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Abstract

The growth of awareness about the environmental issues caused by the construction industry
has fueled innovation in sustainable building practices in recent years. Of particular concern is
the need for solutions to reduce the high carbon footprint of current building materials such as
cement and concrete. A potential remedy to the adverse environmental effects of the
construction industry is the replacement of non-renewable materials with a natural and easily
renewable counterpart. This study investigates the effects of fiber type, fiber volume fraction,
and fiber size on the compression, flexural, thermal insulation and water absorption properties
of natural fiber cement composites. The fibers used were obtained from Alberta based crops:
wheat straw and hemp hurd. These fibers were each sieved and characterized in two size
categories, coarse and fine, and added to the cement at 3 volume fractions: 5%, 10%, and 15%.
The results indicate that the addition of fibers to cement decrease the compression strength,
increase the flexural strength, increase the thermal resistivity, and increase the saturation
moisture content of the composite compared to the control (unreinforced cement). In addition,
a moisture sorption model based on Fick’s law showed reasonable fit to the experimental data.
Overall, this study demonstrated that cements reinforced with natural fibers offer improved
flexural (crack resistance) and insulating properties compared to unreinforced cement which may
be advantageous in a number of building product applications (e.g. architectural or non-
structural components). However, these natural fiber composites also had reduced compressive
strengths, and were more susceptible to moisture uptake. These characteristics may affect the
usage of these materials in main structural components, and may also require proper protection

from moisture in outdoor applications.
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1.0 Introduction

The growth of awareness about the high levels of pollution produced by the construction
industry has fueled innovation in sustainable building practices in recent years [1]. In light of
these challenges, there has been recent interest in sustainable materials and design for the
building construction sector. There has been a steady increase in the construction of more

sustainable buildings in Canada over the past 12 years based on LEED standards [2].

Building materials play a major role in the sustainability of a project. Materials selection
not only affects the physical performance and aesthetics of buildings but also their energy
consumption, carbon footprint, life cycle and cost of production. Cements are the most common
engineering materials used today with a global production of more than 4.4 billion annually [3].
Of this market, the most common type of cement used is “Portland Cement” which is the basic
ingredient of most concrete and mortar applications. Unfortunately, the cement industry is
estimated to be responsible for 5% of all anthropogenic carbon dioxide production globally [4].
This CO; is emitted from several steps in the cement manufacturing process including the

calcination of limestone, the combustion of fuels in the kiln, and energy generation [4-5].

A potential solution to this adverse environmental effect is the replacement of cement
with a natural and readily renewable component such as natural fibers (NF) made from lingo-
cellulosic biomass. Western Canada has an abundance of available biomass both from
agricultural and forestry feedstocks. From the agriculture sector alone, it is estimated that 37
million tonnes of straw from wheat, barley, oats and flax are produced annually in the provinces

of Alberta, Saskatchewan and Manitoba [6]. While a portion of this straw is required to maintain



an important carbon source for soil maintenance, the excess from this production represents an
underutilized pool of natural and easily accessible raw material for commercial use. Another
lignocellulosic fiber that is an agricultural fiber is hemp hurd which is the woody inner core of the
hemp stalk (Cannabis sativa). Industrial hemp production is seeing increased growth in Canada
over the past number or years due to its use in both food and non-food (cellulosic fiber)
applications [7]. Furthermore, industrial hemp is well suited for Canadian climatic conditions, and
can produce significant bio-mass yields (as an example, in the province of Quebec, the average
dry hemp biomass vyield is 3.2 t/ha per harvest) [8]. With uses limited to animal bedding and
mulch, hemp hurd represents another underutilized biomass pool. A cement product that
incorporates these agricultural fibers will not only provide a sustainable and more
environmentally friendly alternative to conventional building materials, but could potentially

provide farmers with a value-added revenue stream.

This objective of the current study is to investigate the potential use of two natural fibers,
wheat straw and hemp hurd, as a feedstock to produce cement-based composites. The overall
goal of the study is to produce various cement composite options and asses their property limits
for use in sustainable building construction. The study focuses on the effects of fiber type (hemp
hurd and wheat straw), particle size (fine and coarse), and fiber volume fraction (5%, 10%, 15%)
on the compression strength, flexural strength, thermal insulation properties, and water sorption
properties of the final composite. The intent is to provide designers and engineers with new
material options and necessary performance data which can be used to improve the

sustainability of conventional building designs.



2.0 Literature Review

2.1 Introduction to Cement Based Composite Materials

A composite material is a material that is compromised of two or more distinct
constituents that when combined produce a new material with improved performance compared
to its individual parts [9]. Composites differ from other types of materials since their components’
act as one when combined, however, they typically remain as distinct phases (i.e. do not fully mix

or dissolve). Generally, composites have a matrix phase and a reinforcement phase.

Cement composites are composite materials that are composed of a particulate and/or
fiber phase bound within as cement matrix phase. Concrete is a common cement composite
made with cement, sand, aggregate and other components. Cement is generally a brittle material
that is designed to withstand loading mainly in compression, but can be prone to cracking. Fibers
are often added in cements and concrete to alleviate the material’s poor fracture toughness (low
resistance to cracking) and to improve durability [10]. Fiber characteristics that affect the bonding
between the fiber and the matrix include the shape, surface roughness, and the surface

chemistry of the fiber.

Fiber reinforced concrete has also been used in the construction and repairs of dams,
bridge decks, mines, tunnels, canals and reservoirs [11]. These applications rely on the fiber to
enhance the toughness and structural integrity of the concrete. Glass fiber, polypropylene, nylon,
steel and natural fibers are some of the most common fibers used in fiber reinforced concrete.

While a vast majority of fibers used are manufactured using synthetic materials (petro-chemical



based polymers, metals and ceramics), there is a growing interest in the use of renewable, natural

fibers in these applications.

Natural fibers have been widely used throughout history in building construction, either
on its own or as a reinforcement for other materials. In ancient civilizations with limited access
to wood and timber, local resources such as reeds and straws were often used as building
materials. As an example, the ancient Egyptians manufactured mud bricks by using locally
available natural materials harvested from the environment around them [12]. Mud bricks were
manufactured by mixing alluvial Nile sediment with desert sand and straw. This produced a

malleable mixture which was pressed into moulds, as was either sun or kiln dried.

Using natural fibers as a reinforcement for cements and concrete, relative to synthetic
fibers, has many advantages. These include their low cost, high toughness, high specific strength,
low density, and ease of renewability [13]. The mechanical performance of lignocellulosic fiber
cement composites has been investigated relative to different fiber types, fiber sizes, and fiber
volume fractions. The influence of these factors on the compression strength, flexural strength,
water absorption, and thermal insulation of these composites are of interest as these are the
main factors that dictate the usability of these materials in a building construction application. A
comprehensive categorization and summary of previous natural fiber cement and concrete
studies is provided in Table 1.1. This table summarizes the specific materials investigated and
provides a checklist of which characterization tests that were performed in the studies. This table
will be an invaluable resource for those looking to study and develop various natural fiber -

cement options.



Table 2.1: Summary of literature on natural fiber cement composites
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Table 2.1 (cont.): Summary of literature on natural fiber cement composites
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2.2 Classification of Natural Fibers

There have been a wide range of natural fiber and cement combinations studied in the
literature. Natural fibers can be classified in three categories depending on their source: animal,
plant (lignocellulosic) or mineral based fibers [41]. Lignocellulosic fibers can be further classified

by the plant type and the origin within the plant [42].

Natural fibers

Vegetable Animal Mineral fibers
(cellulose or lignocellulose) (protein)

Seed Fruit Bast  Leal Wood Stalk Cane,grass&  Woolhair Silk

‘ (or stem) (or hard) | reed fibers | |
| [} I
Cotton Coir Flax Pineapple (PALF)  Wheat  Bamboo Lamb's wool  Tussah silk éﬁgﬁ?zmm
Kapok Hemp Abaca (Manila-hemp) Maize  Bagasse Goathair ~ Mulberry silk Wolaslonile
Milkweed Jute  Henequen Barley  Esparto Angora wool
Ramie Sisal Rye Sabei Cashmere
Kenaf Oat Phragmites Yak

Rice Communis Horsehair
alc.

Figure 2.1: Classification of natural fibers [42].

Figure 2.1 displays a summary of the different types of natural fibers. A variety of natural
fiber types have been examined in both polymer and cement based composites including hemp
bast fiber [14,16-18,21,22,26,29,30,32,33], hemp hurd [15,17,19,20,24,25,27,28,31,34,40],
wheat straw [18,35], flax fiber [16,40], kenaf fiber [36,37], and sisal fiber [23,38,39]. Of particular
interest to Western Canadian farmers and producers are the straw components from two crop

types: hemp hurd and wheat straw.



Industrial hemp (Cannabis sativa) can produce two types of lignocellulosic fibers: hemp
bast and hemp hurd. Hemp bast fibers are harvested from the phloem (outer layers) of the

industrial hemp stalk and are long and fibrous (see Figure 2.2)
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Figure 2.2: Hemp bast fiber and hurd fiber (image courtesy of Innotech Alberta)

The bast fiber’s high tensile strength allows it to be used in numerous applications
including textiles and composites (e.g. automotive and building products) which is why they are
one of the most valuable parts of the hemp plant. As shown in Figure 2.2, hemp hurd fibers are
found in the xylem of the plant (center of the stalk), and is a brittle woody material [43]. Hemp
hurd (also known as shiv or shive) is a co-product of hemp processing and it’s uses are somewhat
limited (e.g. low cost sorbent applications for livestock bedding). Hemp hurd has a similar
microstructure to that of wood, however, it has a lower density and lower mechanical properties

due to its porous cell structure [44].



Another agriculture product that is common to Western Canada is wheat straw. Wheat
straw also has limited non-agricultural uses, and is produced in excess during the harvesting of
edible grain [6]. As shown in Table 2.2, wheat straw has lower cellulose and lignin content
compared to hemp and wood which results in very low mechanical properties. In addition, wheat
straw also contains a high silica content compared to wood and hemp fibers which poses other
processing and compatibility issues (weaker interfacial properties, and abrasiveness during

processing) [45].

Table 2.2: Chemical composition of various natural fibers as reported in the literature

Fiber Tvbe Cellulose Hemicellulose Pectins Lignins Ref
P (wt %) (wt %) (Wt%)  (wt%)
Hemp Bast 0.9-

Fiber 56.1-74.4 10.9-22.4 201 3.7-6 [46,47]
Hemp Hurd 44.2-44.5 27.2-32.8 - 21.03-24.4 [48,49]
Wheat Straw  24.2-39.1 22.5-24.2 - 17.5-25 [50,51]

Pine 40 28.5 - 27.7 [52]

Spruce 39.5 30.6 - 27.5 [52]




2.3 Effect of Lignocellulosic Fibers on Cement Curing Response

The interaction of natural fibers with cement during the curing process has been found
to be a significant issue in a number of studies. In general, lignocellulosic particles appear to have
some inhibitory effect on Portland cement hydration and curing, which results in a reduction in
mechanical properties of the composite. Miller et al. [53] studied the inhibitory effect of wood
fiber on cement curing, and suggested that the organic compounds in wood form chemical
complexes with the metal ions present in the cement, thereby decreasing the concentration of
calcium ions necessary for the cement curing reaction. The degree of inhibitory effects also was
found to be wood species dependant. Sedan et al. [46] examined the inhibitory effect on cement
setting times in relation to hemp fiber-matrix interaction. The authors concluded that the pectins
on the surface of the hemp fibers can trap calcium from the cement. This reaction results in
calcium fixation through a structure called “egg boxes” which inhibits the growth of calcium
silicate hydrates therefore, delaying setting time. Conversely, Soroushian et al. [54] found that
the high water and alkali solubility of wheat straw is the dominant factor affecting the physical
properties of their wheat straw-cement particle boards. Additionally, the effects of pH, base
buffering capacity, and acid-to-base buffering capacity ratio were also identified as significant

factors affecting the inhibitory effects of extractives from natural fibers on Portland cement [55].

In addition to better understanding the mechanisms of inhibition, a number of studies
have also developed strategies to counteract this inhibitory effect introduced by lignocellulosic
fibers. These strategies generally fall within two categories: 1) extraction or alteration of the

cement inhibitors in the fibers (e.g. sugars, tanins, pectins, hemicellulose, etc.), and 2) rapid
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curing of the cement. One of the simplest treatments within the first category is cold or hot water
washing of natural fibers. Miller et al. [53] reported that a substantial improvement in cement
setting times can be achieved by removing water soluble extractives and sugars from wood fiber.
The authors used hammer milled Larch wood particles that were boiled in distilled water for 6
hours. The results showed that the hot water extraction resulted in a decrease in cement setting
times by up to 56 times compared to that of the untreated wood. Additionally, Alberto et al. [56]
examined the effect of a number of fiber treatment methods on the cement setting times and
temperatures (as measured by isothermal calorimetry) of cement reinforced with fibers from
tropical wood species. These fibers were treated with hot water, cold water, and caustic (NaOH)
solutions. Overall, the NaOH treatment displayed the highest increase in cement setting
hydration temperature while the cold-water treatment displayed the lowest increase in cement
setting hydration temperature. However, the relative increase between treatment option varied

significantly with wood species.

In addition to the use of natural fiber treatments prior to cement mixing, rapid curing of
the cement using cement additives (such as accelerators) has also been effective in mitigating
cement cure inhibition by accelerating the cement curing temperature and rate [57]. Matoski et
al. [58] demonstrated that cement accelerators, specifically ones containing compounds that
form insoluble chelates with the organic material, displayed the highest level of inhibition
reduction. Fernandez et al. [59] found that a combination of accelerators can be used to optimize
the cement setting and resulting in improved mechanical properties of rice straw-cement boards.
In their study, a combination of Na,SiOs and CaCl, accelerators were found to increase board

strength compared to the use of each accelerator separately.
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2.4 Mechanical Properties of Natural Fiber — Cement Composites

The mechanical properties of natural fiber-cement composites have been investigated for
a wide range of fiber types including wood [15, 20], hemp [14-22,24-34,40], wheat straw [18,35],
kenaf [36,37] and sisal [38,39], and cement types including Portland cement [14-39], lime cement
[17,19,25,27,34,40], and magnesium oxide cements [24]. In addition, many of these studies have
also examined composite material design aspects (such as fiber fraction) and fiber processing

effects (such as fiber size distribution).

In general, the addition of natural fibers to cement has been found to reduce both
compression strength [59-61] and compression modulus [59,60], especially at higher weight
fractions. Li et al. [22] studied the effect of fiber fraction on the compressive strength of natural
fiber-cement composites. The authors suggest that there is a negative linear relationship
between the fiber content and the compressive strength of hemp fiber- cement composites: as
fiber volume fraction increases compressive strength tends to decrease. Additionally, as fiber size
increases, the compression strength decreases. The authors proposed that the observed
reduction in compressive strength is due to an increase in porosity of the composite due to the
addition of fiber. This phenomenon is also demonstrated by Murphy et al. [60] in a study that
investigates the physical properties of lime-hemp concrete. As the fiber content in the hydrated
lime mixes and the hydraulic and pozzolanic mixes increases the compressive strength of the
composite decreases. Again, the author attributes the compression strength difference to the
compaction and density of the composite. This behavior is also seen in wheat straw cement

composites. Farooqila et al. [61] demonstrated that the addition of natural wheat straw and

12



treated wheat straw into a concrete mixture at 3% by mass of cement reduces the compression
strength of the concrete by 10% and 26% respectively. The authors treated wheat fibers by
boiling them for 2 hours to increase interfacial chemical and mechanical bonding. This treatment
had a contrasting effect on the elastic modulus of the composite where it was shown to decrease
it by 32%. Bruijn et al. [17] studied the effects of using different cements with a combination of
hemp hurd (shives) and bast fibers on several properties of the composite. Five mixes were used
in this study with varying proportions of hydrated lime, hydraulic lime and Portland cement.
Additionally, a mixture of hemp fiber and hemp hurd (shive) was used at 30% of the weight of
the cement (weight fraction). The authors concluded that a mixture of fiber types did not have a
significant effect on the mechanical properties of the composites, however, the composites made
using Portland cement had a higher compressive strength and elastic modulus compared to the
unreinforced cements. These results support the assumption that the mechanical properties of

the composite are largely governed by the mechanical properties of the cement.

In terms of flexural (bending) properties, the addition of natural fibers to cement has been
generally found to increase flexural strength [16, 46, 60]. The influence of the addition of hemp
fiber on the flexural strength of the cement composites has been investigated by Sedan et al.
[46]. It was found that the addition of 16 vol% of hemp bast fibers increased the flexural strength
of the composite by 40% and decreased the elastic modulus by 25% relative to unreinforced
cement. The authors also tested flexural samples with hemp fibers enhanced with an alkali pre-
treatment. The resulting specimens saw a further increase in flexural strength by 94% relative to
the unreinforced cement most likely due to enhanced bonding between the fiber matrix

interface. Murphy et al. [22] demonstrated a high correlation between flexural strength and
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binder properties at low fiber content. Additionally, a maximum flexural strength was attained
at 50% hemp content due to the lime-hemp bonds. Li et al. [22] has displayed that increasing
hemp fiber content increases flexural strength linearly up to a fiber aspect ratio of 150. The
authors demonstrated that flexural strength and flexural toughness are correlated with fiber
content. Since cracks in the matrix are unable to extend without debonding the fibers, it requires

more energy to fracture the composites in the presence of hemp fibers.

2.5 Thermal Insulation Properties of Natural Fiber — Cement
Composites

The thermal insulation properties of natural fiber-cement composites has also been
investigated for a wide range of fiber types including hemp [21,24,27,31,40], flax [40], and sisal
[38], and cement types including Portland cement [21,24,27,31,38], lime cement [24,27,40], and
MgO cement [24]. A number of these studies have also investigated effect of fiber particle size

[24], composite density [65,66], and fiber particle size on thermal properties.

Stevulova et al. [24] investigated the effects of hemp particle length on the thermal
conductivity of hemp hurd, MgO cement composites. It was observed that lower thermal
conductivities (more insulative) were measured for composites with larger particle sizes. The
authors postulated that the hemp particles effectively act insulating voids, thus reducing thermal

conductivity in the cement. The larger the particle size, the greater the insulating effect.

Sinka et al. [62] studied the effects of several alternative cementitious binders on the
thermal insulation properties of hemp hurd reinforced composites. It was found that the thermal

conductivity of their composites had a direct correlation with density which has was also been
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shown by Balcitinas et al. [63]. The authors suggest that this correlation is due to the increase in
contact zones in the denser mixtures. This in turn leads to a larger thermal conductivity and
translates to a lower R-value. Awwad et al. [21] examined the use of hemp bast fiber as a method
for reducing coarse aggregates in concrete. It was found that the addition of 0.75-1 vol% hemp
fiber to concrete results in a decrease in thermal conductivity by 25-35%. It was suggested that
the reduction in overall thermal conductivity was due to the low thermal conductivity of the

hemp fibers thus reducing the heat flux through the multiphase material.
2.5 Water Sorption Behavior of Natural Fiber — Cement Composites

Lignocellulosic fibers are known to possess hydrophilic properties (affinity to water
uptake) due to the presence of cellulose and hemicellulose molecular structures [48,49]. As a
result, there has been a number of studies examining the moisture sorption behaviour of natural

fiber-cement composites.

Stevulova et al. [48,49] studied the water sorption behavior in hemp hurd cement
composites made with Portland and MgO cements [48,49]. The authors observed that, in the
short term, the mean particle length had a significant effect on water sorption: as the mean
particle length increased the water sorption of the sample increased. Conversely, Bruijn et al.
[17] performed studies on similar materials but found no significant differences in water sorption

coefficients, suggesting that moisture sorption is not affected by cement type.

While the moisture sorption behavior in natural fiber composites has been studied
experimentally, there has been relatively little modelling effort for these materials. This is in stark
contrast to the breadth of moisture sorption models that have been proposed and developed for
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synthetic fiber composites (e.g. glass and carbon fiber polymer composites). Shen et al. [64]
presented a method for determining the moisture content in synthetic composites as a function
of time. The authors were interested in determining the effects of moisture content relative to
mechanical properties of composite materials. Their approximation was based on a thin plate
exposed on two sides to a wet environment, and assumed a one-dimensional problem where the
moisture varied within the thickness of the sample. The authors used Fick’s law as a basis for the
approximation which assumes that diffusion is based on the molecular movement of water

particles through a material.

Mbou et al. [65] employed a similar approach when investigating the water absorption
kinetics of the pith of wine palm (Raphia vinifera). In this study, the experimental data was
compared to eleven theoretical models to determine the best fit model. It was determined that
the water absorption behaviour for the Raphia vinifera plant followed Fick’s second law model
with two-stage absorption. Additionally, the authors suggest that the diffusivity differs within the
pith depending on the sampling position and distance from the center of the pith (with the center

displaying the highest initial diffusivity).
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3.0 Materials and Methods

3.1 Materials

Two natural fiber types were assessed in this study: 1) hemp hurd and 2) wheat straw.
The hemp hurd (hammer mill decortication system) was provided by InnoTech Alberta
(Vegreville, Alberta). The wheat straw was obtained in a 680 kg bale from Fabiyan Ranch
(Wainwright, Alberta). For the wheat straw, the outer portion of the bale was discarded due to
potential contamination and damage, and only dry straw from the middle of the bale was used.
The straw was then separated from the bale and laid out to dry indoors at 20=C for 3 days prior
to further processing. Once dry, the wheat straw was then processed using a hammer mill

(Blihler/ Farm King) with a 7.6 mm circular opening sieve.

The cement used in this study was a general use Portland cement (Type 10, Quikcrete),
and was selected due to its use in concrete and other applications. This cement also complies
with ASTM C 150, and has a working time of 60 minutes. A non-chloride accelerator (Fritz-Pak)
was also utilized in this study to aid in the cement curing process and improve the final properties
of the samples. The accelerator was added according to the manufacturer’s instructions (2% by

weight of cement used).
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3.2 Composite Specimen Manufacturing

3.2.1 Material Sizing and Characterization

For both hemp hurd and wheat straw, the fibers were sieved into various fiber size groups
using a sieve shaker (Gilson Global Test Master). This sieve shaker contained 7 mesh trays of
varying opening sizes (12.5 mm, 6.3 mm, 5 mm, 3.15 mm, 2.5 mm, 1.25 mm, and 0.6 mm) and a
dust collection pan at the bottom. Bulk fibers were slowly added to the top of the unit, and
through agitation, fell through the series of sieves (each with a decreasing opening size as the
fibers progressed towards the bottom). From these sieves, different fiber sizes were collected
and grouped into three categories: a) a “coarse” fiber group, b) a “fine” fiber group, and c) a
rejected group (not used in the study). For the “coarse” fiber category, fibers from the 3.15 mm
and 2.5 mm trays were combined (in equal amounts from each tray), while for the “fine”
category, fibers from the 0.6 mm tray were used. These fiber groupings were then used as inputs

in the manufacturing of the cement composites.

In addition to fiber separation and sizing, the density of both the fibers and cement was
also determined. Simple bulk density measurements (measured mass divided by the volume)
were taken for the cured cement (after a cure time of 28 days) which was used to determine
the volume fraction of constituents in the final composite. The density of both types of fibers
was measured using a pycnometer (AccuPyc Il 1340 Series) with nitrogen gas displacement. This
latter method was chosen for the fibers since pycnometry measurements represents the
average densities of individual fiber particles embedded in the cement. Bulk density

measurements of fibers include spaces and gaps between fibers which are not present in the
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actual composite samples. In both cases, each density measurement was repeated 3 times to

guantify variability of the results.

3.2.2 Fiber-Cement Mixing

The fiber-cement mixing procedure is a critical step in the specimen manufacturing
process. This procedure was designed to attain repeatable results, and to maximize the
homogeneity of the composite samples in order to minimizing errors. An overview of the fiber-

cement mixing procedure is shown in the flow chart in Figure 3.1.

Gradual Addition of Water

Weighing of 5 mins
Required Water

Calculation of

Target Mass . .
: Weighing of Sieving Cement
Fractions of X L.
; Required and Dry Mixing Cement Slurry
fiber, cement, X L.
Cement and with Accelerator Mixing
accelerator and Accelerat 5 mi 5 mins
water ccelerator mins
Cement-Fiber
—>] Slurry Mixing
15 mins
o Soaking of
Wel.ghlng.of Fiber Straining of Fiber
Required Fiber 10 mins 5 mins

Figure 3.1 Overview of fiber-cement mixing procedure
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3.2.2.1 Composite Mix Design

In the first step, mix ratios of fiber, cement, water and accelerator were calculated based
on the targeted fiber volume fractions of the final composite, and recommended water-cement
and cement-accelerator ratios. The mix design was based on four target fiber volume fractions
in the final composite specimens: 0% (control; unreinforced cement), 5%, 10% and 15%. The use
of volume fraction to characterize composite mixtures (as opposed to weight fraction) allows
accurate comparison between fiber types with varying densities, and also represents a key

parameter in modelling the behaviour of composite materials [66].

The mass ratio of matrix (cement) to fiber for a given target volume fraction of fiber in
the final composite was determined based on the following equations. The volume fraction of

fiber is determined by the following equations:

Ve =Vr+Vpy, (1)
% V,
f f
e — 2
S T W @

where Vi is the volume of fibers (in m3), Vi, is the volume of matrix (in m3), V. is the
volume of composite (in m3), vt is the volume fraction of fibers (non-dimensional), v is the
volume fraction of the matrix (non-dimensional), and v¢ is the volume fraction of fibers (non-

dimensional).

By rearranging equation 2, the volume of matrix (cement) can be calculated as follows:

Vi == —V; (3)
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Next, the volumes of the constituents can be calculated from their masses and densities by using

the following equations:

v, =L (4)
=

M,
Vin = — (5)
™ Pm

where Ms is the mass of fibers (in g), M is the mass of matrix (in g), pris the density of

the fibers (in g/m3), and pm is the density of the matrix (in g/m?3).

Inserting equations 4 and 5 into equation 3 (and with some rearrangement), the mass ratio of
matrix to fiber required to achieve a target volume fraction of fiber in the final composite mix

can be calculated, as shown in Equation 6.

M 1
_m _ P_m <_ _ 1) (6)
My pr \vy

Equation 6 was used in determining the mass ratios of the matrix (cement) and fiber for

the various targeted final fiber volume fractions of the composites tested (i.e. 0%, 5%, 10% and

15% volume for fiber to cement).

In order to ensure proper curing of the cement matrix, a water-cement ratio (Mw/Mm) of
0.4 by mass was selected based on guidance from the literature in order to properly complete

the cement hydration reaction [67]. Since lignocellulosic based natural fibres are known to
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absorb water, all fibers were pre-soaked to saturation prior to mixing with the cement slurry in
order to maintain this water-cement ratio. If this pre-soaking is not performed, the natural fibers
will take water from the wet cement mixture which may result in diminished cement matrix
properties. Note that the density of the cement matrix in Equation 6 is the measured bulk density
of the cured cement at 0.4 water to cement ratio (after curing for 28 days) as this accounts for

volume change due to the curing process and water evaporation.

A dry cement accelerator (Fritz Pak NCA) was also added to the dry cement at a ratio of
0.02 g accelerator per 1 g of cement based on the manufacturer’s recommendation. The addition
of a cure accelerator counteracts possible inhibitory effects introduced by lignocellulosic fibers,

as discussed in Section 2.3. This was done prior to cement-fiber mixing (see sections below).

3.2.2.2 Fiber Washing and Saturation

For the mixing steps, dry fiber was first weighed out according to the fiber mass fraction
derived from the target fiber volume fraction of the mix. The fiber was then placed in a large
plastic bag which is subsequently filled with potable water to saturate all the particles. The fiber
was left in water for 10 minutes with frequent agitation to facilitate the water absorption
process. Holes were then poked at the bottom of the plastic bag to allow the excess water to

strain out for 5 minutes.

This process is crucial as it not only saturates the fibers with water thus minimizing water
absorption from the cement slurry and maintaining a constant water-cement ratio but also it
washes away dust and other compounds from the surface of the particles, enhancing the fiber-

cement bond. Additionally, in the case of the wheat straw, this washing technique separates out
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residual wheat grains that may remain with the fiber particles after processing and sizing. Wheat
grains are composed of 60-75% starch, a polymer of glucose, which is known to drastically
decrease the compression strength of cement [68]. A photograph of residual wheat grains

collected after washing is shown in Figure 3.2.

Figure 3.2 Wheat grain separated from wheat straw by the process of sedimentation.

For each fiber type and size, the percent water absorbed (by mass), mwa, during the saturation

procedure was calculated using Equation 7.

M — Mg
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where Mssat is the mass of fibers after saturation (in g), and M is the mass of the dry

fibers prior to saturation (in g).

3.2.2.3 Mixing Procedure

Pre-weighed cement (based on the selected fiber mass and Equation 6) was gradually
sieved through a 1 cm metal mesh to remove any clumping or compaction that may have
occurred due to the storing and stacking of the cement bags. Any residual clumps were further
broken down by hand, and re-sieved until a uniform dry cement powder was obtained. The
cement was then placed in a 170 liter portable cement mixer (YARDMAX) along with the pre-
measured accelerator powder, and a plastic cover was placed on the opening of the mixer to
reduce the dust released during mixing. The cement mixer was then turned on and the dry
cement/accelerator mixture was homogenized for 5 minutes to achieve an even distribution of

the accelerator throughout the cement.

After the homogenization of the cement-accelerator mixture, the plastic cover was
removed, and the wet mixing process was started. The mixer was turned on and a pre-weighed
amount of water (based on Equation 6) was gradually added to the dry mix in 250 ml increments.
This gradual addition of water to the cement was done over 5 minutes, and was further mixed
for an additional 5 minutes to achieve a smooth and homogenous slurry. This procedure was
found to prevent the cement from forming spherical clumps, and facilitated uniform hydration.
Once the cement and water were mixed, presoaked fibers were added to the slurry and mixed

for 15 more minutes until all the particles were uniformly coated.
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3.2.3 Specimen Molding and Curing

After the wet fiber-cement mixture was prepared, the next step was specimen molding and

curing. An overview of these steps is shown in the flow chart in Figure 3.3.

into Molds and
left to set

Submerged into
water

Curing Racks

Cement-Fiber Samples are Samples are Samples are
2 Days 7 Days R df 19 Days

Slurry Poured Demolded and emoved from Prepared and
ﬁ ﬁ Water and Left on ﬁ

Mechanical Tests
Performed

Total of 28 Days of Curing

Figure 3.3 Sample molding and curing procedure

Three types of molds were used in this study, as shown in Figure 3.4. For compression
tests, a standard cylindrical mold (HM153, Gilson Global) with dimensions of 76 mm in diameter
and 152 mm in length was used. For flexural tests, a rectangular beam type mold (HM-288, Gilson
Global) with dimensions 101 mm in height, 101 mm in depth and 380 mm in length was used.
Both the cylindrical and beam molds were plastic moulds that were compliant with various
standards (ASTM C192/192M, ASTM C31/31M, ASTM C470/470M, ASTM C293/293M, and ASTM

C78/78M). rectangular beam molds were used model number.

For the insulation tests, there was no standard mold that could be obtained. As such, a
custom-built mold was fabricated. The molds were designed to produce a 304 mm x 304 mm x

25 mm flat panel which can fit in the guarded hot plate apparatus. The molds were fabricated
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using plywood (19 mm thickness), and were then sealed internally using a smooth 304 mm x 304
mm Kydex plastic sheet inner shell (3 mm thickness) to allow for easy demolding. The plastic was
cut to size and the edges were secured using M3 masking tape. Figure 2.2 presents the molds
used to manufacture the thermal insulation, compression, and flexural samples. The flexural and
thermal insulation molds were cleaned thoroughly between each mix and reused (reassembled
in the case of the thermal insulation molds) while the compression molds were only used one

time due to deformation to the molds during the demolding process.

Figure 3.4 Specimen molds used for a) compression testing b) flexural testing, and
c) thermal insulation testing

The mixture was poured into the molds to a specified height, and tamped 20 times by
lightly tapping the bottom of the molds against a table to facilitate compaction and reduction of
voids. The slurry was homogenized in between pouring of the individual molds by turning on the
mixer for 4 full revolutions of the drum. This was done to obtain a representative sample in each

specimen by reducing any settling effects in the mixer.
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The filled molds were then covered with a plastic film which reduced water evaporation
and maintain the required water-cement ratio to complete the hydration process. These covered
molds were then left to cure for 2 days in indoor laboratory conditions (19.57°C average
temperature of and 41.76% relative humidity). After this initial curing period, the hardened
samples from each mix were demolded and placed in a water bath for 7 days to ensure complete
curing of the cement matrix. The samples were then removed from the water bath and placed
on a drying rack in ambient conditions (air dry) for an additional 19 days to continue the final
curing process. Overall, the cure cycle took 28 days from start to finish, at which point the

specimens were ready for final specimen preparation prior to testing.

3.2.4 Final Specimen Preparation

Prior to testing, all samples were surfaced to eliminate irregularities associated with open
mold surfaces, and final measurements of all dimensions and mass were taken. The ends of the
cylindrical compression samples were cut (perpendicular to the cylinder axis) using a cut-off saw
(Dewalt) to attain a flat and perpendicular surface suitable for compression testing. Conversely,
the flat faces of the thermal insulation plates were sanded to remove the as-molded top layer
and the sedimented cement bottom layer to expose the internal structure of the plates to the
thermal insulation sensors. Additionally, the thermal insulation samples were sanded in pairs
since the guarded hot plate apparatus requires two specimens of equivalent thicknesses per test.
The thermal insulation plates were gradually sanded using an industrial Bell Saw plywood sander

at 1 mm increments to avoid damaging the samples.
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In terms of the moisture absorption samples, two specimens were cut from the thermal
insulation panels after completion of the thermal insulation tests (i.e. thermal test were non-
destructive in nature, and specimens were re-used for moisture sorption characterization). To
fabricate the moisture sorption specimens, two thermal insulation panels were chosen from the
6 plates fabricated for each test condition (fibre type, fiber volume fraction and fiber size). Using
these two panels, two 101 mm x 101 mm water absorption test samples were cut from each
panel for a total of 4 replicates per test. These samples were cut using an MK diamond wet tile
saw and a segmented blade. Since these water absorption specimens were cut using a wet saw,
they were subsequently oven dried for 4 days at 82°C to ensure a starting moisture content of
0%. The weight of the samples was recorded every 24 hours to ensure a plateauing equilibrium.
Afterwards, the samples that were yet to be tested were stored in sealed plastic bags to maintain

the original moisture content of 0%.

After all the test specimens were cut and/or sanded, their final dimensions were
measured, and each sample was weighed. The dimensions taken for each cylindrical sample
included the mean diameter (taken as the average of eight measurements at 45° increments
around the circumference at both the top and bottom of the cylinder), and the mean height
(taken as the average of four measurements at 90° increments around the circumference). For
the flexural test specimens, the mean dimensions were determined by measuring width and
depths of the beams (two measurements each) using calipers at 4 equally spaced points along
their length, and by measuring the length of the sample at each of the 4 sides. For the thermal
insulation plates and the moisture absorption samples, 4 thickness measurements were
performed along each side of the samples (at the mid-point).
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Once final preparation and measurements of the specimens were completed, they were then
ready for testing. All mechanical tests (compression and flexural) were performed on prepared

samples immediately after the 28 day cure cycle.

3.2.5 Final Test Matrix

In total, the test matrix used in this study consists of 13 unique mixes based on 2 fiber
types (hemp hurd and wheat straw), 3 fiber fractions (5%, 10%, 15%), 2 fiber size ranges (coarse
and fine), and 1 unreinforced cement control (i.e. [2 x 3 x 2] + 1 = 13). In terms of nomenclature,
the following specimen designation was used throughout the document to identify each unique
sample based on the three variables being investigated: fiber type, fiber size, and fiber volume

fraction, as shown in Figure 3.5.

Fiber Volume Fraction (in %): HH - Hemp Hurd
0 (control), 5, 10, 15 WS — Wheat Straw

C — Coarse Particle Size Range
F — Fine Particle Size Range

Figure 3.5 Test specimen nomenclature for various paramaters considered (fiber volume
fraction, fiber size and fiber type)
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3.3 Specimen Testing

3.3.1 Mechanical Testing

3.3.1.1 Compression Testing Methodology

Compression tests were performed using ASTM standard C39/C39M-17b (Standard Test
Method for Compressive Strength of Cylindrical Concrete Specimens) as a guideline. This
standard was chosen as it describes a procedure for testing the compressive strength of a
cylindrical concrete specimens with a density higher than 800 kg/m?3. All mechanical tests were
performed at TTS Services (Edmonton, AB), with compression tests being performed on one of
two testing machines due to limitations of the load cell ranges. For test capacities up to 7,000
kgf, a modified Instron (TTS UTM-2) universal testing machine was used, while for test capacities
greater than 7,000 kgf, a modified Instron (TTS-FSTM-1) universal testing machine was utilized
(maximum load of 22,671 kgf). Both of these universal testing machines were equipped with
certified and calibrated load cells (Transducer Technologies). All 10% and 15% fiber volume
fraction samples were tested on the UTM-2 while the controls and 5% fiber volume fraction
samples were tested on the FSTM-1. A photograph of the compression test setup is shown in

Figure 3.6.

For testing, the samples were initially placed in the load frame, and were preloaded to 20
kgf at which point the load cell was zeroed. Compression tests were conducted under
displacement control at a rate of 1 mm/min. During the test, the compressive load (kgf) values
were recorded every 10 seconds using a PC computer connected to the load cell. Tests were

continued until specimen failure occurred denoted by a noticeable drop measured force and/or

30



observed fracture of the specimen. The compressive failure strength (in MPa) was calculated by
dividing the maximum load (converted to N) by the cross-sectional area of the specimen tested
(based on average diameter measurements). In total, 4 replicates were tested per unique test

condition.

Load cell

Sample

Load frame

Metal sample
support

Figure 3.6 Photograph of compression test setup

3.3.1.2 Flexural Testing Methodology

Four-point flexural (bend) tests were performed using ASTM standard C78/C78M-18
(Standard Test Method for Flexural Strength of Concrete) as a guideline. The test was performed

on a modified Instron universal testing machine (TTS-UTM-1) with flexural supports with span
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lengths of 300 mm for the lower support and 100 mm for the upper support. A schematic and

photograph of the flexural test setup is shown in Figure 3.7.

For testing, the samples were initially placed in the loading frame (with the smooth, as-
molded sides at top and bottom), and were preloaded to 3 kgf at which point the load cell was
zeroed. Flexural tests were conducted under displacement control at a rate of 1 mm/min. During
the test, the load (kgf) values were recorded every 10 seconds using a PC computer connected
to the load cell. Tests were continued until specimen failure occurred denoted by a noticeable
drop measured force and/or observed fracture of the specimen. The flexural failure strength was
calculated using the equation in the standard based on the maximum load (converted to N) and
the average geometrical properties of the test specimen (in mm). In total, 3 replicates were

tested for each test condition.
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Figure 3.7 Flexural testing setup for four-point bending: a) schematic of standard test setup
laccording to ASTM C78/C78M-18%, and b) photograph of current experimental setup.

! Figure reproduced with permission
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3.3.2 Thermal Insulative Testing

Thermal insulation tests were performed using ASTM standard C177-19 (Standard Test
Method for Steady-State Heat Flux Measurements and Thermal Transmission Properties by
Means of the Guarded-Hot-Plate Apparatus) as a guideline. A DRH-300 Heat Conduction Modulus
Testing Instrument was used to determine the thermal conductivity per inch of material (R-
value/inch). The experimental setup is similar to the Guarded hot plate set up illustrated in ASTM
C177-19 however, it is vertically oriented. Figure 3.8 shows the experimental set up relative to
the arrangement illustrated in the ASTM C177-19 standard. The composite plate specimens used
in these tests were conditioned in ambient lab environment 19.57°C average temperature of and

41.76% relative humidity) for an average of 3 months prior to testing.

For each test run, two composite plates of equivalent thickness were required. In total, 3
replicates per test condition was tested (i.e. a total of 6 thermal insulation plates were
manufactured to achieve 3 replicates). The guarded plate test setup is composed of two
isothermal cold plates that are cooled using a coolant circulating system set to maintain the two
cold plate temperatures at 16°C and the one guarded hot plate temperature at 36°C. The guarded
hot plate is compromised of a 225 cm? metered section in the center that is surrounded by a
thermally isolated guard. The test specimens were inserted on either side of the hot plate, and
were fastened in place to maintain contact with each of the cold plates on either side. The hot
plate (in the middle) produces a heat flow per unit time through the test volume (measured in
watts). The heat guard is designed to reduce the amount of vertical heat flow, therefore

‘guarding’ the heat and isolating the heat flow through the central metered section.

33



Controlled Environmental Chamber

INSULATION

COLD SURFACE ASSEMBLY

| SPECIMEN

SHROUD

PRIMARY GUARDED PRIMARY|
GUARD HOT PLATE GUARD

N

]
SECONDARY GUARD \

SPECIMEN

SECONDARY GUARD

COLD SURFACE ASSEMBLY

2

a) b)
Figure 3.8 Guarded hot plate setup a) General arrangement of mechanical components of the

guarded-hot-plate apparatus according to ASTM C177-192and b) The DRH-300 Heat Conduction
Modulus Testing Instrument used in this study

When a test is started, the system begins by establishing a thermal steady state that is
defined as the state where the temperature of the hot and cold surfaces are stable (i.e. heat
transfer through the metering area is steady state). These conditions were maintained for at least
2 hours, prior to taking final measurements. Once the thermal steady state was achieved, 5 data
acquisition runs were performed. The system outputs the measured surface temperatures T [°C],
the energy output Q [W], average sample thickness d [m], sample resistance R [m?k/W], and
thermal conductivity A [W/mK]. Equations (13-14) were then used to determine the thermal

resistance of the samples (also known as the “R-Value”):

__Qd
A_2A-AT

(8)

2 Figure reproduced with permission
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R—d 9
== 9

where A is the area of the metered section of the hot plate and is equal to 0.045 m?, and

AT is the temperature difference between the cold and the hot side (in degrees Kelvin).

After the guarded hot plate test were completed, the moisture content of each thermal
insulation panel was determined gravimetrically by placing them in a convection oven at 110°C,
and then measuring mass loss at regular intervals until it reached equilibrium (fully dried or 0%
moisture content). The moisture content of the insulative samples (mins) was calculated as the %

change in mass before and after drying as per Equation 9, as follows:

Mbd - Mad

x 100 (10)
T

Mips =

where Myq is the mass of composite plates before drying (in g), and Maq is the mass of

the composite plates after drying (in g).

3.3.3 Water Sorption Testing

Water sorption tests were performed on composite samples to better understand how
these materials behave when exposed to ambient (outdoor) moisture conditions. Tests were
performed by immersing composite samples in water, and monitoring the mass increase (water
uptake) over time. As detailed in Section 3.2.4, immersion test specimens were prepared from
the insulation test panels (once those tests were completed), and were completely dried prior to

sorption testing. For testing, the samples were immersed in a water bath at ambient temperature
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(approximately 21°C), and the mass change was recorded at regular intervals up to 48 hours. At
each interval, the samples were removed and placed on a drying rack for 2 minutes to drain the
excess water. Then the samples were weighed, and subsequently returned to the water bath for
further exposure. The moisture content, mwater (in %) was determined based on changes in mass

over time as per Equation 11, as follows:

M, — M,
Myater = [TO] x 100 (1D

where M is the measured mass of the immersion specimen at time t (in g), and Mg is
the initial mass of the fully dried immersion specimen (in g). In total, 4 replicates were tested

for each material combination.

3.3.4 Experimental Statistical Methods

A statistical analysis was performed on the compression, flexural, and thermal tests to
determine statistical significance. The analysis was performed using IBM SPSS statistical
software. A Levene’s Test of Equality of Error Variances was performed on each dataset to
confirm the homogeneity of variance assumption as part of an ANOVA test with a 95%
confidence interval. Additionally, a Post Hoc test was performed to determine significantly

different groups.
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3.4 Modelling of Water Sorption

Using the experimental sorption curves (as outlined in section 3.3.3), the diffusivity and
moisture sorption profiles were predicted using a model presented by Shen et al. [64]. This model
was originally developed to predict the moisture sorption mechanics of synthetic fiber reinforced

composite plates. For this model, the following assumption are made:

e The model assumes sorption in a thin plate (see Figure 3.9). The thin plate has a ratio of
sample thickness to length or width being much less than 1 (i.e. n/L<< 1 and n/W << 1).
As such, the model assumes that water penetrates the specimens only through faces W-
L, and ignores moisture sorption at the edges (i.e. through the n-L and n-W faces).

e The samples are exposed to water on both surfaces with both sides being parallel.

e The temperature and moisture distribution within the material are initially equal.

Figure 3.9: Moisture absorption sample geometry where L is sample length (mm) W is sample
width (mm) and n is sample thickness (mm)
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The model is derived based on Fick’s second law of mass transfer through solids [64].
Considering an infinite plate as shown in Figure 3.9 where the moisture content varies only in the

x direction, Fick’s law states:

dc d dc
TR T (12)

With the following initial and boundary conditions:

c= ci 0<x<n t=0

c= ca x=0:x=n t>0

where ci is the initial moisture content is constant inside the plate and ca is the constant
moisture content of the moist environment. Dy is the mass diffusivity of the material, and is a
measure of water sorption rate in the x direction. Since Dy is constant and does not change with

increasing moisture content, equation (12) can be simplified to [67,68]:

dc d?c
E = Dx E (13)

Equation 13 can be solved with the above initial and boundary conditions and integrated over

the thickness of the sample. The result of this integration provides a time dependent variable G:

oMy —my
G= ———L (14)
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where m; is the weight of the moisture in the material at a time t, m; is the initial weight
of the moisture in the material prior to the exposure to a moist environment, and mq is the

weight of the moisture in the material when it is full saturated.

Equation 15 provides an analytical approximation for G:

D\ 075
G = 1—expl—7.3 (F) l (15)

where tis time [min], D is the diffusivity [mm?2/min], and n is the thickness of the specimen
[mm].
The moisture content of the material, M;, at any time t is approximated as:
M, =GMy, — M;) + M; (16)

where M,,is the saturation moisture content, and M; is the initial moisture content.
However, since the samples are oven dried prior to the test, Equation 16 can be expressed as

follows:

M, = M, (1 —exp [—7.3 (%)O%D a7)

The experimental diffusivity of the specimen is calculated by plotting the experimental
moisture content versus v/t. This yields a curve with a linear initial portion. The diffusivity is then

calculated by allocating two points on this linear portion and using their slope as follows:

=1

39



Using equation 18, a diffusivity constant can be determined for each experimental
moisture sorption curve (as outlined in Section 3.3.3). From each replicate an average diffusivity
per test condition can be calculated for each mix, and the predicted moisture sorption curve

(versus time) can be plotted.

The goodness of fit of this model to the experimental data was assessed according to the
correlation coefficient R and the Root Mean Square Error (RMSE) [65]. The RMSE was calculated

as follows in Equation 19:

?:1(Mwater - Mt)z
n

RMSE = (19)

where Muater is the experimental moisture content (at any time t), M: is the theoretical

moisture content, and n is the number of observations.
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4.0 Results and Discussion
4.1 Fiber and Composite Characterization

4.1.1 Fiber Fractionation and Size Distribution

Fractionation of fiber feedstocks (hammer milled hemp hurd and wheat straw) was
performed using sieving methods in order to separate various particle sizes prior to composite
manufacturing. Figure 4.1 summarizes the fraction of particle sizes retained in each sieve size for
both fiber types. This analysis provides the particle size distribution of the feedstock material
prior to size separation. While both fiber types were processed at different locations (and using
different milling equipment), the resulting particle size distribution of the supplied fibers was

quite similar.

50 50
40 40

30

20

10 I
1 0

30

20

10 I

0 - - .
©

Mass % Hemp Hurd Retained
Mass % Wheat Straw Retained

Q¥ DTNV N LN Q2 07 \V a7,y 07 NV
D IR AR AR o ‘0 7 S NGV T P <9
NI NG N N >

Sieve Tray Size Range (mm) Sieve Tray Size Range (mm)

Figure 4.1 Particle size distribution of the feedstock fiber materials based on sieve shaker tray
opening sizes: hemp hurd (left) and wheat straw (right) — groupings: coarse (dark green), fine
(light green) and rejected (red)
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The resulting sieved fibers were then grouped into two categories: 1). “Coarse” fiber
group representing a size range 2.5 mm to 5 mm (i.e. all fibers that were retained on the 2.5 mm
and 3.15 mm sieves), and 2). “Fine” fiber group representing a size range 0.6 mm to 1.25 mm (i.e.
all fibers that were retained on the 0.6 mm sieve). These two groupings provide a distinguished
separation in particle sizes (with no overlap), which were then used to prepare cement composite
specimens to assess the effect of fiber particle size. Figure 4.2 shows the resulting fiber samples
after fractionization grouped by size and fiber type. It is clear that there is a distinct difference in
observed fiber length and fineness between the coarse and fine particle groupings. In general,
wheat straw fibers tend to have a higher aspect ratios (particle length to width) compared to the

hemp hurd fiber which appears more bulky (somewhat lower length to width ratio).

Surface photographs of these fibers types and sizes embedded in sanded fiber-cement
composite specimens is also shown in Figure 4.3 for comparison. These images clearly show an
observed difference in particle sizes between the coarse fiber, fine fiber and control (no fiber),

as well as the increase in fiber quantity with increasing fiber volume fraction.
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Figure 4.2: Fractionated fibers sizes used in this study
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Figure 4.3: Manufactured thermal insulation test panels
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4.1.2 Measured Fiber Densities

The fiber densities were determined prior to sample manufacturing, and were used to
calculate required mixing ratios to achieve a target fiber volume fraction in the final composite
specimens (as discussed in Section 3.2.2). Density results for each fiber type and size are shown
in Table 4.1. Hemp hurd was found to have a higher overall density compared to wheat straw
fibers. Both coarse and fine fiber fractions for hemp hurd had statistically similar density values,

while fine wheat straw was seen to have a slightly higher density compared to the fine fraction.

Table 4.1: Mean particle densities determined using a nitrogen gas pycnometer; letters that
do not share the same letter are significantly different (95% confidence interval, Tukey)

Fibers Mean Particle Density (g/cm3)
Fine Hemp Hurd 1.462+£0.01
Coarse Hemp Hurd 1.50% £ 0.05
Fine Wheat Straw 1.05° + 0.02
Coarse Wheat Straw 0.96°+0.03
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4.1.3 Pre-Mix Fiber Saturation Results

Water sorption data for the two fiber types and sizes prior to cement mixing (pre-soaking
step) is shown Table 4.2. The purpose of this pre-soaking step is to prevent (or reduce) moisture
uptake from the wet cement during cement hydration during fiber-cement mixing and curing. It
can be seen that all fiber types and sizes have significant water uptake which is common in ligno-
cellulosic materials. Wheat straw is observed to absorb more water than the hemp hurd, and the
fine fiber sizes seems to absorb more than the coarse fractions. Since water saturation was
performed by soaking and then draining the fiber mass, it is not surprising that the fine fiber
fractions retained more water compared to the coarse group since fine fibers typically have larger

available surface areas (i.e. more bonding sites for water).

Table 4.2: Mean water uptake in fibers during pre-mix soaking

Fibers Mean Water Uptake

in Fibers (% by mass)
Fine Hemp Hurd 259+11
Coarse Hemp Hurd 168+ 6
Fine Wheat Straw 341+21
Coarse Wheat Straw 247 +5

45



4.1.4 Fiber-Cement Composite Densities

The bulk densities for each fiber composite combination (after manufacturing) were
determined based on the specimen weight and volumetric dimensions. The plate specimens used
for the thermal insulation tests were utilized for this purpose. The results are shown in Figure 4.4
for the various fiber types, fiber sizes and fiber volume fractions. Overall, it can be seen that the
bulk density of the composites decrease with increasing fiber content, and all are lower than the
measured density of the cement control (which is to be expected due to the low density nature

of bio-based fibers compared to cement).

In terms for fiber type, the wheat straw composites had a slightly higher densities
compared to the hemp hurd composites. This is likely due to differences in compaction effects
during mixing. Wheat straw was found to be more brittle and easier to crush (relative to hemp

hurd), and as a result, this would lead to a more compact dense composite material.

In terms of fiber size, the composites with coarse particles also had a slightly higher
densities compared to the composites with fine particle sizes. According to Stevulova et al. [24]
the composite pore size highly influences the density of the final product. The smaller pores
introduced by the smaller fiber sizes allow for a denser binder structure and therefore increases

the overall density of the composite samples.
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Figure 4.4: Bulk density of various hemp hurd and wheat straw based cement composites
(error bars represent + one standard deviation)

4.2 Compression Test Results

Compression tests were performed on the 13 unique natural fiber cement mixes to assess
the effect of fiber type, fiber size, and fiber volume fraction. The results are shown in Figure 4.5.
For all fiber composites tested, it can be seen that there is a general trend of decreasing
compression strength with increasing fiber content (all fiber reinforced cements were
significantly different from the control). Fiber volume fraction has the most significant effect
compared to fiber type and size. In the case of fiber type, there was no statistical difference
between the hemp hurd and wheat straw. This suggests that the compressive strength of the
composite is mainly governed by the behaviour of the cement matrix rather than the fiber. It

follows suit that the decrease in compressive strength with increasing fiber content is likely due
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to the reduction in the overall amount of cement present in the composite (i.e. less cement, less
compressive strength). The result between a decreasing compression strength and increasing
fiber fraction is corroborated in studies with other natural fiber types Li et al., Murphy et al. and

Stevulova et al. [60,61,64].

Conversely, fiber size displayed a small statistical difference with the fine fibers having a
slightly higher average compression strength than the coarse fibers. This trend follows closely to
the results presented by Stevulova et al. [24] in which the authors suggest that a smaller average

particle size leads to finer pores therefore producing a stronger binder structure.
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Figure 4.5: Compression strength of various hemp hurd and wheat straw based cement composites (error bars
represent + one standard deviation)
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4.3 Flexural Test Results

Flexural test results for the 13 unique fiber cement mixes are shown in Figure 4.6. It can
be seen that all fiber reinforced composites had higher flexural strengths compared to the
unreinforced control (no fibers). Overall, the best fiber type/size combination was the fine wheat
straw reinforced cement at a 10% fibre fraction (by volume), which increased the flexural
strength by approximately 5 times compared to the unreinforced cement (control). These
improvements in flexural strength were much larger than results found in the literature for
similar fiber types [46]. Most of the flexural strength results seem to reach a peak at 10% fiber
volume fraction then drop-off (in most cases). This is opposite to that found in the compressive
strength tests which saw a decreasing strength with increasing fiber fraction. The fiber type also
seems to play a more significant role in flexural properties compared to the compressive
properties. All wheat straw combinations had significantly higher flexural strengths compared to
their hemp hurd counterparts. Finally, there appears to be no consistent trend with respect to

fiber size.

The improved flexural strength of all the fiber reinforced specimens is likely due to fiber
bridging effects observed on the tensile side of the bend specimen. When bending load was
applied to the control specimens (unreinforced cement), it was observed that the failure initiated
on the tensile side of the bending sample resulting in an abrupt fracturing of the specimen. For
the composite specimens, the fiber reinforcement delayed the onset and severity of tensile
cracking during the test due to fiber bridging which resulted in a higher applied load (or stress)

at failure. This bridging effect may also explain why wheat straw performed better than hemp
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hurd in this loading mode. From Figure 4.2, it can be seen that the wheat straw fibers have a
higher aspect ratio compared to the hemp hurd. This higher aspect ratio likely resulted in an
improved fiber pull out strength which enhances the fiber bridging effect. While the fiber pull-
out properties were not specifically assessed in this work, there have been a number of studies
using other fiber types which have suggested this mechanism [69,70]. In terms of the noted drop
in flexural strength after 10% volume fraction (for most mixes), the mechanism could possibly be
attributed to the diminishing strength on the compressive side of the bend specimen (i.e. an
increase in fiber content decreases the compressive strength as noted in section 4.2). This

highlights the unique balance between tensile and compressive properties in bending

applications.
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Figure 4.6: Flexural strength of various hemp hurd and wheat straw based cement composites
(error bars represent + one standard deviation).
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4.4 Thermal Insulation Test Results

Results from the thermal insulation tests for both the hemp hurd and wheat straw
composites are shown in Figure 4.7. All composite plates tested had an average moisture content
of 12.9 + 0.7% while the control specimens had an average moisture content of 11.3 + 0.4% (all
after 3 months conditioning in the lab). From Figure 4.7, it can be seen that the fiber volume
fraction plays a significant role in improving thermal resistance in the cement composite. In
general, the mean thermal resistance (R-Value per inch) increases with increasing fiber content.
In addition, all fiber composites at 15% fiber fraction (by volume) provided approximately double
the R-value compared to the unreinforced cement (control). This increase in thermal resistance
in the composites is due to the lower thermal conductivity of natural fibers relative to the cement

matrix [21].

In terms of fiber type and size, there was no significant difference between the groups.
This is in contrast to results found by Stevulova et al. [24] who investigated the thermal resistance
of hemp hurd composites. According to this study, the pore sizes within the composite were
found to greatly influence the thermal insulation capacity of the final product (i.e. greater the
pore size, the greater the thermal resistance). The smaller pores introduced by fine or smaller
fiber sizes result in a denser binder structure, and therefore decrease the thermal resistivity of
the samples. For the current study, this trend was not observed. However, it should be noted
that the results for the thermal insulation tests showed high variability which may have ultimately

hampered the ability to discern fibre size trends.
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Figure 4.7: Thermal insulation values of various hemp hurd and wheat straw based cement composites (error
bars represent + one standard deviation).

Since material density plays a significant role in thermal conduction, the relationship
between the resulting thermal resistivity (R-Value per in) and the densities of the thermal
specimens (taken from Figure 4.4) were plotted against one another, and are shown in figure 4.8.
It can be seen that as the density of the composites increases, the resulting thermal resistivity (R-
Value per in) decreases. At higher fiber volume fractions, the spread of the data is greater than
at lower volume fractions. This large variation in results at high fiber fractions may be due to
difficulties in obtaining a homogeneous mix when larger amount of fibers is introduced. The
resulting inhomogeneity could significantly affect the consistency of thermal resistivity tests in

plate type specimens.
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Figure 4.8: R-Value per inch of composites as a function of composite density

4.5 Water Sorption Test Results

The water sorption behaviour of the 13 unique natural fiber cement mixes was assessed
to determine the performance of these materials when exposed to wet conditions (e.g.
outdoor). The change in moisture content of specimens exposed to water over time was
investigated for each fiber type, fiber size and fiber volume fraction. The moisture sorption
curves for coarse wheat straw, fine wheat straw, coarse hemp hurd and fine hemp hurd are

shown in Figures 4.9 thru 4.12, respectively. For each of these graphs, both the short-term (1
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hour) and longer-term responses (3 days) are provided for the different fiber fractions along

with predicted responses from the Fickian diffusion model [64] as outlined in Section 3.4.

Referring to Figure 4.9, it can be seen that a majority of water is absorbed within the
first hour of exposure (see Figure 4.9a). As time increases, this sorption rate decreases until a
plateau (or saturation) in the moisture content is achieved (see Figure 4.9b). Fiber fraction is
shown to have a significant effect on the moisture response curves. As the fiber fraction
increased, so did the moisture sorption rate (initial slope of the moisture-time response) and
the saturation moisture content (My,). The unreinforced cement had the lowest saturation
moisture content at 19.4%, while the 15% coarse wheat straw composite had the saturation
moisture content at 34.5%. Both the unreinforced and reinforced cement samples were seen
to absorb water which suggests that a combination of porosity within the cement matrix and

the hydrophillic fibers were both responsible for mass transport into the specimens.

In addition to the experimental results, the predicted responses from the Fickian model
is also plotted in Figures 4.9a and 4.9b for each fiber fraction. The model provides a reasonable
prediction of the moisture content at both the initial immersion period (from 0 to 5 min.) and at
longer times (> 1 day), but seems to overestimate the moisture sorption at periods in between.
Overall, both the experimental and predicted moisture sorption curves for the other fiber types

and sizes (Figures 4.10-4.12) follow the same general trends.

In order to simplify the comparison between fiber types and sizes, the mean diffusivity
(which represents the initial moisture-time response rate as derived in Section 3.4) and the

saturation moisture content (based on the experimental results) was tabulated in Table 4.3 for
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each mix configuration. In addition, Table 4.3 also displays the correlation coefficient (R?) and
RMSE which measures the “Goodness of Fit” between the experimental data and the

theoretical model.

Referring to Table 4.3, fiber volume fraction had the greatest effect on moisture
sorption response compared to both fiber type and size. In general, samples with a higher fiber
content displayed a higher saturation moisture content (M,,). However, there was no
discernable trend for the diffusivity values for all composite specimens. In terms of fiber type,
the hemp hurd composites had slightly higher mean saturation moisture contents relative to
the wheat straw composites. Specimens with the fine fiber sizes also had a slightly higher mean
saturation moisture contents compared to specimens with the coarse fiber size. This result is
consistent with the observations reported in Stevulova et al. [49]. A possible explanation for
this behavior is that the smaller particle sizes result in a larger number of individual particles
within the composite. These particles have a larger total surface area therefore creating more

accessible pathways that allow for more water absorption.

For the control specimens (unreinforced cement), the saturation moisture content was
lower than that of the fiber composite samples, however, the diffusivity values greater. This
higher diffusion rate for the control versus the fiber composites could be explained by possible
differences in surface features in the materials. The presence of pores on the surface of the
cement would allow a faster sorption rate through capillary action versus the slower diffusion
of water via ligno-cellulosic fibers. However, since the moisture content at saturation is
governed by interconnectivity of pores or fibers in a system, it would indicate that the pores in

unreinforced cement are not well connected. For the fiber composites, this saturation moisture
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level increases as fiber content (and associated connectivity) increases. The relative uniformity
of the diffusivity value for all composite samples suggests that the initial water sorption rate is
somewhat random depending on the number of accessible fibers on the surface of the

specimens (rate limiting factor).

In terms of Fickian model predictions, the theoretical curves are reasonable fit of the
experimental data. However, these curves see some deviation with increasing fiber volume
fraction, and is greatest in the hemp hurd samples (see Figure 4.11 and 4.12). This suggests that
these mixes exhibit a dual phase moisture absorption mechanism similar to Raphia vinifera
fibers studied by Mbou et al. [65]. Sinka et al. [62] also found that hemp hurd exhibits a two-
phase diffusion mechanism. This is the result of the combination of capillary action following
Fick’s law, and the occurrence of hydroxyl groups and amorphous areas in the cellulose within
the hemp. Additionally, since hemp hurd has a larger proportion of cellulose than wheat straw,

it is expected that the hemp hurd samples would absorb more water.

56



0.50

0.45

0.40

0.35

0.30

: ¢ Control
¢ $ 5CWS
+ 10CWS
+ 15CWS

0.25

0.20

Moisture Content

0.15

0.10

0.05

0.00
0 10 20 30 40 50 60

Time (mins)

0.50
0.45

0.40

i 3l

Moisture Content
¢ ¢ o ¢
N
(V)]
.
+9

o
[y
(%2}

et
[N
o

0.05

0.00

O s ee—eapeere

0.5 1 1.5 2 2.5 3
Time (mins)

Figure 4.9: Experimental and predicted (solid line) water sorption behavior of coarse wheat
straw composites and the unreinforced control: a). short-term response (top), and b). long-
term response (bottom). Error bars represent + one standard deviation.
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Figure 4.10: Experimental and predicted (solid line) water sorption behavior of fine wheat
straw composites and the unreinforced control: a). short-term response (top), and b). long-
term response (bottom). Error bars represent + one standard deviation.
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Figure 4.11: Experimental and predicted (solid line) water sorption behavior of coarse hemp
hurd composites and the unreinforced control: a). short-term response (top), and b). long-
term response (bottom). Error bars represent + one standard deviation.
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Table 4.3 — Summary of Moisture Sorption and Model Fit Parameters

M,

. . Fiber . D Saturation | Goodness | Goodness
Fiber Fiber Specimen e e s . . .
Type Size Volur.ne Number DIffL;SIVI.ty Moisture of |:It of Fit

Fraction (mm?/min) | Content (R?) (RMSE)

(%)

Cement| — | Control | 10.48 19.4 0.990 | 0.008
Only

5 5FHH 4.23 26.7 0.992 0.009

Fine 10 10FHH 2.13 34.5 0.980 0.023

Hemp 15 15FHH 3.84 45.3 0.952 0.048

Hurd 5 5CHH 4.35 25.6 0.982 0.014

Coarse 10 10CHH 4.22 32.0 0.951 0.030

15 15CHH 4.54 39.3 0.911 0.046

5 5FWS 4.15 25.5 0.993 0.009

Fine 10 10FWS 3.86 33.5 0.995 0.010

Wheat 15 15FWS 2.45 38.9 0.988 0.018

Straw 5 5CWS 4.45 24.7 0.996 0.006

Coarse 10 10CWS 3.38 29.2 0.993 0.010

15 15CWS 5.82 345 0.986 0.017
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5.0 Conclusions

This study outlines the assessment of mechanical, thermal insulation, and water
absorption behaviour of various natural fiber reinforced Portland cement composites. The
purpose of the study was to assess property ranges for these renewable composite options which
can provide useful data in engineering design. Specimens were successfully manufactured using
two fiber types (hemp hurd and wheat straw) sieved into two fiber size ranges (a “coarse” group
based on 2.5 — 5 mm particle sizes; and a “fine” group based on 0.6 — 1.25 mm particle sizes).
Cylindrical (compression), beam (flexural) and plate (insulation and moisture sorption) samples
were then manufactured using 3 fiber volume fractions (5%, 10%, and 15%) and a control

(unreinforced cement).

In terms of compression test results, the addition of natural fibers to the cement resulted
in lower compression strengths compare to the control. As the fiber content was increased, the
compression strength decreased. Fiber size had a small effect with fine fiber sample having a
slightly higher average compression strength compared to the coarse fiber group. In the case of
fiber type, there was no statistical difference between the hemp hurd and wheat straw in terms

of composite compressive properties.

For the flexural properties, the addition of natural fibers to cement increased the flexural
strength of the cement by up to 5 times for the mix combinations studied. As fiber content was
increased, the flexural strength results seem to reach a peak at 10% fiber volume fraction then
drop-off (in most cases). This plateau effect was attributed to the interplay of the controlling

failure mechanisms. As the fiber fraction increases, the fiber bringing effect on the tensile side of
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the flexural specimen is improved, however, the strength on the compressive side of the flexural
specimen decreases. In terms of fiber types, the wheat straw composites had higher flexural
strengths compared to the hemp hurd specimens. However, there were no consistent trend with

respect to fiber size.

The addition of fibers was also observed to significantly increase the insulative properties
of cement by up to 65% for the mix combinations studied. This increase in thermal resistivity is
attributed to the good insulating properties of the lignocellulosic fibers. While increasing fiber
fraction had the most significant effect on R-Value, the effect of fiber type and size was not

significant.

The amount of moisture uptake in cement also increased with the addition of natural
fibers by up to 125% for the mix combinations investigated. Fiber fraction had the biggest effect
on moisture sorption. As fiber content was increased, there was a corresponding increase in
saturation moisture content. Both fiber type and size were also found to affect moisture
behavior, however, these effects were not a significant as fiber fraction. Hemp hurd composites
had slightly higher saturation moisture contents relative to the wheat straw composites, while
specimens with the fine fiber size had slightly higher saturation moisture contents compared to

specimens with the coarse fiber size.

A model developed by Shen and Springer [64] for moisture sorption in composite plates
was used to predict the moisture response of the composite an control samples tested. Overall,
the model demonstrated a reasonable fit to the experimental data except at the point where the

moisture sorption curve begins to plateau. At this region of the curve, the model is seen to

63



overshoot the experimental data suggesting a two-phase diffusion mechanism may be present
(i.e. a combination of capillary and diffusion mechanisms). This discrepancy was more significant

for the hemp hurd composite results.

In general, this study demonstrated that cements reinforced with natural fibers offer
improved flexural (crack resistance) and insulating properties compared to unreinforced cement
which may be advantageous in a number of building product applications. However, these
natural fiber composites also had reduced compressive strengths, and were more susceptible to
moisture sorption which may limit their use to non-structural applications. If these materials are
to use in outdoor applications, a protection strategy against moisture ingress (e.g. coating) would
also need to be considered. Even with these limitations, however, there is still considerable
market opportunities as an insulating material which can also reduce cracking in cementous
binders. That being said, this study has demonstrated an effective option to improve the

sustainability of cement materials by using renewable content.

6.0 Novelty of work and future research

This work has investigated a unique set of variables that affect the performance and
viability of this innovative type of sustainable material. It is aimed to assist engineers and
designers in understanding the practicality and limitations of natural fiber cement composites
for building applications. Feedstocks selected in this study are readily produced in Western

Canada, and may offer future revenue streams for agricultural producers. Future studies
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extending from this work should focus on the practical assessment of workability of hemp based

cements and the effect of water-cement ratios.

Further research is also recommended to fully understand the mechanisms at work.
Microscopy could help better explain the fiber-cement bonding characteristics, and structures
that are thought to be the causes of observed thermal and water sorption behaviours (i.e.
inherent porosity and fiber structures in the cements). Unfortunately, this examination could not

be completed as part of the current study due to the COVID-19 pandemic.

Additionally, further in-depth modeling of moisture sorption would allow to better
understand the long-term water sorption behaviour, and the effect of moisture on mechanical
and thermal resistivity over time. Finally, a life cycle assessment should be conducted to
determine the environmental impact of these natural fiber-cement composites compared to

unreinforced cements and concretes.
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