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Abstract

We examined various fracture properties relevant to the use of balsa as a thick core material in sandwich composites with
unidirectional glass fiber/vinyl ester composite skins designed for bridge decks. The first experiments compared the fracture
toughness of a laminated veneer lumber (LVL) made from balsa to the toughness of conventional butcher-block balsa material.
When using a good lamination adhesive, an LVL balsa core material has enhanced toughness compared to solid balsa and the
LVL balsa also has enhanced fiber bridging effects. When balsa core is adhered to fiber glass composite skins, the vinyl ester
resin used for bonding may infuse into the low density balsa. The second experiments looked at effects of infusing that resin on
both LVL and solid balsa properties. Although the infusing caused a detrimental 15-20% increase in core material density, the
infused resin had little or no affect on toughness compared to non-infused balsa. Finally, we looked at debonding toughness
between fiber glass skins and a thick balsa core. The debonding toughness was higher than balsa toughness and increased
with crack growth due to glass fibers bridging across the debonding fracture surface. Finite element analysis revealed that
debonding a thin skin from thick balsa core in an asymmetric specimen is essentially a pure mode I process.
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1. Introduction

Balsa wood is a light and fast-growing industrial hard
wood that is used in many applications including thermal in-
sulation, packaging, and sandwich composite structures [1].
In sandwich composites, balsa is a light weight core material
that is used in boats, wind turbine blades, airplanes struc-
tures, and bridge decks (which is the application considered
here) [1]. In such structures, balsa provides an alternative,
natural material compared to other core materials such as
plastic foams [2–4]. The traditional form of balsa core ma-
terial has been a butcher-block structure with wood grain in
the vertical or thickness direction. This form, however, was
developed for convenience in delivery and fabrication and
may not represent the best form of balsa as a core material. A
new option for balsa wood cores is to use a wood-based com-
posite structure known as laminated veneer lumber (LVL).
LVL is a composite wood product that uses multiple layers
of thin wood veneers (typically 2-3 mm thickness for each
layer) with grain directions all aligned and layers bonded by
adhesive. LVL balsa recently became available as a commer-
cial product called Banova (or Baltek R© VBC [5]), in which
the veneers and are made by rotary peeling of balsa logs.
In general, LVL made with other species is stronger, tougher,
straighter, and more uniform then the corresponding solid
wood (because effects of defects can be minimized by rear-
rangement of veneers and adhesive may contribute to prop-
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erties). LVL achieves superior properties while also making
up to 35% more efficient use of logs than solid lumber [6].

A concern for balsa-core sandwich composites is the de-
velopment of cracks in the balsa core, which are controlled by
fracture toughness properties. A previous paper [3] studied,
mode I fracture parallel and perpendicular to the grain and
mode II fracture parallel to the grain for solid balsa wood,
which is representative of crack growth within the large blocks
of butcher-block core material. Results showed that mode I
toughness is reasonably high, considering balsa’s low den-
sity, and that mode II fracture energy is 3-4 times higher
than mode I. Nevertheless, the toughness of balsa is not high
and a question arises of whether LVL balsa can provide en-
hanced toughness? The toughness advantages of LVL in other
species can be large. Mirzaei et al. [7–9] compared fracture
toughness of Douglas-fir (DF) and LVL of DF made with vari-
ous adhesives and showed LVL has considerably higher frac-
ture toughness than solid DF — up to four-fold increase after
crack propagation. This work looked at crack propagation
toughness of LVL balsa to look for enhanced toughness com-
pared to butcher-block balsa. Because toughness enhance-
ment in LVL is affected by adhesive [8], we looked at LVL
balsa composites made using two different adhesives.

Besides the core material’s fracture properties, two other
fracture issues are important to sandwich composite develop-
ment. First, balsa is typically bonded to fiber glass skins using
vinyl ester resin. Because balsa is a low density, porous wood
and vinyl ester has low viscosity, it has been observed that a
significant amount of vinyl ester resin can penetrate deeply

Preprint submitted to Elsevier April 28, 2017



into the balsa core. An experimental question to answer is
whether or not vinyl ester changes the fracture properties of
the balsa core. To answer this equation for LVL balsa, we
repeated the LVL balsa fracture experiments for specimens
after infusion of bonding resins. To answer this question for
solid balsa, we ran new experiments on solid balsa infused
with vinyl ester resin and compared to previous experiments
without infused resin [3].

The second issue is bonding of the fiber glass skin to the
balsa core. Because fracture might occur at the skin/core
bondline [10], it is important to consider the debonding fail-
ure mode. Several previous studies have measured skin/core
debonding of balsa sandwich composites [11–15]. This pa-
per includes new experiments to measure debonding tough-
ness. The differences from previous work are the use of uni-
directional glass fiber/vinyl ester skin layers rather that glass
fabric skins and the use of thicker cores needed for bridge
decks. The debonding specimen was analyzed by both an-
alytical methods and finite element analysis to gain insight
into the dominant mechanics for skin/core debonding pro-
cesses in thick core composites.

2. Materials and methods

2.1. Methods

Measuring the fracture toughness of wood or of skin-core
debonding can be difficult because such specimens develop
process zones at the crack tip, which are characterized by
wood fibers or glass fibers bridging the crack path. Such a
process zone causes the fracture toughness to increase with
crack propagation making it important to measure the ma-
terial’s R curve, which is fracture toughness as a function of
crack length. The proocess zone, however, also makes it diffi-
cult to measure crack length needed for toughness evaluation
[16]. This work used an energy method to measure R, which
is described elsewhere [3, 17–19]. In brief, the experiments
measured force and deflection during continuous loading of
double cantilever beam (DCB) specimens (see Fig. 1). The
surfaces were covered with a speckle pattern that was cap-
tured in synchronized images for subsequent digital image
correlation (DIC) analysis [20]. The DIC method was used to
find strain in the direction normal to the crack and ahead of
the crack tip. Shifts in this strain field were used to determine
increments in crack growth that were added to get total crack
growth. Prior work shows this method to get accurate crack
lengths and to be much more accurate and objective than at-
tempts to visually observe crack tips [3, 17, 18]. Finally, an
energy analysis converted these force-deflection-crack length
experiments into an energy-crack length curve. The deriva-
tive of the energy curve is the material’s fracture toughness
as a function of crack length or its R curve [16].

All R curves are plotted as function of crack growth de-
fined as crack length minus the initial crack length. Due
to time-consuming nature of the DIC experiments and lim-
ited availability of some specimens, the R curves were lim-
ited to results from one to five specimens. When more than
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Figure 1: The top is the DCB specimen used to measure toughness in LVL
balsa and solid balsa specimens. The bottom is the specimen used to mea-
sure debonding toughness. The black surfaces are the skin material. A
10 mm Teflon insert was used to create the initial crack.

one specimen was used, the R curves were averaged by di-
viding the curves into 10 intervals and averaging all points
within each interval. Such data are plotted with error bars
indicating standard deviations of points within each interval.
When a single specimen was used, due to relatively few speci-
mens available or some differences in those specimens, those
R curves are reported here as curves without error bars. De-
spite use of a single specimen in some cases, each R curve
effectively represents multiple experiments on that one spec-
imen for toughness at each crack length. Furthermore, expe-
rience in fracture testing has shown that fracture properties
are less variable than bulk strength properties because frac-
ture is controlled by a deliberately inserted flaw while bulk
properties are subject to variabilities in flaws (which can be
large in wood materials).

All wood fracture experiments in this paper were TL or
RL fracture, where the first letter refers to the normal to the
crack plane and the second refers to the crack propagation
direction. Both TL and RL propagate in the L or longitudinal
direction, which means it is for crack growth parallel to the
wood grain direction. The “T” and “R” refer to the crack plane
normal being in the tangential and radial direction with re-
spect to the growth rings, respectively. For LVL balsa, the use
rotary cut veneers means that the “R” direction in the veneers
is in the thickness direction of the veneer. In other words,
RL fracture of LVL refers to a crack surface whose normal is
normal to the adhesive bonds between veneers while TL frac-
ture refers to a crack front than spans the veneer layers (see
Fig. 2).

2.2. LVL Balsa

Four different types of LVL balsa samples were provided
by 3A Composites for testing: G39 (non-infused and infused)
and C31 (non-infused and infused). The G39 and C31 refer
to the adhesive used to bond the balsa veneers when making
the LVL. G39 is a polyurethane (PUR) adhesive while C31
is a urea-formaldehyde (UF) adhesive. The difference be-
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Figure 2: End view of DCB specimens used for LVL balsa toughness showing
the initial saw cut for the initial crack. a. Crack cut for RL fracture. b. Crack
cut for TL fracture.

tween infused and non-infused is whether or not the speci-
mens were infused with the liquid vinyl ester resin used to
bond glass/vinyl ester face sheets in the sandwich compos-
ites. The infusion was done under vacuum and the vinyl ester
resin was dyed blue to help visualize resin penetration. The
samples were cut to be 25×25×250 mm for mode I fracture
testing in the TL and RL directions using the DCB geometry
in Fig. 1. A band saw was used to cut the initial 75 mm crack.

2.3. Infused balsa

To evaluate the effect of infused resin on solid balsa as
well, new fracture experiments were done on solid balsa blocks
with different densities, varying from 0.2 to 0.35 g/cm3, that
were infused by liquid vinyl ester resin under vacuum. The
blocks were infused and provided by 3A Composites. Each
sample’s density was measured after failure from material
near the fracture surface. The blocks were 55×55×250 mm
before impregnation and were cut to be 25×25×250 mm for
mode I fracture testing in the TL and RL directions using the
DCB geometry in Fig. 1. A band saw was used to cut the ini-
tial 75 mm crack. These new results were compared to base-
line results for solid balsa without infused resin that were
reported elsewhere [3].

2.4. Sandwich structure composites

Figure 1 shows the three-point bending specimen from
Ref. [13] used to measure fracture energy for skin/core debond-
ing in a sandwich composites. References [11, 12] used sim-
ilar specimens that also loaded the skin as a single arm can-
tilever beam, while other skin/balsa core debonding experi-
ments used different types of specimens [14, 15]. The skins
were made from unidirectional glass fiber/vinyl-ester com-
posites (with fiber direction in longitudinal direction of the
specimens) and skin thickness of t1 = 1.8 mm. The modu-
lus of the skins along the axis of the beam was E1 = 46 GPa
(reported by supplier). The balsa block core had an average
density 0.32 g/cm3 and was cut such that the wood fibers
were perpendicular to the skin. The thickness of the core was
t2 = 40 mm and modulus along the axis of the beam (which
is in the transverse direction of the wood) was E2 = 200 MPa
(reported by supplier). The core was thicker than cores used
in debonding studies on other system [11–15] because of the
intended application in bridge decks. The specimens were

100 mm wide and 200 mm long. The top skin was longer, by
about 10 mm, with a 10 mm pre-crack at the skin/core inter-
face, which was made using a Teflon insert to prevent bond-
ing. These samples were fabricated and supplied by 3A Com-
posites. Note that these debonding specimens used butcher-
block balsa core rather then the LVL balsa core because only
butcher-block core specimens were available. Because exper-
iments show a dominant failure mode to be fiber bridging of
glass fibers from the skins, it is likely properties for debond-
ing from LVL balsa cores would be similar to debonding from
butcher-block balsa cores.

The experiments measured load as a function of crack
length with the crack length determined by visual observa-
tion (i.e., crack growth could be tracked without needing
DIC methods). The fracture energy in the debonding spec-
imen can be calculated by beam theory accounting for po-
tential residual stresses [21]. Here the residual stresses were
ignored and the beam theory result for total energy release
rate, G, reduces to:

G =
P2a2

8B
(C (1)κ − C (3)κ ) (1)

where P is load, a is crack length, B is specimen width (100
mm) and C (1)κ and C (3)κ are are curvature compliances for the
skin and entire sandwich laminate, respectively. By simple
composite beam theory, these compliances are [21]:

C (3)κ =
12

BE1 t3
1

Sλ3

1+ 6Sλ+ 12Sλ2 + 8Sλ3

C (1)κ =
12

BE1 t3
1

and S =
E1

E2
≈ 230 (2)

where E1 and E2 refer to skin and balsa moduli in the beam
direction and λ = t1/t2 is ratio of skin thickness to core
thickness. This simple beam theory result ignores shear af-
fects and cannot partition the energy into mode I and mode
II components. Both its accuracy and the role of mixed mode
loading were analyzed by finite element analysis (FEA). All
FEA calculations were linear elastic, static, and two dimen-
sional; they were done using the open source code NairnFEA
with 8-node quadrilateral elements [22].

3. Results and discussion

3.1. LVL Balsa with G39 Adhesive

Figure 3 gives the R curves for LVL balsa with G39 ad-
hesive in the RL (dashed lines) and TL (solid lines) direc-
tions and compares them to solid balsa (from Mohammadi
and Nairn [3]) in the same directions. The LVL balsa results
are for specimens both infused (as labeled) or not infused
with vinyl ester resin used to bond sandwich composite skins
(the rest). All LVL balsa R curves are considerably higher
than the corresponding solid balsa R curves (RL vs. RL and TL
vs. TL) and also increased more with crack growth indicating
enhanced fiber bridging. In other words, both the toughness
and the increase in toughness due to fiber bridging are higher
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Figure 3: R curves for LVL balsa made with G39 adhesive in the RL and TL
directions and infused on not infused with vinyl ester resin. The LVL balsa
results are compared to RL and TL fracture of solid balsa (from Mohammadi
and Nairn [3]).

in LVL balsa than in solid balsa. Furthermore, while crack
propagation in solid balsa often deviated from the midplane
when the specimen had any grain angle misalignment [3],
the crack propagation in LVL balsa remained near the mid-
plane of the specimen. The laminated structure apparently
gives more controlled specimens with well aligned grain di-
rections. The effect of the infusing resin was minor. For RL
fracture, the infused resin specimen was between two non-
infused specimens. For TL fracture, the infused specimen had
the same toughness at short crack length, but higher tough-
ness at long crack length.

In the RL direction, the R curve for infused LVL balsa
started at about 150 J/m2 and increased to 300 J/m2 af-
ter 90 mm of crack growth due to fiber bridging. For the
non-infused RL #1 specimen, the R curve started at about
300 J/m2 and increased to 450 J/m2 after about 80 mm of
crack growth. Both these specimens showed evidence of en-
hanced fiber-bridging effects compared to solid balsa by ob-
servation of broken fibers on the rough fracture surfaces and
by more increase in R. The RL #2 specimen was a second
non-infused specimen and was prepared differently then RL
#1. For RL #1, the initial crack tip was in the middle on the
central balsa veneer layer. For RL #2 , the pre-crack was cut
on a glue line between two veneer layers. Although the RL
#2 crack started on a glue line, it later moved into the ve-
neer layer (i.e., it did not propagate on the glue line). The R
curve for this sample started at about 220 J/m2, decreased
to about 150 J/m2 and then increased after reaching 60 mm
or crack growth. The reason for the initial decrease in tough-
ness may be that the notch started on a glue line, which had
higher fracture energy, but soon after initiation, the crack
path moved to a weaker layer (the balsa veneer in this sam-
ple). After reaching a minimum, the R curve the increased
due to development of fiber bridging around the crack tip
now within the wood layer.

In the TL direction, the infused (TL infused) and non-
infused (TL) were averages of two specimens. The R curves

Crack Growth (mm)

R
 (J

/m
2 )

0 10 20 30 40 50 60 70 80 90 100 0 

 50 

 100 

 150 

 200 

 250 

 300 

TL InfusedTL

RL Infused

RL

Balsa RL

BalsaTL

Figure 4: R curves for LVL balsa made with C31 adhesive in the RL and TL
directions and infused on not infused with vinyl ester resin. The LVL balsa
results are compared to RL and TL fracture of solid balsa (from Mohammadi
and Nairn [3]).

for both infused and non-infused started at about 200 J/m2

and increased to 350 J/m2 over the first 50 mm of crack
growth. After that, the infused specimen continued to in-
crease to 450 J/m2 while the non-infused specimens decreased
in toughness. The error bars are larger in this decreasing
range because one specimen plateaued at a constant tough-
ness of 350 J/m2, while the other decreased to 150 J/m2.
The TL toughness is usually higher than the RL direction,
likely because cracks in the TL specimen span multiple ve-
neer glues lines while cracks in RL can be contained within
a single balsa veneer layer. Compared to solid wood, the TL
toughness for LVL balsa is higher and shows a larger increase
in toughness due to fiber bridging.

3.2. LVL Balsa with C31 Adhesive

Figure 4 gives the R curves for LVL balsa with C31 ad-
hesive in the RL (dashed lines) and TL (solid lines) direc-
tions and compares them to solid balsa (from Mohammadi
and Nairn [3]) in the same directions. The LVL balsa results
are for specimens both infused (as labeled) or not infused
with vinyl ester resin used to bond sandwich composite skins
(the rest). Unlike the G39 LVL balsa results, the R curves for
C31 LVL balsa were much closer to the solid balsa R curves
and therefore considerably below the G39 LVL balsa R curves.
In the RL direction, the non-infused sample’s R curve started
from 80 J/m2 and was identical to solid balsa for the first
40 mm of crack growth. After 40 mm of crack growth, the
R curve increased to 210 J/m2. The R curve for the RL in-
fused specimen is very close to the solid balsa R curve and
had mostly constant toughness (i.e., no evidence of enhanced
toughness due to fiber bridging).

In the TL direction, the non-infused result was a single
specimen while the infused was an average of two speci-
mens. The R curves for both infused and non-infused started
at about 120 J/m2 (close to solid balsa TL toughness) and in-
creased similarly over the first 20 mm of crack growth. After
that, the infused specimen continued to increase to 200 J/m2
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while the non-infused specimens had a transient increase and
then, like the G39 specimens, decreased in toughness. These
drops observed in a few specimens, may also be caused by
sample heterogeneity and this specimen appeared to have
some bond lines with insufficient adhesive. As for G39 speci-
mens, the C31 LVL balsa R curves in TL direction were higher
than in the RL direction, The C31 R curves, however, were not
much different than solid balsa results and therefore much
lower than G39 LVL balsa R curves.

In summary, the preferred adhesive (of the two tested)
for making LVL balsa is G39 (polyurethane or PUR adhesive)
because it has better fracture properties then when using C31
(urea-formaldehyde or UF adhesive). Furthermore, the G39
LVL balsa is a wood-based composite structure that has en-
hanced toughness and enhanced fiber bridging compared to
solid balsa fracture and therefore has potential for use as an
improved core material in balsa-core sandwich composites.
The observation that LVL toughness can be higher than the
corresponding solid wood toughness is similar to observa-
tions for other wood species [7, 8, 23]. The results here show
a slight difference in balsa. With the wrong adhesive (e.g.,
C31), very little benefit is derived from lamination, but with
a good adhesive (e.g., G39), the toughness can be improved.
The only drawback of LVL balsa compared to solid balsa is
that the adhesive used in the lamination could add weight to
a core material that ideally should minimize weight. The ad-
ditional weight, however, is probably minor and the material
it can replace (butcher block balsa) already needs adhesive
to make a sheet of core material.

The second effect studied was the effect of the vinyl ester
bonding resin. The potential effects of vinyl ester depend on
how it interacts with the balsa. If the resin simply fills empty
lumen space in the low-density balsa, it would likely have no
effect on toughness. If, however, the vinyl ester penetrates
into the cell wall material, it could potentially change tough-
ness and could be beneficial or detrimental. For LVL balsa,
the results were mixed (some higher and some lower with
infusion), but overall infusing resin was judged to have no
significant detrimental effect on toughness.

3.3. Infused solid balsa
We measured R curves for four infused solid balsa spec-

imens in RL fracture and four in TL fracture. The specimen
densities ranged from 0.21 to 0.38 g/cm3 prior to resin in-
fusing and from 0.25 to 0.44 g/cm3 after impregnation. The
infusing vinyl ester resin thus caused the density to increase
15 to 20%. For individual fracture tests, we did not observe
any systematic density effects or more likely, specimen-to-
specimen variability effects were larger than the density ef-
fects. The results in this section therefore averaged all spec-
imens with sufficiently straight crack propagation to get an
average R curve.

The averaged R curves for infused solid balsa for RL (dashed
lines) and TL (solid lines) fracture are shown in Fig. 5. The
RL fracture initiated around 150 J/m2 and had only a small
increase due to fiber bridging up to about 180 J/m2 after
90 mm of crack growth. For TL fracture the fracture again
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Figure 5: R curves for infused balsa in the RL and TL directions. The LVL
balsa results are compared to RL and TL fracture of solid balsa (from Mo-
hammadi and Nairn [3]).

initiated around 150 J/m2, but it increased to 250 J/m2 at
60 mm crack growth before a decrease at the end. As seen
in all other balsa and LVL balsa fracture tests, the TL tough-
ness is higher than RL and has larger fiber bridging effects
(increase in R) due to enhanced fiber bridging.

Also included in Fig. 5 are the results for non-infused
balsa from Mohammadi and Nairn [3]. The toughness for
both RL and TL fracture of infused balsa were higher than
the correspond solid balsa toughness. Furthermore, the solid
balsa R curve showed very little increase in toughness in-
dicating a small contribution to toughness from fiber bridg-
ing. In contrast, the infused TL specimens had in increase in
toughness indicating that the vinyl ester infusion enhanced
the fiber bridging contribution to toughness. This observa-
tion was qualitatively confirmed by observation that TL spec-
imen fracture surfaces tended to be rougher than solid balsa
fracture surfaces. A possible cause is non-uniformity in vinyl
ester resin infusion, such that cracks may meander though
weaker regions (those regions with lower resin impregna-
tion) and fracture surfaces become rougher (raw balsa frac-
ture surfaces were mostly flat).

In summary, resin infusion in solid balsa leads to an in-
crease in toughness. Its only drawback on core materials
would be added weight caused by the resin (i.e., the 15 to
20% density increase). In other words, infusing balsa to im-
prove toughness would come at the cost of a higher-density
core material, but unavoidable infusing that occurs when bond-
ing skins to a balsa core would not cause any degradation in
the core material properties.

3.4. Skin/core debonding fracture experiments

A possible failure mode for sandwich composites is debond-
ing between the skin and the cores, especially if the bonding
has lower toughness than the core. To investigate bonding
toughness in balsa core composites, we used the debond-
ing specimen in Fig. 1 for composites with glass/vinyl es-
ter skins to induce crack growth at the skin/core interface.
For each data point (load and crack length), we first used
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Figure 6: Debonding toughness R curve (symbols) for a unidirectional
glass/vinyl ester composite bonded to a solid balsa core material. The dif-
ferent symbols are from five different specimens. The debonding data are
compared to RL and TL fracture of solid balsa (from Mohammadi and Nairn
[3]).

Eq. (1) to find R as a function of crack growth. The results
for five different solid balsa sandwich structures are given as
a scatter diagram in Fig. 6 as a function to total crack growth
from the initial 10 mm Teflon insert. The debonding R curve
started around 125 J/m2 and increased with crack growth
to 400-600 J/m2. These results indicate a leveling off, or
steady-state toughness of about 500 J/m2. Also shown in
Fig. 6 are reference curves for solid balsa. The debonding
toughness is always higher than the balsa toughness and be-
comes significantly tougher after 30 mm of crack growth.
Cantwell and Davies [11] used woven glass fibre/polyester
skin, a 50 mm pre-crack, and had a thinner core material;
they used λ = 0.167 while our specimens had λ = 0.045.
Their results had a similar plateau behavior in the R curve and
were described as having “extensive” fiber bridging [12, 13].
In comparison, however, their R curve only increased about
20% due to bridging while our results increased 300%. This
difference is likely due to our unidirectional composite skins
compared to their fabric composite skins and potentially due
to our thicker cores. Their plateau R values where higher
(around 1000 J/m2). This difference may be caused by their
use of different glass/polyester/balsa materials or a thinner
balsa core (λ= 0.167)

All our specimens debonded at the composite/core inter-
face. This observation agrees with other experiments that
used the same specimen [13] or a specimen that bends only
the skin [11, 12]. Two other results have noted tensile fail-
ure within the balsa core away from the interface [14, 15].
These experiments, however, used a specimen that clamped
the sandwich composite below the force used to pull the skin
and thus loaded both the skin and the core. In other words,
specimens that result in single arm bending of the skin ap-
pear better suited for measurement of debonding toughness
because they are more likely to induce a pure debonding fail-
ure.

Rising R curves are associated with crack tip process zones

Figure 7: Crack process zone in a debonding specimen for glass/vinyl ester
skins bonded to a solid balsa core after about 30 mm of crack growth. The
black dots on the surface are positioned at 10 mm increments.

such as fiber bridging. The balsa core is oriented with the
wood grain direction normal to the skin and therefore the
core is unlikely to contribute to fiber bridging (unless wood
fibers pull out of the end of the core). In contrast, the glass/vinyl
ester skins were unidirectional composites and with suffi-
cient bonding, fibers could pull out of the skin and bridge
the crack plane gap. Figure 7 shows that the crack process
zone does indicate glass fibers bridging the crack surfaces.
The use of unidirectional skins is expected to enhance fiber
bridging compared to similar experiments with woven glass
fabric composite skins [11–13] due to greater ease of fiber
pull out from the skins.

Equation (1) used for R calculations was derived using
simple beam theory. It does not account for shear effects,
which may be important in these specimens with fairly short
aspect ratios caused by the thick core (span to depth= 200/43.6
= 4.6), and does not partition the energy into mode I and
mode II components. To study these effects, we did some fi-
nite element analysis (FEA) for the debonding specimen with
emphasis on effect of core thickness. To validate the FEA ap-
proach, including convergence, we began with analysis of a
debonding specimen with skin thickness of t1 = 1 mm, vari-
able core thickness, t2, and initial crack length of 40 mm.
The energy release rate, including mode I and mode II com-
ponents, were found by virtual crack closure methods [24].
Prior FEA calculations on bending specimens have shown
that convergence works best with constant element size [24]
(e.g., attempts to refine the mesh around the crack tip can
give unreliable results). We therefore selected element size
as s = t1/n where n is the number of elements through the
thickness of the skin. Provided nt2/t1 is an integer, the entire
specimen could be meshed with equally sized elements.

Figure 8 shows convergence for mode mixity (defined as
GI/Gtot where GI is mode I energy released and Gtot is total
energy released) for test case with isotropic skin and core lay-
ers having the same moduli. The calculations were as a func-
tion of element size from one element in the skin (s/t1 = 1)
to four elements in the skin (s/t1 = 0.25). The three results
are for core to skin thicknesses of 1/λ= t2/t1 = 8, 1, and 0,
where zero means crack in the center of specimen between
two skins with no core. The solid lines with open symbols
are for the three-point loading configuration (see Fig. 1). For
t2/t1 = 8 or 1, the mode mixity decreases as element size de-
creases. An extrapolation to zero element size (a quadratic
fit) suggests that 3 or 4 elements in the skin provides suffi-
cient convergence (within 0.6% of the extrapolation to zero
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Figure 8: The mode mixity, or GI/Gtot , by FEA for sandwich core composites
having isotropic layers with equal moduli as a function of the constant ele-
ment size and various ratios of t2/t1. Solid lines are for three point bending
while dotted lines are for pure moment loading on the end of the skin arm.
The dashed horizontal lines are theoretical results from Hutchinson and Suo
[25] for pure moment loading.

element size). The specimen with no core (t2/t1 = 0) con-
verges for all element sizes. We also looked at total energy
release rate and convergence is faster. In fact any element
size gives Gtot within 0.7% of extrapolation to zero element
size; a refined mesh is only needed for finding mode mixity.

Calculations with skin and core having the same modulus
were done for validation because they could be compared to a
semi-analytical solution by Hutchinson and Suo [25], which
considered cracks as a function of position within a beam
with one arm loaded by pure bending moment. Applied to
skin-core composite, they derived:

GI

Gtot
=

K2
I

K2
I + K2

I I

(3)

where

KI =
M

q

2t3
1

�

(1− C3) sin(ω+ γ)p
V

−
C2 cosω
p

U

�

(4)

KI I =
−M
q

2t3
1

�

(1− C3) cos(ω+ γ)
p

V
+

C2 sinω
p

U

�

(5)

C2 =
6/η

(1/η+ 1)3
, C3 =

1
(1/η+ 1)3

, (6)

η=
t1

t1 + t2
, V =

1
12(1+η3)

(7)

U =
1

1+ 4η+ 6η2 + 3η3
(8)

γ= sin−1
�

6η2(1+η)
p

UV
�

, ω= 52.1◦ − 3◦η (9)

The last term (ω) had to be determined numerically and is
claimed accurate within 1% [25]. This theoretical result for
various t2/t1 ratios are the dashed horizontal lines and they

are 1% to 2% lower than FEA results. These discrepancies
between theory and FEA were determined to be caused by
boundary conditions and not by inaccuracy in either FEA or
analytical methods. Although the three point bending spec-
imen is applying a moment to the skin arm of M = Pa/2,
where P is center point load and a is distance from support
point to crack tip, this moment is not a pure bending mo-
ment. In contrast, the analytical model assumes a pure mo-
ment. We therefore modified the FEA analysis to apply pure
bending by replacing the support load with a linearly varying
traction from −σ to +σ on the end of the skin arm providing
a moment resultant of M = σW t2

1/6, where W is specimen
width. Under pure moment loading, the FEA results (dotted
lines with solid symbols in Fig. 8) converge to within 0.7% of
the theoretical result. Given that the numerically determined
ω in Eq. (9) is only claimed to be accurate within 1%, we ex-
pect these new FEA results, which are based on more recent
numerical methods, to be more accurate than the theory. In
other words, these FEA results with moment loading provides
confirmation that the prior theory has achieved the claimed
1% accuracy. An interesting result for the crack in the mid-
plane (when t2/t1 = 0) is that simple beam theory gives both
an exact total energy release rate and an exact partitioning
of GI/Gtot = 4/7 = 0.571429 [26]. Our FEA calculations
agreed with this exact solution for any element size with an
accuracy of better than 0.006%. This exact solution can be
used to show that attempts to improve FEA efficiency by us-
ing smaller elements near the crack tip and larger elements
elsewhere actually gives results that are less accurate than
results using a constant element size.

The next calculations were to look at the effect of skin-to-
core modulus ratio on the numerically evaluated mode mix-
ity. Figure 9 plots mode mixity as a function of the core thick-
ness for a variety of skin-to-core modulus ratios. As the ratio
increases, the fraction mode I loading increases. For modu-
lus ratio greater than 100 and relative core thickness greater
than 8, the loading is essential pure mode I loading. For all
balsa core composites, the modulus ratio was 230 and the rel-
ative core thickness was 22. Although the debonding speci-
men is asymmetric and intuition suggested mixed mode load-
ing, for sandwich composites with a thick, compliant core,
the test is essentially pure mode I. The R curve in Fig. 6 can
therefore be considered as pure mode I debonding toughness
results. Cantwell et al. [13] used FEA to look at mode mix-
ity and also concluded the loading is predominantly mode I
(GI/Gtot = 0.94 to 0.98) and that the amount of GI decreases
as skin-to-core modulus ratio decreases. Compared to their
analyses, our specimens and analyses had higher skin-to-core
modulus ratio (due to unidirectional skin compared to woven
fabric composite skin) and a thicker core. Both these differ-
ences led to even more predominant mode I character. Fi-
nally, Cantwell et al. [13] refined the mesh around the crack
tip, which we noticed can counter-intuitively reduce accuracy
compared to use of larger, constant-size elements.

Finally, to evaluate shear effects in total energy released,
we did FEA calculations for each experimental data point.
These calculations used actual composite three-point load-
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Figure 9: The mode mixity, or GI/Gtot , by FEA for sandwich core composites
having isotropic layers with various modulus ratios (E1/E2) as a function of
the core thickness. The skin thickness was t1 = 1 mm.
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Figure 10: Total debonding toughness, R, for one specimen evaluated by
beam theory in Eq. (1) (open symbols) or by FEA (solid symbols).

ing, actual dimensions (t1 = 1.8 mm and t2 = 40 mm), and
used full anisotropic properties for the unidirectional com-
posite skins and the solid balsa core. Because these calcula-
tions were only for total energy release rate, it was sufficient
to use a single element in the skin; with nearly equally sized
elements, the mesh had 22 elements in the core. Figure 10
compares R values calculated by FEA (solid symbols) to R
found by beam theory using Eq. (1) for one specimen. Ac-
counting for shear deformation caused the calculated tough-
ness to increase 15% to 30%. The shear effect is signifi-
cant in these specimens, but by both beam theory and the
more-accurate FEA, the mode I debonding toughness is sig-
nificantly higher than the solid core balsa toughness.

4. Conclusion

The development of sandwich composites should be ac-
companied by careful study of the fracture properties of the
core material and of the debonding toughness between the
skin and the core. A previous studied confirmed that balsa
has a higher toughness compared to other low-density ma-

terials used as core materials such as foams [3]. This work
extended that work to look at wood-based composite core
material (LVL balsa) compared to traditional butcher-block
balsa core material, potential influence of vinyl ester bonding
resin infusion on core properties, and on debonding between
a thick balsa core and unidirectional glass fiber composite
skins. The key findings were:

• LVL balsa can potentially improve the toughness of a
core material compared to solid balsa. The improve-
ment, however, depends on adhesive used in the lami-
nation. The polyurethane adhesive (G39) showed sig-
nificant improvement, but the urea-formaldehyde ad-
hesive (C31) showed little on no improvement.

• Infusion of vinyl ester resin into a balsa core (LVL or
solid wood) did not degrade any toughness properties.
The only drawback of resin infusion would be a slight
increase in core density.

• The debonding toughness is higher than the core tough-
ness and shows as large increase in R due to fiber bridg-
ing by the fibers in the unidirectional composite skin.

• Finite element analysis showed that the debonding ex-
periments give pure mode I results whenever the skin
is much stiffer than the core (E1/E2 > 100) and the
core is much thicker than the skin (t2/t1 > 8).

• Compared to previous skin/core debonding studies [11–
15], our results showed that both a unidirectional com-
posite skin and a thicker core increased mode I char-
acter and that a unidirectional composite skin can en-
hance the increase in toughness in the R curve caused
by fiber bridging. The magnitude of the plateau tough-
ness value for our skin/bonding resin/balsa material
properties differed from prior results on different ma-
terials [12, 13].
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