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Development of a High-Performance Building Material
Using Wood-based Corrugated Panels Manufactured via
Cold-Forming Technique
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A wood-based sandwich panel with a corrugated core was developed as
a building material. A matched-die mold manufactured from commercial
plywood was used to fabricate the corrugated panels through a cold-
forming process. A cold-setting resin was applied on southern yellow pine
(Pinus spp.) veneers with an average thickness of 4 mm, and four plies of
them were formed into a corrugated geometry using a wooden mold.
When the resin was cured, the corrugated panel of veneers retained the
corrugated shape after load removal. Facesheets of the sandwich
structures were fabricated using three plies of the same veneers. To
evaluate the effect of this corrugated geometry on the structural
performance, the same veneers — regarding number, thickness, and
orientation — used for the sandwich panel were adopted to fabricate
laminated flat panels. Both sandwich and laminated flat panels were
submitted to a four-point bending test. The results confirmed the sandwich
effect, i.e. a 1741% increase in the bending stiffness of sandwich panels
compared to that of laminated flat panels. Sandwich panels developed in
this study were compared to Structural Insulated Panels (SIPs), wood-
framed structures known as stud walls, and sandwich panels produced
using a hot-pressing technique. The cold-formed sandwich panels had
higher structural performance than commercial building materials.
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INTRODUCTION

Wood is one of the oldest building materials, and still the construction industry,
mainly building, is the main market for long-lived wood/ wood-based products. Wood and
wood-based products can help us to reduce carbon emissions and tackle environmental
concerns such as global warming, as they are carbon negative. Wood and wood-based
products can also play an important role in sustainability, as they are derived from a natural
and renewable resources. Considering these facts, wood and wood-based products have
recently received increased attention and many studies have been carried out to develop
new products or improve the performance of the current ones. In addition, it is important
that the developed building materials fit the concept of prefabricated construction as costs
can be cut by 20% (Bertram et al. 2019).
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Cross laminated timber (CLT) is one of these recent achievements that has been
used as a prefabricated product in high-rise construction and has been able to successfully
compete with common traditional building materials including steel and concrete.
Considering the concept of composite materials and the crosswise design, this wood-based
product has high structural performance and dimensional stability. Bending strength of
CLT is higher than that of individual boards (Bano ef al. 2018).

To develop high-performance and lightweight products, wood-based sandwich
structures have also been developed. Some researchers used wet-forming and hot-pressing
techniques to form wood fiber and thin veneer into corrugated geometry using a matched-
die mold (Hunt ef al. 2004; Kavermann and Bhattacharyya 2019; Smardzewski 2019a). To
avoid water waste, researchers have adopted a dry-forming process along with a matched
die mold technique to develop wood-based sandwich panels (Pang et al. 2007; Way et al.
2016; Mohammadabadi et al. 2018, 2020a). Instead of using a matched-die mold, a roll-
forming technique to form wood veneer into corrugated geometry (Srinivasan et al. 2007;
Dykes et al. 2000) and 3D printing to develop lattice structure (Smardzewski and
Wojciechowski 2019b) have also been developed. To a have better understating of
performance of these wood-based sandwich structures, full-size sandwich panels (1.2-m
by 2.4-m) with biaxial corrugated core geometry were designed, fabricated, and evaluated
(Mohammadabadi and Yadama 2020b; Mohammadabadi et al. 2020c). It should be
emphasized that heat was a required element in the fabrication process of these core
structures with three-dimensional geometries in order to cure the thermoset resin or melt
the thermoplastic one. Recently, researchers at Mississippi State University developed a
cold-forming process to form wood veneer into corrugated geometry using a wooden
matched-die mold with no heat (Mohammadabadi et al. 2023). Wood veneers with an
average thickness of 0.68 mm were formed into a corrugated geometry with an average
depth of 28.6 mm. Without using heat and wet-forming process to soften wood, the
question arises as to whether this cold-forming technique can be used to form thick veneers
with an average thickness of 3 to 4 mm into a corrugated geometry.

Structural insulated panel (SIP) is another building material with high energy
performance that is used as a prefabricated product (Panjehpour et al. 2013; Amran et al.
2022; Khademibami et al. 2023). To fabricate SIPs, an insulating material mainly
polystyrene- or polyurethane-based foam is sandwiched between two layers of a structural
panel, mainly oriented strand board (OSB). While such structures are lightweight, energy
efficient, and made from prefabricated material resulting in quick construction, SIPs suffer
from low load-carrying capacity and structural performance. Currently, International
Residential Code (IRC 2018) section R610 limits the wall height to 3048 mm (10 ft) and
number of stories above the basement to two stories.

Buildings are responsible for 36% of global energy consumption and 40% of
greenhouse gas emissions (Allende and Stephan 2022). Therefore, the development of
energy-efficient and prefabricated building materials similar to SIPs but with high-
structural performance is required. The goal of this study is to form thick wood veneers
with an average thickness of 4 mm into a corrugated geometry using a cold-forming
process. It was hypothesized that wood veneers, even thick ones, can be formed into a
corrugated geometry through a cold forming process without using heat or steam. This
corrugated panel along with insulating foam were used as a core to develop a sandwich
structure as a new building material.
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EXPERIMENTAL

Corrugated Panels

To fabricate a corrugated panel shown in Fig. 1a using a cold-forming process, a
wooden matched die mold was designed and manufactured. Similar to the study carried
out by Mohammadabadi ef al. (2023), this wooden mold was manufactured using a table
saw. To avoid defects and cracks introduced into the corrugated panels during the forming
process, the wooden mold was designed with rounded corners rather than sharp ones. To
develop smooth rounded corners using a table saw, the mold was designed from several
layers that should be cut at different angles as shown in Fig. 1b. Commercial plywood with
an average thickness of 5.84 mm (0.23 in) and 18 mm (0.71 in) was cut and screwed
together (shown in Fig. 2a) to fabricate an 8-ft wooden mold as shown in Fig. 2b-c.

Fig. 1. Design process of the mold; (a) dimensions of the corrugated panel in mm, and (b) using
different thicknesses and angles to develop a rounded corner

Fig. 2. (a) Cutting veneer in size and angle, (b) upper part (male) and (c) lower part (female) of
the wooden mold with rounded corners

Fig. 3. Manufacturing process; (a) full-size, veneers with defects having an average thickness of
4 mm and (b) cold-pressing of four veneers to fabricate (c) Final corrugated panels with 432mm-
wide and 2.6m-long dimensions

To fabricate the corrugated panels, veneers from southern yellow pine with an
average thickness of 4 mm and average density of 535 kg/m?, as shown in Fig. 3a, were
used. To improve the utilization of veneers with defects and convert them into a high-
performance product, veneers having pre-cracks and knots, as shown in Fig. 3a, were used
in this study. For each corrugated panel, four layers with an average width of 0.57 m and
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length of 2.6-m were cut from full-size veneers. The average moisture content of wood
veneers at the time of forming process was 8.25%, as they were kept at room temperature.
A commercially available cold-setting wood glue, Titebond II premium, at a weight
specification of 280 g/m?, was applied to bond the veneers. Veneers brushed with resin
were aligned in the same direction and placed between the top and bottom part of the mold
and cold-pressed, as shown in Fig. 3b, to fabricate a veneer-based corrugated panel with
an average thickness of 15.9 mm and depth of 116.5, as shown in Fig. 3¢c. The direction of
wood fiber (i.e. the growth direction of the pine tree), which is parallel to the axial direction
of the corrugated panel, is also shown in Fig. 3c.

Sandwich Panels

Facesheets, as a required component of sandwich panels, were fabricated from the
same veneers having average thickness of 4 mm, average density of 535 kg/m3, and
average MC of 8.25%. Three veneers with an average width of 0.48 m and length of 2.6 m
were bonded together using the same resin, Titebond II premium, at the same target of 280
g/m? to make facesheets with an average thickness of 11.94 mm. Among the three layers
of the facesheet, the ones attached to the top and bottom of the corrugated core were
oriented perpendicularly, while the other two layers were in a parallel orientation with
respect to the corrugated core. This orientation was made to increase the dimensional
stability of the sandwich structure.

To develop an energy-efficient building material, the cavities between the
corrugated core and the facesheets were filled with an insulating material. To this end, a
commercially available extruded polystyrene (XPS) foam, FOAMULAR® 250 developed
by Owens Corning, with the R-value of 34.7 mK/W per meter (5 h-ft2-°F/BTU per inch),
was used. The same resin at the same target of 280 g/m? was used to bond the corrugated
panel, facesheets, and XPS foam together to fabricate sandwich panels with an average
thickness of 139 mm, as shown in Fig. 4a. Considering 101.6 mm-thick (4 in) foam, the R-
value of 3.52 m?K/W (20 h-ft2-°F/BTU) is expected for this sandwich structure.

Fig. 4. (a) Sandwich and (b) laminated flat panel fabricated using the same number of veneers
and same order

Sandwich panels developed in this study and shown in Fig. 4a were fabricated using
10 layers of veneer; three layers at the bottom (lower facesheet), four layers formed into
corrugated panel (core) in the middle, and another three at the top (upper facesheet). As
explained, all these 10 layers were aligned in the same direction except one layer of each
facesheets that was aligned perpendicular and used to bond each facesheet to the corrugated
panel. To examine the effect corrugated geometry on the structural performance of this
sandwich structure, 10 layers of the same veneer were bonded in the same order to make
laminated flat panels as shown in Fig. 4b.
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Experimental Evaluation

Since the goal of this study was to introduce this sandwich structure as a new panel
for building construction, ASTM E72 (ASTM 2022) was used to evaluate structural
performance of this product. Both sandwich structures and laminated flat panels shown in
Fig. 4 were submitted to a four-point bending test where the load span was half of the span
length (L), known as quarter point loading. Bending stiffness (E£/), bending strength known
as modulus of rupture (MOR), maximum bending moment (Mmax), and maximum shear
stress (Tyqy) that happens at nuteral axis were calculated using Eqs. (1-3), respectively,
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where P is bending load, A is deflection at mid-span, a is the distance of loading point from
the support which is one-fourth of the span length in this study, L is span length, /is moment
of inertia, C is maximum distance from the neutral axis to the outermost fiber which is half
of depth (/4/2) for these specimens, V' is shear force, Q is the first moment of area about the
neutral axis for the area above or below the interest location, and b is specimen’s width.

Because dead loads and live loads in the form of distributed loads are mainly used
for the design of building materials, the bending load obtained from four-point bending test
was converted into the distributed load. The equivalent distributed load is given in Eq. (5)
was computed based on the maximum bending moment (Mimax).

. Pa
Four — point load: My, = > "Pa

- Equivalent Distributed Load = w = —— (5)

wlL? 12

Distributed load: My,q, = 5

RESULTS AND DISCUSSION

In this section, bending results of both sandwich structures and laminated flat panels
developed in this study are reported. The bending results of the sandwich panel were
compared with those of SIPs, stud wall used in traditional construction, and two-layered
core sandwich panels fabricated using hot-pressing method. Details of all these specimens,
dimensions and load, are given in Table 1.

Due to the increased height, sandwich structures have higher bending stiffness and
lower normal stress at outer layers, which is known as the sandwich effect (Zenkert 1995).
The effect of a corrugated panel on the structural performance of the sandwich structure,
the sandwich effect, is shown in Fig. 5. To have an accurate comparison, bending stiffness
and bending moment were normalized by width, as these specimens come with different
widths. The normalized maximum bending moment and normalized bending stiffness of
the sandwich structure, as shown in Fig. 5a, were 143% and 1741% higher than those of
laminated flat panels made from the same number of veneers. The maximum normal stress
of the sandwich panels, as shown in Fig. S5b, was 81% lower than that of laminated flat
panels.
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Table 1. Comparison between Dimensions and Maximum Bending Load of Specimens Developed in this Study with those of
Reference Studies

. Max. Bend.
. : L
Specimens # Wig{ﬁebléer:ﬁt&m) Spin (Isnr;?th, - Load Span Load, kN
» P ' h (Normalized*)
a2 Laminated Flat Panels 6 79x14x4 68.6 17 L/2 16(114)
< 35
=% Sandwich Structures 4 253x42x13.9 239 17 L/2 33.6 (79.9)
SIPs-Beam
(Khademibami et al. 2023) 31 317%29.8x16.5 297 18 L/3 4.9 (16.4)
3 SIPs-Panel
O o
§ % (Abbasi 2014) 3 274%x122x16.5 244 15 L/2 26.5 (21.7)
L2 Wood-Framed
g o (Abbasi 2014) 3 274%244x16.5 244 15 L/2 68.8 (28.2)
Hot-Press Sand. Panels
(Mohammadabadi et al. 2021) 2 244x122x9.3 229 25 L/2 51.1(41.9)

* Numbers in the parenthesis show the maximum bending load normalized by specimens’ width (kN/m).
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Fig. 5. Comparison between sandwich and laminated flat panels shown in Fig. 4, (a) maximum
bending moment and bending stiffness normalized by width (per unit width) and (b) maximum
normal stress (MOR)

Due to a decrease in maximum normal stress, sandwich panel failed in shear while
laminated flat panel failed due to tensile stress at the bottom layer, as shown in Fig. 6. The
maximum normal stress, as calculated using Eq. 2, and the maximum shear stress computed
using Eq. 4 were 38 MPa and 2.2 MPa, respectively, for laminated flat panels, and 7.4 MPa
and 4.9 MPa for sandwich panels. Since the shear modulus of the foam is smaller than that
of veneer-based corrugated panel, most of the shear load is carried by the corrugated panel.
Therefore, only the corrugated panel was used to calculate “b” in Eq. 4.

)

Fig. 6. Failure mode of (a) shear in sandwich panels and (b) tension in laminated flat panels

The bending results of the sandwich panel developed in this study using the cold
forming process (Cold Forming Sand.) were compared with those of beam-like and panel-
like SIPs (SIPs-Beam and SIPs-panel), traditional construction method of stud wall (Wood-
Framed), and two-layered corrugated core sandwich panel manufactured using hot-
pressing technique (Hot Pressing Sand.), as shown in Fig. 7. The maximum equivalent
distributed load, which was calculated based on the maximum bending moment in Eq. 2,
is reported in Fig. 7a. The maximum distributed load that can be applied on the sandwich
panel developed in this study is higher than other building materials; 354% higher than
beam-like SIPs, 276% higher than panel-like SIPs, 189% higher than stud wall, and 79%
higher than hot-pressing sandwich panels. Even though beam- and panel-like SIPs have
similar depths, their bending results are different, as they have been tested with different
load span.
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Because these specimens have different thicknesses, maximum stress (MOR) is
compared in Fig. 7b to have an accurate comparison. Sandwich panels developed in this
study exhibited a higher MOR than commercial building materials; 315%, 410%, and 73%
higher than beam-like SIPs, panel-like SIPs, and stud wall, respectively. However, the
MOR of cold-forming sandwich panel was 11% lower than that of hot-pressed sandwich
panel. This can be explained because of the lower slenderness ratio of cold-forming
sandwich panels, which is L/4 and reported in Table 1, compared to that of hot-pressing
sandwich panels. Due to the lower slenderness ratio, the effect of shear was significant;
hence, cold-forming sandwich panels could not reach their true load-carrying capacity and
failed due to high shear stress while tension was reported as the failure mode of hot-
pressing sandwich panels. By increasing the slenderness ratio, the shear effect can be
reduced, and high MOR and true load-carrying capacity for this sandwich panel can be
obtained.
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(a) Sand. Sand. Sand. Sand.

Fig. 7. Bending results of the cold forming sandwich panels developed in this study compared to
commercial and similar building materials; (a) maximum equivalent distributed load and (b)
maximum stress (MOR).

CONCLUSIONS

1. A cold-forming technique was developed to convert defective wood veneers into a high
performance building material. Southern yellow pine veneers were formed into a
corrugated geometry that was used as core of a sandwich structure. Insulating material
was used to fill the cavities between the corrugated core and facesheets. Sandwich
panels were submitted to four-point bending test and results were compared to those of
commercial and similar building materials.

2. The effect of the corrugated veneer core on the structural performance of the sandwich
panel was significant. The bending stiffness of the sandwich panels was 1741% higher
than that of laminated flat panels made from the same number of veneers with the same
orientation.

3. The equivalent distributed load that is an important factor to select and design building
materials was computed for the sandwich panel developed in this study and was higher
than those of commercial and similar building materials.

4. While the laminated flat panels failed due to tension, sandwich panels prepared with
the corrugated veneer structures failed due to shear. By increasing the slenderness ratio
of the sandwich panel, the effect of shear can be reduced, and their true load-carrying
capacity can be obtained.
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5. The cold-forming process was found to be an effective method to convert defective
wood veneers to high-performance building materials. Since no heat was used during
the manufacturing process, this cold-forming technique not only was successful to
develop high-performance product but also can help to reduce carbon emissions.
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