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Abstract. This research examines the mechanical properties of cork, explicitly focusing on enhancing its mass
insulation characteristics by calculating the apparent diffusion coefficient. This coefficient was obtained by combining
conductimetric measurements with model calibration and further refined using an optimization model based on the Bat
Algorithm. A series of eight experiments was conducted to examine the impact of operating parameters and their
interactions on cork’s diffusion coefficient using the experimental design according to the response surface
methodology. The factors considered included three potential growth areas spread over the North of Algeria, cutting
directions, and material states (treated and native). Given the duration and expense of the experiments, a linear model
incorporating interactions was employed to examine the effects of all parameters. The Minitab software allowed for
estimating the model’s coefficients, including interactions, indicating that the diffusion coefficient remains unaffected
by the planting area. However, the tangential cutting direction influences the mass insulation property. Additionally,
the negative sign of the coefficient associated with thermal heat treatment indicates that this factor enhances cork’s
insulation performance, reducing the diffusion coefficient from 3.40-107'2 m?%s to 4.57-107'3 m?/s. Moreover, treated
cork exhibits a diffusion coefficient value four times lower than that resulting from the tangential cutting direction. As
a result, the experimental findings enabled the development of a simplified predictive model for mass diffusivity, with
a coefficient of determination of 0.90 and a significance level of 0.05.
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1 Introduction

Cork, a natural material primarily derived from the bark
of the cork oak (Quercus suber) [1], is extensively utilized
across various fields due to its exceptional cellular
properties and chemical composition [2, 3].

To enhance its properties, including the apparent mass
diffusion coefficient D,,, optimal high-temperature
thermal heat treatments (THT) were examined by [4].

The samples originate from three distinct geographical
growth areas in Algeria, each cut in three specific
directions, which can considerably affect the material’s
mechanical properties [5].

This research employs a systematic approach based on
the response surface methodology (RSM) [6]. An
experimental investigation is conducted at the LME of the
University of Medea, utilizing advanced techniques for the
characterization of cork samples.

The main objective is to determine the optimal
conditions for minimizing the D, considering the
treatment process, geographical areas, and cutting
directions.

The procedure involves carefully collecting samples
from the three regions, followed by THT treatments
according to a pre-established RSM [7]. Analysis of
physical and mechanical properties, along with mass
diffusion testing [8], is performed accurately for each
sample.

This study utilizes a systematic approach to elucidate
the impact of thermal treatments on cork D,,, considering
the growth area and cutting directions. The acquired results
will contribute not only to the optimization of cork
properties for specific applications [9] but also expand the
comprehension of the mechanisms governing the behavior
of this material, as revealed by [10].
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2 Literature Review

In recent years, there has been growing interest in cork
as a sustainable insulation material, driven by its unique
combination of cellular structure, thermal properties, and
environmental benefits. Fundamental studies have
established critical structure-property relationships,
particularly emphasizing the role of suberin content and
cellular morphology in determining mechanical and
thermal performance [11, 12].

Advanced characterization techniques, including
micro-CT scanning and dynamic mechanical analysis,
have revealed significant orientation-dependent behavior,
with radial and tangential properties differing by as much
as 40 % in some cases [13, 14]. This anisotropy has
essential implications for insulation applications, where
the design must carefully consider directional properties.

Developing predictive models for cork behavior has
evolved from classical Fickian diffusion approaches [15]
to more advanced computational methods.

Recent work by Santos et al. [16] and Kermezli et al.
[17] has quantitatively demonstrated anisotropic diffusion
coefficients, providing a foundation for the direction-
dependent modeling framework employed in the current
study. Parallel advances in metaheuristic optimization
techniques have enabled more accurate parameter
estimation from experimental data, though challenges
remain in accounting for coupled thermal-hygroscopic
interactions [18].

While cork is widely utilized in wine stoppers due to its
optimal combination of compressibility and gas
impermeability [19, 20], its potential in building insulation
remains underexploited. Comparative studies highlight
cork’s superior environmental profile and competitive
thermal performance relative to petroleum-based foams,
particularly in applications requiring combined thermal
and acoustic insulation [4, 5]. However, most existing
research has focused on untreated cork, with limited
investigation into how controlled thermal modification
might enhance performance characteristics for targeted
applications.

THT presents both opportunities and challenges for
modifying cork. While conventional chemical treatments
can be effective, they often degrade mechanical properties,
e.g., a 25-30 % reduction in elastic modulus following
alkaline processing is observed [10, 21].

Alternative approaches using controlled treatments
show promise; preliminary work on beech wood has
demonstrated that inert gas environments can effectively
modify material properties while minimizing oxidative
damage [22, 23].

Based on these findings, a processing protocol can be
developed to balance performance enhancement with
structural preservation.

Optimizing thermal modification parameters is critical,
as demonstrated by Miranda et al. [24], who identified
threshold temperatures beyond which structural
degradation becomes significant. Their findings showed
that steam treatments exceeding 150 °C induce lignin

depolymerization, resulting in an 18-22 % increase in
brittleness.

These results highlight the importance of temperature
control and atmospheric composition, which directly
influenced our selection of moderate-temperature (120—
140 °C) under oxygen-free processing conditions.

Despite these advances, several key gaps remain in the
current understanding of modified cork materials.

First, few studies have systematically examined the
coupled thermo-hydro-mechanical behavior under realistic
service conditions.

Second, long-term performance data under cyclic
environmental loading is notably absent from the
literature.

Third,  comprehensive life-cycle  assessments
comparing modified cork to synthetic alternatives are
scarce.

The present research addresses these gaps through a
combined experimental and modeling approach,
introducing an inert-atmosphere thermal modification
process while developing a multiscale diffusion model that
explicitly accounts for anisotropic effects.

This integrated methodology offers new insights into
the property trade-offs between thermal stability and
mechanical performance in modified cork materials.

3 Materials and Methods

3.1 Experimental research

The experimental protocol involves the preparation of
natural cork chips sourced from three distinct regions in
Algeria (i.e., Jijel, Medea, and Skikda), acquired from the
industrial unit. These samples are characterized by high
quality [25, 26] and kept in their natural state without prior
surface treatment.

The chips are then cut into orthotropic blocks,
according to directions, e.g., radial, longitudinal, and
tangential (Figure 1), as mentioned by [27], according to
specific dimensions that are suitable for the conductimetry
method [15].

Trunk axis

Longitudinal

Figure 1 — Different directions of cork cells

Determining the reduced mass involves using thin slabs
of cork with an average flat area of 1.934-10~* m? and an
average thickness of 5.91-1073 m in the chosen direction.

The samples were subjected to an ecological THT under
an inert gas, argon (Ar), to enhance the mechanical
properties of the cork.
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The thermal cycle was based on the optimal cycle
proposed by [15, 18], as shown in Figure 2.
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Figure 2 — Heat treatment cycle under inert atmosphere

All cork chips, whether native or treated, consist of
24 elements. The Dy, value of each chip is directly
measured using the conductimetric method, as described
by [15].

The principle involves soaking the cork sample in a
sodium chloride (NaCl) solution.

Under vacuum, the sample is
saturation is achieved (Figure 3 a).

Subsequently, the sample is immersed in distilled water
under agitation to observe the transient molecular
diffusion of NaCl using a conductimeter; the instantaneous
concentration is recorded by a data acquisition system
(Figure 3 b).

maintained until

Figure 3 — Schematic of the conductimetric measurement installation: a — transient conductivity measurement; b — impregnation;
1 — cork chip; 2 — funnel; 3 — valve; 4 — vacuum pump; 5 — stirrer; 6 — heat resistance; 7 — thermocouple;
8 — conductimeter; 9 — acquisition system

3.2 Numerical calculations

A second-order partial differential equation governs
non-steady-state diffusion. Its resolution is analytically
complex and typically requires the use of numerical
methods.

To simplify the mathematical model, the following
simplifying assumptions can be introduced:

1) the diffusion environment does not serve as a site for
chemical reactions;

2) the cork chip is non-deformable and homogeneous,
with unidirectional diffusion;

3)the concentration has
throughout the sample.

a uniform distribution

Therefore, the mass balance of equation (1) allows for
determining the diffusion fluxes of chemical species
within the sample and describing their temporal and spatial
evolution.

Accumulation] _ [Diffusion] + [Production] +

term -

n [Convection
term

term term

(1)
=0.

Assuming no chemical reactions and neglecting the
negligible contribution of convection, the material balance
equation reduces to:

[Accumulation] _ [Diffusion -0 )
term term .

After simplifications, the model is written as follows:
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where ¢; — concentration of the i-th chemical species
diffusing, mol/m?; D, — the diffusivity coefficient, m%/s;
¢ — coordinate, m; s — power; ¢ — time, s.
In the rectangular coordinate system, adapted to the
cork chip, associated with the initial and boundary
conditions, the model reduces to:

( dci(x,t) _ D 9%ci(x,t) .
| at T app gx2
{ (%, O)IFEy = Cio; @)
=l — .
ci(x, )1, = Cip;
ac; e, t)|¥=0 -o.
at >0

Applying the Laplace transform and solving the partial
differential equation, the analytical expression of the
model representing the reduced mass routine in the form
of the concentration of the chemical species in the external
medium is given by:

cxt)—=cio _ 4 4y (-)" (2n+1)nx
Cip—Cio =1 ﬂ:zn:o {(2n+1) cos [ 21 ] X} (5)
(2n+1)?m2Dgppt
X exp [— T] ’

where [ — the half thickness of the sample.

The calculation of D,,, on the RSM can be approached
through the spatio-temporal analysis of the concentration
ci(x, 1) of the diffusing species i.

3.3 RSM analysis

The three factors in this study were selected based on
prior research findings. Orientation significantly affects
the thermal properties of natural cork [16]. Moreover,
temperature and geographical origin are critical in
determining cork’s physical structure [28].

Considering that the three factors chosen for this study
are entirely qualitative, their impact on the D, was
examined using RSM theory, wherein they were abstractly
assigned distinct levels when combined [29, 30].

Combining two-by-two factors creates three complete
models relating to them. Thus, a full model with three
factors and two levels is tested to discern the effect of each
factor and the interactions [31].

The general model is revealed to be of linear form:

Dapp = Qp + a,xq + AyXo + aszX3 + Aq13X1X>p +
+aqi3X1X3+0a23%,X3 + A123X1X2X3 + €,

(6)

where x; — the i-th factor; a; — the i-th influence of factor;
aj, aj — the higher interactions of factors i, j, and £;
¢ — the error.

The respective values of a;, a;, and a; are determined
via the experiments targeted in the experiment matrix.

It is worth noting that each model is designed to
concentrate on two levels and three specific factors by
investigating a portion of the factor space to understand
their impacts and enhance the interpretation of the
obtained results. Consequently, three distinct matrices
must be identified to optimally conduct the 24 experiments
for estimating the coefficients a;, aj, and a; for each
combination. The experiment matrix is presented in
Table 1, following the method of factor coding [32, 33].

Table 1 — RSM experiment matrix

Order / X1 X2 X3 X1X2 X1X3 X2X3 X1X2X3 Dapp
1 +1 -1 -1 —1 +1 +1 +1 -1 (Dapp)1
2 +1 +1 -1 —1 -1 —1 +1 +1 (Dapp)2
3 +1 —1 +1 —1 —1 +1 —1 +1 (Dapp)3
4 +1 +1 +1 -1 +1 -1 -1 -1 (Dapp)4
5 +1 -1 -1 +1 +1 -1 -1 +1 (Dapp)s
6 +1 +1 -1 +1 -1 +1 —1 -1 (Dapp)s
7 +1 -1 +1 +1 -1 -1 +1 -1 (Dapp)7
8 +1 +1 +1 +1 +1 +1 +1 +1 (Dapp)s

The coefficients a;, a;, and a; can be evaluated based
on the experimental results (Dyy,); presented in Table 1. In
the factor definition section, it is recalled that the study
relates to the following combinations:

a) geographical factors (growth areas), namely lJijel,
Medea, and Skikda;

b) cutting direction factors (radial, longitudinal, and
tangential);

c) State factors relating to the cork samples (native or
treated).

The D, value is determined experimentally by the
conductimetric method and then adjusted using a model
developed in the transient mode.

It should also be noted that interpreting the RSM
analysis results, particularly the analysis of the
significance of the regression using the ANOVA technique

[34, 35], involves repeating the experiments at the points
defining the experimental area. However, the use of
specific hypotheses considerably simplifies this analysis.

The diffusion coefficient’s data acquisition step is
conducted using an experimental approach that considers
the nature of the cork. According to the factor level, as
predicted by the RSM theory, only one sub-sample,
consisting of 12 cork chips, was previously treated with
THT according to the cycle shown in Figure 2.

It is essential to point out that the order of
experimentation is defined by the matrix of experiments,
where a complete factorial plan with two levels and three
factors [36] has been retained.

Having defined the qualitative experimental factors
(planting area, cutting direction, nature (treated or native)
on the one hand, and after identifying the experiments to
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be carried out through the matrix of experiments, they can
be enumerated.

Therefore, and for illustrative purposes, the
concentration evolution over time is shown for the 3 and 6
orders for each series of experiments, where the results are
grouped.

The experiments are subdivided into three sub-groups,
defined by three different matrices of experiments, while
the interaction between the various factors is analyzed.
Two levels were assigned for each factor, defined by their
coding as “—1” and “+1”.

4 Results

4.1  First series of experiments

Table 2 defines the factors and their coding to study
their impact on the D, coefficient.

The experimental data relating to the evolution of the
NaCl concentration in the aqueous medium can be seen in
Figure 4.

Table 2 — 1st-series coding of factors influencing the Dqyp value

Growth Cutting State of the

area (A) direction (B) cork chip (C)
Medea (+1) Radial (+1) Treated (+1)

Jijel (1) Longitudinal (-1) Native (-1)

0,35 Jijel Longitudinal native e
Jijel Radial native //’
< 0,30 p
é ‘Order 6: Dapp=5,07*1 O'umz/s‘ ! ‘-_,-—
= 025 /
S et o
- 0.20- e
g
s
5 0.157 122
g Py [Order 3: Dapp=3,60*10"2m¥s|
15} p
2 o104 y
1) 7 . . .
Q _J! First series of experiments
0,057 /
0,00+ ; ; ; ; ; . . .
0 20 40 60 80 100 120 140 160
Time (min)

Figure 4 — Ist-series temporal concentration evolution
of species i for experiments involving orders 3 and 6

Notably, D,y can be estimated by calibrating these
experimental results to the analytical solution of the
diffusion equation of Fick [37].

The values are presented in Table 3.

Table 3 — 1st-series experimental results of the evolution of the concentration (mM/]) and the Dapp value

Time, min Dapp,
Order 0 5 50 75 100 130 160 1013 ms
1 1.08 9.84 40.15 4.63 55.39 60.73 64.25 2.62
2 0.79 11.73 47.68 56.70 65.15 68.48 73.94 3.93
3 19.69 | 35.14 164.36 200.06 216.89 241.71 285.60 36.00
4 16.77 8.20 152.08 175.25 190.43 210.52 238.99 29.00
5 4.97 15.93 59.18 73.79 77.11 84.61 91.14 4.57
6 39.04 | 77.48 200.55 230.90 269.72 331.61 365.26 50.70
7 4.86 15.71 58.52 72.99 76.28 83.71 90.17 4.50
8 18.98 | 42.39 166.67 191.90 208.50 230.38 259.75 34.00
4.2  Second series of experiments
Following the exact nature, the coding of the factors in 035 |—— Skikda Tangential treated|
. . —— Skikda Radial native
epy second series of experiments can also be followed by 0.30 4
monitoring the evolution of the concentration6 as well as =
i i i E 0,25
the estimated D, coefficient (Table 4, Figure 5). < [Order & Dapp=6,25*10 a2
© 0,20 1
Table 4 — 2nd-series coding of factors influencing Dayy value 8 -
‘g 0.15 4 /./ Second series of experiments
Planting Cutting Nature of the 5 S
area (A) direction (B) cork chip (C) & 0104 4 Order 3: Dapp=1,51*10"m?s|
Medea (+1) Radial (+1) Treated (+1) Fd
Skikda (1) | Tangential (-1) Native (-1) 0054/
0,00 + : . . . . . . T
0 20 40 60 80 100 120 140 160
Time (min)
Figure 5 — 2nd-series temporal concentration evolution
of species i for experiments involving orders 3 and 6
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Table 5 — 2nd-series experimental results of the evolution of the concentration (mM/1) and the Dapp value

Time, min Dapp,
Order 0 5 50 75 100 130 160 10713 m¥/s

1 1898 | 4239 | 166.67 | 191.90 | 20849 | 230.38 | 259.48 34.00
2 6.63 30.03 | 11945 | 15896 | 190.86 | 223.42 | 236.24 26.00
3 318 9.05 7.99 3066 | 3441 | 38.76 | 42.43 1.51
4 1.73 7.46 36.81 4186 | 4534 | 5575 | 63.56 2.10
5 1139 | 1771 4935 5798 | 6934 | 57.98 | 87.50 595
6 2826 | 058.06 | 19937 | 177.75 | 288.78 | 237.16 | 362.78 62.30
7 4.97 15.93 5918 | 07379 | 7711 | 8461 | 91.14 4.57
8 1.47 38.11 12930 | 15259 | 172.99 | 195.55 | 222.75 22.50

4.3

Third series of experiments

This series of experiments is intended to complete the
analysis of the effect of the factors outlined in this study

on the Dpp.

Similarly, Figure 6 and Tables 6—7 illustrate the coding

0,30

Jijel Longitudinal native
—— Jijel Tangential native

0,25

Order 3: Dapp=3,60*10"m

0,20

,f
5 /ﬁ/

of factors and changes in concentration, as well as the
optimized D,,, obtained from using the Bat algorithm
[38, 39].

0,15 4

Order 6: Dapp=3,05*10"?m’s™!

Table 6 — 3rd-series coding of factors influencing Dgyp value

Planting Cuttlpg Nature of the
area direction cork chip (C)
(A) B)

Jijel (+1) Longitudinale (+1) Traité (+1)

Skikda (—1) | Tangentielle (1) Natif (1)

Table 7 — 3rd-series experimental results of the evolution of the concentration (mM/1) and the Dapp value

4.4

Concentration, Cj ¢ (mM)

0,05

0,10

/

0,00

Third series of experiments

0

20

40 60

T T T
80 100 120

Time (min)

T
140

T
160

Figure 6 — 3rd-series temporal concentration evolution
of species 7 for experiments involving orders 3 and 6

Time, min Dapp,
Order 0 5 50 75 100 | 130 160 | 103 m¥s
1 17.47] 3811] 12930 152.59| 173.00] 195.55| 222.75 22.50
2 090| 7.53 | 2791 | 31.08 | 3883 | 41.96 | 43.85 117
3 19.70] 35.14| 16436] 200.06| 216.89] 241.71| 285.60 36.00
4 1452] 4529| 153.50] 177.75| 213.07| 237.16| 263.71 51.90
5 1.08] 9.84 | 40.15| 4631 | 5539 | 60.73 | 64.25 2.62
6 732] 3539| 14955 170.90| 185.96] 208.88 | 257.43 30.50
7 447] 12.12] 51243 5798 | 62.63 | 7672 | 80.80 4.12
8 318] 9.05| 27.99| 30.66 | 3441 | 3876 | 42.43 151

1st-model’s impact of factors on Dgpy

order of magnitude as the coefficient of the interaction of

Investigating the effects of the factors and their higher-
order interactions necessitates calculating the coefficients
ai, aj, and a; for each experimental series, as well as a
variance analysis to determine the significance of the
established regression. The Minitab software was used for
this purpose.

For the first series of experiments and the coded factors,
Minitab produced the following regression.

Within the 1st model,

Dgpp = 20.660 —2.790- A+ 2.778 - B — 16.760 - C + %
+3.135-4-C—-2148-B-C+1.056-A-B-C.

According to RMS theory, interactions of order greater

than or equal to three can be neglected (hypothesis 1). The

interaction of factors 4, B, and C is ignored. It follows that
any effect or interaction whose coefficient is of the same

order is automatically neglected, which makes the
interaction between A and B insignificant. This leads to

Dopp = 20.66 —2.79-A+2.78-B—-16.76-C + @®)

+314-A-C—-215-B-C.

The regression equation can be simplified according to
hypothesis 5, which contends that interaction is generally
weak when it involves a weak main factor with a strong
main factor.

Upon analysis, it is indicated that factor C has a
substantial absolute value, and considering the analytical
expression of the Dy, it can be concluded that all
interactions of the factors with C can potentially be
neglected.

The regression is thus simplified to:
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Dopp = 20.66 —2.79-A+2.78- B —16.76 - C. 9

This simplification reveals that the effects or
interactions with an influence are approximately null.

This analysis of significance leads to the following final
expression:

Dapp = 20.66 — 16.76 - C. (10)

Based on the variance analysis (ANOVA) results, a
more thorough analysis should be conducted following the
repeated experiments outlined in the experiment matrix.

This simplification is justified by comparing the
regression coefficients presented in the Pareto chart
(Figure 7).

2781
T

Term

BC

AB

ABC

0 s 10 15 20 25 30 35

Effect

Figure 7 — 1st model’s Pareto chart

4.5 2nd-model’s impact of factors on Dy

Within the 2nd model,

Dgpp =19.87 -3.20-A+684-B—-1633-C — (11)
—422-A-B+30-A-C—-511-B-C+373-A-B-C.

The following conclusions regarding higher-order
interactions and influencing factors can be drawn based on
the abovementioned assumptions. Initially, the
insignificance of third-order interactions simplifies the
model. Secondly, the area has a low influence, as its
coefficients are inferior to those of the triple interactions.

The C factor (treatment) is essential, and the influence
of the direction is also significant, especially concerning
the tangential direction.

According to hypothesis 5, the interaction between
weak and strong factors is classified as weak. The
interaction between the state and the growth area is thus
eliminated.

The remaining factors include direction, characterized
by a tangential coefficient of “—1”, and the state, which is
also associated with a treatment value of “—1”.

Furthermore, an interaction has been noted between the
growth area and direction (specifically tangential in the
case of the Skikda area), along with an interaction between
the direction and state (radial, treated) as shown in
Figure 8.

-313-A-B+076-A-C—-386-B-C+284-A-B-C.

Effect

Figure 8 — 2nd model’s Pareto chart

The regression equation is expressed as follows:
Dpp = 19.87+6.84- B — 1633 C —

—422-A-B—-511-B-C. (12)
4.6  3rd-model’s impact of factors on Dy
Within the 3rd model,
Dapp =1879—-122-A+487-B—-1643-C — (13)

In this third set of regressions, it can be observed that
triple interactions are insignificant, resulting in the
simplification of the developed model. The influence of
the growth area and state-growth area interactions is
negligible, consistent with the fifth hypothesis.

This set of analyses confirmed the treatment’s impact
on the diffusion coefficient (Figure 9).

3374

BC

AB

Term

ABC

AC

0 5 10 15 20 25 30 35

Effect

Figure 9 — 3rd model’s Pareto chart

The impact of the tangential direction is considerable.
In conclusion, the treatment and direction are essential
factors to consider when analyzing differences in the
diffusion coefficient. This expert interpretation highlights
the main findings of this investigation.

Dapp = 1879 +4.87-B—1643-C—386-B-C. (14)

This investigation reveals that the analysis of these
analytical expressions, i.e., equations (10), (12), and (14),
shows the following. Neither the growth area nor its
interactions significantly affect the diffusion coefficient.
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On the other hand, the tangential cutting direction is
more proper for insulation, as it gives a lower Dpp.

The negative sign of the effect of the treatment indicates
that it leads to a four-fold improvement in insulation. As
for the interaction of the cutting direction and the state of
the material (native or treated) on the D,,, coefficient, the
negative sign of the B-C coefficient suggests that the
lowest D, coefficients are obtained when factors B and C
have both conditions, confirming conclusions 2 and 3.

Overall, in this research, the interactions between
factors A4, B, and C were examined, as well as their effects
on the diffusion coefficient.

Firstly, the triple interactions were found to be
negligible, which simplifies our model. Secondly, the state
of the cork (factor C) emerged as a dominant element. Its
interactions with the weaker factors A and B were
considered insignificant. On the other hand, the effect of
treatment on the diffusion coefficient was significant.

It is essential to consider treatment and direction to
understand variations in the diffusion coefficient.

5 Discussion

The modeling approach adopted in this study is based
on several simplifying assumptions: cork is considered a
homogeneous, non-deformable material, and the model
excludes potential chemical interactions and anisotropic
swelling, particularly in thermally treated samples.
Hygroscopic properties were estimated using data from
structurally  analogous  materials  (e.g., wood),
incorporating measurements of relative humidity, mass
loss, dimensional stability, and density [40].

The analytical solution employed is simplified and does
not account for moisture exchange dynamics or long-term
aging effects, as observed in polymer composites [41].

To improve the accuracy and predictive power of Dy
estimations,  future =~ models  should integrate
thermogravimetric analysis, porosity, and detailed
hygroscopic behavior.

Future studies should also investigate the effects of
cyclic humidity, UV exposure, and combined thermal—
mechanical loading on diffusion behavior. Machine
learning methods like artificial neural networks and
support vector machines may offer promising tools for
predicting Dy, in heterogeneous material systems.

Comparative analyses with other eco-friendly
insulating materials (e.g., hemp or flax) could further
contextualize cork’s performance within the broader class
of bio-based alternatives.

By integrating advanced modeling techniques and
exploring alternative bio-based resources, upcoming
research may expand the applicability of cork in
sustainable construction and energy-efficient design. Such
multidisciplinary efforts will reinforce cork’s status as a
renewable, competitive insulation material within global
environmental and sustainability goals.

6 Conclusions

The fields of research and development are focused on
carrying out the insulation of products or materials that
meet environmental rules against pollution. In this
perspective, cork was chosen as the material of choice,
given its properties and availability in Algeria. Because
numerous quantitative factors influence cork quality in
terms of insulation, the complete factorial model of RMS
theory was used to analyze the impact of the main effects
and their interactions on the diffusion coefficient.

Due to the investigation’s complexity, the growth area’s
impact on the properties was considered. For this purpose,
three fairly spread areas over northern Algeria were
chosen, where samples of native cork were selected and
cut in three different directions (radial, tangential, and
longitudinal).

Some of these samples were treated at high
temperatures and subjected to a boiling process. Using the
conductometric method and based on Fick’s second law,
the apparent diffusion coefficient was approximated and
refined by using the Bat algorithm.

For a significance level of 0.05 and based on the
analysis of the significance of the factors and their
interactions, the study highlighted the importance of the
dual interactions between the growth area and the
direction, as well as between the direction and the state of
the material, while highlighting the complexity of the
relationships between the various factors. Thus, it emerged
that:

Thermal heat treatment significantly improves the
apparent diffusion coefficient Dy, of the cork obtained,
from 3.40-1072m?%s to 4.57-107® m?%s (a reduction of
13 times). The cutting direction most favorable to the
production of insulating material is the tangential cut
Dy, =3.05-10"2m?/s, compared with the other two
cutting directions (5.07-107?m?s, 3.60-107'2 m?/s).

The cork from Jijel stands out for its better
mass insulation due to the low value of the
coefficient Dy;;=1.17-10"13 m?/s, lower than those from
Medea (Dyre=2.10-107"3 m?/s) and Skikda
(Dsr = 1.51-10713 m%/s), respectively.

The investigation using the response surface method
showed that, regardless of the growth area and the cutting
direction, the samples subjected to thermal heat treatments
have reduced their diffusivity by ten times compared to the
native cork. For this reason, the heat treatment technique
is chosen as the main enhancement factor in the quality of
cork intended for insulation purposes. The mathematical
model developed in this study is powerful for predicting
the value of the Dg,, with high accuracy.
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