DEVELOPMENT OF HEMP CONCRETE USING HEMP
SHIV ASCOARSE AGGREGATE WITH ALUMINIUM
SULFATE AND CALCIUM HYDROXIDE TREATMENT

AND IMPACT OF FLY ASH ON HEMP CONCRETE

Saksith Pantawee

A Thesis Submitted in Partial Fulfillment of the Requirementsfor the
Degree of Doctor of Philosophy of Engineeringin Civil Engineering
Suranar ee Univer sity of Technology

Academic Year 2017



o J A Aqy ¢ o
mafaaninaunsailvunuenviiuinasmvie
TaglFegiitisndaauazunadonlonsonlsalums

Usulysnamnnaznansznuveaoiase

v d =
AT NNADUNIA
¢ ¢
U aAaa a o =
HIEANATNE WHUNI

a

a a d:; I U d! = (Y] a S v
InentnusitiudrtisvesmsanunmuvangasiEyyininssumansquivadia
) )
13¥13A0350 ]85
a U =S =
unIngnaamalulaggsmni

Umsdnm 2560



DEVELOPMENT OF HEMP CONCRETE USING HEMP SHIV
AS COARSE AGGREGATE WITH ALUMINIUM SULFATE
AND CALCIUM HYDROXIDE TREATMENT AND

IMPACT OF FLY ASH ON HEMP CONCRETE

Suranaree University of Technology has approved this thesis submitted in
partial fulfillment of the requirements for the Degree of Doctor of Philosophy.

~Thesis Examining Committee

hado; T

(Assoc, Prof, Dr, Chatchai J othityangkoon)

Chairperson

Yoo &
L T Czjz?”s‘k-r«f'
(Asst. Prof. Dr. Theerawat Sinsiri)

Member (Thesis Advisor)

{M/a‘fw”‘“

(Prof, Dr. Chai Jaturapitakkul)

Member

’{/Hff 5&(

(Assoc. Prof. Dr. Vanchai Sata)

Member )

(Asst. Prof. Dr. Mongkol Jirawacharadet)

Member
o
g‘l/ %@r‘% ( }wﬁ
(Prof. Dr. Santi Maensiri) (Assoc. Prof. FIt. Lt. Br. Kontorn Chamniprasart)
Vice Rector for Academic Affairs Dean of Institute of Engineering

and Internationalization



4 4
= e

o = ar o P I's 9t
AATENT WU : ﬂ'ﬁWﬂlu1LauWﬂauﬂ5ﬂmGlﬁmlﬂuﬁgljwuqﬂuﬁaﬂﬁquﬁ5-1‘1}1@8‘1“1‘

€

oo

egiifoudalauazunmion loason ladlunisifud penmam HAZHANIZNUVDUN
AoURMLEUNABLNI A (DEVELOPMENT OF HEMP CONCRETE USING HEMP SHIV
AS COARSE AGGREGATE WITH ALUMINIUM SULFATE AND CALCIUM
HYDROXIDE TREATMENT AND IMPACT OF FLY ASH ON HEMP CONCRETE)
S e 9 o 2w d s an 3
919136MUTNY1 : fraeendas 1913l a3 53 Tanl quss, 121 ¥
aBsthunsteuonusin 1018 lunsihuemewiind szgad [diluuan
wouluaounia Tasunueniasgnudsuglvesngde ogiidiondama ALSOY, was

= o 1 o4 gt o = 4 =) |
unaidewlenson lad caom), Aouisy ldiluunasmmelumswanisuwaounse Tudau

T
[ =t o

[} [ E ' ar as ' ) = o b oa
f1 ffendnfudunuddoniesidy 12 dadauunueniaeuFmuaning 0.16
¥
r 5 P 3 o _ o 3
§951821Y89 AL(SO)/Ca(OH), 1AY 12 uazlFaisantiiiiuiuninieeas 1
:J @ < 1 i § = < o & |
Tastminvesdund Tudud 2 Wideesumuiiyuduuilosauaudtszanii 1 Sovaz
14 ]
10 20 30 40 50 waz 90 Tewshwinvesiaguszam asludmwauiminzdy s
¥
" o W @ ' o o o
padeszezmIMItedl Mdea anunuuniy ngadii mined waz My
a d o d w ] = el
auusndenvenauiaounia wisnaeauuy Hudedeluissqugungii
= 4 v w  dy =3 1 i
2342 perivaraliua TasmuguauTudinidosas 50 +5 wamsnageuiluAunivues
¥
F0tNAEOUBE L BEAINA 18613 IMINATBUAINIDN ANUHUILIUN 1A ASQAdI
MAI0IYMIUY 7 14 28 UAZ 56 T dummathanufouimsnageuiieny 28 Ty
1 P ' 4 o P oo o o o 1 T
wanmisnadeylugiud 1 wih ey 28 Tu mddeSaveusuiasuniaagluang 150
' = o ] [ 1 ny
20 17.0 wansthaata auMLLail 1420 51 1470 Alanudegninsdmas A1msgadui
1 o ' E a d = 1
Yonaz 14.5 84165 mmsinaufousglugie 022 G 030 daddeniAalu LRzt
~ A o : 6 =2 6 = - Sa v g
AR oaipse NI nagaTEN e 1130 x10° B9 1400 x10° fiony 1T wamsdnudldii
' 4 T a_a o < =
sl AL(SO,), taz Ca(OH), lumsnldougilvassig danalddrdednveusurinounia
A g 1 A =1 a 4 A aAq 9 ol 1 -
fndndszanm 4 o dedeusnsuiaeuniaf ldumuendn lidumsnlaouglvenig
i = o ar & o -4
M5 AL(SO,), SroiunNNa N0 M5 f USSR YBUTNHABLNGA LA NITIANAY
= ] 1 T 2w a
w0313 AL(SO), ¥I015953 snanstefazmMIidaveusIineunin
T 4=i ' 3 3 = l! [IF-N r T
nansnageuludiui 2 wudh msldidiaselulTinannndalhinansnuaamsine

o a o

ar d o J P AT 9o a As Y
AULAEZNTIUUINIVDUTHNABUNIA ﬂﬂ:V'NENﬁ\w\]aclwﬂ’]aQﬂﬂsﬁﬂﬁEgNWﬂﬂuﬂﬁﬂ'ﬂﬂLﬂrlﬁaﬂﬁlu

1
sSoA

' = ¥ 1 o 1 T 1
drunauiiianas manuruuiyveuauneunianiidnesludundu GRIMEER



11

¥
' = a o v o ' o
3NN 1460 B9 1520 Alaniusiogninaiwas Amsqaduiiiiosaz 15.0 9 17.0 AR50
' ] ; w o1 = | r Qs 4 1
anuiaueylugag 0.22 81 0.28 Iaddpwas-naiu Nergnistiu 28 u uaz snumioe

ilpanInAITHAF5E 119 1000 x10° 19 1200 x10° Aiae 1)

) i JEPP

d1913%1 NS les aeiiaserinanu P e
- . B o
Fn15fnm1 2560 10504901915 07150H7 Do, Dy

E———_—



SAKSITH PANTAWEE : DEVELOPMENT OF HEMP CONCRETE USING
HEMP SHIV AS COARSE AGGREGATE WITH ALUMINIUM SULFATE
AND CALCIUM HYDROXIDE TREATMENT AND IMPACT OF FLY ASH
ON HEMP CONCRETE. THESIS ADVISOR : ASST. PROF. THEERAWAT

SINSIRI, Ph.D., 121 PP.

HEMP SHIV/HEMP CONCRETE/ALUMINUIM SULFATE/ CALCIUM

HYDROXIDE/FLY ASH/COMPRESSIVE STRENGTH

This research presents the potential of hemp shiv for use as a coarse aggregate
in concrete. Hemp shiv had been mineralized with aluminium sulfate Al(SO4): and
calcium hydroxide Ca(OH), before being used as a coarse aggregate to produce hemp
concrete. In part I, the mixture has cement {0 sand ratio of 1:2, the hemp shiv to
cement ratio of 0.16, the Al (504)3/Ca(OH)2 ratio of 1:2, and the amount of super
plasticizer of 1% by mass of cement. In part I, Type I Portland cement was replaced
using FA 10, 20, 30, 40, 50 and 90% by weight of binder into the appropriate mixture.
The setting time, compressive strength, density, water absorption, drying shrinkage,
and thermal conductivity of hemp concreies were investigated. After demoulding,
they were stored at 23 + 2°C and 50 + 5% relative humidity. Each test result was
represented the mean of at least three specimens. The compressive strength, density,
water absorption specimens were investigated at 7, 14, 28 and 56 days. The thermal
conductivity of specimens was measured at 28 days of curing.

The results in part T showed that at 28 days the compressive strengths of hemp

concrete were in the ranges of 15.0 to 17.0 MPa, densities of 1420 to 1470 kg/m’ and
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water absorptions of 14.5 to 16.5%, the thermal conductivities were in the ranges of
0.22 and 0.30 W/m-K, and the drying shrinkage strains were in the ranges of 1130
%1078 and 1400 x10® at 1 year. The results indicated that the application of Al(SO4)s
and Ca(OH); for mineralization increased the compressive strength of hemp concrete
by four times compared to that with non-mineralized hemp shiv. The use of Al,(SO4)s
improved the compressive strength of hemp concrete and the increase in the amount
of Al,(804)s also accelerated the setting and hardening of the matrix.

The results in part IT showed that the large amount of {ly ash delayed the seiting
and hardening of hemp concrete and also decreased the compressive strength of hemp
concrete containing fly ash due to the amount of cement was decreased. The bulk
densities of hemp concrete containing fly ash of 10 to 50% were between 1460 and
1520 kg/m?, the water absorptions were between 15 and 17%, the average of the
thermal conductivities 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 and 1200 x10°® at 1 year of

curing.
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CHAPTER |

INTRODUCTION

1.1 Stateof 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. Vale-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.
Medicina cannabis is described in print in a Chinese book of medicine, “Herbal,” in
the 2" 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 (Vaerie 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



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 speciaty 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 (therma and acoustic insulation products), and anima 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 severa studies on “Hempcrete”.



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. Usualy, hempcrete walls are coated on
both sides but it can occasionaly be bare on the indoor side (Florence Collet, Sylvie
Pretot, 2014). Hempcrete has been used more and more in building construction
because hemp is arenewable plant, it is recyclable, and it does not degrade over time
(TranLe A.D.etd., 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 mechanica 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 chemicaly 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 componentsin

wood fibre, but the main inhibitor of cement hydration is sugar (Jennifer L. Pehanich,



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 VVaickelioniene, 2006).

Several chemica 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 a., 2013; Paul R. Blankenhorn et al., 2001; Sedan D. et a.,
2008), calcium chloride (CaCl,) (Michat Bottryk and Dorota Mataszkiewicz, 2007),
and aluminium sulfate [Al2(SO4)3] (Michat Bottryk and Dorota Mataszkiewicz, 2007;
Giedrius Balciunas et al., 2015), sometimes aso referred to as mineralization agents
(mineralizers), improved compatibility of cement and plant origin aggregates.
Complex mineralizers such as Aly(S0,4)3 + Ca(OH), are also used. When Alx(SO,)s is
used as a minerdizer, it impedes the release of sugar from organic aggregates and
reduces higroscopicity and water absorption (Giedrius Balciunas et al., 2015). The
Aly(S0,)3 in the form of hydrate is the characteristic of an acidic reaction in water,
and calcium hydroxide [Ca(OH),] is characteristic of an akaline reaction in water.
The mineralization is achieved by enhancing the efficiency of Al(SO,)s, neutralizing
the acidic environment caused by Alx(SO,)s; and improving the workability of the

mixture. Wood aggregate mineralization aso leads to improved adhesion between



aggregate and cement binder (Michat Bohttryk and Dorota Mataszkiewicz, 2007;
Giedrius Balciunas et a., 2015).

The construction industry has responded to the growing demand for sustainable
and environmentally friendly building materials. One of such materia is hemp-lime
concrete, it was good thermal insulation material, excellent hydric properties, great
acoustic capabilities, and good fire resistance (Sinka M. et a., 2015). This research
aims to develop a mix proportion of the bio-composites using hemp shiv as coarse
aggregate. The shiv is mineralized by Al,(SO;)s, neutralized with Ca(OH), 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 overal 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
Al(SO4)3 and Ca(OH)s.

122 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.



1.3 Scope of study

1.3.1 Thebinder used in thisinvestigation was Type | 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 Al,(SOy4)3; and Ca(OH), 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 Aly(SO,4)3/Ca(OH), 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.

1.35 Type | Portland cement was partialy 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 150x150%150 mm cube. The
compressive strength specimens were cast in 100x100x100 mm cube. The water
absorption and density specimens were cast in a 50x100 mm cylinder. The drying
shrinkage specimens were cast in 75x75x285 mm prisms. The thermal conductivity

specimens were cast in 25.4x300x300 mm plate. After demoulding, they were stored



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 | 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 1. Chapter Il
introduced the experimental program. In chapter IV, results of the study were
determined and discussed. Finaly, the conclusions and suggestions from this study

were presented in Chapter V.



1.5 References

Adnan M. Esmail (2010), Cannabis Sativa: An optimization study for ROI. The
Department of Mechanical Engineering, Massachusetts Institute of
Technology.

An Old Rippie (2016). The Ultimate Cannabis. Indoor Cultivation and usage guide.
44 pages.

DeeDee De Miranda (2011). An evauation of hemp fibre for furnishing applications.
Master Thesis of Science. Colorado State University Fort Collins,
Colorado.

Dd R. Valle-Zermeno, Aubert J.E., Laborel-Preneron A., Formosa J. and Chimenos
J.M. (2016). Preliminary study of the mechanical and hygrothermal properties
of hemp-magnesium phosphate cements. Construction and Building
Materials. 105: 62-68.

Ernest Small and David Marcus. Hemp: A New Crop with New Uses for North
America(2002). Trendsin New Crops and New Uses. 285-326.

Florence Collet and Sylvie Pretot (2014). Experimenta highlight of hygrothermal
phenomenain hemp concrete Wall. Building and Environment. 82: 459-466.

Giedrius Balciunas, Ina Pundiene, Lina Lekunaite-Lukosiune, Sigitas Veelis, and
Aleksandrs Korjakins (2015). Impact of hemp shives aggregate mineralization
on physical-mechanical properties and structure of composite with cementitious
binding material. Industrial Cropsand Products. 77: 724-734.

Giedrius Vaickelionis and Rita Vaickelioniene (2006). Cement hydration in the
presence of wood extractives and pozzolan mineral additives. Ceramics —

Silikaty. 50 (2): 115-122.



Jennifer L. Pehanich, Paul R. Blankenhorn and Michagl R. Silsbee (2004). Wood
fibre surface treatment level effects on selected mechanical properties of wood
fibre-cement composites. Cement and Concrete Research. 34: 59-65.

Michat Bottryk and Dorota Mataszkiewicz (2007). Influence of reed blade length
upon technical properties of reed-concrete. Bialystok Technical University. 50
pages.

Ming Liu, Anne S. Meyer, Dinesh Fernando, Diogo Alexandre Santos Silva, Geoffrey
Daniedl and Anders Thygesen (2016). Effect of pectin and hemicellulose
remova from hemp fibres on the mechanica properties of unidirectional
hemp/epoxy composites. Composites: Part A. 90: 724-735.

Paul R. Blankenhorn, Brad D. Blankenhorn, Michael R. Silsbee and Maria DiCola
(2001). Effects of fibre surface treatments on mechanical properties of wood
fibre-cement composites. Cement and Concr ete Resear ch. 31: 1049-1055.

Plamen lvanov Peev and Jesper Saxgren (2012). Is industrial hemp a sustainable
construction material?, Bachelor of Architectural Technology and
Construction Management, VIA University College, Hor sens, Denmark.

Reinu E. Abraham, Colin J. Barrow and Munish Puri (2013). Relationship to reducing
sugar production and scanning electron microscope structure to pretreated hemp
hurd biomass (Cannabis sativa). Biomass and Bio Energy. 58: 180-87.

Sedan D., Pagnoux C., Smith A. and Chotard T. (2008). Mechanica properties of
hemp fibre reinforced cement : Influence of the fibre/matrix interaction.

Journal of the European Ceramic Society. 28: 183-192.



10

Sinka M., Sahmenko G., Korjakins A., Radina R. and Bgare D. (2015). Hemp
thermal insulation concrete with alternative binders, analysis of their thermal
and mechanical properties. 2nd International Conference on Innovative
Materials, Structures and Technologies. Materials Science and
Engineering. 96: 012029.

Skaidra Smith-Heisters (2008). lllegaly green: Environmental costs of hemp
prohibition. 50 pages.

Tran Le A.D., Samri D., Rahim M., Douzane O., Promis G. and Langlet T. (2015).
Effect of temperature-dependent sorption characteristics on the hygrothermal
behavior of hemp concrete. Energy Procedia. 78: 1449- 1454.

Vaerie L. Vantreese (1998). Industrial Hemp : Global Operations, Loca
Implications. Department of Agricultural Economics University of

Kentucky, Lexington. KY 40546-0276.



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.

21 Hemp

211 Whatis “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, athough 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



Sativa

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 criteriafor analysis as determined.

2.1.2 Industrial hemp

The oldest known record of hemp farming goes back 5000 years in
China, athough hemp industrialization likely extends back to ancient Egypt.
Medicinal cannabis was described in print in a Chinese book of medicine, “Herbal,”
in the 2" 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

devel oped since 2004 before they were encouraged to grow in 2017 (Figure 2.2).
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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).

BODY CARE
FRODUCTS

NUTRITIONAL
SUPPLCMENTS

LIVESTOCK FEED

LIVESTOCK BEDDIN

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). Industria hemp

is grown for its fibre (outer bark, Figure 2.4 a.), hurd (woody inner core of the stalk)
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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 a., 2015).

Building with lime-hemp has environmental, economic, and socia 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 mechanica 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 mechanica 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, Al»(SO,)s, 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/cm® (17°C), its specific heat (0 to 100°C) is 0.1855
Jg°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

Cacium is a chemical element with an atomic number 20 and its symbol is Ca.
It is an akaline earth metal, refined from lime stone. The first step in this processis to
heat the [imestone, 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 caled "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 cacium 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 chemicaly 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 akali 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 a., 2004).
Building products such as cement bonded wood made from minera 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 akali solution than water. Hemicellulose disintegrates to turn into soluble sugars
under the influence of Ca(OH),, 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 chemica 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 a., 2004; Ming Liu et a., 2016). Chemicals
such as NaOH (Reinu E. Abraham et al., 2013; Paul R. Blankenhorn et al., 2001,
Sedan D. et al., 2008), CaCl, (Michat Bottryk and Dorota Mataszkiewicz, 2007), and
Aly(S0,)3 (Michat Bottryk and Dorota Mataszkiewicz, 2007; Giedrius Balciunas et
al., 2015), sometimes al so referred to as mineralization agents (mineralizers), improve
compatibility of cement and plant origin aggregates. Complex mineralizers such as
Aly(SO4)3 + Ca(OH), (hydrated lime) are also used. When Al,(SO,);3 is used as a
mineralizer, it impedes the release of sugar from organic aggregates and reduces
higroscopicity and water absorption (Giedrius Balciunas et a., 2015). The Aly(SO,)3
in the form of hydrate is the characteristic of an acidic reaction in water, and Ca(OH),
is characteristic of an alkaline reaction in water. The mineralization is achieved by
enhancing the efficiency of Alx(SOy4)s, neutralizing the acidic environment caused by
Aly(SO4)3; and improving the workability of the mixture. Wood aggregate
mineralization also leads to improved adhesion between aggregate and cement binder

(Michat Bottryk and Dorota Mataszkiewicz, 2007; Giedrius Balciunas et a., 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., TerpakovaE. et a., 2012).

2.6 Theeffect 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 dlices increased the density
and the compressive strength of hemp concrete, and the water absorption decreased
(Stevulova N., Kidalova L. et a., 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
materia 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 dlices 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 coa
that meets the applicable requirements for this class as given herein. This class fly ash

has pozzolanic properties.
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2.10 The effect of high volume fly ash on compressive strength of

concr et

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-Y ong 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% CaCOs
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% CaCOs3 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 aso found that 1% CaCOs; 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 aso 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 aso 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 materia is an indication of

pozzolanic activity. (Giedrius Vaickelionis and Rita Vaickelioniene, 2006).
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CHAPTER |11

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(SO,)3] and hydrated
lime [Ca(OH),] treatment. In part Il, 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 therma 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 Devel opment
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 (No0.8) sieve. The

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



Individual size fraction

9.50 mm (3/8in.) to 4.75 mm (No. 4)
3.75 mm (No. 4) to 2.36 mm (No. 8)
2.36 mm (No. 8) to 1.18 mm (No. 16)
1.18 mm (No. 16) to 600 ym (No. 30)
600 pm (No. 30) to Pan
Tota

Hemp shiv, %
35
65

100

Sand, %

14
41
45
100
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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 (Michat Bottryk and Dorota Mataszkiewicz, 2007,
Giedrius Balciunas et al., 2015) aluminium sulfate [Al>(SO,)s] and hydrated lime
[Ca(OH),] were used as complex mineralizer for chemical treatment. Alx(SO,)3 in the
form of hydrate was used for the characteristic of an acidic reaction in water (pH = 3
to 5) and Ca(OH), was for the characteristic of an alkaline reaction in water (pH = 11
to 12). Primarily, hemp shiv (HS) was mineralized using the solution of Alx(SO)s,
and the acidic Al,(SO,)3 reaction was then neutralized with hydrated lime Ca(OH),.
The total content of mineralizer was increased to 81% (based on HS mass), and the
water for the process of preparing the Al,(SO,)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 | 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 alower 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 al mixtures (Table 3.2).
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Table 3.2 Composition of the mix proportions with different amounts of complex

mineralizer
Mix HS HSC WwW/C C/IS SP Water for Complex Alx(SOy);  Ca(OH),
(kg/m®) (%) mineradization mineralizer (%) (%)
% HS mass HS mass HS mass
HCC 87 016 048 1.2 1 1.5xHS mass 0 0 0
HCO 18 18 0
HC1 30 10 20
HC2 45 15 30
HC3 54 18 36
HC4 63 21 42
HC5 81 27 54

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

was partialy 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 HSB W/B B/IS FA SP Water for Complex Aly(SOy; Ca(OH),
(kg/m?) (%) (%) minerdization mineralizer (%) (%)

%HSmass HSmass HSmass

HC3 87 016 048 12 O 1 1.5xHS mass 54 18 36

HCF10 10

HCF20 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

HC

Control hemp concrete

Hemp concrete

Fly ash
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3.3 Specimen preparations

Specimen preparation consists of two stages. The first, HS was mineralized
using Alx(SO,4)s 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), 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

Schematic of research

|
v !

Part | Part Il
Development of hemp concrete using Impact of fly ash as an additive on hemp
Aluminium sulfate [Aly(SO,);] and concrete

Calcium hydroxide [Ca(OH),] treatment

! ’

Basic properties of hemp shiv; specific Select an appropriate proportion [HC3;
gravity, density, detergent analysis, XRF, Al5(SOy)3 : Ca(OH), = 18 : 36 % by mass

XRD and SEM (EDS) of the shiv] as a control hemp concrete

l mixed with fly ash.
Setting Time, compressive strength,
Setting time, compressive strength, density density, absorption and of hemp concrete
and absorption of hemp concrete - containing fly ash at 7, 14, 28 and 56 days
at 7, 14, 28 and 56 days were tested were tested

!

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

Figure 3.2 Schematic of research

The quantity of cellulose, hemicellulose and lignin were determined using the
detergent fibre anaysis [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; AOCAC, 2000].
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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 20 range of 5-80°. The Crystallinity Index (C;lxrp) of cellulose
was evaluated using Segal empirical method (Segal L. et al., 1959).

The specimen for setting time test was 150x150x150 mm cube. The test was
done in atemperature 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 100x100x100 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
a50x100 mm cylinder according to ASTM C642-97. The drying shrinkage specimens
were cast in 75x75x285 mm prisms according to ASTM C490-00. The thermal
conductivity specimens were cast in 25.4x300x300 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

RESULTSAND 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,
typica 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 Aly(SO,); and Ca(OH), treatment on
setting time of hemp concrete, compressive strength, density, water absorption, drying
shrinkage and therma conductivity. In part 1l, 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 a., 2015; Indran S. et a., 2014; Herman E. Hayward,

1938), with average diameters of 20 to 50 um and 50 to 100 um, respectively.






4.2 Typical oxide compositions of untreated and Al,(SO,); treated
hemp shiv by X-ray fluorescence (XRF) analysis

Table 4.1 Typical oxide compositions of untreated and Al,(SO,)3 treated hemp shiv

H;]'i"(‘/p ALO; SO, PO; SO, K, CaO TiO, CrOs; FeO; NiO
HS 2024 1644 730 3715 1488 354 - 014 -

Alg 1.42 14.94 8.27 522 2253 3412 101 244 9.13 0.62
Alyg 1994 2836 17.57 1216 112 1400 129 0.80 449 0.18
Algs 1928 29.08 1483 1500 096 1441 143 047 437 0.09
Alg 1948 3024 1589 1523 088 1210 120 0.62 416 0.13
Alyy 1921 2988 1444 1686 081 1123 135 0.77 516 0.17

Aly; 1836 3064 1326 1949 0.89 10.74 121 0.61 459 0.15
HS —the raw hemp shiv; Aly — the hemp shiv test sample was saturated by an amount of water 1.5x that of the hemp shiv mass;

Alm to A|27 —the shiv was treated usi ng 10, 15, 18, 21 and 27% of Alz(SO4)3.

As presented in Table 4.1, it was observed that the raw hemp shiv (HS) showed
higher potassium oxide (K,0) content. During testing, hemp shiv test sample (Alg)
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 K,0O
content was found to leach out together with water-soluble materials. Similar to Alo,
the hemp shiv was treated using different amounts of Al,(SO,); that had a strong
decreasing effect on the K,O content. The use of Aly(SO4)s for chemical treatment
leached out a significant portion of potassium oxide from the shiv. Hence, the result
confirmed that K,O was capable of being washed out with water. Moreover, the
chemical treatment using Al,(SO4)3 led to more leaching of potassium oxide.

In this study, however, the hemp shiv was treated using Al»(SO,)s that was not
washed out using water but was mixed together with cement mortar immediately after
the shiv was treated with Al,(SO,)s; therefore, K,O 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 Al(SO,)s3, which was added for treatment to produce
the hydration product, such as syngenite (K,Ca(S0,4),.H.0) (Shen C. et al., 1981, Jana
Jurisova et al., 2014) and gorgeyite (K2S0,4-5CaS0,4-H,0) (Jana Jurisova et al., 2014)
could crystallize and lead to an accelerated setting (Shen C. et a., 1981; Paul Wencil

Brown, n.d.).

4.3 Celulose, 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 Alx(SO,4)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
Al 93.79 83.04 96.31 21.92 61.12 13.27
Al 94.26 86.78 99.24 20.92 65.86 12.46
Alys 93.90 84.97 98.96 23.83 61.14 13.99
Alg 93.79 83.49 98.12 24.50 58.99 14.63
Alyy 93.10 88.97 99.65 26.20 62.77 10.68

Al 93.88 84.11 99.42 21.27 62.84 15.31
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lam 1S the intensity of diffraction in the same units at 26 = 18°. Using the equation
(4.1), the C/lxrp of approximately 41% was obtained.
The quantity of cellulose can be calculated using the following equation (4.2)

(Jiangiang Wei and Christian Meye, 2016):

%Cixrp = [looz/ (|002 + |am)] x 100 (42)

where %C,xrp expresses the quantity of cellulose using X-ray diffractometer. The
value of %C,xrp Was approximately 67%, compared to approximately 69% of the
results of the detergent analysis. These results indicated that the hemp shiv consisted
of both crystaline and non-crystaline (amorphous) phases. From previous
investigations (Kabir M.M. et a, 2013; Jiangiang 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 a, 2013).
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PART |: Hemp concrete using hemp shiv as a coar se aggr egate

45 Effect of Alx(SO,4); and Ca(OH), treatment on setting time of

hemp concr ete
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 Al;(SO)3 in

the treatment process.

Table 4.3 Setting time and slump of hemp concrete
HCC HCO 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 45 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:

Al(SOg)s(highly diluted) + 6H,0 —> 2AI(OH) + 3H,S0, (4.3)
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It can leach potassium oxide (K,O) out onto the surface and distributed it in the
structure of hemp shiv. The chemical reaction between K,O and H,O describes the

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

K,0+H,0 — 2KOH (4.4)

Potassium hydroxide can react with sulfuric acid to produce potassium sulfate

and water as follows;

2KOH + H,S04 (dl'Uted) — K,S0O, + 2H,0 (45)
or
KOH + H,S0O, (conc., cold) - KHSO, + H,O (4.6)

Potassium hydroxide can readily react with that calcium sulfate (CaSO,) in the
hydration process of cement and/or in the presence of Aly(SO,)s for treatment and

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

Al(S0,)3 + Ca(OH), — AlI(OH)3 + CaSO, 4.7

2CaS0,4.K2S04.nH0 — cha(SO4)2.H20 (syngenite) (48)

Previous research indicated that K,SO, can accelerate the setting time of
gypsum (CaS0,.2H,0) to form syngenite (Shen C. et a., 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 Al»(SOy)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 HCO [Alx(SOy4); : Ca(OH), = 18:0]
compared to HC3 [Al(SO,)3 : Ca(OH), = 18:36], it was found that by using Ca(OH).,

retardation of the setting time of hemp concrete was observed.

200

150

100
i syngenit/

50

SEI 15kV  WD17TmmSS35 x4,500 Spm
SUT -
f L

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

The Al(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 HCS, increasing
the dosage of Ca(OH), decreased the slump due to the increased fine particle with

high surface area.
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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
Aly(SO4)3 and Ca(OH), (HC1 to HC5), as well as with only Aly(SO4)3; (HCO) 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
dightly 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 HCO to HCS5,

which achieved 4 times higher compressive strengths than that of HCC.
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Figure 4.4 Development of compressive strength of hemp concrete
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Calcium sulfate such as gypsum (CaS0,.2H20), 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 Al,(SO,4)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 [K,Ca(S0O,)..H,0] from the reaction can
also improve the strength of gypsum produced (Shen C., 1981); thus, the strength of
the HCO to HC5 increased compared to that of HCC.

In the case of the HCO test sample [Al(SO,)3:Ca(OH), = 18:0], it was observed
that the gypsum product of mineralization and other sulfate compounds aso reacted
with calcium auminate from cement to form ettringite without adding Ca(OH)s,.
Using only Aly(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 Aly(SO4); + Ca(OH),. The compressive
strength at 7 days of HCO was higher than that of the hemp concrete treated with
Ca(OH),, but the development dlightly decreased during the long curing time.
Therefore, it was shown that increasing the Ca(OH), content of this mix dlightly

improved the compressive strength.
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4.7 Density of hemp concrete

[ O7 814 ®B28 ®56 Days |
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Figure 4.7 Density of hemp concrete

As shown in Figure 4.7 the density of hemp concrete dlightly varies with the
amount of chemical treatment [Al(SO4)3 and Ca(OH),]. Overall, the bulk density of
hemp concrete increased dightly 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/m?®, 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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4.8 Water absorption of hemp concrete
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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 [Al»(SO4); and Ca(OH),]. 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
Aly(SO4)3 and Ca(OH),, because the hemp shiv has high porosity. As a result, the
water absorption was similar because of the small amount of Alx(SO,); and Ca(OH),
compared to the hemp shiv and other ingredients as well as the amount of hemp shiv

was kept constant.



58

4.9 Drying shrinkage of hemp concrete
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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 Al,(SO,); and
Ca(OH), 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 x10° and 1400 x10° mm/mm. The drying
shrinkage strain was lower than recommended by ACI 213R-13, which should be
between 600 x10° and 1000 x10°. 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.



59

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 therma conductivity of hemp concrete.
Moreover, when considering HCO [Al2(SOy4)3 : Ca(OH), = 18:0] and HC3 [Alx(SO4)3 :
Ca(OH), = 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 25.4x300x300 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/m®,

The thermal conductivities and the densities of hemp concrete were lower than
that of normal concrete (k = 1.442 W/m-K: p = 2400 kg/m®), concrete roof tile
(k = 0.993 W/m-K: p = 2400 kg/m®), asbestos roof tile (k = 0.384 W/m-K to 0.441:
p = 1700 to 2000 kg/m?), common brick (k = 0.473 W/m-K: p = 1600 kg/m®), and
cellular lightweight. concrete (k = 0.476 W/m-K: p = 1280 kg/m®) (refer to the

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

Table 4.4 Thermal conductivity of hemp concrete at 28 days

Thermal conductivity (W/m-K)
HCC HCO HC1 HC2 HC3 HC4 HC5
0.262 0.272 0.302 0.260 0.254 0.229 0.219
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4.12 Oxide compositions of Mae M oh fly ash by X-ray fluor escence

(XRF) analysis

Typical oxide compositions of Mae Moh fly ash are presented in Table 4.5.
The total amount of SO, + Al,O3 + Fe,0O3 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 specialy
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 SOz 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 (%)
SO, Al,Os Fe,O3 CaO M gO K,O TiO, SO, MnO, LOI
33.06 16.01 15.90 18.87 3.10 152 031 10.83 0.16 098

4.13 Setting time of hemp concr ete containing fly ash

Table 4.6 presents the setting times of hemp concretes containing fly ash. These
results indicate that the HCF9O0 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 aso 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 (HCFO or HC3) due to the high
amount of K,O and SO3 are present in the oxides composition of both hemp and fly
ash, and lead to accelerated set to the syngenite [CaK2(SO,4),2.H,O + CaS0,4-2H,0]
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
aloss 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 SOs; 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. Thisresulted 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
Fina setting Time, min 455 450 570 800 870 2540
Slump, cm 12 125 17 20.5 21 27
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4.14 Compressive strength of hemp concr ete 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),], ettringite CagAl2(SO4)3(0OH)12.26H,0, and calcium
silicate oxide Cay(Si0O4)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).

BHCF10 BHCF20 HCF30
BHCF40 HCF50 BHCFO0

Compressive Strength (MPa)
B
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Figure 4.13 Development of compressive strength of hemp concrete

containing fly ash
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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 dlightly 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/m?.
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Figure 4.16 Density of hemp concrete containing fly ash
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4.16 Water absor ption 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 dightly 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%.
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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 x10° and 1200 x10°. 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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Figure 4.18 Drying shrinkage of hemp concrete containing fly ash
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4.18 Thermal conductivity of hemp concrete containing fly ash

The therma conductivity values of the (25.4x300x300 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/m®.

From the observation, the increasing the amount of fly ash resulted in an
increase in the thermal conductivity of hemp concrete. Moreover, when considering
HCFO0, 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 YV

CONCLUSIONSAND RECOMMENDATIONS

5.1 Conclusions

PART I: Hemp concr ete using hemp shiv as a coar se aggr egate

The use of treated hemp shiv with aluminium sulfate Al;(SO,)s and calcium
hydroxide Ca(OH), 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 Alx(SOg)3
and Ca(OH), in various concentrations had minimal influence on the compressive
strength of hemp concrete.

Using only Aly(SO,)s for chemically treated hemp shiv improved the
compressive strength of composites. The increasing amount of Aly(SOy); 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 Al,(SO,)s 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), treated samples, the increase in

Ca(OH), content retarded the formation of hemp concrete.
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The compressive strengths of hemp concrete treated by Al,(SO4); and Ca(OH),
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 x10°® and 1400 x10° 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 I1: 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 x10° and 1200 x10° at 1

year of curing.
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5.2 Recommendations

Thisis anew 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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APPENDIX B

SETTING TIME
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APPENDIX C

COMPRESSIVE STRENGTH



Table C-1 Compressive strength of hemp concrete

Compressive Strength (MPa)

7 days 14 days 28 days 56 days
HCC 2.85 343 3.50 3.74
HCO 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 351 3.66 391 4.27
HCF50 3.21 3.60 3.84 3.99

HCFO0 1.30 1.56 1.85 1.89




APPENDIX D

DENSITY



Table D-1 Density of hemp concrete

Density (kg/m°)
7 days 14 days 28 days 56 days
HCC 1421 1423 1429 1441
HCO 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/m°)
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

HCFO0 1431 1434 1411 1414




APPENDIX E

WATER ABSORPTION



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
HCO 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 1554 14.88
HCF50 16.87 15.92 16.19 14.82

HCFO0 16.71 16.05 15.59 14.84
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= Using Al,{S04); for chemically treated hemp shiv improved the compressive strength of composites,
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« Different amounts of Al,(50,}; and Ca{OH}; in various configurations had minimal influence on the compressive strength,
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This research presents the potential of hemp shiv for use as coarse aggregate in concrete. Hemp shiv was
mineralized with aluminium sulfate Al;{S0,); and calcium hydroxide Ca{OH ), before being used as a
coarse aggregate to produce hemp concrete. The cement to sand ratio was 1:2, the Al(S0,); to Ca
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ening of the matrix.
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1. Introduction

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 con-
trol and ecological balance [1].

“Hemp" refers primarily to C bis sativa L. (C. baceae) [2].
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 Chi-
nese book of medicine, “Herbal,” in the 2nd century BCE |3|. By
definition, industrial hemp refers to those strains of Cannabis sativa

* Corresponding author,
E-mail address; sinsiridg sut.acth (T. Sinsiri),

hetp:/ {dx.doi.org/10.1016/j.conbuildmar. 201 7.08.181
0950-0618/0 2017 Published by Elsevier Ltd.

L. containing less than 1% THC (Tetrahydrocannabinol). Most
developed countries that permit industrial hemp cultivation limit
production to those varieties with less than 0.3% THC [4]. Cur-
rently, hemp is grown in China, Europe (Russia, France, Ukraine,
United Kingdom, Germany, Poland, and Finland), and Canada |5.
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 |6]. Industrial hemp is grown for its fibre
(outer bark), hurd (woody inner core of the stalk) and seeds (for
oil and meal). Hemp stalks average approximately 20-30% bast
fibre (the strong woody fibre obtained chiefly from the phloem of
plants) [4]. 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 texriles and specialty papers (including teabag
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paper, coffee filters, cigarette paper, carbon tissues and condensing
tissues) [4,5].

A secondary product of the high-quality bast fibre crop is the
internal core or “hurd,” consisting of short fibres and cellulosic bio-
mass with a variety of industrial applications [7]. Approximately
70-80% 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 50-70% 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 [4.8].
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 |8]. Hemp hurd or “hemp shiv® is used
as aggregate for the manufacture of hemp concrete and there are
several studies on “Hempcrete”.

Hempcrete developed in the early 1990s in France is a combina-
tion of lime and hemp shiv [6]. This material can be used for sev-
eral 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, con-
crete or wood. Usually, hempcrete walls are coated on both sides
but it can occasionally be bare on the indoor side [9]. 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 [10].

However, due to the low mechanical performances of hemp-
crete, it is used for non-load bearing purposes as it has compressive
strength of approximately 1 MPa |[G]. 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 compres-
sive 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 heteroge-
neous and its components can be divided into two groups: struc-
tural 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)
[11]. Pehanich [12] reported that there are many chemical compo-
nents in wood fibre, but the main inhibitor of cement hydration is
sugar. Building products such as cement bonded wood made from
mineral binding materials and wood aggregates are widely devel-
oped 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 not on the wood species and
preparation method [11].

Several chemical treatments have been applied to the wood
fibres before combining them with the cement binder. The com-
pressive strength and other mechanical properties of the treated
wood fibre composites are higher those of the untreated fibres
[13]. Chemicals such as NaOH [14-16], CaCl; [17], and Al(SO4)y
|17.18], sometimes also referred to as mineralization agents {min-
eralizers), improve compatibility of cement and plant origin aggre-
gates. Complex mineralizers such as Al;(504); + Ca{OH}; (hydrated

impedes the release of sugar from organic aggregates and reduces
hygroscopicity and water absorption [18]. The Al;(SO4)s in the
form of hydrate is the characteristic of an acidic reaction in water,
and Ca{OH); is characteristic of an alkaline reaction in water, The
mineralization is achieved by enhancing the efficiency of AlL(S04)s.
neutralizing the acidic environment caused by Alx(S0,); and
improving the workability of the mixture. Wood aggregate miner-
alization also leads to improved adhesion between aggregate and
cement binder [17,18].

The construction industry has responded to the growing
demand for sustainable and enviror ally friendly buildi
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 | 19]. Therefore, this
research aims to develop a mix proportion of the bio-composites
using hemp shiv as coarse aggregate. The shiv is mineralized by
Al;(504)s, neutralized with Ca(OH); and mixed with sand and
cement to make “hemp concrete”. The effects of the chemical treat-
ment on some mechanical properties were evaluated.

2. Experiments
2.1. Materials

The Hemp Shiv [HS) provided by the Highland Research and
Development Institute (Public Organization; HRDI) in the Northern
Thailand was used asa coarse aggregate. The apparent specific
gravity and bulk density {(air-dry condition) of hemp shiv were
approximately 0.6 and 120 kg/m”, respectively. The air-dried 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 sand are given in Table 1.

Chemical treatment: Al;(S04); (pH = 3.15) and Ca(OH); [purity
of Ca(OH); 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 m*/kg) conformed to the Thai
Industrial Standard for Portland cement type | TIS 15-2012, ASTM
C 150 Type | and the British Standard B.5.12 (for ordinary Portland
cement).

In this study, the water content was kept constant with the aid
of a superplasticizer. Its specific density was 1.06 kg/l, and the rec-
ommended dosage for concrete was 0.4-1.5% by mass of binder.

2.2, Composition of the mix proportion

Based on the literatures [17,18], aluminum sulfate (Al:(S04)3)
and hydrated lime (Ca(0OH),) were used as complex mineralizer
for chemical treatment. Aly(SO4): in the form of hydrate is used
for the characteristic of an acidic reaction in water (pH=3-5)
and Ca(OH); is for the characteristic of an alkaline reaction in

Table 1

Grading of the air-dried hemp shiv and sand,
Individual size fraction Hemp shiv, % Sand, %
9.50mm (3/8 in.) to 4.75 mm (No. 4) 5 =
3.75 mm [No. 4) to 2.36 mm (No. 8) 65 -
236 mm (No. 8) 1o 1.18 mm {No. 16) = 14
1.18 mm (No. 16) to 600 jum [No. 30) - a1
600 pm (Mo, 30) to Pan - 45
Total oo 100

lime) are also used. When Al{S04); is used as a lizer, it
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water (pH = 11-12). Primarily, HS was mineralized using the solu-
tion of Al;(S04)s, and the acidic Aly(S0,4); reaction and was then
neutralized with hydrated lime Ca{OH};. The total content of min-
eralizer was increased to 81% (based on HS mass), and the water
for the process of preparing the Al(504)s 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 2.

Cement has 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 mini-
mized 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 [17-19], and the cement to sand
ratio (C/S) of 1:2 by mass, the water-cement ratio (W/C) of 0.48,
and the superplasticizer (SP) content of 1% were used in all mix-
tures (Table 2).

2.3. Specimen preparations

Specimen preparation consists of two stages. The first, HS was
mineralized using Aly(S04); solution in a container. Mixing lasted
3 min and the mass was then left for 15 min so that HS was min-
eralized (this tends to impede the release of sugar from organic
aggregates and reduce the hygroscopicity and water absorption
| 18]). Further, Ca{OH); was poured into the container and mixed
together for 90 s,

In the second stage, all of the water was mixed with 5P and
poured into a mixer. Then, the cement was added and 90 s were
allowed for the absorption of the water. The mixer was started
and sand was added slowly over a 30 s period. The process was
continued by pouring the HS into the mixer, which was mineral-
ized slowly and mixed into a homogeneous mass over a 150 5 per-
iod. Finally, hemp concrete was mixed completely in the mixer
before moulding.

2.4. Experimental methods

The morphological structure of hemp shiv was studied using a
JEOL JSM-6010LV scanning electron microscope (SEM). The inves-
tigation of the chemical composition of hemp shiv used X-ray Flu-
orescence Energy dispersive spectrometer model XGT-5200. (The
results are reported based on 100% normalization of oxide
compounds).

The quantity of cellulose, hemicellulose and lignin were deter-
mined using the detergent fibre analysis (acid detergent fibre
(ADF), neutral detergent fibre (NDF), acid detergent lignin (ADL),
cellulose and hemicellulose based on Georing and Van Soest
(1970), Van Soest (1991) and ADAC (2000)).

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 20 range of
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Celxzo = (looz — lam) ooz % 100 (1)

In this equation, Clyep expresses the relative degree of crys-
tallinity, lpoz is the maximum intensity (in arbitrary units) of the
002 lattice diffraction at 20=225% and lyy is the intensity of
diffraction in the same units at 26 =18,

The specimen for setting time test was 150 = 150 = 150 mm
cube. The test was done in a temperature control 23 + 2 °C room.
Far each plot, we determined the times of initial and final settings
when the penetration resistance equaled 3.5 and 27.6 MPa, respec-
tively, in accordance with ASTM C 403/C 403 M. In this study, the
shiv used as a coarse aggregate was softer than the normal aggre-
gate and hence the mixture was used for the determination of set-
ting time directly.

The compressive strength specimen was cast in
100 = 100 = 100 mm cube in accordance with EN 12390-3 (Testing
hardened concrete - Part 3; Compressive strength of test speci-
mens). The water absorption and density specimens were cast in
a 50 = 100 mm cylinder according to ASTM C642-97. The hemp
concrete specimens were demoulded after 24 h due to the shorter
setting time, but the untreated hemp shiv control specimen was
demoulded after 48 h due to its longer hardening time. After
demoulding, they were stored at 23 2°C and 50 + 5% relative
humidity. Each test result represented the mean of at least three
specimens. The samples were tested after 7, 14, 28 and 56 days
of curing.

3. Results and discussions
3.1. SEM micrographs of hemp shiv structure

SEM micrographs in Fig. 1 show some parts of the hemp shiv
structure. It consisted of a cellular porous microstructure
(Fig. 1a and b). The pores are of two different sizes, the smaller
was the so called xylem ray and the bigger was the vessel
|1821,22], with average diameters of 20-50 ym and 50-100 ym,
respecrively.

From Fig. 1c and d, 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 pm and of the minor axis was 3 ym.

3.2. Typical oxide compositions of the hemp shiv by X-ray Fluorescence
(XRF) analysis

As presented in Table 3, it was observed that the raw hemp shiv
(HS) showed higher potassium oxide (K,0) content. During testing,
hemp shiv test sample (Aly) was saturated with water for 15 min
and washed with water 3 times then placed in the oven at 60 °C
for 3days. Using the X-ray Fluorescence (XRF) analysis, some
K;0 content was found to leach out together with water-soluble
materials. Similar to Alg, the hemp shiv was treated using different

5-80°. The Crystallinity Index (Clyep) of cellulose was of Al;[S04); that had a strong decreasing effect on the K,0
using Segal empirical method [20] as follows: content. The use of Al;{S04); for chemical treatment leached out a
Table 2
Compesition of the mix proportions with different amounts of complex mineralizer.

Mix  HSkg/m' HS/IC  W/C €S SP(%)  Water for | on  Complex lizerk HS mass Al (S0,),% HS mass  Ca(OH},% HS mass

HOC 87 016 D48 12 1 1.5xHS mass o o 0

HEO 18 8 0

HC1 0 10 20

HC2 45 15 30

HC3 54 18 36

HE4 63 21 42

HES 81 27 54
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Fig. 1. SEM micrographs of hemp shiv structure.

Table 3

Typical axide compositions of untreated and Aly(S04}, treated hemp shiv.
Hemp shiv Al;04 Si0, P30y 50, K0 Ca0 Tidy Cry04 Fe 04 N0 Culd
HS - 2024 16.44 7.20 3715 1488 154 - 0,14 - -
Ala 142 14.94 827 5.22 2253 34.12 LM 244 9.13 0.62 0.32
Ay 1994 28.36 17,57 1216 112 14.00 1.29 080 4.49 0.18 012
Al 19.28 29,08 1483 15.00 0.96 1441 1.43 0.47 437 0.09 010
Alyg 19.48 3024 15.89 1523 088 1210 1.20 0.62 416 013 008
Alzy 1921 29.88 14.44 16.86 0.81 11.23 1.35 077 516 07 012
Aly; 1836 30.64 13.26 19.49 0.89 10.74 1.21 061 4.59 015 0.08

HS - the raw hemp shiv; Alg — the hemp shiv test sample was saturated by an amount of water 1.5x that of the hemp shiv mass; Al to Al 5; - the shiv was treated using 10,

15, 18. 21 and 27% of Al{S04h.

significant portion of potassium oxide from the shiv. Hence, the
result confirmed that K,0 was capable of being washed out with
water. Moreover, the chemical treatment using Al;(504); led to
more leaching of potassium oxide.

In this study, however, the hemp shiv was treated using Aly{-
804)s that was not washed out using water but was mixed together
with cement mortar immediately after the shiv was treated with
Alz(SOy4)s; therefore, K;O only was leached out on the surface and
distributed in the structure of hemp shiv so that reactions with
other oxide compositions of cement or the Al;(S04);, which was
added for treatment to produce the hydration product, such as syn-
genite (K;Ca(50,4):.H;0) [23,24] and gorgeyite (K;50,-5CaS04-H,0)
|24| could crystallize and lead to an accelerated setting [23,25].

3.3. The celiulose, hemicellulose and lignin contents

Table 4 shows that the hemp shiv (HF) contained approxi-
mately 69% of cellulose, 14.20% of hemicellulose and 11.35% of lig-
nin by the mass of shiv. The results show that the treatment with
Al(S04); also removes a certain portion of lignin covering
materials.

3.4. X-ray diffractogram of hemp shiv

Fig. 2 shows the X-ray diffractogram of hemp shiv. The first two
peaks occurred at 26 = 15.0° and 28 = 16.5°, and the major peak at
20 = 22.5°, These peaks are attributed to crystallographic plane of
the cellulose.

Using Eg. (1), the Clygp of approximately 49% was obtained. The
quantity of cellulose can be calculated using the following equa-
tion |27]:

Y%Coun = [looz/(Touz + lam)] % 100 (2)

where %C.gp expresses the guantity of cellulose using X-ray
Diffractometer. The value of %Cygy was approximately 67%, com-
pared to approximately 69% of the results of Detergent analysis.
These results indicated that the hemp shiv consisted of both crys-
talline and non-crystalline {amorphous) phases. From previous
investigations [26-28|, the cellulose structure of fibres was distin-
guished through the crystalline and phous phases, wh

the hemicellulose and lignin were completely amorphous. There-
fore, the hemp shiv had a region of amorphous material that could
react with other chemicals because its freedom, the hydroxyl
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Table 4
The cellulose, hemicellulose and lignin contents,
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Dry matter ADF NDF Lignin Cellulose Hemicellulose
HS 9545 8037 94,57 11.35 69.02 14.20
Aly 93179 83.04 96,31 2192 61.12 1327
Alyy 9426 8678 99,24 2092 65.86 1246
Alys 9350 497 98.96 2383 6114 1389
Ahg 93.79 8349 9812 24.50 58.99 1463
Alyy 93.10 8897 99.65 26.20 62.77 10.68
Alyy 93.88 84.11 99.42 2127 62.84 1531
7000 Potassium hydroxide can readily react with that calcium sulfate
- - - Cellulose (CaS04) in the hydration process of cement andfor in the presence
6000 - of Aly(S04); for treatment and Ca(OH); for neutralization as follows
= 5000 - [23.25):
& 4000 £ '™ Aly(S04), + Ca(OH), — AI(OH), + Cas0s @
=
g 3000 - . 2CaS0; - K284 - nH,0 — K;Ca(S04), - Hy0 (syngenite) (8)
£ 2000
1000 - /
/
0 f i t ; - i
0 10 20 30 40 50 o0 T0 80 200+
26 (degree) 1
Fig. 2. X-ray diffractogram of hemp shiv. 150+
5
groups present in the amorphous region could easily combine with E
water molecules from the atmosphere [26]. 100-
3.5. Effect of Al:{S04); and Ca(OH); treatment on setting time of hemp NS-
concrere SD-N
Table 5 presents the setting time of hemp concrete. The HCC 5 sar
required a longer time for setting in comparison with the other 0- LS e e e i
specimens that used Aly(504); in the treatment process. The initial 5 10 15
setting time and final setting time were 645 min (approximately Fig. 3. SEM - EDS analysis of HOD matrix at 28 days.
11 h) and 2155 min (approximately 36 h), 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 qf hydration of cement. ; BHCC OHCO BHC! BHC2 BHC3 BHC4 IIIL'S.
The aluminum sulfate solution may be written as follows:
. ; i %)
Al;(SO4)4(highly diluted) + 6H,0 — 2AI{OH) + 3H,50, (3) & 20 b
It can leach potassium oxide (K;0) out onto the surface and dis- § 15 : §§
tributed it in the structure of hemp shiv. The chemical reaction o 5 gg
between K;0 and H,0 describes the presence KOH according to g 10 E §§
- T H 4
K;0 + H,0 — 2KOH (4) g 5 N G
; k H bt
Potassium hydroxide can react with sulfuric acid to produce % - 1 §§‘
potassium sulfate and water as follows: s 0+ - R
. o 2
2KOH + H,504(diluted) — K;504 + 2H,0 (5) %
Age (Days)
or
KOH + H,504(conc.., cold) — KHS0, + H,0 (6) Fig. 4. Development of compressive strength of hemp concrete,

Table 5
Setting time of hemp concrete,
HCC HCo HC1 HC2 HC3 HC4 HCS
Initial setting Time, min G645 260 60 380 30 305 230
Final setting Time, min 2155 525 830 870 620 G40 520
Slump, cm 4.5 4 a3 1 12 4 3
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days

a)7

b) 28 days

Fig. 5. SEM micrographs of the control hemp concrete (HCC) matrix.

[ 87 m14 m28 ®56 Days §

Density (kg/m®)

HCC HC0 HCI HC2 HC3 HC4 HCS

Fig. 7. Density of hemp concrete.

Previous research indicated that K,50, can accelerate the set-
ting time of gypsum (CaS04.2H.0) to form syngenite [23], it was
formed both on the surface and in the pores of hemp shiv as shown
in Fig. 3. In this study, it clearly appears that untreated hemp shiv
significantly retards the setting of hemp concrete, and the treat-
ments using Al;(504); in the mix proportion of HC1 to HCS were
able to improve the setting time of hemp concrete compared to
that of the control hemp concrete (HCC). In the case of HCO [AlL(-
504)s: Ca[OH);=18:0] compared to HC3 [Al(SO4): Ca
(OH); = 18:36], it was found that by using Ca{OH};, retardation of
the setting time of hemp concrete was observed.

The Al:(S04): 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),
decreased the slump due to the increased fine particle with high
surface area.

b) 28

days

Fig. 6. SEM micrographs of HC3 matrix.

c) 56 days

3.6. Compressive strength

The development of compressive strength of hemp concrete is
illustrated in Fig. 4, The results showed that the compressive
strengths of hemp concrete using Al;(504); and Ca(OH); (HC1 to
HC5), as well as with only Al,(S04); (HCO) 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
perind. The compressive strength at 7-56 days of HCC was rela-
tively low compared to those of HCO to HCS, which achieved 4
times higher compressive strengths than that of HCC.

The regression results of chemical composition of hemp shiv by
the detergent method (Table 4) and the analysis of crystallinity by
XRD (Fig. 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
11112}

The results of SEM of hemp concretes at the ages of 7, 28 and
56 days are shown in Figs. 5 and 6, HCC did not exhibit the forma-
tion of ettringite (Fiz. 5a and b) in the matrix. In contrast, HC3
exhibited formation of ettringite distributed throughout the entire
xylem ray and vessel (Fig. Ga and b). In the vessel wall of treated
hemp shiv, there also appeared to be the formation of ettringite
(Fig. 6¢), but not in the untreated hemp shiv (Fig. 5¢). The results
thus indicated that the application of Al;(SO4); and Ca(OH), for
chemical treatment increased the hydration of the matrix with
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Fig. 8 Distribution of hemp shiv in the hemp concrete matrix.

[ w7 m14 ®28 056 Davs |

Water absorption (%)

T

HCC HCO HC1 HC2 HC3 HC4 HC3

Fig. 9. Water absorption of hemp concrete.

increased ettringite and resulted in the increased compressive
strengths.

Calcium sulfate such as gypsum (CaS042H,0), is intentionally
added to regulate early hydration reactions to prevent flash setting
and improve strength development [28]. Thus, in this study, the
gypsum obtained from using Aly{504); 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. Fur-
thermore, the syngenite [K;Ca(50,)-H;0| from the reaction can
also improve the strength of gypsum produced [23]; thus, the
strength of the HCO to HCS increased compared to that of HCC

In the case of the HCO test sample [Alx(S04)::Cal0H ), = 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),. Using only Aly(-
S04} for chemically treated hemp shiv could improve the com-
pressive strength of hemp concrete compared to that of HCC
using untreated hemp shiv, and HC1 to HCS with both Al (S04); + -
Ca(OH};. The compressive strength at 7 days of HCO was higher
than that of the hemp concrete treated with Ca{OH);, but the
development slightly decreased during the long curing time.
Therefore, it was shown that increasing the Ca(OH), content of this
mix slightly improved the compressive strength.

3.7. Density

As shown in Fig. 7 the density of concrete slightly varies with
the amount of chemical treatment [Al,(S04); and Ca(OH).]. Over-
all, 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 Fig. 8). The bulk density of hemp concrete was between
1420 and 1470 kg/m’. The addition of hemp shiv reduced the den-
sity of concrete because of the low bulk density of hemp shiv of
only 120 kg/m®, thus they fall about midway between the struc-
tural and low-density concretes. Therefore, it can be applied as a




442 5. Pantawee et al./Construction and Building Materials 156 (2017) 435-442

moderate strength concretes with the compressive strengths are
approximately 7-17 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.

3.8. Water absorption

Fig. 9 shows the results of water absorption of the series of
hemp concrete with the varying chemical treatments [Al:(SOa)x
and Ca(OH);]. The water absorption of hemp concrete slightly
decreased over the period of curing. The decreases in water absorp-
tion corresponded to the increases in the bulk density of hemp
concrete as expected. The water absorption of hemp concrete
was between 14.5 and 16.5%. However, the water absorption does
not correlate with increasing the amount of Aly(S04): and Ca(OH);,
because the hemp shiv has high porosity. As a result, the water
absorption was similar because of the small amount of Aly(SO4)y
and Ca[OH); compared to the hemp shiv and other ingredients as
well as the amount of hemp shiv was kept constant.

4. Conclusion

The use of treated hemp shiv with Al;(S04); and Ca(OH); as a
coarse aggregate produced hemp concretes with compressive
strength 4 times higher than the compressive strength of the con-
trol sample. Within the limit of this study, different amounts of
Aly(S04); and Ca{OH); in various configurations had 1 influ-
ence on the compressive strength of hemp concrete.

Using only Al;(S04); for chemically treated hemp shiv improved
the compressive strength of composites. The increasing amount of
Al(S0,); 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 district
retarded the hydration of cement.

It is clear that untreated hemp shiv sharply slows down the set-
ting time of hemp concrete. Treating the shiv with aluminum sul-
fate Aly{S0,); resulted in the formation of ettringite formed in the
xylem ray and the vessel wall of hemp shiv. The hydration prod-
ucts filled the pores of the shiv. Ca(OH); treated samples, the
increase in Ca(OH); content retarded the formation of hemp
concrete,

Suggestion

This is a new material, thus, it should be studied around the
properties involved,
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undnga : si3feiihiaueamuiululdlunsdunuesislddunasmumeuludusamesunin unuesiazgnuivganunimde
sgiiiiuudain ALSO.), uaz waaBolemsonlud CaloH), Aouflazdnnldifumtameudonindueuiaounin 18nsdon
sendnjuBddensie 122 Sasidau ALISO.)/CalOH), Wiy 12 uarlFarsanirdruaunn 1% Tﬁuﬁnwﬁnﬂaagu%tuuﬁ
msfinw Arindade whedwin ua:ﬁ"ﬁmsqaiuﬁﬁ wamnaaounuIneinaunindamadneglutissewiie 160 f1 180
nn/ms.ea. wiaodmin 1400 81 1500 An/av.. ;azﬁ1n1iqﬂﬁu1§1 14.5 f1 16.5% #lang 28 u winmamsAnunliidudn msld
AL(SO,)s uaE CalOH), WWaUFuUIRmA LAY iima'lﬁﬁwri'lﬁ’aé'ﬂqﬁ"u Tasunrinouinsuninauay Flunueuiililasu

madiulgsRunmis 4 wih

ABSTRACT: This research presenls the pnsslbllity of hemp shives to be used as coarse aggregate in proportion of concrete. Hemp
shives were mineralized with I AlL(S0Oy)4 and calcium hydroxide Ca(OH); before used as coarse aggregate to
produce hemp concrete. The ratio between cement and sand was 1:2, Al;(S0,)5/Ca{OH), was 1:2, and amount of super plasticizer
was 1% by weight of cement. The compressive strength, unit weight and water absorption were investigated. The results found that
the compressive strength of the hemp concrete was in the range 160 to 180 ksc, the unit weight of 1400 to 1500 kg/m”® and the water
absorption of 14.5 to 16.5% at 28 days. The results indicated the application of Al;(SO,); and Ca(OH), for mineralizing increased
4 times compressive strength of contral hemp concrete compared to not mineralized hemp shives.

KEYWORDS: Hemp shives, Hemp concrete, Aluminium sulphate, Calcium hydroxide, Compressive strength
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1. uni cannabincids fisangusfaseuulseam  laud

U (Hemp) w3 “Ayw” Gdnvazluwazdsiy
Tndidsafuiauan (amil 1) ildinisuenuessioe
amissedua gty mamgnuaans
waui §idei3endn Cannabis sativa L. subsp. sativa
dwigyr (Marijuana) %991 Cannabis sativa L.

subsp. Indica fisassuiinflasdusznauvadasngy

Tetrahydrocannabinol (THC) aanqw%nwﬁuﬂwam
vilifomsiiuiu shye dasie  wardedans
Cannabidiol (CBD) aanqwéﬁué&qwﬁ‘ﬁﬁﬂﬁﬁﬂamﬁ
NTEIUNTEE (anxiety effect) @13 THC Turyanil
Ulunmugatia 5 8¢ 15% wariiuIum THC gandn CBD
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Tuwneieuiduiuin THC Weessanm 0 fa 1.0%
wazfidadau CBD:THC annd 2:1 [1]
mivgnuadfidulsnnianiluysemalvedogly
ndiaenremineguen Wewnaugnisums
mvRuenandalilng Avuabiveniiufivanie
sz 5 anmseedggRonanialilne wa. 2522
wistonluliwwsdnety 2547 aufawszunadiasag
wizusENdiung insesvusrasaiieziiinasfinu
wazduaiuinumsnsrilneguivgnion eldlu
adudsunazdmitegeatn Jumsdualuarinuay
ad199eld vundeaiuannsAnwvesyaiislasnis
vane antiAdeuarimuniiuilgs (eednisuminy)
annsaugn wimun wazdadanateiudiouliiians
wmdnshuazanseiunsdoufusesaneiugle
N15URBYAIAUYN WaEN1TVBRYNIANER VY
wieillflunseunseaaniiu foudulumungnsenn
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fivsznaalusivianygune  Aszyld “ufanug

o = Y i Y ow o
FusDe” IUSun THC “Lﬁuﬂﬂﬂ‘.]‘l 1.0% V29U TWUNUNL

wazivannLSNISATIIATIERRMR LR [11]

A 1 dnvaizveslusazarduens (1)

pandusnuanauiannsad Ui uTusfiume
wwany idasdnane ay Wsiuen dhusensi Torndy
i thifumeseve tu wasAnieun Hanfusian
Gulosuianunsodrluinduded winn dudadn
nszilh seai1 Tagmaunudme W@ownswiunsrqu

drundnfusianunueuaiuisevndunseaiunia

vain naztdnduns geslauiuds nszav roulya
sneud Lenindm autuiuauiou uasnEninsiaun
sean dundsunuigun damudauss fgnqunislu

- '
fianunsaszurgendled dimtniu (2]
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WNULBNTTRIUN1TE08 (Hemp shives)

Tumafiuieaeat wiiudinaunuiea (Hemp
shives) Usaam 70 fi4 80% vosuandn [3] Tusing
Usewna Imsiunueuisnyuszgndlilusnuneatis
stenhivns Insniunuau (awil 2) awausaniu
Yuw2 Funi iwinda (Hemperete) dafifatanua
Fanm (Biocomposites) (4, 5] FuiEdatuguiialivin
uifat wigvinduudenients wardun [6]

uitumaiaguaninmanldludiunaunounin
szdpwihunsruunsuiethaiiadunsivass sous
voudulsssurdliaiunazimunzansanisiiun
Usegnaldan idesnnlnessaumiveadulesssund
seflasfusenoudu fuenmilennidulefie waglaa
(Celluloses) @ntiu (Lignin) uazinnf@u (Pectin) uasio
fwaglaa (Hemicelluloses) Fuiuanmamaniivinl
nsBanrlid Sudunamnainmsitfanianmends
mwtuwelld wardwafiauiBidanalnesiuvosian
uanlviantiouaslude (5]

sniddeil Wunsinwdsaudullilunisi
wnuLLNA N sUUUTIRuaw Taoldegiidey
dawn war uaaiBoulansenlyd (7] neuthunléidu
wasnmeludusauaeunis iethldnureadre

19931 uasdumisesiumsugnianiluaung
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2. MSATENAIDENANTNATDU
2.1 Fanildluamiisy
1) Yuduiveauaususuami 1
2) nenuuas Samiauassivdun
3) unuiewn NAUIITBuasRTUTIg: Fousitu
arunss Wauiifanzunsaves 4 uas wed 8 (35:65)
4) agiivilundawin (Aluminium sulphate AL(SO,),]
5) waaiBeulansenles [Calcium hydroxide CalOH),]
6) asamind NN (Super plasticizer)
7) aven
2.2 NS eniI9e M
1) WdadszwinauBiundsonsiuwi = 1:2
2) dnrausEvhaENiReduud H/C = 0.16
3) Snvidusewietseyuias W/C = 0.48
) Whih 1.5 wihweaimiines azane AL(S0.);
5) Warsasthdwauun 1% venhwiinyuSaid
6) dna1uszning AL(SOy)s - CalOH); =1:2 uazly
Vinasensusenauieu fuugenminmunuiensi 0 30
45 54 63 uay 81 waddudlamiminvownuani
Fauanalusnsnadt 1 (7]
A15190 1 dndIusEnang AlL(SO4)s : CalOH), [T]

fydnwel  YBnwanuszneu (%) ALSO,)  CalCH),
HCC 0

HC1 30 10 20
HC2 45 15 30
HC3 54 18 36
HC4 63 21 a2
HC5 81 27 54

maedeufetn alithasenarats ALSOL;
Mnthahlusaufusnuem 3 wit #alf 15 ui udh
Feuilumanifu CalOH), 8n 90 Funit Fiufifitunou
Viuupsaunmisiaiaduas Widumbrasasant
druauinn TaaduliifinaeSenudundliud vdes
Wb dudrluluyudians 90 Junil Jududelsi sewia
ey wmswasluauldidonesaiaia udTmees
munutauviasluly nauliiasamelunal 3 uni

2.3 maneaey

1) vadeunua TR dasfura et

2) vadeuidsdn whedwmin wagdimsgediti
vouswireundn (Hemp concrete) fleny 7 14 28
uae 56 fu vslusesmunugamniifl 23+2°C Audu
Fuving 50+5%

3. wamsAnen
3.1 wadeuRnanU T sduvesunas
1) wavradauasrlsznauniaail lnen1sinsies

X-Ray Fluorescence analysis (XRF) wamdlugmsnai 2

= - - .
A1519 2 DIAUTENDUNIUALIYD IEUN

pafUsznauMALAil EnaisUsEneu (%)

fiauu WAL AL(SO,)"
cao 34.118 12.100
SiO; 14.940 30.242
ALO, 1.416 19.480
Fe,0, 9.128 a.162
K,0 22526 0876
SO, 5.216 15.227
P.0; 8271 15.885
TiO, 1.005 1.203
Cr,0; 2439 0.624
N0 0621 0.126
Cuo 0.319 0075

* fudeeninisiumanmunusudin ALSO,); vee HC3
iedhagnAY iWeswn HC1 &3 HCS ifiuaneonlviiiy-an
TndtAeady sndu HCe MdunmusuilsihumaUsusmanim

N3t 2 wudwnueaifisanledvatvetng
wWuidsafueanledvanluyudiuug wdu uaaidey
aanlud (Ca0) BAnvenled (Si0) egliueenled
(ALO,) warinad3neanled (Fe,0,) sanledia 4
sufuldusrnm 60%  Snisdaiuiunadnunadoy
sanlus (K,0) Aoutageunn uisgalsfinw devhms
Ul ganaunmunuENiaig Al(SO.)s viliu3unn
K0 anasld Wlaileuiuuiinasenladloyion
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2) 2AN153LAT18Y 1Ae3E Detergent  analysis
wuhunuieni SuTnaugaglaa (Cellulose) Usesn
60 fi1 66% efiiaglaa (Hemicellulose) 11 fis 15%
uag antlu (Lienin) 21 61 26%

3) mweggiendegansmididnaTauuuudas
N3 [Scanning Electron Microscope (SEM)] fanana
Tunmid 3 n) uas 1)

= . w =
AINAN 3 ATWTBIELNULEUN ATEWAUA SEM

n) MARATIE T) NMARARILET

ﬂ"l'l"'ﬁ 3 n) waz ) u.ammwﬂU"lf.l%lmunuLﬁm'iﬁﬁd
Taildriunsguaumsuiudgenmnim umueimididnuas
Tassadraiidugngu nansen (ngeziignquiiiuves
lwaw 158 (Xylem ray) Fosinfiu 1) waziignjumuin

gninfiGendt vawa (Vessel) 2); [8]) fifinvasuts
vawa Sefignqumeiuinednuasdiuag 3) nd
wadunnla leiaanse dauninaseunm 20 s 50
lunseu drwnawa dmaundislszuim 50 s 80
luAvou wasdieRINTUIAIINANT AN IL VBN LN
Useanes 0.6 waziimiamiwninUseunas 120 nn/aual.
anavtimaiavdmalimamimineauninanasld

4) wanmsesglasainamdn laeldmaina

X-Ray Diffraction analysis (XRD) wamslunmdi 4
8000

---Cellulose

~ 6000
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Intensity (a.u
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0 T SR s
0 10 20 30 40 50 &0 TO 80
26 (degree)

mw,ﬁ 4 X-ray diffractogram of hemp shives

namdt 4 lumsmisanudundnvengaglaa
nuanITNaaoy XRD (Crystallinity Index; Cplian)
aunseRnnnlagnaunsi (1); [9)

Crlino(%) = (Ioo — L/ Iz x 100 (1)

Tngit L, Ao ogeanvesauduvImaidsauy
woedad X # 20 9nmamsveaeuiiiidn 22.8 peen uay
dlefirsan L, Ao yeiilmmuduvasnindenuuiign
fsuail 18 831 [9] nnsAuanlddseiiaudu
uinaInRaNAABU XRD Uszanm 39.5%

waglaaduduusenouvanluunuei fdaunts
flamudusdn (Crystallinity) wazdadidiiiamn i
adtug L (Amorphous) wiluduves welilwaglaauas
antiu areglusdugiu Swenadpsiunuideiiniumn
(121 vediunusnidasdusznauilaidadunts

Ainufitenlawmstuvesjudundsagie
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3.2 Aasonveaaurnaunsn
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= 8 wow ' -
nwn 5 ﬂ’lﬁdaﬂuﬁﬁSWQHW'EUHT.IEN&&‘.JT;PW?JUH'EN

ﬂ"lw‘f"l 6 MWUENBLAULEUT ﬁ'ﬁlﬂlﬂﬂﬁﬂ SEM
n) HCC %) HC3 Tlongy 7 Fu

NnHansnagaurmaEda 1 01g 28 Ju vouau

AaunFmmUAN (HCC) ldunueaidtliitunsuivls

Aunw denaliildrirasdniuin laedididedn
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LU UM IUuU R filldindsnlndidseiu

fifnsewing 160 fa 180 nn./ms.oy. Aauanlunin 7 5

ASTANAAIERRN 7 T 56 Tuwes HCC Aautns
ddlowSsudisuiu HCL §is HCS Fidinswmunridsdn
1NN HEC §ia 4 win :naweeslae SEM wuid
20 7 B4 28 $u Hee liwu Ettringite [nwdl 6 n) uay
)] #1990 HC1 §i9 HCS Ay Ettringite Aaudnann

vialu loway 158 wazawa [ 7 n) uae )

mw"ﬁ 7 AMUEEUAUEN mEwATiA SEM
n) HCC %) HC3 fiang 28 fu

deRansunuieuifisunasinnisiiasey lagds
Detergent analysis wazkaiaszvaruduninge
windla XRD aaianIngne SEM anusaeBuiglédn
duszneuvdnlulassairsvesunuiens fwaglaad
Usgnaudanihmanglaa (Glucose) Fsamunsovinls
winnsriadh Snfafdmansenudeufizenlowmsdu
voayududld (12, 13] wnldunuieunidilildiu
nsrvun vl e wldidudunannounin
(HCC) Tasdunnainmisauidadalunmd 5 uay

doyaiadnluminei 3
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Development of hemp concrete
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Wulganmnmiay sgllidieudamia ALSOL); waz uradulassonled CalOH), neufivvinnldidumas ey
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Wendnlueuviraunin ﬁhnuamsﬁnmﬂmﬁmﬁ N5kl ALISO.): wae CalOH), L'ﬁ'amuﬂ‘;aﬁmmw WITULEL N

daualirridsdngstu Tnonnnitenineuninaunuifldunuenidliliunsufuugquamis 4 v

AIa ARy wnueu; wavireunis; agilidoudauin; wwadoulonsanled; fdse

Abstract : This research presents the potential of hemp shiv for use as coarse aggresate in concrete.
Hemp shiv was mineralized with aluminium sulfate Al(SO.); and calcium hydroxide Ca(CH); before being
used as a coarse aggregate to produce hemp concrete. The results indicated that the application of
AL,(SO4)y and CalOH), for mineralization increased the compressive strength of hemp concrete by four

times compared to that with non-mineralized hemp shiv.

Keywords: Hemp shiv; Hemp concrete; Aluminuim sulfate; Calcium hydroxide; Compressive strength

1. unih

Wi (Hemp) wia “dyae” fdnwnslunazardulndidsstudguiman (i 1) vilinig
wonuugfeaeadosefennutnngdufives nangnumans wud fifedendn Cannabis
sativa L. subsp. sativa dufigys (Marijuana) §i%ad1 Cannabis sativa L. subsp. Indica fwians
viinfiaadUsEnauTaIansngy cannabinoids fieanguisessuuyszam ldun Tetrahydro-
cannabinol (THC) eangwinszdiuvszam yhlilienisiudy dma dusir uasdellans
Cannabidiol (CBD) sangitudsvéminliiAneinsnsyaunsze (anxiety effect) Tufgunilans
THC Usvam 5 fis 15% uazfiu3ues THC gandn CBD Tuwmeflleunisiuiunn THC weuseno
0 14 1.0% wasfidmdau CBO:THC wnnd 2:1 [1] Tullsgduiinmsugnieariiiielfiugramnisy
e Tunaneusema wu Usemedu wavvaneUsenalunuglsy (Gade diaea gesu Sainge

wosdiy Tuuaud uaz Fluuaud) savisUsewmanautan Wusu (2],




o wia gy s wie Ay

(Hemp or Sativa) 2 W (Hemp or Sativa)

dgIIu Wie Ay

s T (Marijuana or Indica)
HIREIULT WIS HYTT

(Marijuana or Indico)

- = a o . w
a1 Seudsudnensly LLﬁsa'lﬁuﬂﬁdeﬂtLasﬂfgﬁﬂ [3]

Tuuseelvensugnuarliiduleanamidiegluisrimanzrnine g wWesen
AMENITUNTIAIUANEIANAR TN Amualiisuiidufiviandaussnm 5 aunseseUydd
pnandnliing e 2522 udreululnsdngiy 2567 audanszunad@iifnsrususdiuin
fivseswsrasdlifinsfinuuarduaunemsnsynlnoguiugnien wisldlusiaousasdming
gram mwadunisduaiueiuarairendldldituineasns (1] susdeatuldiinsfinyuaside
Tneyaiislassnisvane anuiveuasimutituiigs (eadnsumiew) suaunsaugn Waiw uas
Andenaneiufisuiliiiarnaninduarannsoiunsdouiusesaeiusle

mumdslatingniensae usemialuseAsanyunw deduil 6 unsian 2560 1384 N1
vooyymuaEMTBYYIPREn Smine wieilliluaseunsesiamity deudulumungnignia
fusgmelusiwivayiune fssyli “wéaiugiuses” Susina THC Tifasndt 1.0% vasdmmin
uis uasiivdninasinisnnaieseiniudmun il sufieagnssunisssniadmun Tasns
asieseiveial fiRnsnnaies e u.a=Li‘Juﬁ‘uﬁ:ﬁ'u'i"'i"r'fumLﬁﬂumungwmuhﬁmﬁuﬁﬁ'ﬂ
FawdnlnuiFueyprrdnyanasbitnelulszam 5 wnzen 4]

waannsoltuselonilivndiu wu wéie Waen uarunuweadiiu wandeiiduwdn
amnsodiluvindulusiuss ey wissdon ay Tusiuead dues loandueni iy
wonsEve wuy wasdniet ludunandnnndulseilumsduiisurasafiarlduiuudu
Tovszana 20 2 30% [5] (il 2 () aansodluvinduded won dudad nseh saanh
Sanvaunudme @ownsiziunsequ udy wardmiunandsludniidudmfudounueu (nw
i 2 (1)) annsovindunseaunievedn neduAunie vealduiudi nszane reulvasooud
wwvindm auauiumieu uaskdniusiouq esndrduniounuieu fanuudeuse dgnqu

melufigunsasgureoinialan wasiiwdniu (6]




(0 ' (1)

-l - & el i "
Mwi 2 wandaainEu (Hemp shiv) ; (n) duloed (9) wnuesifidunisdes

Tumsiiuienoud wiiusunaunueun (Hemp shiv) Useanas 70 1 80% vosuandn (5]
Tussussmaiinshunueuiunysegndlilunudeatiiegniniiewne Tamhunueuvinsau sy
fuyguym o wearinn (Hempcrete) Sagnifmnuntuluysumestaea Tutasdussaddngy 1990
(7] ewvindmannsoihanyssgndlflunuieainsldvateuss m wu s Wy uazndae Tagld
Brsdaduvuvde wdadiuudon wislaenisdaniu Taelusinouininaegnaruiassiy
wivnepfionaiimslioiluguuuuniandos (Bare wall) melusaeins (8] oghalsiinn iessn
windainnuaunsalunsussedeldreutnein iesuszana 10 nn/msen. eionldluaunds
wuylsisuriwiin [7]

TunsihTarantanmantiludunauneunin $dufesiunszunumsuietaitedy
matiuassauliFTusasmnzansentsuiy segndldon WesnTanumdiarilesduseney
999 waglaa (Celluloses) Andiu (Lignin) wazin@Y (Pectin) Tauusiiwaglad (Hemicelluloses)
uduanmmmaniilinistanglid idesnintagianimgedueautuly uardsuadoaudiidena
vasTannanlvanadluie (9] Taeonldaseiildvarnwaiseie wu ladenlansenles (NaOH)
[10,11,12] umaiduumaslsd (CaCly) [13] i agiiilondainn (AL(SO,)s) [13,14] udu Feansadl
warilazdisuanssouzvesianiinwliaty wandethurldludunaunouninesdanali
AnauTRENaTeIRouNIRFTunsilUAY

lasniawireuniadutagreatniiuseneudeTanuaudanmihainyurnuazunu
ik eoedudusediyuiuniveinuaudludmusauiotsuiuupmuantAdnaliity fufu
mieifiudunsinwfnnudululilumahunuenifiiunsuiuupnuamlaedonld
sgfidivudanin uaruraideilensenled Aeuthulddumanuvenludunaunsunin dald
aunsmilussgAlinuneainlivss uanilunissesiumsugniesilueuian




2, NILATLNFAIDELAZNITNAABY
2.1 Jagiltluenidy

1) uﬂumuﬁmﬂquﬂ?ﬁﬂLm:ﬁwm‘ﬁuﬁ‘qa (The Highland Research and Development
Institute (Public Organization; HRDI)) fiATuEE WML 0.6 UATATIUVUIMIMNLNTIN (WUUA)
120 nn/ava. Tasvimssoutinmyunse 3/8 i1 uarlddndidaued 4 (35%) uavduitdaues 8
(65%) TunRRzTaIMABNRaENs1Y wandlilumsiei 1

o p 2
AT 1 TUIRRABTEIWNULENLALYTE (AnTizwialuainim)

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 um (No. 30) - a1
600 pm (No. 30) to Pan - 45
Total 100 100

2) sgiflsadamin ALSO.; (pH = 3.15) wavuaaidualonsenlsd CalOH), (purity of
CalOH), 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%) lunsuSudgsmmnm

3) Qu%'muﬁﬂaiml,auéﬂmnﬂﬁ 1 (Blaine surface area of 348 m/kg) Conformed to the
Thai Industrial Standard for Portland cement type | TIS 15-2012, ASTM C 150 Type | and the
British Standard B.S.12 (for Ordinary Portland cement)

a) Yhaven

5) avamiuumn

2.2 dndaueia
Tdogliioudawa (Al(SO.); ; pH = 3 fia 5) 'Lun'mJ%‘uﬂiaqmmwunumnﬁdauﬁﬂ=1J%"u
anmanudunsa-ans Tneldunadoulensanled (CaloH), ; pH = 11 s 12) [13,14] uarldhh
dmiunssuunamivuansarawegiidendamn 1.5 wihlaethviinvesunuieai (HS)
TunsAniiuntsuudssdndaunan [14] Tngldsnanismisediams (HS/C) = 0.16
dnmdnnuivddensiy (C/S) = 1:2
Snadnuhviayudiand (W/0) = 048
wasldansamirdiuauann (SP) 1% laerimninvesyudias

(uandlilumnsnadi 2)




= a1 '
a15198 2 dndounaulesliuSuuansusenausiaiy
Mix HS HS/C W/C /5 SP Water for Complex AlL(SO,)s CalOH),

(ka/ m) (%)  mineralization mineralizer (%) (%)

(%) HS mass ~ HS mass HS mass

HCC 87 016 048 L2 1 15%HSmass 0 0 0
HCO 18 18 0
HC1 30 10 20
HC2 45 15 30
HC3 54 18 36
HCa 63 21 42
HCS 81 27 54

2.3 munsouiiogn
o = - H | Y - L o
nnawisuasarawegiidiesdania Tagldu 1.5 whwesiminunueu antuiluue
fusnuainilunivug 3 uiit i3ld 15 wfl wdaaindud Ca(OH), wasly agniedilidadiunisly
a o ol " - & v ol 8 ¥o. '
181 90 Tl uiiitureuufusranunueiaiaduas Wisuwnhnavarsamitdnouen 14
(ol - v ow | v ¥ v . - - | o

adulifdniawdsuuBanudlive daoslimidudnlluyudamd 90 Junil JaGudely sewdnadu
) w & ¢ rode o . ' v G -
Aorq wvswatluaulddensdniia winmessmunueiiadluly nauliiasanislunar 3 uail

nuwaMUUREaR1 Warmmeasusall

2.4 minaasy

vinsAnunlassadaqamavesunuies Tnelindasqanssmididnasounuudasnain JEOL
JSM-6010LV scanning electron microscope (SEM) wazviinisnsivdeavesAusznaunieilves
v Toelfiednaaiunlasiiinesuuunseansuas X-ray Fluorescence XGT-5200 (nadnsiildaegn
FIBUMLIATIIUYBATTUSENaUaBNlYR 100%)

Wnsmivinavensagloa wilwagloa uwazdnfiulaglyis Detergent fibre analysis (acid
detergent fibre (ADF), neutral detergent fibre (NDF), acid detergent lignin (ADL), cellulose and
hemicellulose based on Georing and Van Soest (1970), Van Soest (1991) and AOAC (2000))

MTlATIeRsIedafBng (Xray diffraction (XRD) analysis) 14 Bruce: D2 PHASER X-ray
Diffractomneter ifiensrvasueulundnvesunuien nrsaseasulddufiunaslutag 20 7 5
80° yinsdwadviinudundnlasmaiia XRD (C Ly vonwaglaa Ingld Seqal empirical
method [15] Asauns

C,Ix,r"p = (L\qz'};]q)/ }ﬂOZ X 100 {1)




Tand
Clwn o Adiipnuiundndiomeailn XRD

Lo e AUNESRAURINTGN YA LRI d IR uMEe 002 71 20 = 22.5°

L, feoanudivesnisdeiuueesiad 9 20 = 18°

fatwdmiunisaasusssriainsnadilduum 15 x 15 x 15 av.ou. lnearuaugamgl
23 + 2 pwmuaida asivasuAnsnofduRuLarfugaediarwiuuns aends
Wity 500 way 4000 Youdremsneia sy (muuInsgIU ASTM C 403/C 403M) uslu
nisfnwd unueierlignieusenlasldnzunsaves 4 auituimsgiuivun Tassinises
auRgiumueiinnadnuariinuseuniiuildlunursuninily

ledamaaeuindsdaruin 10 x 10 x 10 au.gu. (AUUIRIFIU EN 12390-3) d0e
VAABUATINTAPFANILALATIVUILLNTINGZUBNTLIA 5 x 10 9. (AIANRSTIU ASTM C 642-97)
vimsnemwuuidiaaigrauninasy 24 $2lus (endusedumounndildunueaidliiumsyiuug
Aun axldsverioatlunisnenuuy 48 Hilu) valudesmunugamgiiil 23 + 2 ¢ muidy
&g 50 + 5% vhnmsveaouiileangasu 7 14 28 uay 56 Tu

3, WanAdaulazNIIaRUTIEHAVIARBY

3.1. lassainagamnavesuniigun

s

Tunil 3 sananmugevesunueigbilfiunssuuNITUIUUT IR LnuLENS]
dnwarlasedaitidugnu nansem (aseeiignquilifiuves lewea 138 (Xylem ray) Buafiniu uasd
gwuvualvgininfiFond iawea (Vessel; [14,16,17)) leauséfianunirasyana 20 fa 50

lupseu dwnawaiinnuninaszann 50 §: 80 luaseu

o ‘v - o w
AN 3 NINTBIBUAABUN AIEMALA SEM; (n) AARewINT () MARARILETD




= o = o w o o o & ar i 8
MM 3 (n) Uag (V) HUIUDIATALIFHTUTLIALENANWIULLTUNI F8IRINUDY N EL 1AL
yunlvluiiemanseigiduinveasni lnedauemiedsremnuwdnuseunn 5 luasou duwny
sasedseanm 3 luasau

3.2 Vnaarsuszneuvosnuiau aaenaidn X-ray Fluorescence (XRF)

PN 3 WuTunuEIinEuNTUTUUTIRmAM (HS) SSinalnimaidunoenle (K,0)
fige udidlounueiui (AL Wuna 15 uiil vms@eieduda 3 aft nduhlvevil
gl 60 °C ilunian 3 Tu wdniinsliesigimumaiia XRF nuiifiviinm KO0 uwdugnue
avarsussnunfuhly wazdiovinseaeuBideatu Al usihnsu3ugquamunuENYIFe
ALSO,), Tuduawneg wuhiinsanatesiauinvoaliuim K0 FfunanismaaeudaBuiuliin
KO lusshusznaunianileaunuian gnusdsaanseitldvisdiu Seluninfunisuiulge
aunmunuesilagld AL(SO,), udrdeandeth annsavrdilnunadoussnledesnldifiay

v

= s £ 4 Lo a
mMsfl 3 asdAvsznaumaailvasunuiem Aeukarndaiunizuaun1suiul A mAle

ALASOg)s
Hemp
R ALy Si0; Py0: 50 K0 CaD TiO, Cr;0;  Fey0, NG Cud
HS - 20.24 16.44 7.30 37.15 1488 354 - 0.14
Aly 1.42 14.94 B.27 522 22535 312 1.01 2.44 9.13 062 032
Al 19.94 28.36 17. 57 12.16 1.12 14.00 129 0.80 449 0.18 0.12

Alyy 19.28  29.08 14.83 15.00 0.96 14.41 143 0.47 4.37 0.09 0.10
Al 19.48 30.24 15.89 15.23 0.88 12.10 1.20 0.62 4.16 0.13 0.08
Alyy 19.21 29.88 14.44 16.86 0.81 11.23 1.35 077 516 017 0.12
Alyr 18.36 30.64 13.26 19.49 0.8% 10.74 1.21 0.61 459 015 008

HS ~the raw hemp shiv; Aly = the hemp shiv test sample was saturated by an amount of water 1.5x that of the
hemp shiv mass; Al;y to Al 57 —the shiv was treated using 10, 15, 18, 21 and 27% of AlASO4)s

athdlsfnalumsinunildldunumisiunisuiuugsnmunindan ALSO.); uarlailéd
ponde wagihnssaufutesmifuiindaindiunisuugeunm faudu KO Wsudgn
wosnuiiuasnsrweglulassaiesnuesivindy Weilviuiisefusenleddu feglu
Yuduud wisviugisendu ALGSO,), Fagnifisdlusewinanszuiunsuiuugsgmunw feauen
viliiAndundnsiusiniag ﬁLﬁmang“ﬁ‘%m‘meﬁ'u‘lm’ 1y Fudluvi (syngenite; K,Ca(S0,) 2.H,0)
[18,19] uaz 1033l6v (gorgeyite; K;50,-5CaS0,H,0) [19] Insasifinnszuiumsanudnuazaiunsn
wan1snadald (18,20]




33 Vawnaugaglas eliwaglad uazdniu vewniigu
wnusuvisiaglaaUszaim 69% eiliwaglaa 14% uazdnilu 11% lasuwiin 91nkanTT
FATIENAETE detergent analysis WUTINTUTUUTIAMAMUALENNATY Al(SO,); danalidndau

a & . ; v = W a ]
vaadniudiniu uardwmaliviinaeiivaglaaanandnion dwanslumsiai 4

= a a_a -
9eft 4 Vinuwaglaa wliwaglaa wasBniu vsaunuiou

Dry matter ADF MNDF Lignin Cellulose Hemicellulose
H5 95.45 80.37 94.57 1135 69.02 14.20
Aly 93.79 83.04 96.31 2192 61.12 13.27
Alyy 94.26 86.78 99.24 2092 65.86 12.46
Alys 93.90 84.97 08.96 2383 61.14 13.99
Al 93.79 83.49 98.12 24.50 58.99 14.63
Alyy 93.10 88.97 99.65 26,20 62.77 10.68
Alyy 93.88 84.11 99,42 2127 62,84 15.31

3.4. avidmmudunanveuvaglaavaunuiguy

MnnImnInsEefesiidiand dumatia X-ray diffraction (wamsluniwil @) wuin 9
paAUBINTINAILNLY Jyp; BYTEWINS 20 = 15.0° uae 20 = 16.5° uargALEATRINT INAIUMILIIER
(o) U3Ing)#l 20 = 22.5° qawemwarianinsavsveniemmuuiundnvevaglaald

7000
6000
5000
4000 -
3000 -
2000 -
1000

- Cellulose

Intensity (a.u.)

0 10 20 30 40 50 &0 70 80
20 (degree)

il 4 X-ray diffractogram of hemp shiv

inaunsa (1) vuihdviianudusdniaelimaia XRD; €l A0 49% waziile
apnvimsAnaumUinueaglaalasld 211 ammeunsi (2);

%C,XR{J = [Im; / (Imz + Inm)] X 100 [2)




Tnuft %C, 0 A0 Usinaugaglaalagltvmaia X-ray Diffraction 31nn1sAmmuiniuu
wagladegiiuseanm 67% FsduiusiuuTunuivaglaa 69% lnemyiasiesse Detergent
method uansfnwiiliiuihinueaglasluunuemisisegluguvasdn (crytallinity) wazlai
\undnv3sadnigmu (Amorphous) Saaeaadasiusiddofiinan [21,22,23] inuilaswainees
waglaaludulesssumidusragluguveminuavedagu luvnrileiivaglaauaraniuaniy
winsedug Fafuunusidsdimuasnsalunaiuiisertuasuszneudun 1§ [22] uazusiin

- ¥ Mo & - o o - Y
wnuesviesdUsznouilitanunaiaufiselewsturenjulnudsmegsie

3.5 tanszuvaan sUsul e inuauilagly AlL(SO,); uas Ca(OH), anisaasavasaun
ABUNTA

Mt 5 uamssrraINIiedvalENineunin sxhuldinsuiasuninaiugu (HCC)
THansreshunanndefeuiuieteiinauninduq fuiuugsnmunmee ALSO,); Taud
HCC flgzasamnianaddudu 645 wiit (Uszana 11 $9Tu9) warldiamnisnesatugadie 2155
wft (Useanas 36 ki) Fofumniunueidlildiunisy fuugnunmantflunssdneu
peunImzdmalRAnn IMINsAefvesdiuud st narnsensunatafiawnsaasatouile

YDIMNULBLY

- Vo -
m3ef 5 srpznamsiaf e tauinaunin

HCC HCO HC1 HC2 HC3 HCa HC5

Initial setting Time, min 645 260 360 380 320 305 230

Final setting Time, min 2155 525 830 BT0 620 640 520
Slump, cm 4.5 q 5 11 12 q 3

Li’jaﬁm‘smaum'smﬁﬂaaawiasa‘luaqﬁ;ﬂuuﬁamm N5 (3):
Al(SO,)(highly diluted) + 6H,0 = 2A(OH) + 3H,50, (3)

uarlnuva@onaenlen (K0) deavinufiseniui [24] aregluguvesansagaefianuisnye
& . w W o
pengiuliawaznszaneieglulasasvvetunueinild (aunsi 4)

K,0+H,0 = 2KOH (4)

- ar a

Tnuva@oulaasenledannsaviuiidenfunsadaiintnla suaunisi (5) uas (6)




2KOH + H,S0; (diluted) = K,S0, + 2H,0 (5)

vie

KOH + H;50; (conc,, cold) = KHSO, + H,0 (6)

sy Tnuvadeulansonledfsamnsovinjisoduuaaidondamn (Caso,) lunseuaunis
Winuiiselansturenjuiiuud uaz/mis finandfisensewing AL(SO,)s uag Ca(OH), sEWina
nsrvUNISUTUUTRmnIMEELNST (7) uag (8) [18, 20] :

Al2(504)3 4 CB(OH)Z = Al(OH}3 + Cas0, (7
2CaS04.K;504.nH,0 => K;Ca(SO4);.H;0 (synegenite) (8)

TwamAdunounthil fs2yin K.SO, anansaisaszeznaininesvesBudy (Caso,.2H,0)
1% (18] dwsulunsinwiiwuiunuesiilildinum v pnunmdsabfiAamsminmnisdes
vevguvinaunin uAdievhmsufulpamnmunueilaeld ALSO,); Tudunaues HC1 fia HCS
mmmﬂEi’mJqaawmmmsdaﬁﬂﬁﬁﬁ"u dndlunsdlvosiatrmagay HCO [AL(SO,); : CalOH); =
18:0] lowSpuiitsuiu HC3 [AL(SOL); : CalOH), = 18:36] YaBlsiiudansld calOH), dwalifin
msnuenTsnadila

wenenivSIaimnzaues AlSOg)s Sutiuauannsoviauld (workability) 184
wnirounalasdunann HC1 fla HC3 fitdnisquiaiini Tumensetudwnsdlves HCa uay
HCS5 #ifinasiin Ca(OH), TulBnitinniduly avdsmalidinsguianasidassnaymeiiazidon
94 Ca(OH), Fifiuitiags

3.6. AMANERYBNTUNABUNT
nnsminsiuidsavenauinounin danmd 5 wansliiuineuiaoundsiildunu

=

iuifiRuNsUSUUaRaun (HC1 S HOS) fiAndnddneglugassewing 150 fs 180 nn/ms.ou.

o
a

97 28 Yu Tuvausfiauineundnruny (HCO) ifdadafioeUszana 30 fa 40 nn./ms.ou. Favy
mi'l%'l,mmauﬂﬁr.i"|un1s'u%’U"d';aqmn1'w'['uei‘Juwaneima'lﬁmﬁﬁaﬁ’maatauﬁﬂaun?mﬁmlﬁu'ﬂ“"u
waznsldianiibisunisuiud jraunmisdwarensimunmdsiuusidn vasnoundnau
ﬁaun%'mmUﬁuﬁﬁn'ﬁﬁ'wmﬁwﬁ'ﬁmﬁu%utﬁwénﬁaﬂLﬁamqmiﬂummﬁu uaziifewIsuiisud

Masdaiiengnisunen 7 i 56 Ju Amasdnlaswdsues HC1 auiis HCS gandt HCC s 4 i




[ B HCC [HC0 [ HC [ HC2 [ HC3 [ HCA [ HOS)
200 -

150

(An./#5 e0.)

100

50

AINAOR

PR PR R R
A ]
]

LR L LIS L VS
L edd

7 14 28 56

gy ()

= 0w oa 3 -
AN 5 NEERTBUTUNADUNTA

uazdlafioundulufinnsanuaiiarginsdusznaumanil (m3199 4) uasdilnnandundn
Toewatin XRD (it 4) awsessursliiesiusznaundntaslasadravasunueun fo waglaa
idulngagluzurenimanglea Saawnsonuzaniswisiuar ddawansemudouiiizelowmstu

voyudiund [25, 26]

(n) 7 (1) 28 Ju

N 6 NIMUEIEEBY HCC

(n) 7% () 28 Tu () 56 Tu

-
NN T ey HC3




PINWanAEEY SEM veneuiasuninfieny 7 28 uas 56 Ju uamslunin 6 uaz 7wy
HCC lamuevm3ulayi (Ettringite) iiatunsluiianounin (nwdl 6 (n) waz (1)) Tumansafudy
HC3 fndnvasevviulav ietwidluluauisduazinawa (0wl 7 (7) uae (4) venanfivuniwes
v wal 1 ar = v = - . -
lnansduaziawaraswmuamiiiiunsuivlpguamiinsaiasdnenmiulavidu (ami 7 ()
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