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Abstract

Background: Vacuum impregnation is seen as a valuable technique for flavor pairing in the catering industry. One
of the applications of this technique is the creation of edible cocktails by impregnating fruits with liquors, leading to
an interplay of different flavors. However, the effect of the impregnation of sugar and alcohol into the fruit will
affect the texture of the fruit and therefore its crunchiness. Thus, the positive effect of flavor pairing might be
inhibited by a negative effect in texture changes.

Results: This investigation focused on the change in crunchiness as a result of the impregnation of different sugar
and alcohol containing solutions. When hypotonic solutions were used, the impregnation resulted in the rupture of
the cells, thereby leading to a decrease in crunchiness. When hypertonic solutions were used, the cells shrunk,
which also resulted in a decrease in crunchiness. Isotonic solutions resulted in crunchiness comparable to its fresh
version. When alcohol was used, the crunchiness decreased at all concentrations investigated.

Conclusions: Crunchiness of fruit can only be maintained when impregnated with isotonic sugar solutions. When
the sugar or alcohol content deviates from that in the fruit, impregnation of these liquids will lead to a decrease in
crunchiness. This has consequences for the creation of edible cocktails: for an optimal crunchiness, the sugar
content of the impregnation liquid has to be equal to the sugar content of the fruit or vegetable.
Background
The impregnation of different solutes into porous materi-
als is an important process in the food industry. As the
demand for healthy and natural products is increasing,
processes are being used to adjust food system formula-
tions by processes like osmotic dehydration, impregnation
and ultrasound treatments [1-7]. Examples can be found
where fruits and vegetables are enriched with cryoprotec-
tants, calcium or zinc [8-10]. The amount of solutes and
liquid that can be absorbed by the porous products
depends on two diffusion processes: molecular and capil-
lary diffusion [2,11,12], which are influenced by parameters
such as surface tension, pore size, porosity, and others.
The process is often slow and absorption of liquids is lim-
ited. To overcome these limitations, vacuum impregnation
is more often used [2-4,10]. This technique applies a
reduced pressure to porous materials, which expands the
air in the open spaces and forces it to leave the porous
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material [13]. As the air flows out of the pores, any sur-
rounding liquid is allowed to flow in through the capillary
pores, a phenomenon called hydrodynamic mechanism
(HDM). The pressure change can promote deformations
in the product due to the viscoelastic properties of the
matrix, which leads to the coupling of the HDM with de-
formation-relaxation phenomena (DRP) [14]. Due to the
simultaneous expansion of air and flow of liquid, air in
porous products can be substituted with surrounding
liquids. This technique therefore allows the uptake of more
liquid in a shorter period of time [13]. It offers the possi-
bility to impregnate any porous matter with any liquid,
which makes pairing of a large variety of food materials
with different liquids possible.
Vacuum impregnation is a very simple technique to fill

porous materials with liquids and therefore offers oppor-
tunities in restaurants, bars and the retail sector. Recently,
restaurants and bars have been exploring the options of
using these industrial techniques to create different tex-
tures and combinations of flavors in their dishes [15,16].
Almost all food products that are used in these sectors are
porous materials, such as meat, fish, fruit and vegetables,
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Figure 1 The increase in weight (percentage) as a function of
the concentration of sugar solution. Squares represent the result
for apple, circles represent the results for melon and triangles represent
the results for cucumber. The line was added to guide the eye.
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and can be impregnated or marinated with oils and fla-
vored liquids. Combinations of chocolate milk in straw-
berries, orange juice in apple and vodka in cucumber are
just a few examples of the many combinations possible.
Liquor-filled pieces of fruit are described as edible cock-
tails, and combine the flavor of the liquor with the texture
of fruit. Besides affecting the flavor of the fruit, the impreg-
nations of these sweet and alcoholic liquids also have an
effect on the texture of the fruits and vegetables. The type
of incorporated liquid can lead to dramatic structural
changes of the fruit, which lead to changes in sensory per-
ception. Although the change in flavor might have benefi-
cial effects, the dramatic changes in the texture of the fruit
might lead to detrimental effects in these edible cocktails.
This work focuses on the structural changes of the edible
cocktails when impregnated with sugar and alcohol solu-
tions. The change in texture is examined by investigation
of the crunchiness (toughness) of the fruit.

Results and discussion
Weight gain of impregnated fruit
The impregnation of different solutes into fruits and vege-
tables has an effect on texture. During the impregnation,
air pockets or interstitial spaces between cells are filled by
the impregnation liquid. This will give rise to a difference
in osmotic pressure within the porous material [13]. As a
result, osmosis will occur that will lead to the flow of
liquids and solutes. The osmotic treatment can have differ-
ent effects on the food material, depending on the nature
of the osmotic solutions. Three types of solutions can be
distinguished: isotonic, a solution containing a similar con-
centration of solutes as the food material; hypotonic, a so-
lution containing less solute molecules than the food
material; and hypertonic, a solution containing more sol-
ute molecules than the food material [13]. Osmosis will
lead to a change in pressure of the cells (turgor pressure)
and will have an effect on the cell size and the weight gain
of the fruit samples. Figure 1 shows the weight gain for an
apple, melon and cucumber impregnated in sugar solu-
tions with different concentrations.
When isotonic solutions are used, no net liquid flow

will occur and the plant cell sizes will not change. Total
weight gain of the samples at these concentrations can
be regarded as the weight gain due to the filling of the
interstitial spaces only, and can be used to calculate the
porosity of the fruit. Isotonic solutions are sugar solu-
tions with an equal concentration of sugar as the fruit
itself. In fruits, the sugar concentration is given as a brix
value (°Bx), which contains the contributions of the dif-
ferent sugars present in fruits and vegetables (for ex-
ample, sucrose and fructose). Refractive index
measurement results in 12°Bx for apples (equivalent to
12% wt/wt sucrose), 6°Bx for melon (equivalent to 6%
wt/wt sucrose) and negligible values for cucumber. This
is in agreement with values found previously [17]. This
brix value is used in the calculation of porosity, which
works out as 30% for apple, comparable to results found
previously [4], 20% for melon and 25% for cucumber.
At sucrose concentrations different from the brix

values of the fruit itself, osmotic differences will lead to
changes in the cell structure as a flow of liquid and
solutes is generated. In hypotonic solutions (low sugar
concentration), the osmotic pressure within the cells is
higher than in its surroundings. To decrease the differ-
ence in pressure, water will flow into the cells and
solutes diffuse to the outside. This will lead to the swel-
ling of the cells, and may lead to rupture, thereby
destroying the cell wall. For the melon, we see that the
weight gain at low sugar concentrations is decreased in
comparison to in an isotonic solution. As melon has a
soft structure, it is reasonable to assume that the cell
swelling leads to rupture of the cells. As the liquid is
now allowed to flow from the cells, the total weight gain
decreases as the amount of intact cells is reduced. This
effect is less visible in the case of apple, which has a
firmer structure. As the cucumber does not contain any
sugar, no hypotonic osmosis is observed.
On the other hand, when placed in hypertonic solu-

tions, cells will shrink as water will be pulled out of the
cells to decrease the pressure in the surrounding solu-
tions. At the same time, the sugar diffuses into the plant
cells. However, as the sugar molecules are much larger
than water molecules, diffusion will be limited as the
molecules have to diffuse through the network of the cell
wall. The composition of the cell wall determines the
total amount of solute that can penetrate through the
cell. For both melon and cucumber, we see a large de-
crease in weight gain in hypertonic impregnation solu-
tions compared to in isotonic solutions. This is a result
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of the shrinkage of the cells that leads to a collapse of
the structure. Although we see large differences for
melon and cucumber, the weight gain for apple does not
show dramatic changes. However, as apple contains a
large amount of sugar, this effect will only occur at sugar
concentrations higher than 12% wt/wt, and the effect is
therefore very limited in this concentration range. As the
results for the melon and cucumber show, hypertonic
solutions lead to water removal from the cells and are
therefore often used to dehydrate fruit samples [3,6,18].
These results show that the weight gain for the melon

and the cucumber is largest when the samples are placed
in an isotonic solution; no change in plant cell size has
occurred. When the samples are placed in either a hyper-
or hypotonic solution, we see a decrease in the weight
gain, and therefore a dramatic change in the structure of
the fruit. However, impregnation of the apple does not
result in large differences in weight gain regardless of the
type of solution. Apparently, the structure is not that
much affected by the solutions compared to the much
softer melon and cucumber. Overall, the degree of
shrinkage for concentrated sugar solutions (15% wt/wt)
is related to the sugar content of the fruit; apple, con-
taining the highest concentration of sugar, shows the
least effect; cucumber, containing the lowest concentra-
tion, shows the largest effect.
Figure 2 shows the weight gain of apple, melon and cu-

cumber impregnated in ethanol solutions. In the case of
impregnation with alcohol solutions, both water and alco-
hol will flow into the samples and sugar diffuses out. The
rate of diffusion will depend on the size of the different
molecules. As water is the smallest molecule, it will have
the largest diffusion capacity. Sugar is the largest and will
therefore have the lowest diffusion capacity through the
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Figure 2 The increase in weight (percentage) as a function of
the concentration of ethanol. Squares represent the result for apple,
th circles represent the results for melon and triangles represent the
results for cucumber. The line was added to guide the eye.
cell wall. The ratio between the different diffusion coeffi-
cients and the immersion time will determine the relative
changes of the solution and solutes. The interplay between
the three diffusion processes will determine the total flow,
and depends on the osmolarities of the solutes and the
permeability of the cell walls. As can be seen, the weight of
the sugar-containing apple and melon does not change
dramatically. The diffusion rates for water, ethanol and
sugar are in balance to some extent. When placed in high
concentrations of alcohol, a slightly larger decrease in
overall weight gain is observed: water is being pulled out
of the cells. Apparently, the water flux from inside to out-
side of the cells is larger than the ethanol flux into the
cells. Even though the apple and the melon do not show
large differences in weight gain, the cucumber does. Simi-
lar to the impregnation with sugar solutions, the weight
gain for the cucumber samples decreases with an increase
in ethanol concentration. However, the total decrease in
weight gain for higher ethanol concentrations is less than
in the case of concentrated sugar solutions. As the osmo-
larity of an ethanol solution is approximately three times
larger than the osmolarity of a sugar solution, the driving
force for water extraction would be much higher using
ethanol solutions, and should therefore result in larger cell
shrinkage. As this is not the case, we can conclude that
osmolarity by itself is not the only driving force for liquid
flow. Apparently, the diffusion of ethanol determines to a
great extent the exchange of liquids and solutes in the
cells. As can be seen, the diffusion of ethanol into the cells
is much faster than the diffusion of sugar. The diffusion
coefficient (and thus the size of the solute) determines the
total water flow. The larger the solute, the slower the diffu-
sion through the cells, the more water is pushed out before
equilibrium is reached, which leads to a larger weight loss
(compared to isotonic conditions).

Fracture toughness measurements
The mechanical properties of the fruit are mainly re-
sponsible for the fracture behavior of these materials and
will define their sensory attributes. Vincent and cowor-
kers showed that the stress needed to crack a certain
fruit sample is closely related to the sensory attributes of
hardness and crunchiness [19,20]. The general fracture
behavior of fruit can be ascribed to two different failure
modes within the sample: cell separation and cell rupture
[8,21]. The type of failure mode depends largely on the
turgor pressure of the cells; cell debonding is more likely
to occur at low turgor pressure and cell rupture at higher
turgor pressure. The fracture (mechanical) properties of
the impregnated fruit samples were measured with a
three point bending test. The samples were placed on
the support and loaded with a cell. Force displacements
curves were recorded for all samples, for which the max-
imum load, Pc, before fracture was noted. Examples for
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force displacement curves for untreated and water-
impregnated fruit samples are shown in Figure 3.
These force displacement curves are approximately lin-

ear up to a certain critical load, at which one of the
cracks propagates. As the crack gets arrested, the load is
increased again, and decreased the moment another
crack appears. The fracture toughness of the samples
was calculated according to Equation 2. The maximal
load used, needed to calculate the fracture toughness, is
very dependent on differences in the samples, and there-
fore the test was done three times to obtain an averaged
value. The solid lines in Figure 3 show the fracture be-
havior for the untreated samples. As can be seen, the
fracture toughness of a fresh apple is highest, but im-
pregnation with water leads to a large decrease in the
maximal load. The maximal load for impregnating cu-
cumber, on the other hand, does not differ significantly
between untreated and impregnated samples.
Overall, the impregnation of the fruits had a negative

effect on the fracture toughness compared to fresh fruit.
The cucumber impregnated with 15% wt/wt of sugar
does not even fracture, becoming too soft. A similar re-
sult is obtained for the melon with 5% wt/wt of ethanol.
Figure 4 shows the result of the fracture toughness of

the samples impregnated with sugar solutions. As can be
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Figure 3 Force displacement curves for loaded fruit samples. (a) apple
Dashed lines refer to the treated samples with water (no solutes).
seen, the error bars of the measurements are quite large,
which reflects the difficulty of working with real fruit
systems. Fruit tissues are often anisotropic and therefore
large fluctuations in fracture can be observed [22]. Frac-
ture will occur along the weakest pathway of resistance,
and will therefore largely depend on the tissue structure
and the orientation of the network. Even though the
samples were all loaded in the same direction, differences
in fracture behavior are still visible.
The fracture toughness reflects the fracture behavior of

the fruits through cell rupture and cell separation, which is
mainly influenced by the cell turgor pressure and the com-
position of the cell wall and the lamellae. Despite these
large fluctuations in the fracture toughness, a clear trend
can be observed for the three fruit types. The largest frac-
ture toughness is found in isotonic solutions; around 12%
wt/wt for the apple, 6% wt/wt for the melon and 0% for
the cucumber. These values are the most comparable with
the values for the untreated fresh sample. At these concen-
trations of sugar, the cell turgor pressure does not change,
and no large changes in fracture toughness due to cell rup-
ture will be present. However, when hypo- and hypertonic
solutions are used, the turgor pressure on the cell wall
does change. In hypotonic solutions, the cells swell, and
according to the weight gain experiments, cell rupture has
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; (b) cucumber; (c) melon. Solid lines refer to the untreated fresh fruit.
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Figure 4 The fracture toughness as a function of the concentration of sugar. (a) Squares represent the result for apple; (b) circles represent
the results for melon; (c) triangles represent the results for cucumber. The line was added to guide the eye. Dashed horizontal line refers to the
toughness of an untreated sample. Dotted vertical line refers to the isotonic solution.
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probably occurred. As the cell ruptures, fracture toughness
decreases, which is clearly visible in Figure 5. Had cell rup-
ture not occurred, cell fracture would have been more dif-
ficult, which would have led to higher fracture toughness.
In the case of hypertonic solutions, water is extracted from
the cells, which causes a loss in turgor pressure (shrinkage
of the cells) and a decrease in cell wall elasticity. This leads
to a decrease in the fracture toughness.
Although the pressure seems to be the most important

parameter responsible for the mechanical properties of
fruit samples, other attributes have also been shown to
contribute: cell wall resistance, cell bonding, cell density
and porosity [8]. Cell separation, especially, is an important
factor [21]. The impregnation solutions have an effect on
the cell walls and the lamellae between the cells. The
solutes in the solutions have the ability to change the com-
position of the cell wall. Plant cell walls consist of polysac-
charides, such as pectins, celluloses, hemicelluloses, starch
and galactomannans, which can be found in the primary
cell wall and the middle lamellae [23]. These polysacchar-
ides can be degraded (by age or solutes) and determine the
composition and, therefore, the strength of the cell wall.
Pectin, one of the polysaccharide, has been found to have
the largest effect on fruit softening, as the dissolution of
pectin leads to weaker cell walls and the dissolution of the
middle lamellae, leading to separation of the plant cells
[7,10,18,23-26]. The incorporation of liquid sugar solutions
leads to solubilization of the pectin and decreases the cell
adhesion. This leads to a decrease in fracture toughness,
which is visible for all fruits as the fracture toughness of all
the impregnated samples was lower than the fracture
toughness of fresh fruit.
Figure 5 shows the fracture toughness for the samples

impregnated with the alcohol solutions. During the im-
pregnation, water diffuses out of the cells while ethanol
will diffuse into the cells, until equilibrium in osmotic
pressure is reached. The exchange of water for ethanol
has already been shown to cause shrinkage of cells in the
case of apples [27].
There was a large decrease in fracture toughness for

apple and melon in ethanol solutions compared to sugar
solutions. For cucumber, we see a similar negative effect as
in the case of the sugar impregnation. Even though the
ethanol solution will have an osmotic pressure comparable
to the fruit’s cells at a certain concentration, it appears that
the presence of alcohol has a larger effect than just the
effect on turgor pressure. This is probably due to cell sep-
aration instead of cell rupture. When the ethanol is drawn
into the cells, it changes the composition of the cell walls
and the strength of the lamellae. The cell wall
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Figure 5 The fracture toughness as a function of the concentration of alcohol. (a) Squares represent the result for apple; (b) circles
represent the results for melon; (c) triangles represent the results for cucumber. The line was added to guide the eye. Dashed horizontal line
refers to the toughness of an untreated sample.
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polysaccharides are soluble in water, but mostly insoluble
in ethanol so they precipitate out. This precipitation dis-
torts the network and its strength. For apple and melon,
we see that the fracture toughness for ethanol-impreg-
nated samples is much lower than for sugar-impregnated
samples. The presence of ethanol therefore seems to have
a negative effect on the cell wall strength. Apparently, the
precipitation of the polysaccharides leads to a loss in cell
wall strength and, therefore, increased ease of cell separ-
ation or debonding. However, the exact contributions of
cell rupture and cell separation are not clear. Although
research can be found on the cell tissue structure for os-
motic hydrated fruit, the effect of alcohol on the cell struc-
ture has not been studied extensively.

The effect of impregnation of liquors into fruit: The edible
cocktails, practical implications
Vacuum impregnation has proven to be an effective
method to incorporate liquids into porous fruits and
vegetables. This provides the opportunity to combine dif-
ferent flavors of fruit with additional flavored liquids. In
the catering and beverage industry, it can be used to
combine fruits, such as apples and cucumber, with alco-
holic beverages, such as vodka and martini, to create
impregnated fruit samples, also known as edible cock-
tails. These edible cocktails can be made by placing a
small piece of fruit in a liquid-filled container (a combin-
ation of liquor, sugar solution and flavored water), and
then placing the container in a vacuum sealer. The vac-
uum should be applied for roughly 30 minutes to allow
the air to escape, after which the vacuum showed be
released slowly to allow the liquid to enter the fruit grad-
ually and fill all available pores. When this exercise is
performed, the liquids and its flavors are infused into the
fruit. However, not only the flavors of these products will
change, but also the texture of the fruit and therefore the
sensory perception. Using this method for flavor pairing,
one therefore has to keep in mind that it comes with a
change in texture, which might be detrimental to consu-
mers’ perception. If one would like to keep the crunchi-
ness and hardness of the fruit, the fruit should be
infused with isotonic solutions. The sugar concentration
of the fruit can be determined using a Brix meter. One
degree of Brix is equivalent to a 1% sugar solution. For
example, a fruit with a Brix value of 10 will best maintain
its crunchiness and hardness with liquid that contains
10% sugar (wt/wt). Large deviations from the sugar con-
tent of the fruit will likely lead to a loss of texture. The



Figure 6 Geometry of the three point bending test.
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impregnation of alcohol always leads to a decrease in the
texture and will make the fruit much softer.

Conclusion
Vacuum impregnation has been evaluated as a new tech-
nique for flavor pairing in restaurants and bars. The tech-
nique can be used to infuse different liquids into porous
materials, such as meat, fish, fruit and vegetables. This re-
search focused on the impregnation of different sugar- and
ethanol-containing liquids into fruits. Although the com-
bination of flavors can be a positive contribution to a dish,
the change in texture could be detrimental to consumers’
perception. This research therefore focused on the effect
on texture of impregnation with different solutes into
apple, melon and cucumber. The impregnation of sugar
and alcohol solutions into the three different types of fruit
resulted in a large change in weight gain and fracture
toughness. When isotonic solutions were used, maximum
weight gain and maximum fracture toughness were found.
This indicated an unchanged cell structure; fracture behav-
ior was maintained. When impregnated with hypotonic
solutions, a lower weight gain and decreased fracture
toughness was found. This could be attributed to cell swel-
ling and rupture. Hypertonic solutions induced cell shrink-
age and cell debonding, which also led to a lower weight
gain and decreased fracture toughness. The impregnation
of alcohol led to a decrease in fracture toughness in all
cases. These results show that the impregnation of fruit
samples with different liquids, either sugar- or alcohol-
containing, has a large influence on the crunchiness of the
fruit.

Methods
Materials
The fruits used in this study were apple (Elstar), melon
(Galia) and cucumber and were purchased from a local
store. They were selected on the basis of size and visual
absence of damages. They were stored at room
temperature and used within one day of purchase. The
solutions for impregnation were prepared with sucrose
and ethanol. The sucrose was obtained from Suikerunie
(Oud-Gastel, the Netherlands). Ethanol was obtained
from Sigma-Aldrich (Zwijndrecht, the Netherlands). The
solutions were prepared with demineralized water.

Sample preparation for impregnation treatments
The apple, melon and cucumber were cut in small pieces
of roughly 4.0 × 1.0 × 0.8 cm. Pieces were cut in identical
directions within the fruit tissue to avoid differences in
cell build-up. Skin and seed areas were avoided to create
homogeneous textures and the pieces were weighed and
measured before use. Three pieces of each kind were
placed in a container that contained 50 mL of the im-
pregnation solution. These solutions contained either
sugar (0%, 2.5%, 5%, 6%, 10%, 12% and 15% wt/wt) or
alcohol (0%, 5%, 10%, 15% or 20% wt/wt). The containers
were placed in a vacuum oven at 25 °C and the pressure
was reduced to near vacuum. The samples were kept at
this pressure for 30 minutes, after which atmospheric
pressure was restored slowly. The impregnated pieces of
fruit were removed from the container and the excess
solution removed from the surface. The samples were
weighed again and the uptake of the solution was noted.
Assuming that isotonic solutions do not have an effect
on the structure of the cells, the amount of liquid that
was incorporated is equal to the effective porosity, which
can be interpreted as the fraction of the pores that are
available for HDM. The effective porosity, E, is related to
the weight gain as below:

E ¼ Mf �Mi

ρsV0
ð1Þ

where Mf is the final mass of the material, Mi is the
initial mass of the material, ρ is the density of the solu-
tion and V0 is the initial volume of the material. This
only applies to fruit types that do not show a large DRP
due to viscoelastic effects, as this would influence the
structure of the cells. Previous studies have shown that
firm fruits, such as apples and melons, suffer minor
deformations, indicating that DRP can be neglected [4].

Mechanical test
Mechanical tests were carried out using a Texture
Analyzer, equipped with a load cell of 50 N and a home-
made razor blade. To measure the fracture toughness of
the impregnated samples, a three point bending test was
used, which has been shown to give good results for the
determination of fracture toughness [28,29]. The samples
were placed horizontally on the supporting carriers of the
set-up. Prior to testing, the samples were notched with a
razor blade to halfway through the sample, and the notch
in the sample was placed facing down underneath the
loading point. The ratio between the depth of this notch



Scholten and Peters Flavour 2012, 1:10 Page 8 of 8
http://www.flavourjournal.com/content/1/1/10
and the total width of the sample (a/W) was between 0.45
and 0.55. The razor blade was then lowered into the sam-
ples with a speed of 1 mm/s. The maximal force that cor-
responded to the onset of crack propagation was recorded
for all samples. The measurements were performed three
times, and the fracture toughness, KIC was calculated
where Pc is the maximal load before propagation starts, S
is the distance between the supports, according to:

KIC ¼ PcS
BW 3=2

� f a
W

� �
ð2Þ

B is the breadth of the specimen, W is the width of the
specimen and a is the crack length. F(a/W) is a correction
factor, which is equal to 1.5 [30]. The geometry for the
experimental set-up can be found in Figure 6. The sub-
script IC refers to the mode I loading conditions.
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