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Abstract: Standard building practices commonly use gypsum-based drywall panels on the interior
wall and ceiling applications as a partition to protect the components of a wall assembly from moisture
and fire to uphold the building code and ensure safety standards. Unfortunately, gypsum-based
drywall panels have poor resistance to water and are susceptible to mold growth in humid climates.
Furthermore, the accumulation of drywall in landfills can result in toxic leachate impacting the
surrounding environment. A proposed solution to the pitfalls of gypsum-based drywall arises in
its substitution with a new lightweight composite honeycomb sandwich panel. This study aimed to
develop sandwich panels with improvements in flexural strength and thermal insulating properties
through the combined use of cementitious binder mix and kraft-paper honeycomb structures. The
proposed alternative is created by following standard practices outlined in ASTM C305 to create
cement panels and experimenting with admixtures to improve the material performance in order
to cater to a drywall panel application. The kraft-paper honeycomb structure is bonded to cured
cementitious panels to create a composite “sandwich panel” assembly. The results indicate that the
sample flexural strength performed well after 7 days and exhibited superior flexural strength at
28 days, while providing a substantial increase in R-value of 5.84 m?K/W when compared to gypsum-
based panels, with an R-value of 5.41 m?K/W. In addition, the reinforced kraft-paper honeycomb
with a thick core and addition of flax fibres to the cementitious boards possesses better thermal
conductivity, with a reduction of 42%, a lower density, and a lower water vapour transmission in
comparison to the thin kraft-paper honeycomb sandwich panel.

Keywords: drywall panels; kraft-paper honeycomb structures; flexural strength; thermal conductivity;
water vapour transmission

1. Introduction

The selection of construction materials has a sizeable cradle-to-grave impact on con-
struction projects. The research on and technological development of construction materials
aim to reduce costs and improve performance and environmental sustainability. Never-
theless, certain materials such as gypsum-derived materials have remained unchanged.
Gypsum has been considered a vital construction material among many designers due to
its excellent availability in nature, its technological and ecological properties, and the low
energy consumption of manufacturing [1]. Gypsum and gypsum-derived materials have
been extensively used for various purposes, such as drywall, in building construction since
the early 1900s [2,3]. Gypsum-based drywall is mainly used for interior walls and ceilings
in combination with either Light Steel Framing (LSF) or Light Timber Framing (LTF). A
typical wall assembly consists of steel or wood studs with one or two layers of gypsum
boards fixed to the stud [4].

The main advantages of gypsum-based drywall are ease of installation, low cost, fire
resistance, and availability. However, gypsum-based drywall panels have disadvantages
such as high thermal conductivity, low moisture and water resistance, and negative envi-
ronmental impacts [5]. In this respect, drywall is not best suited for all building applications
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because it does not offer any notable insulating improvements to the wall assemblies, and
it could adversely affect its physical properties [5]. In addition, because drywall is easily
compromised by mold and mildew growth in humid climates, in the event of a leak or
flood, the lack of adequate moisture and water resistance can negatively affect the indoor
air quality of the affected rooms in the building [5]. The environmental disadvantages of
drywall panels are related to the insufficient facilities to recycle gypsum-based drywalls.
The panels end up in landfills where they disrupt the lifecycle of anaerobic “microorgan-
isms”. Moreover, drywall panels contaminate both surface and groundwater by increasing
the sulfate content in the leachate created at landfills [6]. Therefore, advancements in
drywall technology should target replacing gypsum-based drywall to improve the physical
and thermal properties.

Previous studies have shown that gypsum-based drywall’s physical properties can
be enhanced through various techniques. Adding porous materials such as expanded
vermiculite (EV), expanded perlite (EP), and carbon nanomaterials (C-300, C-500, and C-
750) to the gypsum-based drywall is effective in regard to improving thermal resistance by
decreasing thermal conductivity [7-9]. For example, the thermal conductivity of specimens
with porous materials of EV, EP, C-300, C-500, and C-750 was decreased by 30%, 20%,
35%, 36%, and 44%, respectively, compared to the samples without the addition of porous
materials [8]. Furthermore, previous findings indicated that diatomite in the gypsum mix,
which has a low density and porous structure, could reduce the thermal conductivity values
of gypsum composites. Adding diatomite to the mixture presented an increase in porosity,
resulting in a decrease in density and in the coefficient of thermal conductivity. In other
words, the thermal insulation performance of composites increased by 63.8%, with the
lowest thermal conductivity of 0.497 W/m-K.

Regarding water vapour permeability, gypsum boards mixed with EV and EP im-
proved water resistance compared to gypsum boards with carbon nanomaterials [9]. Fur-
thermore, an alternative plasterboard composed of hemp shiv bonding by lime to the
conventional gypsum-based drywall showed a better performance of up to five times with
respect to moisture-buffering properties than the gypsum-based drywall [10]. Although the
hygrothermal behavior was improved, this study revealed that the plasterboard showed
lower mechanical properties compared to the drywall [11]. Therefore, an integrated ap-
proach with other innovative materials that can improve both mechanical and hygrothermal
characteristics should be considered.

Sandwich structures have become significantly popular among all the possible design
ideas in composite structures due to their high performance, stiffness-to-weight ratio, and
energy efficiency [12]. Typical sandwich panels are made of a core layer bonded with two
face sheets [13]. While the skins are solid materials, the core can be in the form of continuous
geometry, such as metallic foam or a discretized periodic geometry, e.g., honeycomb or
corrugated cores. Sandwich structures have attracted the attention of industries and
researchers primarily because of their higher thermal and acoustical properties [14]. Due to
these advantages, sandwich structures are actively used in various engineering applications,
such as civil, marine, automotive, and civil industries—particularly in building construction
of roofs and internal walls [15,16].

Many sandwich panels’ cores are made from rigid foam plastics such as polyurethane,
polyisocyanurate, and polystyrene because of the low thermal conductivity, high moisture
resistance, and low cost [15]. However, foam plastics are frequently considered hazardous
fire material, which can delaminate and produce large amounts of smoke, heat, and toxic
gases [16]. The sandwich structures’ fire performance can be enhanced by considering an
adequate core material and sufficiently restraining the facings [16]. Therefore, it can be
concluded that the fundamental relationship between the structural and material param-
eters and the overall performance of the panel is crucial when developing a structured
sandwich panel.

This research study aimed to develop an alternative kraft-paper honeycomb sandwich
panel that is made of high-performance materials to replace gypsum-based drywall. The
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honeycomb sandwich panel is composed of two high-density external layers bonded to
an internal core layer made of a low-density honeycomb material [17,18]. The current
honeycomb sandwich panels used in construction mainly focus on using non-cementitious
materials for sheathing for the honeycomb structure, such as ceramics, aluminum, and
wood. Distinctively, this study sheathed the core on the external faces with a cured,
cementitious panel, taking a fire-resistant construction approach enforced in the building
industry. The cementitious mix design consists of widely available Portland Cement
(GU) and flax fibres to improve tensile strength. Natural fibres have become one of the
most widely used reinforcing materials because of their sustainability, biodegradability;,
nontoxicity, and environmental friendliness [19]. In addition, the use of plant fibres as a
tensile reinforcement for a cement matrix has recently received a lot of attention due to
their lower density, better thermal insulation, high specific mechanical properties, and
lower prices [19]. Moreover, the specific mechanical capabilities of flax fibres, including
their stiffness, can be considered another advantage when comparing them to other natural
fibres [20].

As the application’s focus for this material is the residential and commercial interiors,
the mix design aimed to have low water permeability and higher strength than gypsum-
based drywall while remaining highly accessible worldwide. A set of experiments on this
material were performed to estimate the thermal performance, flexural strength, water
vapour transmission, and the density of the sandwich panel. Consequently, this research
provides valuable information about the physical and mechanical properties of the new
sandwich panel that are required for material characterization and modeling.

2. Materials and Methods
2.1. Materials

The cementitious mortar used for the sheathing of the sandwich panel was cast from
general-use (GU) Portland Cement. Table 1 shows the typical compound compositions of
Portland Cement. The oilseed flax fibres which were used for this mix design are sourced
from a company based in Saskatchewan, Canada, known as Biolin Research Inc. The
added flax fibres have a tensile strength between 600 and 2000 MPa and density with
a range of 1.53 to 3.2 g/ cm3. The addition of flax fibres to the cementitious panels is
effective in enhancing the crack resistance by increasing the rigidity of the samples. For the
honeycomb core, two thickness alternatives of the kraft-paper-based material were used:
10.16 mm (0.4”) and 19.05 mm (0.75”). The thickness range was selected to promote future
widespread adoption coming from traditional 12.70 mm (0.5”) drywall. Figures 1 and 2
show the schematic view and the laboratory view of the honeycomb sandwich structure,
respectively. The honeycomb core is attached to the cementitious specimen by using an
all-purpose multi-usage silicon-based adhesive from Henkel Canada Corporation that also
serves as a barrier for moisture to prolong the design life of the honeycomb core material.
Based on data provided by the Tricel company, the source of the kraft-paper honeycomb,
the paper utilized for manufacturing the honeycomb structure is 85% recycled and 100%
recyclable at the end of its design life [18].

Table 1. Composition of Portland Cement.

Compound Formula % by Weight
Tricalcium silicate C3S 55%
Dicalcium silicate C,S 19%

Tricalcium aluminate C3A 10%

Tetracalcium aluminoferrite C4AF 7%
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Figure 1. The schematic view of the honeycomb sandwich structure.

Figure 2. The laboratory view of the honeycomb sandwich structure.

2.2. Sample Preparation

The preparation of the cementitious portion of the honeycomb sandwich panels closely
follows ASTM305-14 “Standard Practice for Mechanical Mixing of Hydraulic Cement
Pastes and Mortars of Plastic Consistency”, with minor adjustments for the addition of
flax fibres [21]. Firstly, we cut flax fibres to 10 mm in length to improve their dispersion in
the cement paste, and then we added them 1% by weight to the mixing water, allowing
the fibres to disperse before adding the liquid to the cement powder [20]. Because the
moisture absorption behaviour of the composites is influenced by the fibre content [22],
1% by weight of flax fibres was considered in order to achieve the reinforcement, while
preserving thermal characteristics. Then, using a 0.45 water—-cement (w/c) ratio, Portland
Cement powder was added without mixing for 30 s to allow for the absorption as described
by ASTM [21]. Next, the cement paste was mixed at a low speed for 30 s, followed by
a stoppage to scrape the bowl/mixer and finishing with additional mixing for 60 s at
medium speed.

The mixture was then poured into molds of two different sizes and two different
shapes of rectangular and square for testing: 160 mm x 40 mm X 4 mm for flexural and
300 mm x 300 mm x 4 mm for thermal tests, according to ASTM testing procedures for
thermal and flexural samples [23]. Air bubbles should be removed to achieve uniformity
in the material; thus, prodding along the edges of the mold, in combination with cyclic
agitation, is used to remove air bubbles. The samples were then covered in plastic and
cured at room temperature (22 £+ 1 °C) for 24 h before being de-molded. De-molded
samples were left at room temperature for 28 days. The kraft-paper honeycomb material
was then cut into two sizes to match the footprint of the cementitious flexural and thermal
samples. A caulking gun was used to apply the adhesive to the interior face before evenly
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distributing it with a spatula to achieve a uniform spread, 1 mm in thickness. Pressing the
honeycomb material into the adhesive on both sides completes the honeycomb sandwich
panel construction. The samples were cured with uniform pressure under a 1 kg weight
for 72 h to ensure even bonding of the adhesive over the sample’s surface area. Table 2
summarizes the composition of five types of mixed designs used for testing.

Table 2. Composition of kraft-paper honeycomb samples.

Kraft-Paper Honeycomb

Name Mix Design Thickness Fla)((o/F ;bre
(mm) ’
PCihin Standard Portland Cement 10.16 -
PCihick Standard Portland Cement 19.05 -
FlaXthin Flax-reinforced Portland Cement 10.16 1
FlaXthick Flax-reinforced Portland Cement 19.05 1

2.3. Flexural Analysis

A ZwickRoell universal testing machine was used to determine the flexural strength
of the panels according to ASTM C393 “Standard Test Method for Core Shear Proper-
ties of Sandwich Constructions by Beam Flexure” [23]. The flexure test is effective in
determining the sandwich flexural stiffness and the core shear strength. Determining the
mean flexural strength included testing five honeycomb sandwich panels of each cate-
gory of PCiin, PCinick, FlaXnin, and Flaxg,; under 3-point bending. Figure 3 shows the
flexural-strength-testing setup of the honeycomb sandwich panels.

Py
L . bhig
’ 3
l )
] 3 1
Midspan Loading

Figure 3. The flexural-strength-testing setup of the honeycomb sandwich panels.

The flexural strength properties of sandwich constructions were calculated according
to the following Equation (1) [24]:

P
= 1
T @+ op @
where 7 is the flexural strength of the sandwich panel (MPa), P is the load (N), d is the
sandwich thickness (mm), C is the core thickness (mm), and b is the sandwich width (mm).

2.4. Thermal Analysis

The heat flow meter, located in an environmentally controlled chamber, is an accurate
and widely used procedure for determining the thermal conductivity of large samples
under moderate-temperature conditions [25]. Two isothermal plate assemblies and one or
more heat-flux transducers are the main components of the heat-flow-meter instrument.
In this research, the thermal analysis of the sandwich panels was determined by a TA
Instruments Fox 314 Heat Flow Meter Apparatus (HFMA) according to international
standards of ASTM C518 “Standard Test Method for Steady-State Thermal Transmission
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Properties by means of the Heat Flow Meter Apparatus” [26]. This instrument is accurate
for temperatures ranging from —20 to 75 °C [26]. Figure 4 shows developed samples for
the thermal conductivity test.

Figure 4. Kraft-paper honeycomb sandwich samples for thermal conductivity tests.

The specimens were positioned between two parallel plates equipped with heating
and cooling systems [26] to provide steady-state and one-dimensional heat flux through
the samples by setting plates at constant but different temperatures with an accuracy of
£0.01 °C [24]. The thermal conductivity was gauged given the sample thickness as the
instrument fluctuated through a range of temperatures [27]. The thermal conductivity of
a material in the heat flow meter method is calculated by applying Fourier’s law of heat
conduction with absolute thermal conductivity accuracy of £1% at a mean temperature of
plates based on the following Equation (2) [28]:

_ OxL

K_AXAT

@
where K is the thermal conductivity coefficient of the specimen (W/m-K), Q is the heat
flow rate (W), L is the distance between two isothermal planes (m), A is the surface area
of the sample (m?), and AT is the temperature difference between upper and lower plates
(K) [28].

In this study, two samples of kraft-paper honeycomb sandwich panels with differ-
ent thicknesses were tested to calculate the average thermal conductivity coefficient at
different temperatures.

2.5. Density Measurement

ASTM C271 “Standard Test Method for Density of Sandwich Core Materials” was
used to determine the density of the sandwich-panel core materials [29]. The dimensions
were found by using a Vernier caliper, and a digital scale was used to weigh the samples
(in grams), with an accuracy of £0.01 g. To determine the volume of the specimens, the
plan dimensions and thickness of the samples were measured in millimeters. In this study,
different samples of each mix design (PCnin, PCinick, Flaxinin, and Flaxy;x) were tested
to evaluate the average density of each group. The density of sandwich core materials was
calculated as follows (3):

1,000,000 w
v

d 3)

where d is the density (kg/m?), w is the final mass (g), and v is the final volume (mm?).

2.6. Water Vapour Transmission

Several experiments on each sample type were carried out according to the ASTM
E96/E96M “Standard Test Methods for Water Vapour Transmission Materials” to measure
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water vapour transmission through permeable and semipermeable materials [30]. Among
the applicable methods, the water method was considered for the measurement of perme-
ance [31]. Figure 5 shows the water-vapour-transmission sample developed according to
the water method.

Figure 5. Water-vapor-transmission sample.

In the water method, the dish impermeable to water or water vapour is filled with
distilled water to a level of [19 mm & 6 mm] from the sample throughout the experiment.
Each of the samples is attached to a dish with a sealant resistant to the passage of water
vapour. The dish assembly was placed in a chamber with a controlled temperature of 23 °C
and relative humidity of 50% and then weighed every 24 h. The measure of vapour transfer
through the sample from the water to the controlled atmosphere can be determined by
weighing the sample [32]. After measuring the mass change, the water vapour transmission
of the samples is calculated as follows (4):

G G

where WVT is the rate of water vapour transmission (g/h-m?), G is weight change (from
the straight line) (g), ¢ is the time (h), G/t is the slope of the straight line (g/h), and A is the
test area (cup mouth area) (m?).

Water vapour permeance, which is the water vapour transmission rate of a membrane
influenced by the unit vapour pressure difference through a unit thickness, can be quantified

as follows (5) [32]:

WVT WVT
P = =
ermeance AP SR - Ry 5)

where AP is vapour pressure difference (mm Hg, 1.333 x 102 Pa), S is the saturation vapour
pressure at the test temperature (mm Hg, 1.333 x 102 Pa), R; is the relative humidity at
the source expressed as a fraction (in the dish for water method), and R; is the relative
humidity at the vapour sink expressed as a fraction.

3. Results
3.1. Flexural Analysis
Figure 6 shows the results obtained from the flexural analysis. A force-displacement

graph is displayed to assess the behavior of each sample type, namely PCpin, PCiphick,
FlaXnin, and Flaxgck, under three-point bending.
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Figure 6. Force displacement graph of honeycomb sandwich panels under 3-point bending. (Note:
Only 1 test for each sample is shown based on the avg. peak strength.)

The force-deflection graph for three-point bending indicates a specimen’s ability to
withstand a force until it reaches the point of failure, which is the point where the material
can no longer support an increase in load. Abrupt changes in the force of all sample types
in the graph signify cracking in the Portland Cement sheathing. The findings indicated that
PCipin and PCyy; exhibited early stage cracking due to the brittle nature of the sheathing.
The Portland Cement samples cracked during the gluing and testing stages due to the lack
of tensile reinforcement. Furthermore, as the honeycomb sandwich panels are composite
materials, the deformation of this material involves both elastic and plastic behavior.

The addition of flax fibre may cause a lack of uniformity throughout samples due
to the tendency of fibres to “clump”. Nevertheless, the results showed that adding flax
fibre increased the “sample” stiffness compared to the non-flax samples based on the slight
increase in the slope of the graph. The elastic modulus and strength of a composite can
be predicted by using the rule of mixture equation, Ec = fE¢ + (1 — f)E, based on the E
modulus of the matrix (E,,) approximately between 10 and 40 MPa, E modulus of fibres
(Ef) ranging from 12 to 35 GPa, and volume fraction of fibres (f) [33]. Therefore, the addition
of flax fibre, which has a higher elastic modulus, increased the samples’ elastic modulus.

Before the failure, the deflection limit was similar among Portland Cement samples,
which consistently withstand more significant displacement before collapse than the flax
samples, but only at less sustained forces.

Additionally, initial cracks in the samples were prolonged and occurred at higher
forces, especially for the Flaxy,;x sample. All specimens showed decreased stiffness after
cracking, as the force becomes more reliant on the kraft-paper honeycomb. The curved
nature of each graph before the failure point indicated its plastic deformation, in which
the honeycomb appears to withstand most of the force due to the two or three continuous
sheath cracks in each specimen.

As all samples have a uniform span, normalizing the equation changes the values
over the x-axis consistently. The findings demonstrated that honeycomb with a thickness of
19.05 mm had a better flexural strength than the one with a thickness of 10.16 mm, as it can
tolerate more loads. Moreover, the addition of flax fibres is effective in prolonging early
stage cracking due to the tensile characteristics they add to the honeycomb sandwich panels.

Table 3 and Figure 7 show the average ultimate strength of each sample type and the
standard deviation bars. Based on the findings, PCy,;, had the lowest average maximum
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strength, i.e., 0.87 MPa. However, the average ultimate strength was slightly higher, at
1.02 MPa. Contrarily, both Flaxy,i, and Flaxyyx exhibited consistent, reliable results with
lower standard deviations. The change in honeycomb thickness from 10.16 to 19.05 mm
for the flax samples resulted in a considerable increase in the average ultimate strength,
from 1.55 to 2.11 MPa. It was verified that the principal factors in determining the sample’s
stiffness are the material’s modulus of elasticity and the structure’s geometry in terms of the
planar moment of inertia. Therefore, thick samples in which layers are located further from
the axis of motion resulted in higher stiffness. Thus, the sandwich panel could be more
resistant due to the higher stiffness. In addition, as the maximal strength is dependent on
the combination of sandwich thickness and the core thickness, the thicker core withstood
more loads than the thinner one. Overall, it was determined that the samples with flax
fibres exhibited less variability in results, and their flexural strength is superior to the PC
panels. By using the average values, we determined that Flaxy,;, performed 44% better
than the PCyy;,, and Flaxy,x performed 52% better than the PCyy;c. In addition, as flax
specimens showed higher strength compared to the gypsum board (12.7 mm thickness),
with a strength of 1.8 MPa [34], this study was mainly focused on analyzing the thermal
performance, density, and water vapour transmission of flax fibre samples.

Table 3. Honeycomb-sandwich-panel ultimate strength.

Sample Average Strength Standard Deviation
(MPa) (MPa)
PCihin 0.87 0.40
PCihick 1.02 0.31
Flaxgin 1.55 0.13
FlaXipick 2.11 0.14
Gypsum Board 1.8 0.45

Flexural Strength with Standard Deviation

2 -Ii 1
: | i

2.5

- 1fs |
S |
%2 1 0.F7 lfz
|
0.5

PC Thin PC Thick Flax Thin FlaxThick Gypsum Board

Figure 7. The average ultimate strength of honeycomb sandwich panels with standard deviation.

3.2. Thermal Analysis

This section presents and discusses the thermal performance of two different thick-
nesses of honeycomb sandwich panels with the addition of flax fibres. Figure 8 shows the



Buildings 2022, 12, 1261

10 of 16

average thermal conductivities of the sandwich panels and the gypsum board. Overall,
there is a significant difference between the thermal conductivity curves of the gypsum
board and sandwich samples. The findings indicated that the thermal conductivity of
kraft-paper honeycomb sandwich panels was lower than that of the gypsum board. The
incorporation of kraft-paper honeycomb in the cementitious panels has an interrelated
effect on decreasing the thermal conductivity of samples because of the lower thermal
conductivity of kraft-paper honeycomb compared to gypsum board. The results showed
that the average thermal conductivities of gypsum board, Flaxy,i, and Flaxy,;x were 0.159,
0.097, and 0.092 W/m'K, respectively. It was confirmed that the thick sample showed a
larger decrease in the thermal conductivity compared to the thinner specimen. The likely
reason is that, by increasing the core thickness, the amount of air volume in the volume
of the honeycomb increases. Therefore, a decrease in the sample’s thermal conductivity
happened due to the low thermal conductivity of air compared to the thermal conductivity
of the kraft-paper honeycomb sandwich panel. The thermal conductivity of the gypsum
board ranges from 0.154 to 0.164 W/m-K, with an average of 0.159 W/m-K. However, the
thermal conductivity of Flaxy;, and Flaxgick was reduced by 39% and 42%, respectively,
compared to the gypsum board.

0.2

0.18
<
£ 016
~
= 014
e
> 012 4.159
S
3 0.1
S
o 0.08
‘© 0.09Y
£ 006 ¢.092
= _
£ 004
(0]
& 002
g
< 0

Gypsum Flax Thin Flax Thick
Board Specimen

Figure 8. Average thermal conductivity of gypsum board, Flax,i, and Flaxy;ck.

Figure 9 compares the mean value of the coefficient of thermal conductivity of two
kraft-paper honeycomb sandwich panels measured as a function of temperature, ranging
from —10 to 80 °C, against the thermal conductivity of a gypsum board. The results
illustrate that the thermal conductivity of both samples increased almost linearly with
the increasing temperature. However, the coefficients of thermal conductivity of both
Flaxhin, and Flaxgick were lower as compared to the gypsum board. This is due to the
absence of cracks in the flax-fibre-reinforced panels, which decreased the rate of heat
transfer in the specimens. In addition, as natural fibres contain microporosity, the panels
that contain these fibres can effectively reduce the heat conductivity of the specimens.
Moreover, previous studies have shown that incorporating natural fibres into cement-based
composites could have effects on improving their thermal performance [35]. In reality,
the addition of fibres to a material result in higher porosity, which can reduce its thermal
conductivity [36]. In a kraft-paper honeycomb sandwich panel, heat is transferred by
conduction through the core and paper and convection in the air voids. It is noticeable
that, as the sample becomes thicker, a higher decrease in conduction occurs due to the
inverse proportion of the rate of heat transfer to the thickness of the sample. Therefore,
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as depicted in Figure 8, Flaxy;x exhibited a lower coefficient of thermal conductivity
when compared to its thin counterpart. In this respect, the thermal conductivity of the
thick sample ranges from 0.080 to 0.107 W/m-K, with an average value of 0.092 W/m-K.
However, the thermal conductivity of the thin sample is approximately 5.4% higher, ranging
from 0.084 to 0.117 W/m-K, with an average of 0.097 W/m-K. Therefore, as Flaxy;x has
lower thermal conductivity in comparison to Flaxy,;, and gypsum board, it shows better
thermal performance and can be considered a good thermal insulator.

—@— Flax Thin = # =Flax Thick Gypsum Board
0.18

0.1

0.08

The mean value of the coefficent of thermal
conductivity (W/m-K)
o
[
N

0.06
-10 0 10 20 30 40 50 60 70 80 90

Temperature (°C)

Figure 9. Thermal conductivity of kraft-paper honeycomb sandwich panels compared to gyp-
sum board.

3.3. Density Measurement

Table 4 summarizes the kraft-paper honeycomb cementitious panels’ volume, mass,
standard deviation, and samples’ densities. A low-density material is favorable because,
historically, it can provide thermal insulation. As density is a measure of mass per volume,
the average density of a specimen equals its total mass divided by its total volume. Figure 10
presents the samples within the density range from 0.60 to 0.10 g/cm?. Possibilities for
differences in the density of samples include different values of mass and volume due to
the different honeycomb core thicknesses. In addition, samples with different thicknesses
resulted in different densities because the relative density of honeycomb sandwich panels
is proportional to the wall thickness to a wall-length ratio (t/L). Moreover, the gypsum
board with a density of 0.65 g/cm? presented a lower value due to its porous structure
compared to the sandwich panels [1].

Table 4. Honeycomb-sandwich-panel densities.

Sample Average Volume Average Density Standard Deviation
P (mm®) (g/cm?) (g/cm?)

PChhin 178,360 0.99 0.085

PCihick 251,400 0.76 0.069

Flaxihin 250,000 0.89 0.068

Flaxgicx 270,500 0.67 0.051
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Figure 10. Average densities of honeycomb structures.

In the category of Portland Cement samples, PCy;ci has the lower average density and
standard deviation in comparison to PCy,i;,. On the other hand, the average density and
standard deviation of Flaxy;ck is lower compared to Flaxy,,. Therefore, the results revealed
that the thick specimens of the study had the lowest densities, with 0.76 and 0.67 g/cm?3.
The likely reason for the decrease in Flaxy;ck is the more significant amount of void volume
than Flaxg,,. Although Flaxy,;, and Flaxy,;c share the same cross-sectional composition,
Flaxy;ck has a larger height, making the void volume much more significant compared
to FlaXin. Therefore, a thicker honeycomb core results in a lower density compared to
the thinner specimens. In addition, the other explanation is related to the highest average
volume of approximately 270,500 and 251,400 mm? of Flaxy;c and PCy;c, thus resulting
in lower densities. However, PCy,;;, and Flaxy,;, with average volumes of 178,360 and
250,000 mm? have the highest average densities, i.e., 0.99 and 0.89 g/cm?, respectively.

3.4. Water Vapour Transmission

Water vapour transmission indicates the degree to which water vapour is transferred
through a substance under specific temperature conditions and from regions of high relative
humidity to regions of low relative humidity. The findings indicated a linear relationship
between the total weight loss of dish assembly of water as a function of time. According
to the ASTM standard, the slope of the line corresponds to the term of water vapour
transmission rate. Figure 11 illustrates the average values of water vapour transmission
of the flax-reinforced samples after reaching a steady state at the time of 23 h, where the
rate of weight change is substantially constant. The results showed that Flax,;x had a
lower average water vapor transmission, with the amount of 9.570 g/h-m?, compared to
Flaxhin, with the amount of 17.195 g/ h-m?. It was confirmed that water vapour transfer
through building components is mainly dependent on two mechanisms: air leakage and
diffusion [37]. However, as a kraft-paper honeycomb is a closed-cell structure, air leakage
can be considered less of a significant problem than diffusion. In addition, as water vapour
transmission is affected by the thickness of the materials, Flaxy;c exhibited a higher
decrease in the rate of water vapour diffusion. Figure 12 compares the average water
permeance of two kraft-paper honeycomb sandwich panels and the gypsum board. Water
vapour permeance is defined as “the timed rate of water vapour transmission through unit area
of flat material or construction induced by a unit vapour pressure difference between two specified
surfaces, under specified temperature and humidity conditions” [32]. A hygroscopic material
has a great ability to absorb and/or desorb water from the surrounding environment
until it reaches an equilibrium condition [38]. Gypsum board is a hygroscopic material,
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and as such, the results indicated that the gypsum board’s permeance is much higher
compared to the developed sandwich panels. As permeance is inversely proportional to
the thickness and directly related to water vapour transmission rate, Flax;ck, with a rise of
core thickness, resulted in lower permeance rather than Flaxy,;,. The average permeance of
Flaxhin and Flaxyicx was 1.398 perms and 1.338 perms, respectively. Therefore, Flax;cx
can be considered an adequate water-resistant material.
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Figure 11. Average water vapour transmission of honeycomb structures.
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Figure 12. Average permeance of honeycomb structures.

4. Conclusions

This study developed kraft-paper honeycomb sandwich panels consisting of two
different cementitious boards (Portland Cement and Portland Cement reinforced with flax
fibres) to improve the mechanical and physical properties of drywall panels as an alternative
to the gypsum-based boards in residential and commercial buildings. In addition, the
results and findings of this report provide new and valuable design recommendations
regarding the material properties and the temperature range of new kraft-paper honeycomb
sandwich panels. The main conclusions achieved in this investigation can be summarized
as follows:
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e  The incorporation of flax fibres into the Portland Cement mixtures increases samples’
stiffness and prolongs the early stage cracking of non-flax-fibre specimens. These
significant enhancements are because of the unique properties of flax fibres in resist-
ing greater bending and fracture forces than the brittle Portland Cement mixtures.
Particularly, the 19.05 mm kraft-paper honeycomb structure has approximately 41%
higher flexural performance than the kraft-paper honeycomb sandwich panel with
a thickness of 10.16 mm. As both the sandwich thickness and core thickness factors
influence the maximal strength, the sample with a thicker core tolerated higher loads
better than a thin sample. In addition, increasing the core thickness resulted in higher
stiffness and resistance against bending loads due to the higher moment of inertia.

e Due to flax fibres” lower thermal conductivity and better thermal insulation prop-
erties, all flax-fibre-reinforced panels exhibited lower thermal conductivity than the
gypsum-based drywall. However, the thermal conductivity of Flaxy;x showed a
greater reduction, e.g., by 42%, compared to the gypsum board. The thermal analysis
results confirmed that the samples’ air volume increased by raising the thickness
of the sample. Therefore, Flaxy,c effectively decreased the coefficient of thermal
conductivity compared to Flaxy,, in different temperatures and is more resistant
against a heat flow due to its higher embodied porosity. The results indicated that
the thermal conductivity of Flaxy,;,, as a function of temperature, ranging from —10 to
80 °C, is relatively 5.4% higher than the thermal conductivity of Flaxp;ck

e  The density measurements carried out on kraft-paper honeycomb sandwich panels
showed a reduction in density by adding flax fibres to the cementitious boards. In
addition, for equal fibre content, the density of the sample with a thick honeycomb
core is approximately 24% lower than that of Flaxy;,. This remains possible due to
the highest average volume and larger void volume in Flaxy;x samples compared to
the specimens with a thicker core.

e  The water vapour transmission and permeance analysis indicated that Flax;y;, sam-
ples with a core thickness of 19.05 mm had lower values, with the amounts of
8.88 g/h-m? and 1.291 perms, respectively, in comparison to the Flax,;,. sample.
In effect, as the kraft-paper honeycomb is a closed-cell structure, the diffusion mecha-
nism mainly affects the rate of water vapour transmission. Therefore, samples with
thick cores exhibited a greater decrease in the amount of water vapour diffusion
and permeance.

Therefore, this study highlighted that the impregnation of flax fibres in a multilayer
sandwich structure with a thicker core resulted in a higher flexural strength, superior
thermal performance, lower density, and lower water vapour transmission rate. Therefore,
flax-fibre-reinforced kraft-paper honeycomb cementitious sandwich panels can be consid-
ered a functional material for improving the physical and mechanical properties of drywall,
while providing a substantial increase in R-value when compared to Flax;;;, and gypsum
board. Furthermore, drywall is highly susceptible to microbial growth due to the cellulosic
paper backing. This microorganism can affect the thermal comfort and air quality of a
dwelling unit over time. Therefore, since the environmental impacts of mold and mildew
growth are essential factors in material selection, further research is needed to evaluate the
hygrothermal performance and environmental interactions of the proposed kraft-paper
honeycomb sandwich panel. In this regard, subsequent work should include the use of
collected experimental data as an input to a numerical computer simulation to validate the
developed model due to the lack of comparison of numerical simulation results and the
experimental measurements.



Buildings 2022, 12, 1261 15 of 16

Author Contributions: Conceptualization, S.S. and R.E,; formal analysis, S.S.; funding acquisition,
R.F; investigation, S.5., N.S., M.K. and R.E; methodology, R.E; project administration, R.E,; resources,
M.M.; supervision, M.K; validation, M.M.; writing-original draft, S.S.; writing—review and editing,
N.S. and M.K. All authors have read and agreed to the published version of the manuscript.

Funding: The authors gratefully acknowledge the financial support received from the Natural
Sciences and Engineering Council of Canada (NSERC).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gencel, O,; del Coz Diagz, J.J.; Sutcu, M.; Koksal, E; Alvarez Rabanal, F.P.; Martinez-Barrera, G. A novel lightweight gypsum
composite with diatomite and polypropylene fibers. Constr. Build. Mater. 2016, 113, 732-740. [CrossRef]

2. Eve, S.; Gomina, M.; Gmouh, A.; Samdi, A.; Moussa, R.; Orange, G. Microstructural and mechanical behaviour of polyamide
fibre-reinforced plaster composites. J. Eur. Ceram. Soc. 2002, 22, 2269-2275. [CrossRef]

3.  Ghazi Wakili, K.; Hugi, E.; Wullschleger, L.; Frank, T.H. Gypsum Board in Fire—Modeling and Experimental Validation. ]. Fire
Sci. 2007, 25, 267-282. [CrossRef]

4. Norgaard, J.; Othuman Mydin, M.A. Drywall Thermal Properties Exposed to High Temperatures and Fire Condition. J. Teknol.
Sci. Eng. 2013, 62, 63-68. [CrossRef]

5. Andersen, B,; Frisvad, ].C.; Sondergaard, I.; Rasmussen, I.S.; Larsen, L.S. Associations between fungal species and water-damaged
building materials. Appl. Environ. Microbiol. 2011, 77, 4180-4188. [CrossRef] [PubMed]

6. Kazemian, N. Environmental Factors Influencing Fungal Growth on Gypsum Boards and their Biodegradation: A University
Campus Case Study. Univ. Br. Columbia 2014, 14, e0220556. [CrossRef]

7. Gandage, A.S.; Rao, VR.V,; Sivakumar, M.V.N,; Vasan, A.; Venu, M.; Yaswanth, A.B. Effect of Perlite on Thermal Conductivity of
Self Compacting Concrete. Procedia-Soc. Behav. Sci. 2013, 104, 188-197. [CrossRef]

8.  Koksal, F; Gencel, O.; Kaya, M. Combined effect of silica fume and expanded vermiculite on properties of lightweight mortars at
ambient and elevated temperatures. Constr. Build. Mater. 2015, 88, 175-187. [CrossRef]

9. Kang, Y,; Chang, S.J.; Kim, S. Hygrothermal behavior evaluation of walls improving heat and moisture performance on gypsum
boards by adding porous materials. Energy Build. 2018, 165, 431-439. [CrossRef]

10. Serhat Baspinar, M.; Kahraman, E. Modifications in the properties of gypsum construction element via addition of expanded
macroporous silica granules. Constr. Build. Mater. 2011, 25, 3327-3333. [CrossRef]

11.  Maskell, D.; Church, M.; Thomson, A.; Walker, P.; Robinson, T. An Alternative to Gypsum Plasterboard. In Proceedings of the
8th International Conference on Structural Engineering and Construction Management 2017, Kandy, Sri Lanka, 7-10 December
2017; pp- 93-99.

12.  Triantafillou, T.C.; Gibson, L.J. Failure mode maps for foam core sandwich beams. Mater. Sci. Eng. 1987, 95, 37-53. [CrossRef]

13.  Shir Mohammadi, M.; Nairn, J.A. Balsa sandwich composite fracture study: Comparison of laminated to solid balsa core materials
and debonding from thick balsa core materials. Compos. Part B Eng. 2017, 122, 165-172. [CrossRef]

14. Banerjee, S.; Bhattacharyya, D. Optimal design of sandwich panels made of wood veneer hollow cores. Compos. Sci. Technol. 2011,
71,425-432. [CrossRef]

15.  Cooke, G. Fire safety considerations in the design of structural sandwich panels. Build. Res. Establ. 1987, 4, 540-543.

16. Cooke, G. Stability of lightweight structural sandwich panels exposed to fire. Struct. Fire 2004, 28, 299-308. [CrossRef]

17.  Coutts, R.S.P. Flax fibres as a reinforcement in cement mortars. Int. |. Cem. Compos. Light. Concr. 1983, 5, 257-262. [CrossRef]

18.  Tricel, Honeycomb Cores Since 1982, Tricel Honeycomb Corperation. 2021. Available online: https:/ /www.tricelcorp.com/ (accessed
on 6 May 2021).

19. Ahmad, J.; Majdi, A.; Al-Fakih, A.; Deifalla, A.E; Althoey, F; El Ouni, M.H.; El-Shorbagy, M.A. Mechanical and Durability
Performance of Coconut Fiber Reinforced Concrete: A State-of-the-Art Review. Materials 2022, 15, 3601. [CrossRef]

20. Majstorovié, F; Sebera, V.; Mrak, M.; Dolenec, S.; Wolf, M.; Marrot, L. Impact of metakaolin on mechanical performance of flax
textile-reinforced cement-based composites. Cem. Concr. Compos. 2022, 126, 104367. [CrossRef]

21. ASTM C305-14; Standard Practice for Mechanical Mixing of Hydraulic Cement Pastes and Mortars of Plastic Consistency. ASTM
Int.: West Conshohocken, PA, USA, 2014.

22. Moudood, A.; Rahman, A.; Ochsner, A.; Islam, M.; Francucci, G. Flax fiber and its composites: An overview of water and moisture
absorption impact on their performance. J. Reinf. Plast. Compos. 2018, 38, 2019. [CrossRef]

23.  ASTM C393/C393M-20; Standard Test Method for Core Shear Properties of Sandwich Constructions by Beam Flexure. ASTM Int.:

West Conshohocken, PA, USA, 2020.


http://doi.org/10.1016/j.conbuildmat.2016.03.125
http://doi.org/10.1016/S0955-2219(02)00014-6
http://doi.org/10.1177/0734904107072883
http://doi.org/10.11113/jt.v62.1369
http://doi.org/10.1128/AEM.02513-10
http://www.ncbi.nlm.nih.gov/pubmed/21531835
http://doi.org/10.1371/journal.pone.0220556
http://doi.org/10.1016/j.sbspro.2013.11.111
http://doi.org/10.1016/j.conbuildmat.2015.04.021
http://doi.org/10.1016/j.enbuild.2017.12.052
http://doi.org/10.1016/j.conbuildmat.2011.03.022
http://doi.org/10.1016/0025-5416(87)90496-4
http://doi.org/10.1016/j.compositesb.2017.04.018
http://doi.org/10.1016/j.compscitech.2010.12.011
http://doi.org/10.1002/fam.851
http://doi.org/10.1016/0262-5075(83)90067-2
https://www.tricelcorp.com/
http://doi.org/10.3390/ma15103601
http://doi.org/10.1016/j.cemconcomp.2021.104367
http://doi.org/10.1177/0731684418818893

Buildings 2022, 12, 1261 16 of 16

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Hahn, M.H.; Robinson, H.E.; Flynn, D.R. Robinson Line-Heat-Source Guarded Hot Plate Apparatus. In Heat Transmission
Measurements in Thermal Insulations; Tye, R.P.,, Ed.; ASTM International: West Conshohocken, PA, USA, 1974; pp. 167-192.
ISBN 978-0-8031-4638-9.

Bomberg, M.; Solvason, K.R. Discussion of Heat Flow Meter Apparatus and Transfer Standards Used for Error Analysis. In
Guarded Hot Plate and Heat Flow Meter Methodology; Shirtliffe, C.J., Tye, R.P, Eds.; ASTM International: West Conshohocken, PA,
USA, 1985; pp. 140-153. ISBN 978-0-8031-4944-1.

ASTM C518-17; Standard Test Method for Steady-State Thermal Transmission Properties by Means of the Heat Flow Meter
Apparatus. ASTM Int.: West Conshohocken, PA, USA, 2017.

TA Instruments. TA Instruments Fox 600. Available online: https://www.tainstruments.com/fox-600/ (accessed on 6 May 2012).
Girardi, G. Measurement of Thermal Conductivity of Smaller Thermal Insulation Specimens Using Standard Heat Flow Meter Apparatus;
Carleton University: Ottawa, ON, Canda, 2013.

ASTM C271; Standard Test Method for Density of Sandwich Core Materials. ASTM Int.: West Conshohocken, PA, USA, 2000.
Togkalidou, T.; Karoglou, M.; Bakolas, A.; Giakoumaki, A.; Moropoulou, A. Correlation of Water Vapor Permeability with
Microstructure Characteristics of Building Materials Using Robust Chemometrics. Transp. Porous Media 2013, 99, 273-295.
[CrossRef]

ASTM E96-93; Standard Test Methods for Water Vapor Transmission of Materials. ASTM Int.: West Conshohocken, PA, USA, 1993.
ASTM E96/E96M-16; Standard Test Methods for Water Vapor Transmission of Materials. ASTM Int.: West Conshohocken, PA,
USA, 2016.

Li, X.; Tabil, L.G.; Panigrahi, S. Chemical Treatments of Natural Fiber for Use in Natural Fiber-Reinforced Composites: A Review.
J. Polym. Environ. 2007, 15, 25-33. [CrossRef]

Gypsum Association. Gypsum Board Typical Mechanical and Physical Properties. 2019. Available online: https://inspectapedia.
com/interiors/Gypsum-Board-Properties-Gypsum-Association.pdf (accessed on 20 February 2022).

Lertwattanaruk, P.; Suntijitto, A. Properties of natural fiber cement materials containing coconut coir and oil palm fibers for
residential building applications. Constr. Build. Mater. 2015, 94, 664—669. [CrossRef]

Quintaliani, C.; Merli, F.; Fiorini, C.V.; Corradi, M.; Speranzini, E.; Buratti, C. Vegetal Fiber Additives in Mortars: Experimental
Characterization of Thermal and Acoustic Properties. Sustainability 2022, 14, 1260. [CrossRef]

Spray Polyurethane Foam Alliance. Moisture Vapor Transmision; Technical Committee. 1994. Available online: https://www.
sprayfoamofmaine.com/pdf/MoistureVapor.pdf (accessed on 12 March 2022).

Jones, D.; Brischke, C. Wood as bio-based building material. In Performance of Bio-based Building Materials; Woodhead Publishing:
Sawston, UK, 2017; Chapter 2; pp. 21-96.


https://www.tainstruments.com/fox-600/
http://doi.org/10.1007/s11242-013-0184-4
http://doi.org/10.1007/s10924-006-0042-3
https://inspectapedia.com/interiors/Gypsum-Board-Properties-Gypsum-Association.pdf
https://inspectapedia.com/interiors/Gypsum-Board-Properties-Gypsum-Association.pdf
http://doi.org/10.1016/j.conbuildmat.2015.07.154
http://doi.org/10.3390/su14031260
https://www.sprayfoamofmaine.com/pdf/MoistureVapor.pdf
https://www.sprayfoamofmaine.com/pdf/MoistureVapor.pdf

	Introduction 
	Materials and Methods 
	Materials 
	Sample Preparation 
	Flexural Analysis 
	Thermal Analysis 
	Density Measurement 
	Water Vapour Transmission 

	Results 
	Flexural Analysis 
	Thermal Analysis 
	Density Measurement 
	Water Vapour Transmission 

	Conclusions 
	References

