be in the mode I regime for the entire range of crack lengths. For face sheets with hf # 1 mm, 
a mode I regime exists for crack length a ~> 20 mm (see Figure 9a). It was observed that phase angle for 
hf # 1.5 mm converged and followed the same trend at all crack lengths. The discrepancy in mode mixity 
for all face sheet thicknesses was small for crack length, a # 90 mm. 

Results for the marine configuration (Glass/epoxy tape/ H100) are shown in Figure 9b for all face sheet 
thicknesses. The phase angle (" ) lies in the mode I regime at all crack lengths, but was larger for short 
crack lengths. The specimen with thin face sheet (hf = 0.5 mm) exhibited the lowest phase angle at all 
crack lengths. For specimen with thicker face sheets (hf # 2 mm), the phase angle converged with 
increased crack lengths, with the exception of face sheet with hf = 7 mm.  

In the case of the sandwich system used in the wind industry (Glass/epoxy Ð Balsa) for all face sheet 
thicknesses, a mode I region exists for a > 30 mm (see Figure 9c). For hf = 0.5 mm, the phase angle was 
within the mode I bounds at all crack lengths. As observed in the other cases, with increased crack 
lengths, the phase angle values tend to converge (~ 8¡) for a # 60 mm. Note that for "  < 0¡, the propensity 
of the crack was to kink towards the face sheet. When "  > 0¡, the inclination of the crack was to enter 
into the core, especially if the core was soft. The specimen dimensions of the various test cases presented 
in this study were representative of each industry. In accordance with the analysis presented in this 
section, it was recommended not to consider the energy-release rate computed for an initial debond 
increment up to 30 mm. Moreover, an initial cycle with a debond increment close to 30 mm aids in 
creating a natural crack front.  
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Table 4. Typical material properties of sandwich composites used in aerospace, marine and wind 
industries. 

 
Face sheet Core 

Aerospace  
Carbon/epoxy/Honeycomb  
(T300/5208 carbon/epoxy [26] 
/Nomex Honeycomb1 [27] [28]) 
 
hc = 25.4 mm 
Lb,min = 120 mm 
L = 270 mm 
amax = 150 mm 
Σ = 1350, α = 0.99, β = 0.323 

E11 [GPa] 
E22 [GPa] 
E33 [GPa] 
G12 [GPa] 
G13 [GPa] 
G23 [GPa] 
ν12 
ν13 
ν23 

162 
14.9 
14.9 
5.7 
5.7 
5.4 

0.283 
0.283 
0.386 

E11 [MPa] 
E22 [MPa] 
E33 [MPa] 
G12 [MPa] 
G13 [MPa] 
G23 [MPa] 
ν12 
ν31 
ν32 

Density [kg/m3] 
Cell size [mm] 

0.082 
0.082 
121.6 
0.092 
31.0 
19.0 
1.0 
0.40 
0.40 
32 
4.8 

Marine 
(Glass/expoy tape/H100) 
DBLT-850-E10 Quadriaxial  
glass fiber mats (0/45/90/-45)/ H100 
[29][23] 
 
hc = 40 mm 
Lb,min = 76 mm 
L = 226 mm 
amax = 150 mm 
Σ = 138, α = 0.99 , β = 0.164 

E11 [GPa] 
E22 [GPa] 
E33 [GPa] 
G12 [GPa] 
G13 [GPa] 
G23 [GPa] 
ν12 
ν13 
ν23 

18.6 
18.0 
9.5 
6.1 
2.7 
2.8 
0.40 
0.37 
0.43 

Ec [MPa] 
Gc [MPa] 
νc 

Density [kg/m3] 
Cell size [mm] 

135 
35 

0.40 
100 
0.45 

Wind  
(Glass/epoxy plain weave/Balsa):  
S2/8552 Unidirectional Glass-epoxy 
Prepreg / 
High density Balsa wood [30] 
 
hc = 30 mm 
Lb,min = 104.2 mm 
L = 255 mm 
amax = 150 mm 
Σ = 7.2, α = 0.75, β = 0.212 

E11 [GPa] 
E22 [GPa] 
E33 [GPa] 
G12 [GPa] 
G13 [GPa] 
G23 [GPa] 
ν12 
ν13 
ν23 

14.79 
12.73 
12.73 
9.79 
4.83 
4.48 
0.278 
0.279 
0.403 

E11 [MPa] 
E22 [MPa] 
E33 [MPa] 
G12 [MPa] 
G13 [MPa] 
G23 [MPa] 
ν12 
ν13 
ν23 

Density [kg/m3] 

6620 
428.3 
98.3 
355.9 
243.8 
243.8 
0.3 
0.5 
0.23 
237 

1 Nomex paper properties: Epaper = 3.13 GPa, νpaper = 0.4 [31] and cell wall thickness = 0.057 mm. 



20 
!

!      

(a)!                                                                                    (b)  

! !

(c) 

Figure 9. Mode mixity variation of SCB specimens for typical applications in (a) aerospace (& = 1350, 
*  = 0.99) (b) marine (& = 138, *  = 0.99) (c) wind energy (& = 7.2, *  = 0.75). 

!

5.! Energy-release rate of SCB sandwich specimen 

In previous sections, the crack tip mode mixity was investigated by applying a unit load (P = 1 N/mm) 
at all crack lengths in the range a = 0.5 to 150 mm. In a SCB specimen, the energy-release rate, G, 
invariably depends on magnitude of the applied load (see Equation 12). For a unit load at a particular 
crack length, different sandwich systems gave rise to various levels of energy release rate values. In order 




