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CHAPTER I

INTRODUCTION

1.1 State of problem

Among the new vegetable fibres in use, hemp stands out from the rest because

of its availability, low requirements of fertilizer and irrigation, permanent renewal

character, good humidity control and ecological balance (Del R. Valle-Zermeno et al.,

2016).

“Hemp” refers primarily to Cannabis sativa L. (Cannabaceae) (Ernest Small and

David Marcus, 2000). The oldest known record of hemp farming goes back 5000

years in China, although hemp industrialization likely extends back to ancient Egypt.

Medicinal cannabis is described in print in a Chinese book of medicine, “Herbal,” in

the 2nd century B.C (An Old Rippie, 2016). By definition, industrial hemp refers to

those strains of Cannabis sativa L. containing less than 1% THC (Tetrahydro-

cannabinol). Most developed countries that permit industrial hemp cultivation limit

production to those varieties with less than 0.3% THC (Valerie L. Vantreese, 1998).

Currently, hemp is grown in China, Europe (Russia, France, Ukraine, United

Kingdom, Germany, Poland, and Finland), and Canada (DeeDee De Miranda, 2011).

Hemp fibre is an organic fibre product of the hemp plant which is specially bred

to produce strong fibre and oily seeds appropriate for industrial purposes (Plamen

Ivanov Peev and Jesper Saxgren, 2012). Industrial hemp is grown for its fibre (outer

bark), hurd (woody inner core of the stalk) and seeds (for oil and meal). Hemp stalks
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average approximately 20 to 30% bast fibre (the strong woody fibre obtained chiefly

from the phloem of plants) (Valerie L. Vantreese, 1998). Hemp fibre has thousands of

applications including fabric for home furnishings, automotive interiors, and apparel,

as well as other industrial uses such as composites, cordage (such as rope), specialty

textiles and specialty papers (including teabag paper, coffee filters, cigarette paper,

carbon tissues and condensing tissues) (DeeDee De Miranda, 2011).

A secondary product of the high-quality bast fibre crop is the internal core or

“hurd,” consisting of short fibres and cellulosic biomass with a variety of industrial

applications (Skaidra Smith-Heisters, 2008). Approximately 70 to 80% of the hemp

stalk is composed of hurd or the woody inner portion of the plant. Essentially, hurds

are the by-products of extracting the bast fibres from the stalk. Hurd is 50 to 70%

cellulose, lending itself to paper, particle board, biodegradable plastics, building

materials (thermal and acoustic insulation products), and animal bedding. For

example, most of the hemp grown in the United Kingdom is designated for the horse

industry (Valerie L. Vantreese, 1998 and Adnan M. Esmail, 2010). The use of the

core for building materials extends beyond concrete to acoustic insulation and even to

animal bedding. In fact, the use of the hurd in construction is becoming increasingly

common in Europe, where hemp is attracting attention from venture capital and large

corporations. The core, which was once discarded as a useless component, is now

being grown for its great biomass and unique material properties (Adnan M. Esmail,

2010). Hemp hurd or “hemp shiv” is used as aggregate for the manufacture of hemp

concrete and there are several studies on “Hempcrete”.
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Hempcrete developed in the early 1990s in France is a combination of lime and

hemp shiv (Plamen Ivanov Peev and Jesper Saxgren, 2012). This material can be used

for several applications (wall, floor and roof) by adjusting the composition. It is

implemented by casting, spraying or pre-casting. A hempcrete is used with a

framework made of steel, concrete or wood. Usually, hempcrete walls are coated on

both sides but it can occasionally be bare on the indoor side (Florence Collet, Sylvie

Pretot, 2014). Hempcrete has been used more and more in building construction

because hemp is a renewable plant, it is recyclable, and it does not degrade over time

(Tran Le A.D. et al., 2015)

However, due to the low mechanical performances of hempcrete, it is used for

non-load bearing purposes as it has compressive strength of approximately 1 MPa

(Plamen Ivanov Peev and Jesper Saxgren, 2012). Hempcrete is a bio-based building

material made of lime and hemp shiv. With regards to the mechanical properties of

cement binder and lime, the compressive strength of cement is higher. The

mechanical properties of hempcrete are improved by replacing lime with Portland

cement. Cement is a significant component of concrete and is mixed with the other

components to increases the mechanical properties of “hemp concrete”.

Previous research shows that wood is chemically heterogeneous and its

components can be divided into two groups: structural components of high molecular

weight-natural polymer substances (cellulose, hemicelluloses and lignin) which are

the major cell wall components, and non-structural components of low molecular

weight (extractives and inorganic components) (Giedrius Vaickelionis and Rita

Vaickelioniene, 2006). Pehanich reported that there are many chemical components in

wood fibre, but the main inhibitor of cement hydration is sugar (Jennifer L. Pehanich,
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2004). Building products such as cement bonded wood made from mineral binding

materials and wood aggregates are widely developed in many developed countries.

Preparing concrete mixtures with wood requires large amounts of water. This water

dissolves the extractive materials that retard the hardening of Portland cement. The

cement hydration, setting and hardening depend on the wood extract concentration,

but does not on the wood species and preparation method (Giedrius Vaickelionis and

Rita Vaickelioniene, 2006).

Several chemical treatments have been applied to the wood fibres before

combining them with the cement binder. The compressive strength and other

mechanical properties of the treated wood fibre composites are higher than those of

the untreated fibres (Ming Liu, 2016). Chemicals such as sodium hydroxide (NaOH)

(Reinu E. Abraham et al., 2013; Paul R. Blankenhorn et al., 2001; Sedan D. et al.,

2008), calcium chloride (CaCl2) (Michał Bołtryk and Dorota Małaszkiewicz, 2007),

and aluminium sulfate [Al2(SO4)3] (Michał Bołtryk and Dorota Małaszkiewicz, 2007;

Giedrius Balciunas et al., 2015), sometimes also referred to as mineralization agents

(mineralizers), improved compatibility of cement and plant origin aggregates.

Complex mineralizers such as Al2(SO4)3 + Ca(OH)2 are also used. When Al2(SO4)3 is

used as a mineralizer, it impedes the release of sugar from organic aggregates and

reduces higroscopicity and water absorption (Giedrius Balciunas et al., 2015). The

Al2(SO4)3 in the form of hydrate is the characteristic of an acidic reaction in water,

and calcium hydroxide [Ca(OH)2] is characteristic of an alkaline reaction in water.

The mineralization is achieved by enhancing the efficiency of Al2(SO4)3, neutralizing

the acidic environment caused by Al2(SO4)3 and improving the workability of the

mixture. Wood aggregate mineralization also leads to improved adhesion between
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aggregate and cement binder (Michał Bołtryk and Dorota Małaszkiewicz, 2007;

Giedrius Balciunas et al., 2015).

The construction industry has responded to the growing demand for sustainable

and environmentally friendly building materials. One of such material is hemp-lime

concrete, it was good thermal insulation material, excellent hydric properties, great

acoustic capabilities, and good fire resistance (Sinka M. et al., 2015). This research

aims to develop a mix proportion of the bio-composites using hemp shiv as coarse

aggregate. The shiv is mineralized by Al2(SO4)3, neutralized with Ca(OH)2 and mixed

with sand and cement to make “hemp concrete”, and cement is partially replaced

using fly ash to reduce the cost of the hemp concrete. The effects of the chemical

treatment on some mechanical properties will be evaluated.

1.2 Objective

The overall purpose of this research was to study the potential of hemp shiv for

use as a coarse aggregate in concrete.

This was achieved through the following objectives:

1.2.1 To find an appropriate proportion to improve the hemp shiv with

Al2(SO4)3 and Ca(OH)2.

1.2.2 To develop hemp concrete to concrete that can be applied in

construction such as moderate strength concretes with the compressive strengths are

approximately 7 to 17 MPa.

1.2.3 To apply fly ash in hemp concrete.

1.2.4 To support Thailand's hemp planting in the future.
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1.3 Scope of study

1.3.1 The binder used in this investigation was Type I Portland cement.

1.3.2 The aggregates used in this study consisted of hemp shiv as coarse

aggregate, and sand was used as fine aggregate.

1.3.3 Al2(SO4)3 and Ca(OH)2 were used as complex mineralizers for chemical

treatment.

1.3.4 The hemp shiv to cement ratio (HS/C) of 0.16 by weight was selected

based on the compatibility of the trial mix. The cement to sand ratio (C/S) was 1:2,

the Al2(SO4)3/Ca(OH)2 ratio was 1:2, the water to cement ratio (W/C) was kept

constant of 0.48, and the superplasticizer (SP) content of 1% by weight of cement was

also used.

1.3.5 Type I Portland cement was partially replaced by fly ash in the

appropriated mix proportion 10, 20, 30, 40, 50 and 90% by mass of binder.

1.3.6 The morphological structure of hemp shiv was studied using a scanning

electron microscope (SEM). The chemical compositions of hemp shiv were

investigated by X-ray fluorescence (XRF) Energy dispersive spectrometer. The

quantity of cellulose, hemicellulose and lignin were determined using the detergent

fibre analysis. X-ray diffraction (XRD) analysis was used to determine the

crystallinity index of hemp shiv.

1.3.7 The specimens for setting time test were 150×150×150 mm cube. The

compressive strength specimens were cast in 100×100×100 mm cube. The water

absorption and density specimens were cast in a 50×100 mm cylinder. The drying

shrinkage specimens were cast in 75×75×285 mm prisms. The thermal conductivity

specimens were cast in 25.4×300×300 mm plate. After demoulding, they were stored
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at 23 ± 2C and 50 ± 5% relative humidity. Each test result represented the mean of at

least three specimens. The compressive strength, water absorption and density

specimens were investigated at 7, 14, 28 and 56 days, and the thermal conductivity

specimens were tested at 28 days of curing.

1.4 Outline of study

This thesis composed of five chapters. The Chapter I presented the introduction

of this study; the statement of problem, the objective, and the scope of the study. The

theoretical backgrounds and literature reviews was shown in chapter II. Chapter III

introduced the experimental program. In chapter IV, results of the study were

determined and discussed. Finally, the conclusions and suggestions from this study

were presented in Chapter V.
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CHAPTER II

THEORETICAL BACKGROUND AND LITERATURE

REVIEWS

This chapter provides the theoretical background and literature reviews of hemp

and hemp concrete, aluminium sulfate, calcium hydroxide, chemical treatments was

applied to the wood fibres, the effect of hemp shiv on mechanical properties of hemp

concrete manufactured using cement based binders, pozzolan, fly ash, concrete

containing fly ash, and the effect of high volume fly ash on compressive strength of

concrete.

2.1 Hemp

2.1.1 What is “Hemp”?

“Hemp” refers primarily to Cannabis sativa L. (Cannabaceae). The

common names hemp and marijuana (much less frequently spelled marihuana) have

been applied loosely to all three forms, although historically hemp has been used

primarily for the fiber cultigen and its fiber preparations, and marijuana for the drug

cultigen and its drug preparations (Ernest Small and David Marcus, 2002). The name

“marijuana” is a Mexican slang word. The actual Spanish word for the plant is

“canamo.” Prior to the mid-1930s, marijuana was known throughout the world as

“hemp” or “cannabis.” Cannabis is the plant’s botanical name and has ancient origins

in the Hebrew language. Solid evidence of Hebrew cannabis usage was established in
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1936 by Mr. Sula Benet, an etymologist from the Institute of Anthropological

Sciences in Warsaw (An Old Rippie, 2016).

The current hemp industry is making great efforts to point out that

“hemp is not marijuana.” (Ernest Small and David Marcus, 2002). Sativa strains are

typically taller, have loosely and long branched and narrow leaves. They are usually

grown outdoors and can reach heights of up to 20 feet. In the case of marijuana or

“indica”, they strains are shorter, densely branched and have wider leaves (Figure

2.1). They are better suited for growing indoors (Minister of Hemp, 2016).

Figure 2.1 Cannabis Sativa vs Cannabis Indica: Difference explained in official terms

(Minister of Hemp, 2016)

Cannabis sativa l. contains less than 1% THC (Tetrahydrocannabinol).

Most developed countries that permit industrial hemp cultivation limit production to

those varieties with less than 0.3% THC. Marijuana contains THC levels that typically

range from 3-15%. The concentration of THC is dependent on both genetic and

environmental factors (Valerie L. Vantreese, 1998).

Sativa
Sativa

Marijuana or Indica

Marijuana or Indica
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In Thailand, permits to grow, produce, sale or possession of the hemp

must be in accordance with the Ministerial Regulations published in the Thai Royal

Government Gazette, which states "certified seed" had a THC content of less than

1.0% of dry weight. And there are criteria for analysis as determined.

2.1.2 Industrial hemp

The oldest known record of hemp farming goes back 5000 years in

China, although hemp industrialization likely extends back to ancient Egypt.

Medicinal cannabis was described in print in a Chinese book of medicine, “Herbal,”

in the 2nd century B.C. (An Old Rippie, 2016).

Currently, industrial hemp had been grown in China, Europe (Russia,

France, Ukraine, United Kingdom, Germany, Poland, Finland, Hungary, Romania,

and Canada (DeeDee De Miranda, 2011). In Thailand, the breed of hemp has been

developed since 2004 before they were encouraged to grow in 2017 (Figure 2.2).
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Figure 2.2 Hemp cultivation in the Northern Thailand

Hemp was classified as renewable material (Plamen Ivanov Peev and

Jesper Saxgren, 2012). Various sources in Europe and North America have reported

20-25,000 different uses for industrial hemp fiber, grain, oil and seeds (Valerie L.

Vantreese, 1998; Ernest Small and David Marcus, 2002). The principal applications

of industrial hemp are shown in Figure 2.3.
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Hemp is a multi-functional plant that has been domesticated for bast

(phloem) fiber in the stem, a multi-functional fixed oil in the “seeds” (achenes), and

an intoxicating resin secreted by epidermal glands (Ernest Small and David Marcus,

2002).

Figure 2.3 Application of hemp (Ernest Small and David Marcus, 2002)

Hemp fibre (Figure 2.4) is an organic fibre product of the hemp plant

which is specially bred to produce strong fibre and oily seeds appropriate for

industrial purposes (Plamen Ivanov Peev and Jesper Saxgren, 2012). Industrial hemp

is grown for its fibre (outer bark, Figure 2.4 a.), hurd (woody inner core of the stalk)
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and seeds (for oil and meal). Hemp stalks average approximately 20 to 30% bast fibre

(the strong woody fibre obtained chiefly from the phloem of plants) (Valerie L.

Vantreese, 1998). Hemp fibre has thousands of applications including fabric for home

furnishings, automotive interiors, and apparel, as well as other industrial uses such as

composites, cordage (such as rope), specialty textiles (Figure 2.4 b.) and specialty

papers (including teabag paper, coffee filters, cigarette paper, carbon tissues and 8

condensing tissues) (Valerie L. Vantreese, 1998; DeeDee De Miranda, 2011).

a) b)

Figure 2.4 Hemp fibre; a) bark b) textile fibers

A secondary product of the high-quality bast fibre crop is the internal

core or “hurd,” or “shiv,” (Figure 2.5) consisting of short fibres and cellulosic

biomass with a variety of industrial applications (Skaidra Smith-Heister, 2008).

Approximately 70 to 80% of the hemp stalk is composed of hurd or the woody inner

portion of the plant.
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Essentially, hurds are the by-products of extracting the bast fibres from

the stalk, they were often considered a waste product and thus burned. Hurd is 50 to

70% cellulose, lending itself to paper, particle board, biodegradable plastics, building

materials (thermal and acoustic insulation products), animal bedding and other

cellulose based products. For example, most of the hemp grown in the United

Kingdom is designated for the horse industry (Valerie L. Vantreese, 1998; Adnan M.

Esmail, 2010).

Figure 2.5 Hemp “hurd” or “shiv”

The use of hemp shiv for building materials extends beyond concrete to

acoustic insulation and even to animal bedding. In fact, the use of the shiv in

construction is becoming increasingly common in Europe, where hemp is attracting

attention from venture capital and large corporations. The shiv, which was once

discarded as a useless component, is now being grown for its great biomass and

unique material properties (Adnan M. Esmail, 2010).



18

2.2 Hemp concrete

Lime-hemp or “Hempcrete” (Figure 2.6) developed in the early 1990s in France

(Plamen Ivanov Peev and Jesper Saxgren, 2012). Hempcrete is a biocomposite made

of the mix between the hemp shiv as aggregate and hydrated lime (Paolo Ronchetti,

2007). Hempcrete mixture is put and tamped by hand in shuttering forms around a

stud wall (Plamen Ivanov Peev and Jesper Saxgren, 2012).

Figure 2.6 Lime-hemp or “Hempcrete”

This material can be used for several applications (wall, floor and roof) by

adjusting the composition. It is implemented by casting, spraying or pre-casting. A

hempcrete is used with a framework made of steel, concrete or wood. Usually,

hempcrete walls are coated on both sides but it can occasionally be bare on the indoor
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side (Florence Collet and Sylvie Pretot, 2014). Hempcrete has been used more and

more in building construction because hemp is a renewable plant, it is recyclable, and

it does not degrade over time (Tran A.D. Le. Et al., 2015).

Building with lime-hemp has environmental, economic, and social benefits.

Among its features: high carbon sequestration; low toxicity, walls breathability, low

embodied energy, good thermal performance, comparable costs to standard building

materials and methods, hemp is a valuable new crop for farmers (Paolo Ronchetti,

2007). However, due to the low mechanical performances of hempcrete, it is used for

non-load bearing purposes as it has compressive strength of approximately 1 MPa

(Plamen Ivanov Peev and Jesper Saxgren, 2012). Hempcrete is a bio-based building

material made of lime and hemp shiv. With regards to the mechanical properties of

cement binder and lime, the compressive strength of cement is higher. The

mechanical properties of hempcrete are improved by replacing lime with Portland

cement. Cement is a significant component of concrete and is mixed with the other

components to increase the mechanical properties of “hemp concrete”.

2.3 Aluminium sulfate

Aluminium sulfate, Al2(SO4)3, is provided in the anhydrous state by heating the

crystalline, hydrated salt. After melting in the water of its crystallization, it swells up,

and finally leaves a porous, white residue of anhydrous sulfate. The density of the

anhydrous sulfate is 2.713 g/cm3 (17°C), its specific heat (0 to 100°C) is 0.1855

J/g°C. At a red heat it decomposes, leaving a residue of alumina; decomposition

becomes discernible at 770°C. It dissolves slowly in water. A solution of aluminium
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sulfate is readily provided by dissolving aluminium hydroxide in dilute sulfuric acid.

(http://aluminium.atomistry.com/aluminium_sulfate.html, 2012).

2.4 Calcium hydroxide

Calcium is a chemical element with an atomic number 20 and its symbol is Ca.

It is an alkaline earth metal, refined from lime stone. The first step in this process is to

heat the limestone, leaving only calcium oxide. After extraction of calcium hydroxide,

it is made to react with water. When the reaction is complete, what remain is calcium

hydroxide and heat. During the hydration, calcium oxide is broken down into calcium

hydroxide a particle which is also called "hydrated lime". In order to maintain the

chemical, it must be sealed tightly, because if it is not properly sealed it will absorb

carbon dioxide from the air and become calcium carbonate (http://calcium-

hydroxide.weebly.com/).

Calcium hydroxide is used in a variety of building and paving materials. It can

be found in mortar, cement and plaster. When calcium hydroxide is used in mortar it

is mixed with sand and water to make a paste to place between the building blocks to

hold them together. Once the paste is dry the water has evaporated and only the

calcium hydroxide and sand are left behind in a solid state and is somewhat sticky to

hold the building blocks in place. Calcium hydroxide is also widely used as a

neutralizing agent because it reacts with acids that are formed in the industrial

environment and many other situations. For example, you can make acidic soils into

neutral soils with the help of calcium hydroxide. The process that occurs is the ion

(OH-) in the chemical calcium hydroxide reacts with water in acidic soil, resulting in

neutral water (http://calcium-hydroxide.weebly.com/).
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2.5 Chemical treatments on biomaterials

Previous research shows that wood is chemically heterogeneous and its

components can be divided into two groups: structural components of high molecular

weight - natural polymer substances (cellulose, hemicelluloses and lignin) which are

the major cell wall components, and non-structural components of low molecular

weight (extractives and inorganic components). Cellulose is insoluble in water,

organic solvents and alkaline solution. It does not mediate under the influence of these

materials. Lignin is the most complex polymer and high molecular weight materials.

It does not dissolve under the influence of organic solvents, alkaline solutions and

water. Hemicelluloses differ from cellulose by containing various sugar units with

much shorter chains. It is a group of different polymers made up of 5 and 6 carbon

sugars. They are soluble in alkali and some hardwood polyoses are even soluble in

water. Disintegration of hemicelluloses to the constituents in the alkaline solution

increases the amount of extractives. Hemicelluloses are more reactive than cellulose.

The extractives are non-polymeric (except pectins and condensed tannins) and may be

separated from the insoluble cell wall materials by solving them in water or organic

solvents. (Giedrius Vaickelionis and Rita Vaickelioniene, 2006).

Pehanich reported that there are many chemical components in wood fibre, but

the main inhibitor of cement hydration is sugar (Jennifer L. Pehanich et al., 2004).

Building products such as cement bonded wood made from mineral binding materials

and wood aggregates are widely developed in many developed countries. Preparing

concrete mixtures with wood requires large amounts of water. This water dissolves

the extractive materials that retard the hardening of Portland cement (Giedrius

Vaickelionis and Rita Vaickelioniene, 2006).
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Vaickelionis and Vaickelioniene found that wood extractives are more dissolved

in an alkali solution than water. Hemicellulose disintegrates to turn into soluble sugars

under the influence of Ca(OH)2, the sugars in the process can retard the hydration

reaction of Portland cement. The hydration reaction, setting and hardening of cement

depend on wood extract concentration (Giedrius Vaickelionis and Rita

Vaickelioniene, 2006).

Several chemical treatments have been applied to the wood fibres before

combining them with the cement binder. The compressive strength and other

mechanical properties of the treated wood fibre composites are higher those of the

untreated fibres (Jennifer L. Pehanich et al., 2004; Ming Liu et al., 2016). Chemicals

such as NaOH (Reinu E. Abraham et al., 2013; Paul R. Blankenhorn et al., 2001;

Sedan D. et al., 2008), CaCl2 (Michał Bołtryk and Dorota Małaszkiewicz, 2007), and

Al2(SO4)3 (Michał Bołtryk and Dorota Małaszkiewicz, 2007; Giedrius Balciunas et

al., 2015), sometimes also referred to as mineralization agents (mineralizers), improve

compatibility of cement and plant origin aggregates. Complex mineralizers such as

Al2(SO4)3 + Ca(OH)2 (hydrated lime) are also used. When Al2(SO4)3 is used as a

mineralizer, it impedes the release of sugar from organic aggregates and reduces

higroscopicity and water absorption (Giedrius Balciunas et al., 2015). The Al2(SO4)3

in the form of hydrate is the characteristic of an acidic reaction in water, and Ca(OH)2

is characteristic of an alkaline reaction in water.  The mineralization is achieved by

enhancing the efficiency of Al2(SO4)3, neutralizing the acidic environment caused by

Al2(SO4)3 and improving the workability of the mixture. Wood aggregate

mineralization also leads to improved adhesion between aggregate and cement binder

(Michał Bołtryk and Dorota Małaszkiewicz, 2007; Giedrius Balciunas et al., 2015).
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The mechanical properties of hemp concrete made with treated hemp shiv are

better than untreated. However, the physical and mechanical properties of the hemp

concrete depend on the character of reagent used for chemical treatment of the shiv.

(Stevulova N., Terpakova E. et al., 2012).

2.6 The effect of hemp shiv on mechanical properties of hemp

concrete manufactured using cement based binders

Hemp concrete has high porosity (about 80% in volume). A smaller particle of

hemp shiv leads to reduce the porosity of hemp concrete (Laurent Arnaud and Etienne

Gourlay, 2011), decreasing the size and length of the shiv slices increased the density

and the compressive strength of hemp concrete, and the water absorption decreased

(Stevulova N., Kidalova L. et al., 2012). Moreover, the mechanical properties of

hemp concrete also depend on curing conditions, age of concrete, kind and content of

binder, and hemp shiv characteristics (Laurent Arnaud and Etienne Gourlay, 2011). A

casting process of hemp concrete block was different with hemp concrete due to the

hemp block should have compacting to improve the compressive strength when

increasing the shiv proportion (Pierre Tronet et al., 2016). However, using a hemp

material that includes both shiv and fibre in mix proportion of hemp concrete did not

improve strength stronger than only using shiv. Hemp concrete cannot be used as a

load bearing material, which could improve both the compressive strength and

Young’s modulus for future applications (Paulien Brigitte de Bruijn, 2009).

A nature of hemp as well as mean particle size of hemp shiv slices influences

the behavior of hemp concrete; decreasing the mean particle size of hemp shiv was

able to improve the compressive strength of hemp concrete. Properties of hemp bio-
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composites predetermine this material as a sustainable which can be applied as a non-

load bearing material such as interior panel walls with thermal-insulating properties

(Nadezda Stevulova, 2013).

A large amount of hydraulic and hydrated lime as the binder did not significantly

affect to the mechanical strength of hemp concrete when compare with using cement

in equal quantity which increased double the compressive strength. However,

Different binder mixtures containing hydrated lime, hydraulic lime and cement did

not significantly affect water sorption properties of the HC (Paulien de Bruijn, 2008).

2.7 Pozzolan

Pozzolan is defined by ASTM C 618 as a siliceous or siliceous and aluminous

material which in itself possesses little or no cementitious value but will, in finely

divided form and in the presence of moisture, chemically react with calcium

hydroxide at ordinary temperatures to form compounds possessing cementitious

properties.

Classification

Class N–Raw or calcined natural pozzolans that comply with the applicable

requirements for the class as given herein, such as some diatomaceous earths; opaline

cherts and shales; tuffs and volcanic ashes or pumicites, calcined or uncalcined; and

various materials requiring calcination to induce satisfactory properties, such as some

clays and shales.

Class F–Fly ash normally produced from burning anthracite or bituminous coal

that meets the applicable requirements for this class as given herein. This class fly ash

has pozzolanic properties.



25

Class C–Fly ash normally produced from lignite or subbituminous coal that

meets the applicable requirements for this class as given herein. This class of fly ash,

in addition to having pozzolanic properties, also has some cementitious properties

(ASTM C 618).

2.8 Fly ash

Fly ash is defined by ASTM C 618 as a fine residue resulting from the

combustion of ground or coal powder and transported by exhaust gas. It is also known

as pulverized-fuel ash, is the ash precipitated electrostatically or mechanically from

the exhaust gases of coal-fired power stations; it is the most common artificial

pozzolana. The particles of fly ash are spherical and very high fineness: most of the

particles have a diameter of less than 1 µm and 100 µm, and the specific surface of fly

ash is usually between 250 and 600 m2/kg. The high specificity of fly ash means that

the material is ready for reaction with calcium hydroxide. The specific surface of fly

ash is not easy to determine. The typical overall value of specific gravity is 2.35. An

important use of the determination of the specific surface of fly ash is in detecting its

variability. The fly ash classification depends on the type of coal ash. The most

common fly ash derives from bituminous coal, is mainly siliceous, and is called as

Class C fly ash. In addition, sub-bituminous coal and lignite coal also result in high-

lime ash. The Class C fly ash is high-lime ash originating from lignite coal,

occasionally there is a lime content up to 24%. High-lime ash has its own some

cementitious properties, because its lime will combine with the silica and alumina of

the ash. There will be less of these compounds to react with the lime liberated by the

hydration of cement (Neville A.M., 1996).
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2.9 Concrete containing fly ash

The main influence of concrete containing fly ash is that on water requirement

and on workability. Generally, fly ash is usually used between 5 and 15% by weight

of cementitious material content. A concrete containing fly ash is cohesive and has a

reduced bleeding capacity. The influence of fly ash on the properties of fresh concrete

is related to the shape of the fly ash particles. Mostly spherical and solid, but some

large particles are hollow spheres, known as cenospheres, or are vesicular and

irregular in shape. An amount of fly ash in excess of that required to cover the surface

of the cement particles will not provide any additional benefit on the water

requirement. In fact, the reduction in water requirement will be larger as the amount

of fly ash is increased by only about 20%. The effect of fly ash does not increase on

the action of superplasticizers. Thus, it seems that the act of fly ash like

superplasticizers on water demanded is the distribution and adsorption of fly ash on

Portland cement particles. Fly ash in the mixture has a retarding effect, normally

about 1 hour, probably caused by the release of SO3 on the surface of the fly ash

particles. The retardation may be useful when mixing concrete in hot weather;

otherwise, an accelerator may be needed. The only initial setting is delayed, the time

interval between setting and final stiffening being unaffected.

The fly ash has a physical effect of improving the microstructure of the hydrated

cement paste. The major physical action is to fill the fly ash particles at the interface

of coarse aggregate particles. One benefit of packing on strength is to reduce the

volume of entrapped air in the concrete. Moreover, the amount of glass in fly ash

strongly affects its reactivity. In the case of Class C fly ash, the amount of lime

content is also a factor influencing reactivity (Neville A.M., 1996).
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2.10 The effect of high volume fly ash on compressive strength of

concret

In current study, possibility of producing concrete using large amounts of waste

material, such as a high volume of type F fly ash by replacing cement by mass was

investigated.

Fly ash is a by-product of the power plants. It has been accepted as a pozzolanic

material that can be used as a mineral admixture in concrete (Xiao-Yong Wang and

Ki-Bong Park, 2015). Currently, there are several researchers studied on high volume

fly ash  concrete (HVFAC) made with a fly ash content between 50 and 70% of the

total amount of cementitious materials (Xiao-Yong Wang and Ki-Bong Park, 2015;

Ignjatovic I., 2017). It is widely used to achieve the sustainable development of

concrete industry (Xiao-Yong Wang and Ki-Bong Park, 2015).

Although the compressive strength of HVFA concrete (45% and 55% fly ash) is

lower than the normal concrete, the lower binder cement ratio and the water reducing

agent is able to improve the compressive strength at late age (Xiao-Yong Wang and

Ki-Bong Park, 2015). In addition, the appropriate temperature of curing can

effectively promote the early strength development and significantly decrease the

chloride permeability of HVFA concrete (Shi Mengxiao et al., 2015).

Furthermore, HVFA concrete containing 39% fly ash and 1 wt% CaCO3

nanoparticles can also improve the compressive strength higher than the normal

concrete at early age and reduce the water absorption. That is an indication that the

1% CaCO3 nanoparticles addition in HVFA system forms a finer pore structure than

HVFA paste alone (Faiz U.A. Shaikh and Steve W.M. Supit, 2014).
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Moreover, it is also found that 1% CaCO3 nanoparticles can improve the

microstructure of HVFA by forming additional calcium silicate hydrate gels, and

decreases the calcium hydroxide and calcium silicates. Besides, it is also revealed that

the addition of CaCO3 nanoparticles not only led to much dense microstructure in the

matrix but also changed the formation of hydration products, hence contributed to the

improvement of early-age compressive strength and durability properties of HVFA

concretes (Faiz U.A. Shaikh and Steve W.M. Supit, 2014). Further study is the use of

ultrafine fly ash (UFFA) on compressive strength of concrete containing high volume

class F fly ash as partial replacement of cement.; the results also indicate the

effectiveness of UFFA in producing high packing density and in accelerating the

pozzolanic activity to produce more C-S-H gel by consuming calcium hydroxide

(CH) in high volume fly ash concretes. (Faiz U.A. Shaikh and Steve W.M. Supit,

2015).

Addition of pozzolanic materials into cement mixtures decreases the retarding

effect of wood extractives because the specific surface of pozzolanic materials is

larger than cement. Besides, the absorption ability of these materials is also higher.

Moreover, the amount of free lime bound by pozzolanic material is an indication of

pozzolanic activity. (Giedrius Vaickelionis and Rita Vaickelioniene, 2006).
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CHAPTER III

EXPERAMENTAL PROGRAM

This chapter explains the details of the experimental program. The study was

divided into two parts. In part I, showed the mixed proportions of hemp concrete

using hemp shiv as coarse aggregate with aluminium sulfate [Al2(SO4)3] and hydrated

lime [Ca(OH)2] treatment. In part II, showed an appropriate proportion replacing

cement with fly ash. All mix proportions were used to study the compressive strength,

density, water absorption, drying shrinkage, and thermal conductivity. The

morphological structure of hemp shiv was studied using a scanning electron

microscope (SEM). The investigation of the chemical composition of hemp shiv used

X-ray fluorescence (XRF) Energy dispersive spectrometer. The quantity of cellulose,

hemicellulose and lignin were determined using the detergent fibre analysis. X-ray

diffraction (XRD) analysis was performed to determine the crystallinity of hemp shiv.

3.1 Materials

The Hemp Shiv (HS) was provided by the Highland Research and Development

Institute (Public Organization; HRDI) in the Northern Thailand (Figure 3.1). The shiv

was stored in polythene bags before the chemical treatment. The shiv was sieved to

obtain sample passed the 9.5 mm (3/8 in.) sieve. The used shiv consisted of 35%

retained on the 4.75 mm (No. 4) and 65% retained on the 2.36 mm (No.8) sieve. The

grading of the air-dried shiv and river sand are given in Table 3.1.
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Figure 3.1 Appearance of hemp shiv

Table 3.1 Grading of the air-dried hemp shiv and sand

Individual size fraction Hemp shiv, % Sand, %
9.50 mm (3/8 in.) to 4.75 mm (No. 4) 35 -
3.75 mm (No. 4) to 2.36 mm (No. 8) 65 -
2.36 mm (No. 8) to 1.18 mm (No. 16) - 14
1.18 mm (No. 16) to 600 μm (No. 30) - 41

600 μm (No. 30) to Pan - 45
Total 100 100

Chemical treatment: Al2(SO4)3 (pH = 3.15) and Ca(OH)2 [purity of Ca(OH)2

of 90.2% (ASTM C 25); 3.60% retained on 170 mesh and 8.80% retained on 325

mesh (ASTM C 110), moisture content of 0.33%]; were used for mineralization.

The binder used in this investigation was Ordinary Portland cement (Blaine

surface area of 348 m2/kg) conformed to the Thai Industrial Standard for Portland

cement type I TIS 15-2012, ASTM C 150 Type I and the British Standard BS.12 (for

Ordinary Portland cement).

Fly ash was obtained from the Mae Moh power plant in the Lampang

province, Thailand.

9.50 mm (3/8 in.) to 4.75 mm (retained No. 4) 3.75 mm (No. 4) to 2.36 mm (retained No. 8)
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In this study, the water content was kept constant with the aid of a

superplasticizer. Its specific density was 1.06 kg/litre, and the recommended dosage

for concrete was 0.4 to 1.5% by mass of binder.

3.2 Composition of the mix proportion

Based on the literatures (Michał Bołtryk and Dorota Małaszkiewicz, 2007;

Giedrius Balciunas et al., 2015) aluminium sulfate [Al2(SO4)3] and hydrated lime

[Ca(OH)2] were used as complex mineralizer for chemical treatment. Al2(SO4)3 in the

form of hydrate was used for the characteristic of an acidic reaction in water (pH = 3

to 5) and Ca(OH)2 was for the characteristic of an alkaline reaction in water (pH = 11

to 12). Primarily, hemp shiv (HS) was mineralized using the solution of Al2(SO4)3,

and the acidic Al2(SO4)3 reaction was then neutralized with hydrated lime Ca(OH)2.

The total content of mineralizer was increased to 81% (based on HS mass), and the

water for the process of preparing the Al2(SO4)3 solution was 1.5x that of HS mass.

The untreated shiv was used to prepare the control hemp concrete (HCC). The details

of the mixes are given in Table 3.2.

In Part I, type I Portland cement have been used as a binder for hemp concrete

and has shown improving mechanical strength, but the weakness of the cement is its

environmental impact. This impact could be minimized using higher hemp shiv to

cement ratio which would mean a lower amount of binder used [19]. In this study, the

current hemp shiv to cement ratio (HS/C) of 0.16 by mass was selected based on the

compatibility of the trial mix [17, 18, 19]. The cement to sand ratio (C/S) of 1:2 by

mass, the water to cement ratio (W/C) of 0.48, and the superplasticizer (SP) content of

1% were used in all mixtures (Table 3.2).
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Table 3.2 Composition of the mix proportions with different amounts of complex

mineralizer

Mix HS
(kg/m3)

HS/C W/C C/S SP
(%)

Water for
mineralization

Complex
mineralizer
% HS mass

Al2(SO4)3

(%)
HS mass

Ca(OH)2

(%)
HS mass

HCC 87 0.16 0.48 1:2 1 1.5xHS mass 0 0 0
HC0
HC1

18
30

18
10

0
20

HC2 45 15 30
HC3 54 18 36
HC4 63 21 42
HC5 81 27 54

In Part II, the HC3 was selected as a control sample. Type I Portland cement

was partially replaced using fly ash (FA) 10, 20, 30, 40, 50 and 90% by mass of

binder are given in Table 3.3.

Table 3.3 Composition of the mix proportions with different amounts of fly ash

Mix HS
(kg/m3)

HS/B W/B B/S FA
(%)

SP
(%)

Water for
mineralization

Complex
mineralizer
% HS mass

Al2(SO4)3

(%)
HS mass

Ca(OH)2

(%)
HS mass

HC3 87 0.16 0.48 1:2 0 1 1.5xHS mass 54 18 36
HCF10
HCF20

10
20

HCF30 30
HCF40 40
HCF50 50
HCF90 90

List of abbreviations

Symbol {0, 1, 2, 3, 4, 5 and 10, 20, 30 40, 50, 90} {HCC, HC, F}

where;

HCC = Control hemp concrete

HC = Hemp concrete

F = Fly ash
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3.3 Specimen preparations

Specimen preparation consists of two stages. The first, HS was mineralized

using Al2(SO4)3 solution in a container. Mixing lasted 3 min and the mass was then

left for 15 min so that HS was mineralized [this tends to impede the release of sugar

from organic aggregates and reduce the hygroscopicity and water absorption

(Giedrius Balciunas et al., 2015)]. Further, Ca(OH)2 was poured into the container and

mixed together for 90 sec.

In the second stage, all of the water was mixed with SP and poured into a mixer.

Then, the cement was added and allowed 90 sec for the absorption of the water. The

mixer was started and sand was added slowly over a 30 sec period. The process was

continued by pouring the HS into the mixer, which was mineralized slowly and mixed

into a homogeneous mass over a 150 sec period. Finally, hemp concrete was mixed

completely in the mixer before moulding.
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3.4 Experimental methods

The schematic of research was showed in Figure 3.2

Figure 3.2 Schematic of research

The quantity of cellulose, hemicellulose and lignin were determined using the

detergent fibre analysis [acid detergent fibre (ADF), neutral detergent fibre (NDF),

acid detergent lignin (ADL), cellulose and hemicellulose based on Goering and Van

Soest, 1970; Van Soest et al., 1991; AOAC, 2000].

Part I

Schematic of research

Development of hemp concrete using
Aluminium sulfate [Al2(SO4)3] and

Calcium hydroxide [Ca(OH)2] treatment

Impact of fly ash as an additive on hemp
concrete

Basic properties of hemp shiv; specific
gravity, density, detergent analysis, XRF,

XRD and SEM (EDS)

Setting time, compressive strength, density
and absorption of hemp concrete

at 7, 14, 28 and 56 days were tested

Select an appropriate proportion [HC3;
Al2(SO4)3 : Ca(OH)2 = 18 : 36 % by mass

of the shiv] as a control hemp concrete
mixed with fly ash.

Setting Time, compressive strength,
density, absorption and of hemp concrete
containing fly ash at 7, 14, 28 and 56 days

were tested

Part II

Microstructure of hemp concrete;
SEM (EDS)

Drying shrinkage of hemp concrete
at 7, 14, 28, 56, 90, 120, 150, 180

and 365 days

Thermal conductivity at 28 days
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The morphological structure of hemp shiv was studied using a JEOL JSM-

6010LV scanning electron microscope (SEM). The investigation of the chemical

composition of hemp shiv used X-ray fluorescence Energy dispersive spectrometer

model XGT-5200 (The results are reported based on 100% normalization of oxide

compounds).

X-ray diffraction (XRD) analysis was performed using a Bruker : D2 PHASER

X-ray Diffractometer to determine the crystallinity of hemp shiv. The investigation

was carried out in the 2 range of 5-80°. The Crystallinity Index (CrIXRD) of cellulose

was evaluated using Segal empirical method (Segal L. et al., 1959).

The specimen for setting time test was 150×150×150 mm cube. The test was

done in a temperature control 23 ± 2C room. For each plot, we determined the times

of initial and final settings when the penetration resistance equaled 3.5 and 27.6 MPa,

respectively, in accordance with ASTM C 403/C 403M. In this study, the shiv used as

a coarse aggregate was softer than the normal aggregate and hence the mixture was

used for the determination of setting time directly.

The compressive strength specimens were cast in 100×100×100 mm cube in

accordance with EN 12390-3 (Testing hardened concrete – Part 3: Compressive

strength of test specimens). The water absorption and density specimens were cast in

a 50×100 mm cylinder according to ASTM C642-97. The drying shrinkage specimens

were cast in 75×75×285 mm prisms according to ASTM C490-00. The thermal

conductivity specimens were cast in 25.4×300×300 mm plate according to ASTM

C518-98. The hemp concrete specimens were demoulded after casting 24 hrs due to

the shorter setting time, but the untreated hemp shiv control specimen was demoulded

after casting 48 hrs due to its longer hardening time. After demoulding, they were
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stored at 23 ± 2C and 50 ± 5% relative humidity. Each test result represented the

average of at least three specimens. The compressive strength, water absorption and

density specimens were investigated after 7, 14, 28 and 56 days, and the thermal

conductivity specimens were measured at 28 days of curing.
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CHAPTER IV

RESULTS AND DISCUSSIONS

This chapter presented the results and discussions of experimental. The study

was divided into two parts. Preliminary, the SEM micrographs of hemp shiv structure,

typical oxide compositions of the hemp shiv, cellulose hemicellulose and lignin

contents, and the crystallinity of hemp shiv were reported. In part I, all mix

proportions will be studied on the effect of Al2(SO4)3 and Ca(OH)2 treatment on

setting time of hemp concrete, compressive strength, density, water absorption, drying

shrinkage and thermal conductivity. In part II, the SEM micrographs, oxide

compositions of Mae Moh fly ash, and an appropriated mix proportion replacing

cement with fly ash were shown. The results of the setting time, compressive strength,

density water absorption and thermal conductivity of hemp concrete containing fly

ash as an additive were presented and discussed.

4.1 SEM micrographs of hemp shiv structure

SEM micrographs in Figure 4.1 show some parts of the hemp shiv structure. It

consisted of a cellular porous microstructure (Figures 4.1a and b). The pores are of

two different sizes, the smaller was the so called xylem ray and the bigger was the

vessel (Giedrius Balciunas et al., 2015; Indran S. et al., 2014; Herman E. Hayward,

1938), with average diameters of 20 to 50 µm and 50 to 100 µm, respectively.
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a) b)

c) d)

Figure 4.1 SEM micrographs of hemp shiv structure

From Figures 4.1c and 1d, the vessel wall had a pit aligned in the plane parallel

to the growth direction; the pit apertures in the vessel wall are elliptical in shape. The

pattern of the pits was quite uniform and appeared in only part of the wall of vessel.

The average length of the major axis was 5 µm and of the minor axis was 3 µm.

The apparent specific gravity and bulk density (air-dry condition) of hemp shiv

were approximately 0.6 and 120 kg/m3, respectively.

Xylem

Vessel Vessel wall

Pits

Pits
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4.2 Typical oxide compositions of untreated and Al2(SO4)3 treated

hemp shiv by X-ray fluorescence (XRF) analysis

Table 4.1 Typical oxide compositions of untreated and Al2(SO4)3 treated hemp shiv
Hemp
shiv

Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 Cr2O3 Fe2O3 NiO

HS - 20.24 16.44 7.30 37.15 14.88 3.54 - 0.14 -

Al0 1.42 14.94 8.27 5.22 22.53 34.12 1.01 2.44 9.13 0.62

Al10 19.94 28.36 17. 57 12.16 1.12 14.00 1.29 0.80 4.49 0.18

Al15 19.28 29.08 14.83 15.00 0.96 14.41 1.43 0.47 4.37 0.09

Al18 19.48 30.24 15.89 15.23 0.88 12.10 1.20 0.62 4.16 0.13

Al21 19.21 29.88 14.44 16.86 0.81 11.23 1.35 0.77 5.16 0.17

Al27 18.36 30.64 13.26 19.49 0.89 10.74 1.21 0.61 4.59 0.15
HS –the raw hemp shiv; Al0 – the hemp shiv test sample was saturated by an amount of water 1.5x that of the hemp shiv mass;

Al10 to  Al27 –the shiv was treated using 10, 15, 18, 21 and 27% of Al2(SO4)3.

As presented in Table 4.1, it was observed that the raw hemp shiv (HS) showed

higher potassium oxide (K2O) content. During testing, hemp shiv test sample (Al0)

was saturated with water for 15 min and washed with water 3 times then placed in the

oven at 60C for 3 days. Using the X-ray fluorescence (XRF) analysis, some K2O

content was found to leach out together with water-soluble materials. Similar to Al0,

the hemp shiv was treated using different amounts of Al2(SO4)3 that had a strong

decreasing effect on the K2O content. The use of Al2(SO4)3 for chemical treatment

leached out a significant portion of potassium oxide from the shiv. Hence, the result

confirmed that K2O was capable of being washed out with water. Moreover, the

chemical treatment using Al2(SO4)3 led to more leaching of potassium oxide.

In this study, however, the hemp shiv was treated using Al2(SO4)3 that was not

washed out using water but was mixed together with cement mortar immediately after

the shiv was treated with Al2(SO4)3; therefore, K2O was only leached out on the

surface and distributed in the structure of hemp shiv so that reactions with other oxide
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compositions of cement or the Al2(SO4)3, which was added for treatment to produce

the hydration product, such as syngenite (K2Ca(SO4)2.H2O) (Shen C. et al., 1981; Jana

Jurisova et al., 2014) and gorgeyite (K2SO4·5CaSO4·H2O) (Jana Jurisova et al., 2014)

could crystallize and lead to an accelerated setting (Shen C. et al., 1981; Paul Wencil

Brown, n.d.).

4.3 Cellulose, hemicellulose and lignin contents of hemp shiv

Table 4.2 shows that the hemp shiv (HS) contained approximately 69% of

cellulose, 14.20% of hemicellulose and 11.35% of lignin by the mass of shiv. The

results show that the treatment with Al2(SO4)3 also removes a certain portion of lignin

covering materials.

Table 4.2 The cellulose, hemicellulose and lignin contents of hemp shiv
Dry matter ADF NDF Lignin Cellulose Hemicellulose

HS 95.45 80.37 94.57 11.35 69.02 14.20
Al0 93.79 83.04 96.31 21.92 61.12 13.27
Al10 94.26 86.78 99.24 20.92 65.86 12.46
Al15 93.90 84.97 98.96 23.83 61.14 13.99
Al18 93.79 83.49 98.12 24.50 58.99 14.63
Al21 93.10 88.97 99.65 26.20 62.77 10.68
Al27 93.88 84.11 99.42 21.27 62.84 15.31
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4.4 X-ray diffractogram of hemp shiv

Figure 4.2 shows the X-ray diffractogram of hemp shiv. The first two peaks

occurred at 2 = 15.0° and 2 = 16.5°, and the major peak at 2 = 22.5°. These peaks

are attributed to crystallographic plane of the cellulose.

Figure 4.2 X-ray diffractogram of hemp shiv

The Crystallinity Index (CrIXRD) of cellulose was evaluated using Segal

empirical method (Segal L. et al., 1959) as follows:

CrIXRD = (I002 – Iam)/I002  100 (4.1)

In this equation, CrIXRD expresses the relative degree of crystallinity, I002 is the

maximum intensity (in arbitrary units) of the 002 lattice diffraction at 2 = 22.5°, and
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Iam is the intensity of diffraction in the same units at 2 = 18°. Using the equation

(4.1), the CrIXRD of approximately 41% was obtained.

The quantity of cellulose can be calculated using the following equation (4.2)

(Jianqiang Wei and Christian Meye, 2016):

%CrXRD = [I002 / (I002 + Iam)]  100 (4.2)

where %CrXRD expresses the quantity of cellulose using X-ray diffractometer. The

value of %CrXRD was approximately 67%, compared to approximately 69% of the

results of the detergent analysis. These results indicated that the hemp shiv consisted

of both crystalline and non-crystalline (amorphous) phases. From previous

investigations (Kabir M.M. et al, 2013; Jianqiang Wei and Christian Meye, 2016;

Portland Cement Association, n.d.), the cellulose structure of fibres was distinguished

through the crystalline and amorphous phases, whereas the hemicellulose and lignin

were completely amorphous. Therefore, the hemp shiv had a region of amorphous

material that could react with other chemicals because its freedom, the hydroxyl

groups present in the amorphous region could easily combine with water molecules

from the atmosphere (Kabir M.M. et al, 2013).
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PART I: Hemp concrete using hemp shiv as a coarse aggregate

4.5 Effect of Al2(SO4)3 and Ca(OH)2 treatment on setting time of

hemp concrete

Table 4.3 presents the setting time of hemp concrete. The HCC required a

longer time for setting in comparison with the other specimens that used Al2(SO4)3 in

the treatment process.

Table 4.3 Setting time and slump of hemp concrete
HCC HC0 HC1 HC2 HC3 HC4 HC5

Initial setting Time, min 645 260 360 380 320 305 230
Final setting Time, min 2155 525 830 870 620 640 520

Slump, cm 4.5 4 5 11 12 4 3

The initial setting time and final setting time were 645 min (approximately 11

hrs) and 2155 min (approximately 36 hrs), respectively. Certainly, the untreated hemp

shiv delayed the setting and hardening of hemp concrete due to the water-solubility of

shiv resulting in the retardation of hydration of cement.

The aluminum sulfate solution may be written as follows:

Al2(SO4)3(highly diluted) + 6H2O 2Al(OH) + 3H2SO4 (4.3)
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It can leach potassium oxide (K2O) out onto the surface and distributed it in the

structure of hemp shiv. The chemical reaction between K2O and H2O describes the

presence KOH according to (Howard F. Rase, 2000)

K2O+H2O 2KOH (4.4)

Potassium hydroxide can react with sulfuric acid to produce potassium sulfate

and water as follows:

2KOH + H2SO4 (diluted) K2SO4 + 2H2O (4.5)

or

KOH + H2SO4 (conc., cold) KHSO4 + H2O (4.6)

Potassium hydroxide can readily react with that calcium sulfate (CaSO4) in the

hydration process of cement and/or in the presence of Al2(SO4)3 for treatment and

Ca(OH)2 for neutralization as follows (Shen C. et al., 1981;  Paul Wencil Brown,

n.d.):

Al2(SO4)3 + Ca(OH)2 Al(OH)3 + CaSO4 (4.7)

2CaSO4.K2SO4.nH2O K2Ca(SO4)2.H2O (syngenite) (4.8)

Previous research indicated that K2SO4 can accelerate the setting time of

gypsum (CaSO4.2H2O) to form syngenite (Shen C. et al., 1981), it was formed both

on the surface and in the pores of hemp shiv as shown in Figure 4.3. In this study, it
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clearly appears that untreated hemp shiv significantly retards the setting of hemp

concrete, and the treatments using Al2(SO4)3 in the mix proportion of HC1 to HC5

were able to improve the setting time of hemp concrete compared to that of the

control hemp concrete (HCC). In the case of HC0 [Al2(SO4)3 : Ca(OH)2 = 18:0]

compared to HC3 [Al2(SO4)3 : Ca(OH)2 = 18:36], it was found that by using Ca(OH)2,

retardation of the setting time of hemp concrete was observed.

Figure 4.3 SEM - EDS analysis of HC0 matrix at 28 days

The Al2(SO4)3 content also affected the workability of hemp concrete, and the

HC1 to HC3 increased the slump. In contrast, in the case of HC4 and HC5, increasing

the dosage of Ca(OH)2 decreased the slump due to the increased fine particle with

high surface area.

syngenite



51

4.6 Compressive strength of hemp concrete

The development of compressive strength of hemp concrete is illustrated in

Figure 4.4. The results showed that the compressive strengths of hemp concrete using

Al2(SO4)3 and Ca(OH)2 (HC1 to HC5), as well as with only Al2(SO4)3 (HC0) for

treatment were in the ranges of 15.0 and 17.0 MPa at 28 days in contrast to the ranges

of 3.0 and 4.0 MPa of the control hemp concrete (HCC). The hemp concrete with

treated hemp shiv obtained greater compressive strength than the concrete with

untreated hemp shiv. On the other hand, using the untreated hemp shiv affected the

compressive strength development of the control hemp concrete, which showed only

slightly increased compressive strengths for a longer curing period. The compressive

strength at 7 to 56 days of HCC was relatively low compared to those of HC0 to HC5,

which achieved 4 times higher compressive strengths than that of HCC.

Figure 4.4 Development of compressive strength of hemp concrete
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The regression results of chemical composition of hemp shiv by the detergent

method (Table 4.2) and the analysis of crystallinity by XRD (Figure 4.2) explained

that the main component in the structure of the hemp was cellulose composing mainly

of glucose, which can delay matrix formation and affect the reaction of cement

hydration [Giedrius Vaickelionis and Rita Vaickelioniene, 2006; Jennifer L. Pehanich

, 2004).

The results of SEM of hemp concretes at the ages of 7, 28 and 56 days are

shown in Figures 4.5 and 4.6. HCC did not exhibit the formation of ettringite (Figures

4.5a and b) in the matrix.

a) 7 days b) 28 days

c) 56 days

Figure 4.5 SEM micrographs of the control hemp concrete (HCC) matrix
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In contrast, HC3 exhibited formation of ettringite distributed throughout the

entire xylem ray and vessel (Figures 4.6a and b). In the vessel wall of treated hemp

shiv, there also appeared to be the formation of ettringite (Figure 4.6c), but not in the

untreated hemp shiv (Figure 4.5c). The results thus indicated that the application of

Al2(SO4)3 and Ca(OH)2 for chemical treatment increased the hydration of the matrix

with increased ettringite and resulted in the increased compressive strengths.

a) 7 days b) 28 days

c) 56 days

Figure 4.6 SEM micrographs of HC3
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Calcium sulfate such as gypsum (CaSO4.2H2O), is intentionally added to

regulate early hydration reactions to prevent flash setting and improve strength

development (Portland Cement Association, n.d.). Thus, in this study, the gypsum

obtained from using Al2(SO4)3 for mineralization can react with calcium aluminate in

the mixture to form ettringite and filled the pores of shiv to improve the strength of

hemp concrete. Furthermore, the syngenite [K2Ca(SO4)2.H2O] from the reaction can

also improve the strength of gypsum produced (Shen C., 1981); thus, the strength of

the HC0 to HC5 increased compared to that of HCC.

In the case of the HC0 test sample [Al2(SO4)3:Ca(OH)2 = 18:0], it was observed

that the gypsum product of mineralization and other sulfate compounds also reacted

with calcium aluminate from cement to form ettringite without adding Ca(OH)2.

Using only Al2(SO4)3 for chemically treated hemp shiv could improve the

compressive strength of hemp concrete compared to that of HCC using untreated

hemp shiv, and HC1 to HC5 with both Al2(SO4)3 + Ca(OH)2. The compressive

strength at 7 days of HC0 was higher than that of the hemp concrete treated with

Ca(OH)2, but the development slightly decreased during the long curing time.

Therefore, it was shown that increasing the Ca(OH)2 content of this mix slightly

improved the compressive strength.



55

4.7 Density of hemp concrete

Figure 4.7 Density of hemp concrete

As shown in Figure 4.7 the density of hemp concrete slightly varies with the

amount of chemical treatment [Al2(SO4)3 and Ca(OH)2]. Overall, the bulk density of

hemp concrete increased slightly over the curing period. Further, the bulk density did

not increase steadily based on the distribution of hemp shiv in the matrix (the samples

of the distribution (by cutting) of hemp shiv in the matrix are shown in Figure 4.8).

The bulk density of hemp concrete was between 1420 to 1470 kg/m³. The addition of

hemp shiv reduced the density of concrete because of the low bulk density of hemp

shiv of only 120 kg/m3, thus they fall about midway between the structural and low-

density concretes. Therefore, it can be applied as a moderate strength concrete with

the compressive strengths are approximately 7 to 17 MPa and insulation

characteristics (according to ACI 213R-87), and it can also be used as a precast wall

to reduce the weight of buildings structure.
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Figure 4.8 Distribution of hemp shiv in the hemp concrete matrix
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4.8 Water absorption of hemp concrete

Figure 4.9 Water absorption of hemp concrete

Figure 4.9 shows the results of water absorption of the series of hemp concrete

with the varying chemical treatments [Al2(SO4)3 and Ca(OH)2]. The water absorption

of hemp concrete slightly decreased over the period of curing. The decreases in water

absorption corresponded to the increases in the bulk density of hemp concrete as

expected. The water absorption of hemp concrete was between 14.5 to 16.5%.

However, the water absorption does not correlate with increasing the amount of

Al2(SO4)3 and Ca(OH)2, because the hemp shiv has high porosity. As a result, the

water absorption was similar because of the small amount of Al2(SO4)3 and Ca(OH)2

compared to the hemp shiv and other ingredients as well as the amount of hemp shiv

was kept constant.
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Figure 4.9 Water absorption of hemp concrete
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expected. The water absorption of hemp concrete was between 14.5 to 16.5%.

However, the water absorption does not correlate with increasing the amount of

Al2(SO4)3 and Ca(OH)2, because the hemp shiv has high porosity. As a result, the

water absorption was similar because of the small amount of Al2(SO4)3 and Ca(OH)2

compared to the hemp shiv and other ingredients as well as the amount of hemp shiv

was kept constant.
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4.9 Drying shrinkage of hemp concrete

Figure 4.10 Drying shrinkage of hemp concrete

The drying shrinkage strains of hemp concrete at various ages were shown in

Figure 4.10. The results showed that shrinkage of hemp concrete by Al2(SO4)3 and

Ca(OH)2 was not significantly different from that of control hemp concrete (HCC),

the drying shrinkage strain increased sharply until 56 days of age due to the water

loss, they were in the ranges of 1130 10-6 and 1400 10-6 mm/mm. The drying

shrinkage strain was lower than recommended by ACI 213R-13, which should be

between 600 10-6 and 1000 10-6. However, it can be improved by a partial or full

replacement of the lightweight fines by natural sand usually reduces shrinkage for

concretes made with most lightweight aggregates. In this research, the amount of

Portland cement should be reduced due to the large amount of the cement resulting in

decreased the strain drying shrinkage of concrete, as recommended by ACI 213R.
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4.10 Thermal conductivity of hemp concrete

From the observation, it was found that increasing the amount of complex

mineralizer resulted in a decrease in the thermal conductivity of hemp concrete.

Moreover, when considering HC0 [Al2(SO4)3 : Ca(OH)2 = 18:0] and HC3 [Al2(SO4)3 :

Ca(OH)2 = 18:36], it was found that the addition of lime alone can reduce the thermal

conductivity of concrete as well.

The thermal conductivity of the 25.4×300×300 mm hemp concrete plates were

in the ranges of 0.22 and 0.30 W/m-K at 28 days (as shown in Table 4.4), thus it can

be classified as a concrete made from the lightweight aggregate, according to ASTM

C332-99 with thermal conductivity in the ranges of 0.22 and 0.43 W/m-K at oven dry

densities of 800 to 1440 kg/m3.

The thermal conductivities and the densities of hemp concrete were lower than

that of normal concrete (k = 1.442 W/m-K:  = 2400 kg/m3), concrete roof tile

(k = 0.993 W/m-K:  = 2400 kg/m3), asbestos roof tile (k = 0.384 W/m-K to 0.441:

 = 1700 to 2000 kg/m3), common brick (k = 0.473 W/m-K:  = 1600 kg/m3), and

cellular lightweight concrete (k = 0.476 W/m-K:  = 1280 kg/m3) (refer to the

publication in the Royal Thai Government Gazette 126/122-2552).

Table 4.4 Thermal conductivity of hemp concrete at 28 days

Thermal conductivity (W/m-K)
HCC HC0 HC1 HC2 HC3 HC4 HC5
0.262 0.272 0.302 0.260 0.254 0.229 0.219
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PART II: Impact of fly ash on hemp concrete

4.11 SEM micrographs of Mae Moh fly ash

In this study, Mea Moh Fly ash consisted of fine parts as show in Figure 4.11 a);

and the so-called cenosphere as show in Figure 4.11 b), which is caused by the

combustion gases of coal, is trapped within the ash, and there is also a hollow coal ash

with small particles of ash inside, called the plerosphere (Prinya Chindaprasirt and

Chai Jaturapitakkul, 1998)

a) Fine part of Mae Moh fly ash

b) Cenosphere and pleroephere of Mae Moh fly ash

Figure 4.11 SEM micrographs of Mae Moh fly ash

Cenosphere

Plerosphere
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4.12 Oxide compositions of Mae Moh fly ash by X-ray fluorescence

(XRF) analysis

Typical oxide compositions of Mae Moh fly ash are presented in Table 4.5.

The total amount of SiO2 + Al2O3 + Fe2O3 was 65%, and the amount of CaO was

higher than 10%. The loss on ignition was 0.98%, which can be classified as Class C

in accordance with ASTM C618-99. However, as fly ash is not a specially

manufactured product and cannot, therefore, be governed by strict requirements of a

standard, this causes the variation in chemical composition (Neville A.M., 1996).

It was observed that the original fly ash (OFA) in this study contained a high content

of sulfur trioxide (SO3) of 10.83%. Although the SO3 content exceeds 5% as defined

by the standard; nevertheless, this fly ash have been used in the mix.

Table 4.5 Typical oxide compositions of Mae Moh fly ash

Typical oxide compositions (%)

SiO2 Al2O3 Fe2O3 CaO MgO K2O TiO2 SO3 MnO2 LOI

33.06 16.01 15.90 18.87 3.10 1.52 0.31 10.83 0.16 0.98

4.13 Setting time of hemp concrete containing fly ash

Table 4.6 presents the setting times of hemp concretes containing fly ash. These

results indicate that the HCF90 required a long time for setting compared with the

other specimens. The initial setting time and final setting time of HCF90 were 510

min (approximately 8 and a half hrs) and 2540 min (approximately 42 hrs),

respectively. Certainly, the large amount of fly ash delayed the setting and hardening

of hemp concrete due to the amount of cement was decreased. It also results in the
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slump increased as well. When considering the concrete containing 10 and 20% fly

ash, it was found that the initial and final setting time of HCF10 and HCF20 were

very short compared to non-fly ash hemp concrete (HCF0 or HC3) due to the high

amount of K2O and SO3 are present in the oxides composition of both hemp and fly

ash, and lead to accelerated set to the syngenite [CaK2(SO4)2.H2O + CaSO4·2H2O]

formation (Paul Wencil Brown, n.d), the syngenite can appear clearly from the age of

7 days (Figure 4.12).

Previous research had reported that the syngenite crystals are capable of causing

a loss in plasticity by bridging water-filled spaces (Paul Wencil Brown, n.d), and it

can also decrease the retarding effect of wood extractions (Giedrius Vaickelionis and

Rita Vaickelioniene, 2006). Moreover, the large amount of SO3 in the chemical

composition of the fly ash results in an increasing ettringite formation during early

hydration, and also retards the setting times, and reduces the strength of the concrete

(Amin A. Hanhan , 2004). From the observation, during the initial mix, the

ingredients rapidly clot. And as we continue to mix, the ingredients will return to the

plastic state again. This resulted in a decrease of the compressive strength (Fig. 4.13).

For this reason, there should be further studies on fly ash from various sources.

Table 4.6 Setting time and slump of hemp concrete containing fly ash

HCF10 HCF20 HCF30 HCF40 HCF50 HCF90
Initial setting Time, min 180 190 320 300 370 510
Final setting Time, min 455 450 570 800 870 2540

Slump, cm 12 12.5 17 20.5 21 27
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Figure 4.12 SEM-EDS analysis of hemp concrete containing fly ash at 7 days
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4.14 Compressive strength of hemp concrete containing fly ash

The development of compressive strength of hemp concrete containing fly ash

increased with age of curing as shown in Figure 4.13. The results showed that the

compressive strength of HCFA10 was highest than the other specimens; it was 5.7

MPa in contrast to the HCF90 of 1.8 MPa at 28 days. Certainly, the large amount of

fly ash decreased the compressive strength of hemp concrete containing fly ash due to

the amount of cement was decreased.

Figure 4.14 shows the X-ray diffractogram of hemp concretes containing 10, 30,

50, and 90% fly ash at 7, 28, and 56 days. The result showed the peak intensity of

calcium hydroxide [Ca(OH)2], ettringite Ca6Al2(SO4)3(OH)12.26H2O, and calcium

silicate oxide Ca3(SiO4)O. The peak intensity of calcium hydroxide and calcium

silicate oxide sharply decreased with increasing the amount of fly ash (Figure 4.14 a).

The peak intensity of ettringite slightly increased with age of curing (Figure 4.14 b).

Figure 4.13 Development of compressive strength of hemp concrete
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Figure 4.14 X-ray diffractogram of hemp concrete containing fly ash
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Figure 4.14 X-ray diffractogram of hemp concrete containing fly ash
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These XRD results indicated that the increasing with a large amount of fly ash

results in decreasing the compressive strength of hemp concrete containing fly ash in

the mixture.

The highest portion of non-reacted fly ash was found in HCFA90 as can be seen

in Figure 4.15. The high volumes and the large size of fly ash cannot completely

react, but they can also fill in the pore of the matrix. Therefore, in addition to the loss

of plasticity during mixing, the increase in fly ash content also directly affects in

decrease compressive strength of the concrete.

Figure 4.15 SEM micrographs of hemp concrete containing fly ash at 28 days
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HCF50
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4.15 Density of hemp concrete containing fly ash

As shown in Figure 4.16, the density of hemp concrete containing fly ash

slightly decreased with the higher the amount of fly ash. Overall, the bulk density of

hemp concrete decreased slightly over the curing period. Further, the bulk density did

not decrease steadily based on the distribution of hemp shiv in the matrix. Although

the hemp shiv may reduce the density of hemp concrete; the fly ash also increased the

density of hemp concrete compared to non-fly ash hemp concrete due to the small

particle size and the spherical shape of fly ash can fill the pore of the shiv, thus

increased the density of the concrete. The results showed that the bulk density of

hemp concretes containing fly ash of 10 to 50% (HCF10 to HCF50) were between

1460 and 1520 kg/m³.

Figure 4.16 Density of hemp concrete containing fly ash
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4.16 Water absorption of hemp concrete containing fly ash

Figure 4.17 shows the results of water absorption of the series of hemp concrete

containing fly ash with the varying amount of fly ash. The water absorption of hemp

concrete decreased over the period of curing. The decreases in water absorption

corresponded to the increases in the bulk density of hemp concrete as expected. The

water absorption slightly increased compared to non-fly ash hemp concrete. The

results showed that the water absorption of hemp concretes containing fly ash of 10 to

50% (HCF10 to HCF50) were between 15 and 17%.

Figure 4.17 Water absorption of hemp concrete containing fly ash
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4.17 Drying shrinkage of hemp concrete containing fly ash

The drying shrinkage strains of hemp concrete containing fly ash at various ages

is shown in Figure 4.18. The results showed that drying shrinkage strains of the

concretes with increasing fly ash were not significantly different from that of control

hemp concrete (HCC), the drying shrinkage strains increased sharply until 56 days of

age similar to the hemp concrete without fly ash in the mixture due to the water loss

and they were in the ranges of 1000 10-6 and 1200 10-6. The results also indicated

that the fly ash can decrease the strain drying shrinkage strain of hemp concrete, this

is consistent with the research that has already been provided (Prinya Chindaprasirt

and Chai Jaturapitakkul, 1998).

Figure 4.18 Drying shrinkage of hemp concrete containing fly ash
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4.17 Drying shrinkage of hemp concrete containing fly ash

The drying shrinkage strains of hemp concrete containing fly ash at various ages
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and they were in the ranges of 1000 10-6 and 1200 10-6. The results also indicated

that the fly ash can decrease the strain drying shrinkage strain of hemp concrete, this

is consistent with the research that has already been provided (Prinya Chindaprasirt

and Chai Jaturapitakkul, 1998).
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4.18 Thermal conductivity of hemp concrete containing fly ash

The thermal conductivity values of the (25.4×300×300 mm plate) hemp

concretes containing fly ash were in the ranges of 0.19 and 0.28 W/m-K at 28 days (as

shown in Table 4.7), thus it can be classified as a concrete made from the lightweight

aggregate, according to ASTM C332-99 with thermal conductivity in the ranges of

0.22 and 0.43 W/m-K at oven dry densities of 800 to 1440 kg/m3.

From the observation, the increasing the amount of fly ash resulted in an

increase in the thermal conductivity of hemp concrete. Moreover, when considering

HCF90, it was found that the very high volume of fly ash resulted in a decrease the

thermal conductivity of the concrete.

Table 4.7 Thermal conductivity of hemp concrete containing fly ash at 28 days

Thermal conductivity (W/m-K)
HCF10 HCF20 HCF30 HCF40 HCF50 HCF90
0.217 0.220 0.236 0.241 0.280 0.185
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

PART I: Hemp concrete using hemp shiv as a coarse aggregate

The use of treated hemp shiv with aluminium sulfate Al2(SO4)3 and calcium

hydroxide Ca(OH)2 as a coarse aggregate produced hemp concretes with the

compressive strengths 4 times higher than the compressive strength of the control

hemp concrete sample. Within the limit of this study, different amounts of Al2(SO4)3

and Ca(OH)2 in various concentrations had minimal influence on the compressive

strength of hemp concrete.

Using only Al2(SO4)3 for chemically treated hemp shiv improved the

compressive strength of composites. The increasing amount of Al2(SO4)3 also

accelerated the setting and hardening of the matrix.

This investigation has confirmed that hemp concrete using untreated hemp shiv

slowed down the hardening and hydration of cement because of the water-solubility

of the shiv distinctly retarded the hydration of cement.

It is clear that untreated hemp shiv sharply slows down the setting time of hemp

concrete. Treating the shiv with aluminum sulfate Al2(SO4)3 resulted in the formation

of ettringite formed in the xylem ray and the vessel wall of hemp shiv. The hydration

products filled the pores of the shiv. For Ca(OH)2 treated samples, the increase in

Ca(OH)2 content retarded the formation of hemp concrete.
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The compressive strengths of hemp concrete treated by Al2(SO4)3 and Ca(OH)2

were in the ranges of 15.0 and 17.0 MPa, the bulk densities were between 1420 to

1470 kg/m³, the water absorptions were between 14.5 to 16.5%, the thermal

conductivity values were in the ranges of 0.22 and 0.30 W/m-K at 28 days, and the

drying shrinkage strains were in the ranges of 1130 10-6 and 1400 10-6 at 1 year.

Therefore, it can be applied as a moderate strength concretes with the compressive

strengths were approximately 7 to 17 MPa, the bulk densities were between 800 to

1440 kg/m³, and insulation characteristics (according to ACI 213R-87), and it can also

be used as a precast wall to reduce the weight of buildings structure.Therefore, it can

be applied as a moderate strength concretes, and it can also be used as a precast wall

to reduce the weight of building.

PART II: Impact of fly ash on hemp concrete

The large amount of fly ash delayed the setting and hardening of hemp concrete

due to the amount of cement was decreased.

The large amount of fly ash decreased the compressive strength of hemp

concrete due to the amount of cement was decreased.

The bulk densities of hemp concrete containing fly ash of 10 to 50% was

between 1460 and 1520 kg/m³, the water absorptions were between 15 and 17%, the

thermal conductivity values were in the ranges of 0.22 and 0.28 W/m-K at 28 days,

and the drying shrinkage strains were in the ranges of 1000 10-6 and 1200 10-6 at 1

year of curing.
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5.2 Recommendations

This is a new material, thus, it should be studied around the properties involved,

such as tensile strength, flexural strength and durability.

If there is a need to change the lightweight aggregate material from the hemp

shiv into another material, the relevant basic properties should be studied to obtain

similar results.

In the next research, there should be further studies on fly ash from various

sources, and it is recommended to study the use of other types of pozzolanic materials

in hemp concrete such as rice husk ash, bagasse ash, palm oil fuel ash, etc.



APPENDIX A

SEM MICROGRAPHS OF HEMP SHIV STRUCTURE
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Figure A SEM micrographs of hemp shiv structure



APPENDIX B

SETTING TIME
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Figure B-1 Setting time of hemp concrete
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Figure B-1 Setting time of hemp concrete
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Figure B-2 Setting time of hemp concrete containing fly ash
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Figure B-2 Setting time of hemp concrete containing fly ash
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APPENDIX C

COMPRESSIVE STRENGTH
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Table C-1 Compressive strength of hemp concrete

Compressive Strength (MPa)
7 days 14 days 28 days 56 days

HCC 2.85 3.43 3.50 3.74
HC0 15.02 16.15 16.70 17.52
HC1 13.01 14.57 15.27 15.90
HC2 13.93 15.76 16.89 17.46
HC3 14.37 15.55 16.71 17.00
HC4 14.22 16.38 17.40 18.11
HC5 14.16 14.91 15.67 16.79

Table C-2 Compressive strength of hemp concrete containing fly ash

Compressive Strength (MPa)
7 days 14 days 28 days 56 days

HCF10 4.83 5.35 5.62 6.14
HCF20 4.26 4.74 4.97 5.37
HCF30 4.04 4.33 4.95 5.32
HCF40 3.51 3.66 3.91 4.27
HCF50 3.21 3.60 3.84 3.99
HCF90 1.30 1.56 1.85 1.89



APPENDIX D

DENSITY
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Table D-1 Density of hemp concrete

Density (kg/m3)
7 days 14 days 28 days 56 days

HCC 1421 1423 1429 1441
HC0 1418 1411 1425 1453
HC1 1442 1437 1455 1470
HC2 1440 1446 1426 1446
HC3 1457 1454 1455 1472
HC4 1416 1435 1431 1461
HC5 1436 1432 1446 1455

Table D-2 Density of hemp concrete containing fly ash

Density (kg/m3)
7 days 14 days 28 days 56 days

HCF10 1493 1502 1502 1472
HCF20 1479 1491 1488 1477
HCF30 1503 1517 1499 1493
HCF40 1464 1482 1476 1469
HCF50 1481 1488 1471 1467
HCF90 1431 1434 1411 1414



APPENDIX E

WATER ABSORPTION
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Table E-1 Water absorption of hemp concrete

Water absorption (%)
7 days 14 days 28 days 56 days

HCC 15.78 16.67 16.23 15.69
HC0 15.35 15.24 14.90 13.34
HC1 15.56 15.33 14.67 13.97
HC2 16.34 16.02 15.55 14.47
HC3 13.64 14.48 14.33 13.79
HC4 15.86 15.34 14.42 14.26
HC5 15.40 15.13 14.75 13.85

Table E-2 Water absorption of hemp concrete containing fly ash

Water absorption (%)
7 days 14 days 28 days 56 days

HCF10 15.11 14.70 14.51 14.45
HCF20 15.50 15.42 15.10 14.85
HCF30 15.46 14.54 14.78 14.74
HCF40 17.04 16.83 15.54 14.88
HCF50 16.87 15.92 16.19 14.82
HCF90 16.71 16.05 15.59 14.84
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