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Abstract: The current research examines the structural bending performance
of additive manufactured wood-sodium silicate composite beams of various
span-to-height proportions. Beams consisting of both a single layer as well as
two layers of extruded wood-sodium silicate composite were considered. Both
groups of beams exhibited a rise in maximum shear force (Vmax), maximum
bending moment (Mmax), apparent modulus of elasticity (MOEgy), and
modulus of rupture (MOR) when the span-to-height proportions rose.
However, the amount of shear stress (zmax) decreased as the span-to-height
proportion increased. Furthermore, the flexural and shear stress patterns for
span-to-height proportions of 6 and 30 were calculated analytically using the
transformed section methodology across the thickness of the beams at
different positions of L/6, L/3, 5L/12, and L/2 of the beam span. The results
demonstrated that the bending stress increased as the distances from the
supports increased toward the middle of the beam. Compared to single-layer
beams, two-layer beams displayed lower stress values overall. In particular,
the bending stress was 4.85% lower in the two-layer beam with a span-to-
height proportion of 6 than that of the single-layer beams. Furthermore, the
single-layer beam's maximum shear stress was slightly greater than the two-
layer beams. The greatest shear stress of the single-layer beams were
computed 4.27% and 0.46% higher than those of the two-layer beams at span-
to-height proportions of 6 and 30, respectively.

Keywords: Additive manufacturing; wood-sodium silicate; composite beams;
sustainable construction.

1 Introduction

Additive manufacturing, or 3D printing, is the method of assembling components from 3D model
data by attaching materials, often layer by layer, as specified in the international standard ISO/ASTM
52900. This method offers an alternative to traditional manufacturing techniques, such as molding
material or subtracting it through milling [1, 2]. Seven specific types of additive manufacturing methods
are material extrusion, material jetting, binder jetting, powder bed fusion, directed energy deposition,
vat photopolymerization, and sheet lamination [3]. In comparison to fluid and powder-based additive
manufacturing methods, extrusion-based additive manufacturing offers freedom in design, bigger
construction sizes, and more cost-effectiveness, all while producing detailed structures [4]. Extrusion-
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based additive manufacturing was initially designed for polymeric filament materials. However, this
technology is currently being utilized with an extensive array of other items encompassing, ceramics
[5], concretes [6], sands [7], food materials [8], metallics [9], biomaterials [10], composites [11], multi-
materials, intelligent materials [12], energetic materials, and glasses [13].

Additive manufacturing has the potential to completely transform the construction sector in
several ways. For example, capability to generate intricate geometries and fabricate both structural and
architectural features could be particularly useful in renovation [14-16]. The recent advent of 3D printed
homes has minimized the need for formwork and human labor, resulting in reduced construction
expenses and decreased waste generation when compared to traditional methods [17]. In addition, 3D
printed buildings provide enhanced design versatility, enabling the incorporation of complex geometries
[18], as well as increased functionality [16]. Additive manufacturing also enables more environmentally
friendly and sustainable construction. For example, 3D-printed earthen structures and fully recyclable
structures have recently been produced. Significant progress has also been made in 3D printed concrete
structures that incorporate composite aggregates, bio-based components and other environmentally
friendly polymers and materials [19]. Similarly, recent progress in the science of materials and
manufacturing techniques has enabled 3D printed buildings to possess structures and characteristics
that are both highly compatible and functional.

The utilization of raw materials in 3D printing in an efficient manner is resulting in the production
of low or zero waste [20]. Considerable attention has been devoted to biodegradable additive
manufacturing technologies, including the research, creation, and evaluation of recycled and
environmentally friendly materials such as wood, cellulose, and lignin [21, 22]. Additionally, fiber,
particle, and nanocomposite reinforced wood materials have garnered attention [23]. However, the real-
world applications of 3D printed wood can be limited by issues with consistency of material, structural
integrity, print accuracy, and environmental impact. The strength, texture, and moisture content of
wood-based materials are subject to variation which may have an impact on the dependability and
quality of 3D printed items [24]. However, creating cutting-edge wood-based composites with
consistent properties and improved mechanical performance may be one way to tackle these issues. The
formulation of wood filaments is being optimized by researchers and manufacturers in an effort to
minimize defects and achieve consistent extrusion. Furthermore, adding cutting-edge printing methods
like multi-axis printing and layer reinforcement can enhance the structural stability and weight-bearing
ability of 3D printed wood products.

The possibility of additively manufacturing buildings using wood fibers presents several
advantages and is becoming an active area of research [25, 26]. In particular, it has been shown that
additive manufacturing of wood composites could significantly reduce carbon emission associated with
the construction industry [27]. Wood is an abundant and sustainable material [21] and could therefore
significantly reduce the cost 3D printed goods as well. When used in additive manufacturing wood is
typically ground to a powder and subsequently combined with adhesives, plastics, gypsum, natural
fiber, or cement [28]. Orji et al. [29] and Carne et al. [30] have effectively3D printed wood composites
using a sodium silicate binder. Combining the inherent sustainability of wood with the improved
mechanical qualities offered by sodium silicate, wood sodium silicate printed timber material creates a
composite that is both incredibly resilient and environmentally friendly. Compared to traditional
building materials, this material ensures a lower environmental impact by utilizing the renewable nature
of wood. A wide range of structural applications can benefit from sodium silicate's enhanced
mechanical performance, which includes increased strength, dimensional stability, and fire resistance.
Furthermore, because of its compatibility with additive manufacturing techniques, intricate geometries
and unique designs can be precisely fabricated, something that is difficult to accomplish with traditional
timber processing. Because of its exceptional mechanical qualities, sustainability, and ability to adapt
to cutting-edge manufacturing techniques, wood sodium silicate printed timber is seen as a promising
material for creative and environmentally friendly building solutions. However, crucial data regarding
the mechanical properties, performance, and service capabilities of extrusion printed wood-sodium
silicate composites is needed. It is vital to understand the bending behavior of extrusion printed wood-
sodium silicate beams to enable their use in structural applications. This study presents data regarding
the bending strength of extrusion printed wood-sodium silicate beams manufactured in several different
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span-to-height proportions. In the construction industry, knowledge of the structural properties of new
printed timber beams can be advantageous for future design.

2. Materials and Methodologies

2.1. Preparation of materials

Mixed wood species sawmill leftovers were acquired from Plummer Forest Products (Post Falls,
USA). Wood flour was obtained by sieving the mill leftovers through a 20-mesh screen followed by a
40-mesh screen. The wood flour had a moisture level of around 8%. On a dry basis, wood flour and a
water-based solution of sodium silicate adhesive were combined in a proportion of 50% wood flour to
50% sodium silicate [30].

2.2. Specimen manufacturing

The wood flour and aqueous sodium silicate solution were mixed and fed into a single screw
extruder at a rate of 47 g/min as described by Carne et al [30]. Two groups of wood-sodium silicate
composite beams were printed; the first set consisted of single layer beams with dimensions of 850
mmx 35 35 mmx15 2 mm (L xW xT), the second consisted of two-layer beams with dimensions of
850 mmx 35 45 mm>30 2 mm (L xW xT). After extrusion the beams were placed in an oven at a
temperature of 60 <C for 60 hours at which point they reached a 12% humidity level as specified by
ASTM D 198 standard [31]. Post-drying, the boards were sawn and sanded to definitive measurements
of X, Y, Z. The design of the specimens’ size in this study was based on recommendations from the
ASTM D198 standard, which provide guidelines for investigating the bending properties of wood
composite materials in a range of short to long span-to-height proportions to capture the various
mechanical behaviors from pure shear to pure bending under variable span bending test. The two-layer
beams were sawn thus, the bond line connecting the two layers was positioned at the midpoint of the
beam, namely along the neutral bending axis. After sawing and sanding the two-layer and one-layer
beams had the same overall width but the two-layer beam was twice as thick. The beams were then
placed in a conditioning chamber held at 25 <C and 65% relative humidity for two weeks prior to testing.
The beams were separated into the five groups shown in Table 1.

Table 1. Characteristics of extrusion printed wood-sodium silicate beams used in bending tests

Span-to-height Width of Span of single layer ~ Span of two-layer Loading Speed

Group proportion beams (mm) beams (mm) beams (mm) (mm/min)
A 6:1 35 60 120 1
B 12:1 35 120 240 1
C 18:1 35 180 360 1
D 24:1 35 240 480 1
E 30:1 35 300 600 1

2.3. Bending tests extrusion printed wood-sodium silicate beams

2.3.1. Test arrangements and results

For each group in Table 1, a total number of six beams were subjected to a center-point loading
test using an INSTRON 5500R-1137 testing machine. The duration of the bending test for each
specimen was less than 20 minutes, in accordance with the guidelines described in ASTM D 198 [31].
Each specimens’ maximum deflection at the midspan was calculated utilizing a linear variable
differential transformer (LVDT). The experimental bending test configuration for small and large span-
to-height proportions are depicted in Fig. 1.

The maximum shear force (Vimax) and maximum bending moment (Mmax) of beams were measured
by Eq. (1) and Eq. (2):

Pmax
Vo= 22 (1)

000054-3



Hematabadi et al., SUST, 2024, 4(3): 000054

Pmax *L
Mmax: 4 (2)
where Vimax presents the upper limit shear force (KN), Mmax presents the upper limit bending moment
(KN-m), Pmay is the upper limit load (kN) and L is the span length between supports (mm).
The modulus of elasticity (MOE.,,) and the highest bending stress or modulus of rupture (MOR)
of each specimen was determined by using Eg. (3) and Eqg. (4) as standard [31].

_rr
MOE =7 (3)
MOR=""2 @)
2
=2 (5)
bk’
== (6)

where P presents the applied load within the elastic region of the material (kN), A is displacement
at the center of the specimen (mm), L is the span length between supports (mm), Mmax presents the
greatest applied bending moment (kN-m), S presents the section modulus for a rectangular shape (mm3),
I is the moment of inertia the specimen’s cross-section, B is the width of the beam’s sectional area (mm),
and h presents the thickness the specimen’s sectional area (mm).

The maximum shear stress (z,,¢) in each specimen was calculated using Eq. (7) which assumes
the material is isotropic [32]:

3,
TmaX: v (7)
24

where V presents the highest transverse shear force under center point bending (kN), and A is the
area of the beams cross-section (i.e., b x h).

Fig. 1. Center-point loading test of printed timber beams with small span-to-height proportion (left) and large
span-to-height proportion (right).

2.3.2. Flexural stiffness and shear stiffness calculations

The effective flexural stiffness (Elesr) and the effective shear stiffness (GAes) of test specimens
were determined using both the variable span bending test approach (Regression approach) and the
simultaneous bending test approach outlined in ASTM D 198 [31].

2.3.2.1. Evaluation of Eless and GAesr using the regression method

ASTM D198 specifies evaluating a series of beams of differing span lengths to compute the shear
modulus (G). The modulus of elasticity (MOE.,p) is dependent upon the shear modulus and the true
modulus of elasticity (MOE) and can be computed from the load-displacement response of beams of
varying span lengths. The apparent modulus of elasticity deflection equation (Eqg. 3) is capable of
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generating a linear formula of the form y = mx + b by substituting terms. In this equation, y represents
the reciprocal of the elasticity modulus, m stands for the reciprocal of the beams’ shear modulus, b for
the reciprocal of the true elasticity modulus, and x presents a compound of dimensional concepts
pertaining to the supports and loaded conditions. These equations follow a similar procedure, but instead
of the modulus of elasticity and shear modulus, respectively, they use Eless and GAesr, with the necessary
modifications [33-35].

When a beam is loaded in center-point loading both shear deformations and bending deformations
are present as shown in equation 9. However, for slender beams (i.e., span-to-height proportion > 10)
the bending deformation is much greater than the shear deformation. Consequently, shear deformations
are often assumed to be negligible and the second term in Eq. (9) is simply removed. Note that equation
9 can be rearranged to solve for the quantity EI which is known as the flexural stiffness of the beam. If
shear deformations are not considered when calculating EI then we add a subscript specifying this is
the apparent flexural stiffness (Elap). Whereas if shear deformations are considered then we use a
different subscript (Elerr) to specify the effective flexural stiffness. Eq. (10) is obtained by rearranging
Eq. (9) and eliminating like terms. The terms in Eqg. (10) represent the equivalent terms for beams in
the y = m*x + b equation mentioned earlier. The y-term represents the reciprocal of apparent flexural
stiffness, the m-term represents the reciprocal of shear stiffness, and the b-term represents the reciprocal
of flexural stiffness.

25 PL
Avotal= o d
ol 48 E g 4xGA gy ©)
1 1 1 (12
=—+—(3) (10)
E[app Elgt  GAepr \kL

where A presents the deflection at the center-point of loading, P is the load in elastic zone of
load-deflection curve, L presents the span of the beam under bending (mm), A is distance between
support and point of loading in center of the beam, Elxp is the flexural stiffness at certain span-to-height
proportion of the beam (KN-mm?/m), GAe is the effective shear stiffness of the beam (KN/m), Elesis
the flexural stiffness of the beam (KN-mm?/m), K is equal 5/6, the shear coefficient for rectangular
sections.

In order to determine the experimental flexural stiffness (Elesr) of the beams using a regression
approach or the variable span bending test (Elereg), @ Set of the beams with the specified dimensions
reported in Table 2 were subjected to a center-point loading test at various bending spans. Subsequently,
the Elefr reg Values for these beams were calculated by utilizing the slope of a linear regression estimation
within 1/Elap and (12/KL?) in Eq. (9) and Eq. (10) across all spans. Moreover, The GAereg Values of
the beams using regression approach were computed from the intercept of a model using linear
regression in the reciprocal of the shear rigidity coefficient and the apparent flexural stiffness under
center-point bending test in Eq. (9) and Eq. (10).
2.3.2.2. Evaluation of Eler and GAes values through simultaneous bending test

The deflection equation's solution is the basis for a simultaneous solution method that is used as
an alternative to assess the bending and shear stiffness parameters. Even though this method only uses
two spans , it is found to generate results that are equivalent to the ASTM D 198 variable span method
[33,34] which utilizes more than two spans. Prior to the introduction of the variable span method in
1992, the simultaneous approach was defined in ASTM D 198.

To calculate the experimental values of simultaneous flexural stiffness (Elefr,sim) and shear
(GAest,sim) for the beams using the methodology of Simultaneous, two spans from the entire dataset
reported in Table 2 were examined. The Elessim and GAesisim Values of the beams were determined
through an experimental center-point loading test, using the pure shear values at a span-to-height
proportion of 6 and the pure bending values at a span-to-height proportion of 30. Due to the absence of
shear deflection and stress in the El,p, term during the pure bending test with a span-to-height proportion
of 30, Elesrsim Was calculated using Eq.(3). Moreover, using deflection values obtained from pure shear
bending tests for single and two-layer beams at 6 and 12 cm spans, the GAefrsim Of the beam was
computed using Eqg. (11) as follows:
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where 4 is the deflection (mm), P is the transmitted force load (N), L is the span (mm), Eles is the
flexural stiffness (N-mm?2/m), K is the (5/6) for the geometry factor for sections that are rectangular.

GAeff: (11)

2.3.3. Analytical flexural and shear stresses distribution of beams

Shear stress distributions in single-layer and two-layer beams were computed using solid
mechanics theory in combination with measurements obtained from experimental center-point loading
tests at span-to-height proportions of 6 and 30 [32,36].

3. Results and discussion
3.1. Experimental flexural test

3.1.1. Maximum deflection, maximum shear force and maximum bending moment of beams

The average experimental Apmax, Vimax, Mmax Values of single and two-layers the beams calculated
using Equations 1-3 are shown in Table 2. In both single- and two-layer specimens, with an increase in
the span-to-height proportion from 6 to 30, the average 4pmaxand Mmax values were increased, while the
Vmax Values of specimens exhibited a completely opposite trend.

Table 2. Average Apmax, Vmax, Mmax values of single- layer and two-layer beams in various span-to-
height proportions under bending test.

Single layer Two layers
Span-to-
height Apmax (Mm) Vinax(N) Mmax (KN-m)  Apmax (mm) Vinax (N) Mmax(KN-m)
proportion
6 0.542(#0.04) 169.3(#12.8) 5.080(%0.38) 0.791(x0.1) 322.7(439) 19.3(x2.34)
12 0.927(40.05) 94.6(13) 5.679(30.78) 1.869(x0.05) 165.4(+19.3) 19.8(%2.32)
18 2.027(40.43) 66.8(28.2) 6.015(40.73) 3.865(30.45) 116.5(#14.7)  20.9(2.64)
24 3.362(30.27) 50.8(%7.6) 6.102(40.91) 6.941(30.5) 96.2(46.6) 23.0(#1.5)
30 5.085(#0.50) 41.0(#2.46) 6.203(30.36) 8.874(20.42)  80.0(#4.5) 24.0(+1.36)

Based on the experimental results, the lowest and highest averages Apmax and Mmax Values for
single-layer specimens were 0.54(mm), 5.085 (mm), 5.08 (kN-m) and 6.16 (kN-m), while for the two-
layer specimens were 0.79 (mm), 8.874 (mm), 19.36 (kN-m) and 24.02 (kN-m), respectively, at span-
to-height proportions 6 and 30. However, the average Vmax Values of both groups decreased with rising
span-to-height proportions from 6 to 30 (Table 2). The lowest average Vmax Values for single- and two-
layer beams were 41.06 (N) and 80.08 (N) observed at span-to-height proportion 30, respectively. This
behavior of the beams in the process of flexural was comparable to that of solid timber, in which with
a rising span-to-height proportion up to 30 subjected to flexural test, the quantity of Vimax diminished
but the value of deflection and pure bending values in the beam raises [32].

Comparing the average 4pmax and Vmax values of single and two-layer groups of beams at span-to-
height proportions of 6 and 30, the 4pmax Values for two-layer specimens were respectively 31.6% and
42.7% greater than those of single layer ones. While for Vinax values, these percentages were 47.5% and
48.7% greater respectively. The difference of Apmax Values in each group between single- and two-layer
the beams under bending test was due to different spans in which the specimens were tested. More span-
to-height proportion wood and wood-based composite beams typically exhibit more midspan deflection
in bending tests than shorter beams[32]. Also, the average Vimax Values of two-layer beam specimens
were higher than those of the single-layer specimens. This was because they were thicker, which means
they could handle more ultimate loading, which led to higher Vmay values according to Eq. (1).

The average values of MOE,;, and MOR of the beams were calculated using Eqg. (3) and Eq. (4).

Fig. 2 and Fig. 3 show respectively the average MOE,,, and MOR values of single-layer and two-layer

beams at various span-to-height proportions. As Fig. 2 and Fig. 3 indicate, the average MOE,, and

MOR was increased with rising span-to-height proportions from 6 to 30. Additionally, both graphs (Fig.
000054-6
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2, Fig. 3) demonstrate that the rate of increase in MOEgy, and MOR values was quicker from span to-
height proportions of 6 to 18 than from 18 to 30. Furthermore, the results showed that adding layers to
the printing process of the beams made a difference in the average MOE.,, and MOR values.

® Single layer = Two layers

4000

3000

2000

1000

MOEapp (MPa)

6 12 18 24 30

Span-to-height proportion
Fig. 2. Average apparent modulus of elasticity (MOEap,) values of both the single-layer and two-layer
specimens at various span-to-height proportions.

= Single layer = Two layers

Maximum Bending Stress
(MPa)

6 12 18 24 30

Span-to-height proportion
Fig. 3. Average modulus of rupture (MOR) values of both the single-layer and two-layer specimens at
various span-to-height proportions.

3.1.2. Apparent of Elasticity modulus (MOEap,) and of rupture modulus (MOR) of beams

At all span-to-height proportions, the average MOEg, values of two-layer beams were greater than
those of single-layer beams. The average MOE,,, values of two-layer beams from span-to-height 6 to
30 were 30.5%, 1.38%, 2.7%, 7.9%, and 18.5% greater than those of single-layer beams, respectively.
This difference between the MOE.y, values of single and two-layer beams may be due to the
manufacturing processes of two-layer beams; in fact, at the time of printing the second layer, the
extruder nozzle puts pressure on the top of both layers, which makes the two-layer beams somehow
stiffer than the single ones. This phenomenon can positively affect the average MOE., values of two-
layer beams in different spans.

Conversely, the results specified that the MOR values of single-layer beams at all span-to-height
proportions from 6 to 30 were greater than those of two-layer ones. When compared to two-layer ones,
their MOR values were 1.77%, 9.75%, 13.14%, 4.5%, and 0.68% higher, respectively. Two-layer beams
had likely had lower MOR values compared to single layer beams because of weak bonding between
the layers which led to interlayer delamination. During printing, the second layer was connected to the
first layer by a thinner and less wide line of surfaces; consequently, the single-layer beams had an even
structure in thickness, which increased their loading capacity.

3.1.3. Maximum Shear Strength (zmax) of beams
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An average shear strength of beams (zmax) in each span-to-height proportion was determined by
the solid isotropic substances approach based on Eq. 7. The results shown in Fig. 4 illustrate that zmax
of beams decreases with rising the span-to-height proportion under bending. In fact, the beams with a
span-to-height proportion of 6 had the maximum shear stress, and with larger span-to-height proportion,
shear stress values decreased. At the maximum difference, the zmax Values for single and two-layer
beams, respectively, decreased 75.4% and 75.1% from a span-to-height proportion of 6 to 30. The
experimental shear stress values were in line with standard ASTM [31]. For wood and wood composites
with a shorter span-to-height proportions of 5 to 6, the deflection of beams at midspan under flexural
tests is considered to be pure shear deflection and with rising the span to thickness from 6 to 30, it
changes to pure bending deflection. Nevertheless, there was no remarkable difference between the
results of zmax values of single- and two-layer beams in various span-to-height values. The zmax values
of single-layer beams were respectively 1.8%, 9.8%, 13%, 4.6%, and 0.86% higher than those of the
two-layer beams. The max Values of specimens had an intimate connection with the Vimax values based
on Equation 7. As a result, the decrease of Vimax Values with an altering span-to-height proportion from
6 to 30 reduced tmax in specimens with a larger span-to-height proportion.

® Single layer = Two layers
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Fig. 4. Average maximum shear strength (zmax) values of both single-layer and two-layer specimens at
various span-to-height proportions.

3.2. Flexural stiffness (Elcsr) and shear stiffnesses (GAer) of beams

3.2.1. Flexural stiffness (Elef)

The Elesr values of experimental tests (Elesexp) Of both single and two-layer beams were measured
following the regression approach (Elefrreg) Using the slope of linear regression between the terms of
1/Elapp and (12/KL?) by formulas (9) and (10), and the simultaneous approach (Elestsim) by average
experimental results in span-to-height proportion of 30 through Eq. (3), respectively.

= Simultenious & Regression

100
85.81

80.95

~
(]

Effective bending stiffness
(Eleff) 106 N-mmZ/m
N a1
o o

9.26 10.74

Single layer Two layers

Fig. 5. The flexural stiffness (Elefr) values of single and two-layer beams based on simultaneous and
regression approaches.
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Fig. 5 shows the comparison of the Elessim and Elesrreg Values of both groups of the beams. As
Fig. 5 indicates, there was a small difference between the experimental Elesr (Eletrexp) Values of each
group of the beams computed in accordance with simultaneous and regression approaches. The
methodology of the test and the geometry of the beams can affect the Eles values of beams. For single-
layer beams, Elefrreg Was calculated to be 13.8% higher than Elessim. Nonetheless, for the two-layers
group, Elefrreg Was computed to be 6% less than Elesim.

= Simultenious = Regression :

60
=) 52,68
[«5]
<
e
a
2 40
E e
5>
< X
&
g 20 16.24 15.70
=
o
D
=
L
0

Single layer Two layers
Fig. 6. The effective shear stiffness (GAesr) values of single and two-layer beams based on simultaneous
and regression approaches.

Moreover, the experimental averages of Elessvalues of the two-layer specimens were calculated to
be 89.2% and 86.7% greater than those of single-layer ones through simultaneous and regression
approaches, respectively. The difference between the Eles exp Values of single and two-layer beams was
due to the different thicknesses of the beams in the two groups. Two-layer specimens had a greater
moment of inertia in comparison with single-layer ones, which positively influenced their stiffness.

3.2.2. Effective shear stiffness (GAes)

The GAes of beams, furthermore, was calculated by the regression approach (GAefrreg) Utilizing
Eqg. (9) and Eq. (10) to calculate the intercept of a linear regression model within the values 1/Elp, and
(12/KL2), and by the simultaneous approach (Elessim) using Equation 11. The comparison of GAeftsim
and GAefireg Values of both groups of beams is shown in Fig. 6. Compared to the GAes values of two
groups of beams, the GAes values of single-layer beams according to simultaneous (16.2 kN/m) and
regression (15.7 kN/m) methods were estimated to be approximately close to each other; however, the
average GAes values by the simultaneous method were estimated to be 3.3% greater. While for two-
layer beams, the average GAet values in accordance with the simultaneous method were estimated to
be 6.75% less. Based on the experimental GAc results, it seems that designing single-layer beams
through the regression method is more conservative than simultaneous, whereas for designing two-layer
beams, the simultaneous approach computes a discreet GAes for designing.

3.3. Flexural and shear stress of the beams

3.3.1. Bending stress distribution of the beams

In order to assess any differences between the single and two-layer beams under bending,
collections of shear stress and bending stress patterns throughout the beams’ thickness were evaluated
for span-to-height proportions of 6 and 30 at various points of L/6, L/3, 5L/12, L/2, 7L/12, 2L/3, and
5L/6 of the beam depth. Fig. 7 shows the single-layer beam at a span-to-height proportion of 6, including
the locations of loads and supports, and subsequently a series of bending stress and shear stress patterns
across the thickness at the designated places through the specimen’s span.

The flexural and shear stress distributions were computed using the transformed section
methodology [32,36]. However, in this study, only the flexural and shear stress values of the beam at
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7L/12, 2L/3, and 5L/6 were presented since the other points on the right side of the beam were the
mirrors of these points.
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Fig. 7. Flexural and shear stress values at the specified points of single-layer beam at span-to-height
proportion of 6.

The values of stresses under the flexural test at different sections along the beam span with a span-
to-height proportion of 6 are shown in Fig. 7, indicating that with rising distances from supports towards
the middle of the beam, the bending stress values increase. The bending stress values at L/6 and at the
middle of the single-layer beam length were about 1.45 MPa and 4.35 MPa, respectively. As is observed
from Fig. 7, the compressive bending stresses occurred on the top surface of the beam and considered
negative stress, while the tension stress happened on the bottom fiber of the beam and was considered
as a positive one. In addition to this, the bending stress values at points L/6, L/3, and 5L/12 of the beam
were mirrors of 7L/12, 2L/3, and 5L/6.
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Fig. 8. The bending stress values of single-layer Fig. 9. The bending stress values of two-layer
beam at span-to-height proportion of 30. beam at span-to-height proportion of 6.

Moreover, the bending stress values for a single-layer beam with a span-to-height proportion of

30 are shown in Fig. 8. The graph also indicates that in all points, the bending stress occurred at higher

values than those of the beam with a span-to-height proportion of 6. At all points of L/6, L/3, 5L/12,
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and L/2 of the beam, stress values were approximately 16% greater than those of the beam with a span-
to-height proportion of 6. This behavior is not surprising since the longer span beams withstood
maximum moment under bending (Table 2); thus, the more maximum moment the beam experiences,
the more bending stress occurs as compression or tension on top or bottom parts of the beam [32,36].
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Fig. 10. The bending stress values of two-layer beam at span-to-height proportion of 30.

Similarly, the bending stress values for the two-layer beams with both span-to-height proportions
of 6 and 30 were the same trend as single-layer beams (Fig. 9, Fig 10). As for the beam with a span-to-
height of 6, the bending stress increased from L/6, 0.27 MPa, to its highest rate, 0.83 MPa, at the center
of the beam length. In the two-layer beams with a span-to-height proportion of 30, these values were
0.34 MPa at L/6 and 1.02 MPa at L/2. These were 20.5% and 18.6% higher than the bending stress
values for two-layer beams with a span-to-height proportion of 6. Furthermore, comparing the bending
stress values for single and two-layer beams, the two-layer beams showed lower values than the single-
layer ones. In all points of L/6, L/3, 5L/12, and L/2 of two-layer beams with a span-to-height proportion
of 6 (Fig. 9), the stress was 4.85%, less than that of a single-layer beam (Fig. 7). Likewise, at the same
point for beams with a span-to-height proportion of 30 (Fig. 8 and Fig.10), this was 0.87% less. As
mentioned, the two-layer beams had a lower load bearing capacity in comparison with single-layer
beams due to the existence of a weak bonding line between the layers, which made them unequal and
different in thickness from single-layer beams.

3.3.2. Shear stress distribution of beams

The shear stress values of a single-layer beam with a span-to-height proportion of 6 at points of
L/6 to 5L/12 of span were illustrated in Fig. 7. In contrast to bending stress values, shear stress values
were calculated to be the same everywhere along the length of the beam. However, the absolute values
of stresses from L/6 to L/2 were the opposite and mirrors of stresses from L/2 to 5L/2. This behavior
was observed since, according to beams mechanics theory, in the center point flexural test, the shear
forces were not changed from the support to the middle of the beam. Conversely, in the center point
flexural test, the shear stresses happened equally through each beam length [32,36]. The difference
between shear stress values at minimum and maximum span-to-height proportions (6 and 30) is shown
for single and two-layer beams, respectively, in Fig. 11 and Fig. 12. At the maximum difference, at the
center of both beam thicknesses, the shear in a single-layer beam with a span-to-height of 6 was 76.1%
greater than that of a beam with a span-to-height of 30 (Fig. 11), while for a two-layer beam, this
percentage was 75.3% greater (Fig. 12).

Additionally, comparing the maximum shear stress values between single and two-layer beams,
the maximum shear stress of the single-layer beam was slightly greater than that of the two-layer beam.
As at span-to-height of 6 and 30 (Fig. 11 and Fig. 12), the maximum shear stress values of single-layer
were 4.27% and 0.46% greater than those of two-layer. This occurred since the single-layer beam had
more even features in thickness and could carry more loading under bending than the two-layer beam.
Moreover, both graphs (Fig. 11 and Fig. 12) indicate the maximum shear stress distribution occurred
at the center of beam thickness, where for two-layer beams there is a bonding line and its strength seems
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to be weaker than the other points of beam thickness, while there is no bonding line for single-layer
beams and they are more even in thickness.
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Fig. 11. The shear stress values of single-layer beam at span-to-height proportions of 6 and 30.
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3.4. Failure patterns of the beams

The failure patterns of single-layer and two-layer beams under the center-point loading test are
shown in Fig. 13 and Fig. 14, respectively. In all span-to-height proportions, the dominant failure mode
of single-layer samples was a tension split at the bottom of the beam at midspan (Fig. 13).

This failure pattern was caused by the presence of maximal tensile stresses at the point of greatest
bending. Different span-to-height proportions caused varied failure modes of two-layer beams. For
example, at a span-to-height proportion of 6 to 18, the failure occurred at the midspan of the beam as a
tension split at the bottom layer without any layer delamination. Whereas, the dominant failure modes
for two-layer specimens at a span-to-height proportion of 18 to 30 were tension in the bottom layer
along with delamination between layers (Fig. 14). In fact, with rising the span-to-height proportion, the
delamination rate between layers increased as five samples out of the six samples at a span-to-height
proportion of 30 were delaminated after starting to crack at the bottom layer. In these beams the initial
failure occurred on the bottom layer being loaded in tension. Following this failure the fracture
propagated along the length of the beam at the bond line between layers, progressing from the center of
the beam to the support points (Fig. 15(a) and Fig. 15 (b)). Only one specimen from the two-layer
beams group failed in compression at the top layer followed by delamination between layers (Fig. 15
(c)). In addition, for one of the two-layer beams with a span-to-height proportion of 24, the initiation of
cracks occurred first close to the support, then propagated as delamination towards the center of the
beam (Fig. 15(d)).
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Failure of single layer WSSC beams at span-to-thickness ratio of 30

Fig. 13. The failure modes of single layer beams in the flexural tests at all span-to-height proportions.

Failure of two-layer WSSC beams at span-to-thickness ratio of 30

Fig. 14. The failure modes of two-layer beams in the flexural tests at all span-to-height proportions.

The failure delamination mode in two-layer specimens with a higher span-to-height proportion is
due to the presence of higher bending stress at the bottom layer (Fig. 8 and Fig. 10). In fact, the beams
with higher spans tolerated more bending deflection and tension stress under experimental loading than
shorter ones under bending loading. When the bottom layer broke under tension, the bottom layer's
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response to the fibers breaking apart started a delamination between layers because the bonding line
wasn't very strong. This delamination mode then spread from the middle of the beam to the supports.
While shorter span beams tolerated smaller bending deflection and less bending stress under
experimental loading (Fig. 9 and Fig.11), as a result, the failure in the bottom layer occurred under
more shear deflection and stress than bending ones. Consequently, the failure of shorter-span beams
happened in the center of the beam without any delamination.

B B
f i

s A T T L T T L

Wy B TS It S SO e s =

(d)
Fig. 15. Delamination failure modes of two-layer beams under flexural tests at span at higher span-to-height
proportions (24 and 30).

4 Conclusions

Using an experimental study and analytical methods, the bending and shear stiffnesses of two
groups of single-layer and two-layer extrusion-based additive manufactured timber beams
manufactured using wood fiber and sodium silicate were calculated in a range of span-to-height
proportions: 6, 12, 18, 24, and 30. The research's findings lead to the following conclusions to be arrived
at:

(1) The average MOE,y, and MOR values of both groups of beams was increased as the span-to-
height proportion increased between 6 and 30. The mean values of MOE, for two-layer beams were
consistently higher than those for single-layer beams across all span-to-height proportions. Conversely,
the results indicated that the modulus of rupture (MOR) values of single-layer beams were greater than
those of two-layer beams across all span-to-height proportions ranging from 6 to 30.

(2) max Of beams reduces as the span-to-height proportion increases under bending. The beams
with a span-to-height proportion of 6 exhibited the highest shear stress, and the shear values declined
as the ratio rose. Nevertheless, no significant distinction was detected between the zmax values of single-
and two-layer beams at varying span-to-height proportion.
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(3) For single-layer beams, the Elesrreg Was found to be 13.8% higher than the Elessim. However,
the two-layers beam's Elesrreg Was found to be 6% less than Elessim. Additionally, it was found that the
experimental averages of the Eles values of the two-layer specimens were, respectively, 86.7% and 89.2%
higher than those of the single-layer specimens using regression and simultaneous methods.

(4) The GAes values of single-layer beams were approximately similar according to both the
regression (15.7 kN/m) and simultaneous (16.2 kN/m) methods. However, the average GAes values
estimated by the simultaneous method were 3.3% higher. Nevertheless, the simultaneous method
yielded an average reduction of 6.75% in GAes values for two-layer beams.

(5) As the distance from the supports towards the center of the beam increases, the bending stress
values also increase. Furthermore, the bending stress values displayed a comparable pattern in both the
two-layer beams with span-to-height proportions of 6 and 30, as well as in the single-layer beams.
Contrary to the varying bending stress values, the shear stress values were discovered to be consistent
across the entire length of the beam.

(6) At a span-to-height proportion of 6 to 18 for two-layer specimens, the beam failed due to
tension splitting at the bottom layer. This failure occurred at the midspan of the beam and did not involve
any separation of the layers. The main factors leading to the failure of beams with a span-to-height
proportion ranging from 18 to 30, were tensile stress in the bottom layer and substantial delamination.
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