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ABSTRACT

Addressing critical societal challenges, such as climate change, resource depletion, and environmental protec-
tion, requires sustainable management of resources. This study reports on the results of an experimental program
using waste wood, including chromium copper arsenic (CCA) treated wood, to produce ambiently cured geo-
polymer cement bonded wood composites (WGC), and the results are very encouraging. The composite exhibited
a reasonable compressive strength, which ranged between 7 and 27 MPa inversely corresponding to the amount
of wood per binder ratio ranging between 0.1 and 0.4, conferring it the possibility of being used as a building
material. The compressive strength of the composite with 40% wood chips showed the lowest compressive
strength with values of 9.79, 7.29, and 7.92 MPa for decontaminated, CCA-treated, and non-CCA-treated wood
chips, respectively. The results indicated that for all the wood per binder ratios, the use of decontaminated wood
chips significantly improves the compressive, flexural, and specific strength of the composites, as well as their
ductility, compared to non-decontaminated CCA-treated and non-CCA-treated wood chips. This paves the way

for using wood waste in sustainability oriented product development and manufacturing.

1. Introduction

The growing awareness of environmental issues has prompted efforts
to seek alternative development strategies focussing on sustainability
and green technologies. One focus area is the building and construction
sector. The pressing issues of global warming and the extensive use of
natural resources, coupled with high levels of waste generation, have
highlighted the urgent need for sustainable eco-friendly building ma-
terials [1-5].

The incorporation of bio-based materials plays a significant role in
advancing the sustainability of the construction sector by reducing
carbon dioxide emissions and the reliance on virgin materials in con-
struction practices. The use of recycled wood-based materials, such as
old pallets and construction waste, bound together by cementitious
material, presents a promising solution for the construction industry,
offering diverse applications in building construction [6-8]. Wood-
cement composites (WCCs) are an ideal candidate for use in green
buildings as they are environmentally friendly and inexpensive to pro-
duce [9,10]. Their multiscale porosity and hygroscopic nature provide
benefits in terms of sound, moisture, and heat regulation by absorbing
sound and limiting hygrothermal transfer [9-11]. This results in a more
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comfortable building environment, reducing the energy demand of the
buildings in both summer and winter [9,12]. Their thermal conductivity
is comparable to that of glass wool and expanded polystyrene [13]. Bio-
sourced construction materials such as WCCs can also sequester carbon
[9]. Furthermore, WCCs also resist decay, fungi, and insects [11,14].
Bio-based materials are also suitable for modular construction and
possess energy-dissipating properties [11,15]. They possess non-fragile
elastic—plastic behavior leading to high deformability under stress.
This high deformability is due to the highly flexible nature of the wood
aggregate and is manifested by a lack of fracturing and marked ductility,
which is the absorbance of the strains even after the maximum me-
chanical strength is reached [9]. WCCs are ideal construction materials,
especially in warm and humid environments where termites and decays
could be a concern. Given the numerous benefits, it is logical to shift
toward using more bio-sourced materials, especially considering that
new buildings are required to meet the ’zero energy criteria’ or even the
’positive energy criteria’ set by the latest building codes [9].

The production of wood-cement composites using recycled wood
goes a long way toward the development of sustainable construction.
However, the use of cement as an inorganic binder could still pose some
challenges due to its high energy demand and carbon dioxide emissions.
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Fig. 1. General aspect of the wood chips: (a) CCA-treated wood chips; (b) Decontaminated wood ships; (c) Non-CCA-treated wood chips.

Additionally, while WCCs have numerous benefits, they have limited
application as load-bearing structural elements due to their lower me-
chanical strength [9,11,13]. They are typically used as panels, and
alternative applications have not been explored [11]. For example, the
potential of using bio-sourced composites to build cinder blocks has not
been fully explored. Considering their light weight, high toughness, and
good insulating ability, WCCs could be ideal for building cinder blocks.
The mechanical strength requirement of these blocks is not high, and
composites with sufficient strength can reasonably be produced.
Furthermore, the low workability of WCCs, which often require high-
pressure compaction through a hydraulic press, is a hindrance to their
broader application and needs to be addressed [16].

The presence of heavy metals and organic compounds in treated
wood also poses a significant challenge to its recycling and reuse. Most
of the wood intended for outdoor use is treated with chemicals like
copper chrome arsenate (CCA) to protect it from aging and biological
degradation. Telegraph poles, decking, fencing, landscaping, vineyard
stakes, and picnic tables, for example, are usually treated with CCA [17].
CCA can extend the life expectancy of timber for up to 40 years [18].
Globally, it is estimated that about 20 million cubicmet cubes of wood
are treated with CCA each year [19]. Australia is one of the world’s
largest per capita users of treated wood [18]. However, heavy metals
and organic compounds in treated wood make it very dangerous for use
and disposal. Lansbury and Beder [17] and Mohajerani et al. [18] have
reported the hazardous effect of CCA-treated wood on humans and the
environment. As a result of this limitation, CCA-treated woods often face
challenges in terms of reusability, leading to their usual disposal in
specially designed municipal landfills. These landfills serve the purpose
of preventing the leaching of heavy metals from these woods into the
surrounding environment. In Australia, about 160,000 m® of CCA-
treated timber could be stockpiled annually by 2039 [20].

The production of wood-based composites to be used in the con-
struction industry is one way of recycling end-of-life wood products
treated with CCA [21-23]. Some studies have reported better perfor-
mance when using CCA-treated woods. Increased flexural toughness and
resistance to withdrawal of sticks embedded in cement have been re-
ported by Schmidt et al. [21]. Good physical and mechanical property of
CCA-treated wood-cement composites is also reported [22,23]. How-
ever, some studies argued that this is just a delay in disposal rather than
avoidance, as the heavy metals could leach during service or disposal.
This has necessitated the need for developing innovative ways of recy-
cling preservative-treated wood waste [18]. Indeed, a novel idea could
be managing the risk of CCA leaching by safely reducing the CCA con-
tent to an acceptable level before using it. This can avoid the need for
expensive disposal of CCA-treated woods while taking advantage of its
availability and desirable properties.

This study examined the feasibility of producing wood-geopolymer
composites (WGC) with favorable mechanical properties. A novel

Table 1
Properties of the wood chips.
Description Density ~ Apparent Moisture Water
density content absorption
[kg/ [kg/m®] [%] [%]
m3]
CCA- treated wood 1,149 428 13 147
chips
Non-CCA-treated 1,396 443 11 154
wood chips

method is developed to reduce the level of CCA (chromated copper
arsenate) in wood. The impact of the wood/binder ratio on the me-
chanical properties of WGC is investigated. Additionally, the potential
for creating moldable wood-based composites without requiring a hy-
draulic press is explored. The utilisation of otherwise disposable mate-
rials like wood and fly ash in WGC production significantly mitigates the
environmental impact of the construction industry. By combining wood
chips with geopolymer cement, the resulting composite material ex-
hibits enhanced strength and durability compared to conventional wood
cement composites. The cement binder protects the wood fibres against
moisture absorption, minimising the risks of swelling, warping, or
decay. As a result, these composites are well-suited for applications in
wet or humid environments, offering improved resistance to expansion,
contraction, and warping caused by changes in humidity or tempera-
ture. This characteristic proves especially advantageous in applications
that require precise dimensional accuracy, such as flooring or panel
construction.

2. Materials
2.1. Wood chips

This study used three types of wood chips as bio-aggregates: CCA-
treated, decontaminated, and non-CCA-treated wood chips. The CCA-
treated wood chips were produced from CCA-treated end-of-service
poles collected from a vineyard in Griffith, Australia. These poles were in
service for over 20 years. Some of these wood chips were decontami-
nated to reduce the CCA content to an appropriate level [24]. The wood
chips contained final concentrations of 1.8, 1.9, and 2.1 mg/g for
arsenic, chromium, and copper, respectively, after the decontamination
process. Prior to decontamination, the wood chips had initial concen-
trations of 4.23, 4.21, and 3.9 mg/g for arsenic, chromium, and copper
content, respectively. These initial concentrations fall under the H5
hazard class [25]. End-of-service pallets were also sourced from disposal
tips. The pallets were made of Radiata Pine lumber and were not treated
with CCA. The poles and pallets were chipped to size using a
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Fig. 2. Particle size distribution of wood chips.
Table 2
Elemental composition of fly ash and GGBS.
Compound (wt. %) Si0, Al,O3 Fe,03 CaO MgO Na,O K,0 LOI*
Fly ash 67.62 19.94 3.7 1.46 0.53 0.61 2.23 2.02
GGBS 34.38 13.31 0.71 41.25 4.75 0.35 0.28 <0.01

* Loss on ignition

Table 3

Physical properties of binders.
Characteristic particle diameters Fly ash GGBS
Dgq (um) 68.83 29.41
Dso (um) 19.84 12.07
Do (um) 4.55 4.66

woodchipper. The morphology of the wood chips is shown in Fig. 1.

The wood chips’ density, moisture content, and water absorption
were calculated according to standard procedures [16,26,27] and are
shown in Table 1. The particle size distribution of the wood chips is
shown in Fig. 2. The particle size distributions of the wood chips pro-
duced from the vineyard poles and pallets were similar, and their effect
on the mechanical properties is negligible.

2.2. Binders: Fly ash and slag

The aluminosilicate materials used for this study were fly ash and
ground granulated blast furnace slag (GGBS), acquired commercially.
Their chemical compositions were determined from an x-ray fluores-
cence (XRF) test and are shown in Table 2. The Binder’s particle size
distribution (PSD) was determined using a laser diffraction particle size
analyzer and is reported in Table 3. The PSD was determined as the
cumulative percentage below a certain grain diameter (CPF). The CPF
below 10%, 50%, and 90% was classified as Dig, Dsg, and Dy,
respectively.

Fly ash-based geopolymer concretes are the most used geopolymer
concretes. However, they need heat curing to gain strength. This addi-
tional energy requirement limits geopolymer concrete’s versatility and
inhibits its wide application. Hence, ground granulated blast furnace
slag (GGBS), which is rich in CaO, was added to achieve ambient curing
behavior.

2.3. Alkali activators

A combination of sodium hydroxide (NaOH) and sodium silicate
(NaySiO3) was used as alkaline activators. The NaOH solution was pre-
pared by dissolving NaOH flakes with 98% purity in water. A 12 M
NaOH concentration was used for all mixes and was prepared at least 24
h before mixing due to its exothermic nature. A commercially available
laboratory grade D sodium silicate solution with a 44.6 solid weight%
and a SiOy: NayO ratio of 2.05 was used. The dosage of the alkaline
activator used is reported as the alkaline solid-to-binder ratio (AS/B)
and sodium silicate-to-sodium hydroxide solid ratio. The AS/B ratio is
the weight of the solid sodium silicate and solid sodium hydroxide
divided by the weight of the binder (fly ash and GGBS). The sodium
silicate-to-sodium hydroxide solid ratio (SSS/SSH) indicates the relative
proportion of the solid part of the alkali constituent materials. These two
ratios, based on the solid content of the alkalis, provide a clearer defi-
nition of the dose used without being entwined with the solution, which
also contains water [28].

3. Experimental program
3.1. Preliminary experiments and mix design

One of the challenges in developing WGC and exploring their po-
tential application for structural elements is the lack of a proper mix
design method. To overcome this issue, a preliminary investigation was
conducted to formulate a mix design that can help achieve desirable
performance in strength and workability. Four sets of mixes were tested
to study the effect of slag content, the wood-to-binder ratio, the AS/B
ratio, and the SSS/SSH ratio on the compressive strength of the WGC.
The slag-to-binder ratio for set 4 was 0.5, while all other sets used 0.4.
The AS/B ratio was 0.12 for sets 1 and 2 and 0.18 for sets 3 and 4. The
SSS/SSH ratio was 1.56 for all sets, except for set 1, which had a ratio of
2.50.
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Fig. 3. Mix-design chart for WGC.

The presence of wood chips significantly affects the water content
because of their high-water absorption capacity. This reduces the
workability of the concrete. To overcome this problem, compensating
water equal to the average water absorption of the wood chips was
added to the mix to bring it to a saturated surface dry (SSD) condition,
following the recommendation by da Gloria et al. [16]. This was done to
produce a WGC with good workability and avoid the need for me-
chanical pressing, which could change the wood chip’s original micro-
structure and lightweight characteristics while limiting its large-scale
application. The compensating water was in addition to the water
needed for the geopolymer binders. This means there are three types of
water in the mix, water from alkali solutions, added water for geo-
polymer concrete, and compensating water. The compensating water
depends on the amount of wood chips in the mix and was taken as 1.5
times the dry weight of the wood chips (WC) based on experimental
observation. The rest of the water, taken as geopolymer water (GW), was
kept constant at a ratio of 0.29 with respect to the geopolymer solid
(GPS), i.e. GW/GPS = 0.29 based on a previous study [28]. Geopolymer
solid (GPS) was taken as the binder’s weight (fly ash and GGBS) and the
alkali solution’s solid parts. Based on this, an empirical formula for total
water (TW), TW = 0.29GPS + 1.5WC, was developed. This considered
the amount of water absorbed by the wood chips and enabled operating
at relatively constant workability with varying wood content.

Based on an extensive analysis of the preliminary experimental re-
sults, a simple and reasonable method was developed to determine the
binder content of WGC for different wood content. Fig. 3 shows the
wood content, density, and compressive strength relationship. The wood
content and alkali dosage are related to the binder content using the
wood-to-binder ratio and the alkali solid-to-binder ratio. A summary of
the analytical expression correlating the compressive strength, wood
content, density, and binder content is given in Equations (1) to (3).

wcC
fom = Kiexp(—a <?>) (€))
anx = K273 (2)
Wi
Bindercontent = K3 — K, <?C) 3

where, f. is strength, B is binder, y is density, K= 23, Ko= 7, K3=
1,064, K4,= 11, and a = 0.033

The chart was used to design all the mixes in the main experimental
program of this study. Developing a workable WGC with good strength
was a major challenge at the beginning of this experimental study.
Furthermore, finding a suitable binder content to obtain a cubic meter of
WGC was also challenging. This is mainly due to a lack of mix design
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tools that can serve as a starting point for trial mixes. The simple mix
design chart proposed in Fig. 3 can serve this purpose. It can be a good
starting point for trial mixes in future works involving wood chips and
geopolymer concrete.

3.2. Experimental design

Once a mix design with appropriate workability was established, a 6
x 3 fractional factorial-based experiment design was developed to
investigate the effect of wood decontamination and wood content on the
mechanical property of WGC. The first factor comprised of three levels
of wood chips: CCA-treated wood, decontaminated wood, and non-CCA-
treated wood. The second factor consisted of six level of wood-to-binder
ratios (WC/B), ranging from 0.1 to 0.4, with sufficient binder needed to
encase the wood chips and create a cohesive material. According to
previous study, inorganic bonded composites require 30% to 90%
binders, and conversely, wood-binder composites may contain between
70% and 10% wood by weight [28]. Similarly, Moslemi and Pfister [29]
reported that complete matrix formation might not occur for a WC/B
ratio above 0.5, reducing composite strength. Thus, for this study, the
WC/B ratios were limited to 10% to 40%. The factorial-based experi-
mental design was chosen as it allows the simultaneous evaluation of the
effect of varying multiple factors, in this case, different types of wood
chips and their content. The response variables of the factorial design
included compressive strength, modulus of elasticity, modulus of
rupture, and stiffness, which were selected to assess the impact of wood
decontamination and wood content on the mechanical performance of
WGC.

Three sets of WGCs were produced, with different types of wood
chips and content. The type of wood chip used is indicated by the
following abbreviations; CCA for CCA-treated wood, Dec for decon-
taminated wood, and Pre for non-CCA-treated wood. The WC/B ratio,
expressed as a percentage, was indicated by a number at the end. For
example, CCA-10 represents a WGC made with CCA-treated wood with a
10% WC/B ratio. Mixes 1 to 6 (CCA-10 to CCA-40) were prepared with a
wood-to-binder ratio (based on the dry weight of wood) of 10%, 20%,
25%, 30%, 35%, and 40%, using CCA-treated wood chips. Mixes 7 to 12
(Dec-10 to Dec-40) used decontaminated wood chips, while mixes 13 to
18 (pre-10 to pre-40) used non-CCA-treated wood chips sourced from
recycled pallets. In all three sets FA/B ratio, AS/B ratio, SSS/SSH ratio,
and GW/GPS ratio were kept constant, based on the preliminary study,
at 0.5, 0.18,1.56, and 0.29, respectively.

The effect of CCA decontamination on the composite’s mechanical
properties was studied by comparing the samples with CCA-treated and
decontaminated wood chips. Additionally, WGC with decontaminated
wood chips was also compared to the non-CCA treated composites to
evaluate the impact of wood decontamination. All three sets were used
to investigate the wood percentage’s effect on the WGC’s mechanical
properties. Analysis of variance (ANOVA) was performed to determine if
the variables had a statistically significant effect on the mechanical
property of the WGC. Tukey’s studentized Test was also conducted at a
95% probability level. This helped to determine which specific values
were significantly different from each other and contributed to a better
understanding of the effects of CCA decontamination and wood content.

3.3. WGC production

In this study, over 400 cubes and prism specimens were cast and
tested. The WGC were produced with a mixer under laboratory condi-
tions. The binders (fly ash and GGBS) and dry wood chips were dry
mixed for 3 min to ensure homogeneity of the mixture. Subsequently,
the alkaline solution and water (compensating and geopolymer water)
were added and mixed for an additional 5 min, for a total mixing time of
8 min. After mixing, the fresh WGC were weighed, placed, and com-
pacted by hand in three layers. The samples were weighed to ensure
uniformity during placing and compacting. All specimens were stored in
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Fig. 4. Mechanical testing: (a) Compressive test; (b) Three-point bending test.

a climate-controlled room at 20 + 3 °C and 50% relative humidity for 24
hrs. After the 24 hrs., the samples were removed from the mold and
cured in the same control room until the day of testing. During the
curing process, the samples were sealed in a plastic bag. The density was
measured according to EN 323 [30].

3.4. Test methods

3.4.1. Mechanical property

Cubic and prismatic samples were prepared and tested to determine
the mechanical properties of the WGCs. Since there are no established
standards for testing WGCs, the tests were conducted following recom-
mendations found in publications and standards developed for concrete
and wood products. The most widely used code for evaluating the me-
chanical property of wood-based composites is the ASTM [31] which
was adapted for this study.

3.4.2. Compressive tests

The uniaxial compressive test was done using a universal testing
machine according to ASTM D3501 [32] standard. Cube samples were
tested for compression at 7-,14-, and 28-day. The 7- and 14-day
compressive strength was performed on three samples, while the 28-
day strength was performed on five samples. The test was conducted
at a loading rate of 1 mm/min. The experimental setup is shown in
Fig. 4a. Load and displacement data were taken continuously by a
computer-controlled data acquisition system. The test results are sum-
marized using the maximum compressive load and the stress—strain di-
agram. The specific compressive strength was calculated by dividing the
compressive strength by the sample density.

3.4.3. Three-point bending tests

Three-point bending tests were conducted, according to ASTM
D1037 [33] and ASTM D3043 [34], to determine the stiffness and
flexural load-carrying capacity of WGC. For this test, prismatic beams of
width 76 mm, depth 30 mm, and length 770 mm were produced. The
selected span length minimizes the effect of shear deformations and
provides a more accurate measurement of the composite’s modulus of
elasticity. The flexural tests were performed on six samples. The load
was applied at the center, using a Shimadzu Universal Testing Machine,
with a constant rate of 1 mm/min, giving at least 12 data points up to the

Table 4
Experimental results.

proportional limit. The test setup is shown in Fig. 4b. The modulus of
elasticity (MOE or E), the modulus of rupture (MOR), and flexural
stiffness (K) were determined as follows:

L' (AF
MOE = — (— 4
OF =i (AU) @
3FL
MOR =2, 5
48EI
K=—7 (6)

where F is the applied load at peak, I is the moment of inertia, b is width,
h is depth, L is the span length, AF is the change in the load measured on
the linear part of the load-deflection curve (AF = F; — F1) where F; was
approximately 10%, and F5 was approximately 40% of the peak load.
AU is the increment of deflection corresponding to (F; — Fy) in the
load-deflection curve.

3.4.4. Flexural toughness

One of the major benefits of bio-based composites is their ability to
absorb energy. Toughness is a measure of the material’s ability to absorb
energy and is represented by the area under the load-deflection curve
for the three-point loading test. This metric can be used to determine the
post-cracking energy absorption or resistance to failure after cracking.
To compare the toughness of composites, toughness indices were uti-
lized to identify the pattern of material behavior up to the selected
deflection criteria. For brittle materials, the toughness index is equal to
1.0, as the area beyond peak load is zero. On the other hand, for steel
fiber-reinforced concrete, it is around 5.0. ASTM C1018 [35] defines
toughness indices (I5) for fiber-reinforced concrete as the area under the
load-deflection curve up to 3 times the deformation at the first crack
divided by the area under the load—deflection curve to the first crack.
The first crack is typically defined as a point where the load-deflection
curve becomes nonlinear.

4. Results and discussion

Table 4 provides an overview of the experimental results obtained in
the present study. The table summarizes the mean values of the

Designation Compressive Strength [MPa] Density Flexural Strength [MPa]

7th day s.d. 14th day s.d. 28th day s.d. [kg/m3] MOE MOR K
CCA-10 15.55 1.74 18.58 0.76 24.72 2.49 1,466 8,522 2.80 175.33
CCA-20 11.06 0.44 12.54 0.15 14.31 0.44 1,325 7,019 3.74 139.43
CCA-25 9.71 0.48 10.59 1.05 11.89 0.55 1,237 5,768 4.85 122.00
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compressive and flexural strength results. The compressive strength is
presented for 7-, 14-, and 28-days. The density and standard deviations
are provided. The modulus of elasticity, modulus of rupture, and stiff-
ness results of the three-point bending test are also included in the table.
It should be noted that all flexural failures in the bending test were
initiated in tension.

4.1. Effect of wood percentage on the mechanical property

4.1.1. Compressive strength

The compressive strength of WGC with different WC/B is shown in
Fig. 5. The results indicate that the wood content significantly affects the
compressive strength, and as the percentage of wood increases, the
compressive strength of the WGC decreases. The WGC with 40% wood
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chips showed the lowest compressive strength with values of 9.79, 7.29,
and 7.92 MPa for decontaminated, CCA-treated, and non-CCA-treated
wood chips, respectively. The ANOVA analysis also revealed a statisti-
cally significant (p < 0.05) decrease in compressive strength as the wood
content increased. This trend of decreasing compressive strength with
increased wood content has also been observed by others [36,37]. The
effect is more pronounced in the 10 to 20% range, where the drop in
strength is larger compared to the 20 to 40% range. This decrease in
strength is attributed to the weak bond developed due to the binder’s
inadequate coating of the wood chips and the decrease in density
[23,38]. The density of the composite is impacted by the porosity of the
wood chips, as illustrated in Fig. 6. This can also be shown in Fig. 7,
where the porosity of the composite increased as the wood content is
increased. Nevertheless, this same porosity contributes to the insulation
characteristics of wood-based composites. Some microcracks were also
observed at the interface between the wood chips and geopolymer ma-
trix, Fig. 8, contributing to a decrease in strength by weakening the
interfacial transition zone. This weak interaction between biobased
materials and the matrix was also observed by other researchers [12].

It should be noted here that the purpose of incorporating wood chips
in the WGC is not to increase the compressive strength, as the strength of
the binder is much higher than that of wood. Rather, the inclusion of
wood chips serves to create a sustainable construction material that is
lightweight and has good insulating properties. The wood chips also
improve the ductility or fracture toughness of the WGC by blocking
crack propagation, bridging across cracks, and providing post-cracking
ductility [11,39]. This benefit was evident in the failure mode of the
WGC samples, which showed less cracking and better energy absorption.

Moreover, despite the lower compressive strength, WGC can still
play a major role in the development of sustainable construction ma-
terials by achieving an optimal balance between the amount of wood
and binder. One potential application of WGC, with its lightweight and
good thermal insulation and reasonable compressive strength, could be
in the production of cinder blocks (masonry units) that could be used as
wall materials in green buildings.

A review of the building code standards for the compressive strength
requirements of cinder blocks supports the potential use of WGC as a
wall-building material. For example, ASTM specifies a minimum
compressive strength of 13.1 MPa [40] and 4.14 MPa [40] for load-
bearing and non-load-bearing blocks, respectively. Meanwhile, British
and Indian standards require a minimum strength of 3.5 MPa for ma-
sonry [41,42]. The results of the current study show that the compres-
sive strength of WGC ranges from 7 MPa to 27 MPa, making it a suitable
material for non-load-bearing and load-bearing wall-making blocks or
masonry units.

4.1.2. Flexural strength

Table 4, Fig. 9, and Fig. 10 present the mean value of modulus of
elasticity (MOE) and modulus of rupture (MOR) of WGC. The MOE is
significantly affected as the WC/B ratio changes, with the average MOE
of the WGC ranging from 2,191 to 9,151 MPa. These results are com-
parable to the results of Zhou and Kamdem [22] and Moslemi and Pfister
[29], which are based on wood cement composites. The MOE decreased
proportionally with increasing wood content exhibiting a minimum
value at a WC/B of 0.4. A nearly linear relationship between MOE and
WC/B ratio was also reported by Moslemi and Pfister [29]. According to
Moslemi and Pfister [29], stiffness is a function of the WC/B, and the
increase in MOE with a decrease in WC/B is due to the inherent higher
rigidity of the binder compared to wood. Therefore, the MOE increases
with a decrease in the WC/B or an increase in the binder content.

The WC/B also has a significant effect on the MOR of the WGC, with
the mean value varying from 2.80 to 5.16 MPa. However, the relation-
ship between MOR and the WC/B is markedly different from that of
MOE. For the range considered, the MOR increased with the WC/B ratio
peaking at a value of 0.25 and then decreased. Other studies have re-
ported similar trends for the MOR, though the optimum WC/B ratio
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Fig. 8. Cracks at wood chips-binder interface with WC/B ratio of: (a) 0.3; (b) 0.4.
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observed differed. For example, Zhou and Kamdem [23] reported an
optimum value of MOR at a WC/B ratio of 0.33. In contrast, Moslemi and
Pfister [29] reported an optimum value of MOR at a WC/B ratio of 0.5.

The exact reason for the existence of an optimum WC/B ratio that
results in the maximum MOR is not clear. Moslemi and Pfister [29]
suggested that if a sufficient quantity of binder is available for complete
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Fig. 12. Elastic modulus as a function of compressive strength.

matrix formation, the increase in wood content results in increased
resistance to the applied stress as the region of stress concentration
around adjacent particles becomes more diffused, reducing areas of
high-stress concentration. Lee [43], however, argues that a higher WC/B
ratio leads to poor bonding due to inadequate binder coating for the
wood excelsior, while a lower ratio results in poor compaction and lower
bending strength.

The effect of the WC/B on the WGC can also be seen from the
load—-displacement graph shown in Fig. 11. When the WGC is subjected
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Fig. 13. Scanning electron microscopy (SEM) images with 40% wood content for samples with: (a) CCA-treated; (b) decontaminated wood chips.

to three-point loading, the typical load—displacement graph exhibits two
failure modes. The initial part of the graph is linear and depends mainly
on the stiffness of the geopolymer matrix. The linear elastic part was
generally between 70 and 80% of the peak load. A non-linear part fol-
lows this initial linear stage and it is mainly attributable to the devel-
opment of microcracks. At this stage, some of the load is transferred to
the wood chips, limiting the failure of the geopolymer matrix by
blocking crack propagation. This enables wood-based composites to
accommodate higher loads in tension or display ductile failure [11].

A correlation was also observed between the MOE and compressive
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Fig. 14. Specific compressive strength.

strength and Fig. 12 shows the established relationship, R?> = 0.81. To
accomplish this, an analytical relationship was developed by modifying
the model proposed in the fib [44] Modle code, see Equation (7). The
constraints in the model were calibrated using the experimental results
of this study and are appropriate for samples with similar compositions.

E=k (%) exp(pB) )]

Where f., is the compressive strength in MPa, E in MPa, k = 4,509
and p = 0.74.

4.2. Effect of wood decontamination on the mechanical property

The comparison of compressive strength in WGC made using CCA-
treated, decontaminated, and non-CCA-treated wood chips is shown in
Fig. 5. The results showed that the WGC made from decontaminated
wood chips generally exhibited better compressive strength compared to
those made from CCA-treated and non-CCA treated wood chips. Fig. 9
and Fig. 10 demonstrate the effect of different types of wood chips on
flexural strength. The MOE and MOR values for WGC made from
decontaminated wood chips were also higher than those made from
CCA-treated and non-CCA-treated wood chips.

A two-way ANOVA analysis revealed a statistically significant dif-
ference (p < 0.05) when using decontaminated wood chips. Neverthe-
less, the difference was more pronounced for wood percentage than
wood chips type. Tukey’s studentized range test also showed a signifi-
cant difference between the decontaminated and CCA-treated and
decontaminated and non-CCA-treated for almost all wood content
levels, except for a 0.3 WC/B. No statistically significant differences
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Fig. 15. Comparison with available results.

were observed between CCA and non-CCA-treated wood chips.

The higher strength of WGC with decontaminated wood chips can be
attributed to their higher density. The decontamination process altered
the thickness of the wood chips, causing them to become loose and
expand in volume [24]. As a result, they absorbed more geopolymer
paste, creating a higher density and a stronger bond with the matrix
system, which improved the compressive strength. Fig. 13 shows, a
relatively larger volume of wood chip pores of the decontaminated
sample is filled with the geopolymer paste, in contrast to the CCA-
treated wood chips. Additionally, the decontamination process altered
the surface texture of the wood chips, making them rougher and more
fibrous. This increase in roughness improved the bond between the
decontaminated wood chips and the geopolymer matrix, further
contributing to the increase in strength.

The density of WGC plays a crucial role in determining the strength
of the composite. To better understand the effect of decontamination on
compressive strength, the impact of density was removed by calculating
the specific compressive strength by dividing the compressive strength
by the corresponding density. Fig. 14 illustrates the specific compressive
strength obtained. The results indicate that the specific strength of WGC
made with decontaminated wood chips was higher for all percentages of
wood. There was no statistically significant difference between the
specific strength of the WGC made with CCA and non-CCA-treated wood
chips. This suggests that the difference in strength between the samples
with decontaminated wood chips and those with CCA-treated and non-
CCA-treated wood chips cannot be attributed solely to the difference in
density and highlights the role the change in surface texture played in
enhancing the strength of WGC.

Comparison of compressive strength with available results.

One of the goals of this study was to produce WGC with mechanical
properties suitable for building applications such as cinder blocks. To
assess the performance of the WGC in this context, it was necessary to
compare its results to those reported in the literature for similar mate-
rials produced using Portland cement. Although direct comparison was
not possible due to the differences in binders, wood species, wood
treatment methods, water-cement ratios, mixing, curing, and testing
methods used in different studies, a general assessment of the perfor-
mance of ambiently cured WGC could be made by comparing its results
to the results from the available literature. Accordingly, the compressive
strength data from different studies [13,16,36,38,45-50] were collected
and plotted based on varying WC/B ratios, and the results displayed
significant variability or scatter. A curve was fitted to the collected data
to provide a generalised comparison, as shown in Fig. 15. This com-
parison revealed that the ambiently cured WGC generally exhibited a
reasonable compressive strength, indicating its potential use for build-
ing materials.
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Fig. 17. Normalized Stress-Strain diagram.

4.3. Stress—strain diagram

The stress-strain diagram in Fig. 16 illustrates the typical behavior of
WGC in compression. It showcases the various stages of stress progres-
sion from start to failure. The stress—strain diagram can generally be
divided into four segments. The first is the linear elastic region, where
the stress—strain diagram demonstrates an initial linear elastic behavior
until about 70 to 80% of the peak load, which represents the strength of
the binder matrix. Then, the graph displays non-linear behavior up to
the peak load. This nonlinearity is mainly due to the development of
internal microcracks, as no visible cracks were observed at peak loads.
The third segment is the initial stage of the descending branch, which
drops rapidly. The ascending branch’s initial high slope (stiffness) and
the descending branch’s rapid drop are typical of geopolymer concretes
[51]. However, the rapid drop of the descending branch is reduced by
the presence of the wood in the composite. This slowed down the rapid
decrease in stiffness and even imparted ductility to the composite. This
highlights the beneficial effect of wood chips in enhancing the ductility
of the composite.

Fig. 17 presents the normalized stress-strain diagrams for selected
samples with different wood percentage. In this figure, the stress—strain
diagram is normalized by the peak load to highlight the effect of the
wood chips. This is necessary due to the significant variation in strength,
as shown in the previous section, of the composite with different wood
contents. Comparing the stress-strain diagram with the WC/B of 10%
and 40%, Fig. 17 shows the more pronounced effect of higher wood
content on the ductility of WGC. This demonstrated the higher energy-
absorbing capacity that the higher wood content imparted, high-
lighting the synergistic combination of wood and geopolymer. The
geopolymer provides strength, durability, and protection from fire,



F.Z. Gigar et al.

14t=t4=q==|==|-F=FF-

T T T T T T
10 20 25 30 35 40
Wood-to-Binder ratio [%]

Fig. 18. Toughness as a function of wood content.

while the wood results in lightweight, better thermal insulation, and
toughness. This makes the two materials highly complementary and
ideal as sustainable construction materials.Fig. 18.Fig. 19..

4.4. Density

The strength of wood-based composites is significantly affected by
density [38]. The density of the WGC with different WC/B ratios and
different types of wood chips is shown in Table 4. The densities of the
WGC with different WC/B ratios and wood chip types range from
1,069-1,466 kg/m>, 1,099-1,499 kg/m?, and 1,052-1,464 kg/m® for
CCA-treated, decontaminated, and non-CCA-treated mixtures, respec-
tively. These densities are comparable to those reported for other wood-
based composites [22,23]. The densities of lightweight concrete, as
stated by RILEM [52] typically fall between 300 kg/m® to 1800 kg/m?,
and WGC falls within this range.

The density of the WGC is positively correlated with its compressive
strength and generally decreases with an increase in wood content. The
lowest density was observed in the mix with 40% wood chips for all
types of wood chips. The reduction in density as the wood content in-
creases is attributed to the wood chips’ multiscale porosity and their
relative lightweight, see Fig. 6. This could also be seen in Fig. 7, where
the porosity of the composite increased with wood content.

The compressive strength of the WGC as a function of dry density is
given in Fig. 20. A curve with + 5% confidence level is also fitted. This
figure clearly shows the strong correlation between the compressive
strength and density of the WGC, which aligns with the observations
made by other researchers [38]. According to Bejo et al [53], the posi-
tive correlation between density and mechanical properties is due to
enhanced wood densification, elimination of gaps, and improved

300 um

HL D5.3 x300

(a)
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connection between matrix and fiber.
5. Conclusion

An experimental program was carried out to investigate the effect of
wood decontamination and wood content on the mechanical property of
WGC. The main findings of the study are summarized as follows:

1. The study provided an encouraging result in producing ambiently
cured WGC, a novel and sustainable construction material, without
needing a hydraulic press.

2. The WGC with the decontaminated wood chips showed higher me-
chanical properties than both the samples with CCA-treated and non-
CCA-treated wood chips.

3. The compressive strength and MOE decreased as the wood content
increased, while the MOR increased with the wood content peaking
at WC/B ratio of 0.25.

4. Encouraging results were obtained enabling the use of decontami-
nated wood chips for building application. The WGC with WC/B
ratio of 0.1 to 0.25 meets the minimum requirement for making load
bearing cinderblocks, while all the samples satisfy the minimum
requirement for non-load bearing cinder blocks.

. The toughness of the WGC increased with the wood content.

6. The compressive strength of the WGC generally showed a higher

value when compared to similar purpose wood-Portland cement
composites.

)]
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Fig. 20. Compressive strength as a function of density.
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Fig. 19. Scanning electron microscopy (SEM) of micro cracks in WGC matrix on sample: (a) with no wood; (b) with wood.
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Most importantly, this study has demonstrated the potential of using
decontaminated wood chips in the production of WGC for building
applications.

. The results also show that decontaminated wood chips significantly

improve the compressive, flexural, and specific strength of the
composites, as well as its ductility, compared to CCA-treated and
non-CCA-treated wood chips.

. The comparison of the WGC with the literature on similar materials

highlights its potential use as a building material.
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