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AN ABSTRACT OF THE DSSERTATION OF

Elie Antoine Awwad for Doctor of Philosophy
Major: Civil Engineering

Title: Sustainable Building SystemsAlternative Construction Materials

Concrete productionontributes enormouslyto natural resources depletion due
to the large amounts of aggregates consurmeidgithe production process, in addition
to cement production which contributes to the greenhouse gas production affecting
global warming and climate change. Concrete production needs to become more
sustainable by saving on natural resources while lzhingple. Research on synthetic
and industrial fibers used in concrete mixes is available in the literature. Most of the
previous research on natural fibers applications has been conducted -gaififeeced
cement rather than fibeeinforced concreteResearchers have investigated the use of
natural fibers in cement mortars for their applications mostly in thin sections such as
pipes and others. Due to their wide availability and simplicity in production, industrial
hemp fibers are gaining much intstéor their inclusion in construction materials.

The objective of the research is to produce a sustainable green concrete. The
new found material incorporates industrial hemp fibers that are classifaegliasitural,
cheapand waste material. Thee of hemp fibers results in a ductile and flexible
concretematerial in addition to the reduction in coarse aggregates.

The research is divided into three main phases. The trial phase covered the
potential concrete mixes compatible with the fiberstfebent natural and synthetic
fibers were investigated. One unigue concrete mix was adopted and only industrial
hemp fibers were selected for further investigation. The first phase included twelve
mixes and a large set of performance tests in ordertimiap the best hemp fiber
reinforced concrete mix. A statistical analysisl analytical linear modelgerealso
included. In the second and last phase, two hemp mixes were selected in addition to a
control mix, for further investigation in structuradm elements. Three modes of
failures were investigated flexure, shear, and bond failure modes. Eiglteén
reinforcedbeams wer@repared antksted.

The various test results indicated the possibility of including hemp fibers in

concrete mixes whal saving on the coarse aggregate quantity, and producing a ductile
and energy absorbent material.

Vi
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CHAPTER 1
INTRODUCTION

1.1. Introduction

The traditional trend for the production of any material focusesson it
properties, shape, strength, and other fApr
material availability and the potential for its depletion. Nowadays, the trend is shifting
toward finding production technologies which encapsulate saving on natunaloes.
Sustainable development can be described as the process for communities to develop
and prosper without depleting natural resources which provide all types of raw materials
for the development of societies. For instance, trees, fossil fuel, dndggregates are
the natural resources for paper, energy, and concrete production, respectively. Thus, if
such raw materials are continuously exploited and depleted, future generations will
encounter shortage problems and will suffer from the scarcitgrtdin muckneeded
raw materials. Consequently, sustainable development aims at saving natural resources
without negatively affecting the standard of living of societies and communities. The
interest in sustainability is therefore gaining wide accegtavarldwide and is not only
related to engineering and construction areas, but it also deals with all other aspects that
affect global warming, climate change, and depletion of natural resources.

In the construction industry, concrete is one of the mmamponents that
contribute to the natural resources depletion due to the large amounts of aggregates
consumed during the production process, in addition to cement production, which

contributes to the greenhouse gas production affecting global warmingjraatec



change, for every one ton of cement production results in about one ton of CO

emission. The current trend is to produce a durable concrete of high performance,
instead of a very high strength concrete which is less durable. Durable concrete is
expected to last longer and to be able to absorb more dynamic and impact loads, without

being deteriorated.

1. 2. Sustainabl e or fGreendo Concrete

The cement industry is one of two primary producers of carbon dioxide.
Cement manufacture contributes to giesuse gases both directly through the
production of carbon dioxide when calcium carbonate is heated, producing lime and
carbon dioxide, and also indirectly through the use of energy, particularly if the energy
is sourced from fossil fuels. The cement isiiiy produces 5% of globaumanmade
CO, emissions, of which 50% is from the chemical process, and 40% from burning fuel.
Both concrete and asphalt are the primary contributors to what is known as the
urban heat island effect. Using ligtwlored concret has proven effective in reflecting
up to 50% more light than asphalt and reducing ambient temperature. A low albedo
value (hefraction of incident radiatiorgs light that is reflected by a surface or bpdy
characteristic of black asphalt, absortiarge percentage of solar heat and contributes
to the warming of cities. By paving with light colored concrete, in addition to replacing
asphalt with lightcolored concrete, communities can lower their average temperature.
The potential of energy savingtivin an area is significant; with lower temperatures
due a lower thermal conductivity, the demand for air conditioning decreases, thus
saving vast amounts of energy. Similarly is the case with heating load requirements in

cold areas.



For a concrete matatito satisfy some sustainability aspects in addition to an
adequate structural performance, it may be a concrete that can be produced while saving
on natural resources, in addition to having low thermal conductivity properties. Thus,
such newly investigae d fAgr eeno ¢ on cpostiveeanddesirablezffech av e s
on natural aggregatend energy resources depletion.

In the current research,amatural fibers are incorporated in concrete mixes
and expected to satisfy the above mentioned sustaigatvitéria, by reducing the

coarse aggregate quantities, and reducing the thermal conductivity of concrete material.

1.3. Fibers in Cement and Concrete

The problem with brittle building materialsuch as plain concrete in tension,
has been consideredse ancient times; many solutions and methods were tried in
order to allow for a ductile behavior after the first crack. Some early examples of these
reinforcement techniques were such as clay reinforced with straw, and masonry mortar
reinforced with aniral hair. The reason for using fibers in both cement and concrete
composites is to enhance the properties of the wealk, brittle, andpromk
cemenitious matrix.

The first sophisticated product made whtber-reinforcedtechnique was
asbestoxement. Asbestoscement was used in thin layers in the pipe industry. These
pipes were made by the asbestos fibers mixed with cement slurry, water, and sometimes
with fine silica, sand or other additiveAsbestoscement manufacturedisingdifferent
processed)as been widely used in sheeting, roofing, cladding panels, and in pipes since
1900s. However, sincd 97Q the asbestos use has declined because of the associated

hazard to human health due to breathing asbestos fibers. Consequently, research efforts
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were directed toward finding alternative fibers for engineering applications i thin
section form. Some of these newer cement comoareglass, carbon, and others.
Similar to the use of industrial fiber
been triedn concrete and cement mixes, such as bamboo, jute, coconut, sisal, and hemp
fibers. Natural fibers advantages, as their name hints, are characterized by their natural
existence without the need of any industrial effort. They are also prone to have a
pasitive effect on the farming industry by increasing the demand for such plantation in
the fields which produce natural fibers. However, it is commonly known that natural
fibers may degrade over long term and result in strength loss when used in concrete.
Further, the use of any type of fibers, whether natural or industrial has drawbacks. For
instance, the use of glass fibers in concrete is affected by the alkaline environment of
concrete. Another example is with the use of steel fibers that may biedfgcthe
carbonation of concrete, in case it occurs, and consequently the steel fibers may degrade
and result in loss of strength.
The trend toward using environmentally friendly building material is gaining
more acceptance with the problem of naturabteces depletion such as aggregates
used in concrete mixes. The search for natural fibers that can be feasible for production
and viable for performance is currently of high interest for many researchers in the field.
Hemp fibers are increasingly usedstoengthen cement, and in other composite
materials for many construction and manufacturing applications. One example is
Hempcrete used as a construction material containing hemp hurds, especially in France.
Hempcretas a mixture of hemp hurds and lirf@ossibly including sand, pozzolan or

cement) used as a material for construction and insulation. It is marketed under names



like Hemcrete and Isochanvre (Allin 2005). The hemcrete is known to have good

thermal insulation properties.

1.4. Research Obijetives

Based on the literature review, the majority of research work focused on the
incorporation of natural fibers in mostly cement/mortar mixes more than in concrete or
in reinforced concrete mixes, and without consideration of any reduction in aggregate
guantities. In the current research program, the use of industrial hemp fibers is
primarily investigated, in addition to other natural fibers such as banana and palm, and
other synthetic fibers tested for comparison purposes. The core of the reseasels f
therefore on the hemp fibers, and the possibility of introducing in reinforced concrete
buildings or other structural applications.

In the current research, the fAstructur
fibers which has not been seriousiyestigated in previous work will be the main
subject of the thesis. Further, and since the target is to reach a sustainable material, two
sustainable features were investigated. It was therefore decided to try to incorporate
different agricultural filers, considered as waste product, in concrete mixes, in lieu of
synthetic or industrial fibers. Besides, the possibility of reducing the coarse aggregate

guantity in order to save on natural resource depletion is also investigated.

1.5. Research Sigficance and Local Context

The effect of natural admixtures usage on concrete mixes can be interpreted

mainly by the reduction of aggregates quantities. Consequently, producing similar or



even better mixes with less aggregate quantities, results in amabktaconcrete that

could be feasible and viable for structural applications. Moreover, once agricultural
crops are found to be satisfactory in concrete mixes, the local harvesting of such crops
would be recommended. Especially, industrial hemp woukhledvantageous
Ssubstitute to its sister fAillegal o drug
replenishes the soil with nutrients and nitrogen, controls erosion of the top soil, and
produces a lot of oxygen. The demand for the industrial hems fitbeconcrete

production would be a major incentive to Lebanese farmers to grow this plant as a
substitute to the illegal one, and benefit from the social impact on the habitat level of
living.

A preliminary feasibility study was set by the United Nasi@evelopment
Program (UNDP) and the Lebanese Ministry of Agriculture (MoA) project; it shows
that the cost to produce industrial hemp is about $79 per dunum (1,000 square meters
and nonirrigated lands) and the corresponding products value is about $1ié2 w
include seeds and stalks, raw material to produce respectively oil and fibers
(MoA/UNDP Report, 2009). Therefore, the farming of industrial hemp appears to be a
beneficiary business, and would be strongly supported if additionally the use of hemp
fibers in concrete would prove to be satisfactory, resulting in demand increase and a
prospering agricultural crop. Such a renewable agricultural crop would haveusesiti
and an endless array of applications starting from oil production and its appBdation
food market and medicine, clothes production from fibers, insulation materials used in
automobile and building application, paper production, textiles production, in addition

to applications in concrete and many others.
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In summary, the new materialtis be produced using elements that are
naturally available such as agricultural industrial hemp. The output may be considered
to fit the criterion of sustainable building design since when compared with regular
cement or concrete mixes, it is expectedidamprove physical characteristics and
structural performance thus requiring less material; (ii) reduce material and energy
resources depletion; (iii) provide a material with better thermal property and therefore
increase energy efficiency; and (iv)ntobute to sustainable living through improving
livelihood conditions of rural and farming communities by using agricultural or

recycled waste products.

1.6. Research Methodology

The research is mainly divided into three phases: trial, first, and sphasds.
The preliminary or trial phase was launched to investigate the possibility and the
performance of different agricultural fibers like banana, palm, and hemp fibers in
concrete mixes, in addition to synthetic fibers like steel and polypropylenellaegsw
control mixes without fibers for comparison purposes. Many mixes were tried in order
to determine an optimal concrete mix that is best suited with the fibers addition. Once
the optimal mix was determined, different mixes were prepared and tdsdee two
variables were investigated: the fibers type and volume fraction, and the coarse
aggregate reduction. All other properties were kept constant throughout the trial phase.
The fibers volume fraction was varied between 0.5, 0.75, and 1.0% asseathte
coarse aggregate reduction of 10, 20, and 30% by volume of concrete. The monitoring
tests were the compression tests on cubes of 7 cm size, and the flexural tests on beams

of 5x 5 x 20 cm size. In all seventeen mixes were prepared and cagil, stedl,
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polypropylene, banana, palm, and hemp mixes. The trial phase mixes included 68
beams and 66 cubes, tested at 10 and 28 days.

At the end of the trial phase and based on the results, it was decided to go
further with the hemp fibers only, and fiem a full-scale tests series. Therefore, in
phase 1, the hemp fibers were adopted in addition to polypropylene fibers again for
comparison purposes. In this phase, all samples sizes were prepared according to
standard specifications for different tesi®wvo variables were adopted while other
factors were kept constant: the hemp fibers volume fraction and the coarse aggregate
reduction. As in the trial phase, the fibers volume fraction was varied between 0.5,
0.75, and 1.0% associated with coarse agaeereduction of 10, 20, and 30% by
volume of concrete. A control mix with no fibers and no aggregate reduction was also
included in the testing program. The tests performed included the compressive strength
on standard cytiders (15 x 30 cm), flexuréitd-point load test on standard beams (15 x
15 x 53 cm), splitting tensile test on standard cylinderdmodulus of elasticity on
standard cylinders. In addition, the following useful tests were conducted: slump tests
of the fresh concrete mixes, dépsit hardened state, and a thermal conductivity test.
Compression and flexure tests were performed at early and late concrete ages, whereas
other tests were performed at only 28 days concrete age. All tests samples were
prepared with 3 replicates fotbatter statistical representation. Gmay and tweway
ANOVA statistical analyses with 95% confidence level were also performed. In all
twelve concrete mixes were prepared and cast: control, polypropylene, and hemp mixes.
Consequently, a total of 1&¥linders, 72 beams, and 12 blocks were prepared, tested,
and reported in the first phas&he first phase was ended by setting analytical linear

models to predict the compressive strength, modulus of elasticity, and flexure tests



results of the hempber concrete mixes, at 28 days concrete age, and based on
correspondent control tests data.

Based on the phase 1 results, it was concluded that the hemp fibers had an
acceptable performance in the concrete matrix, and it was decided to go further and
monitorthe performance of the new mix in structural elements such as simply supported
reinforced concrete beams with typical steel reinforcement bars. Therefore, in the
second phase, three main mixes were adopted, a control mix with no fibers and no
coarse ag@uate reduction, a 0.75% hemp mix with 20% coarse aggregate reduction,
and a 1.0% hemp mix with 20% coarse reduction. The simply supported beam size was
20 x 30 x 200 cm, tested under adkpoint load testing set. Three beams
reinforcement types werdsa prepared: flexure, shear, and bond. Flexure beams were
designed and prepared according to the American Concrete Institute (ACI) design
requirements for flexure and shear reinforcement details. The shear beams were under
reinforced with respect to shiereinforcement in order to reach a shear failure. The
bond beams were prepared with minimum splice requirement in order to make sure to
ensure a bond failure. Two identical beams were prepared for every concrete mix and
reinforcement beam type. Theved, six beams (2 flexure, 2 shear, and 2 bond samples)
were prepared for each of the three concrete mixes: control, 0.75% hemp, and 1.0%

hemp. Eighteen beams in total were cast and tested.

1.7. Thesis Outline

The thesis is divided into seven chaptethiapter 1 is an introduction and
background on the topic of sustainable development and material, and a summary of the

research program and objectives. Chapter 2 presents background and literature review
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on fiberreinforced composites and previous reskaf fiberreinforced concrete.

Chapter 3 details the phases of the experimental research program and testing
procedures. Chapters 4, 5, and 6 present, respectively, the results of: the preliminary
trial phase, the first phase with statistical analgsid analytical linear modeland the
second phase with the fibers incorporated in structural beam elements. Chapter 7

summarizes and concludes the research and includes recommendations.
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CHAPTER 2
BACKGROUND AND LITERATURE REVIEW

2.1. FiberReinforced Cement and Concrete

Fiberreinforced cements are used for thin sHiget products such as flat and
corrugated sheets, sliding or cladding panels or buildings, shingles, slates and shakes for
roofing, and pipes for nepressurized water and sewer draina@éhereas, iber-
reinforced concrete is used mainly in thick sections, plain concrete or conventionally
reinforced concrete, such as slab on grade, overlays to existing slabs, and pneumatically
applied shotcrete layers or linings to stabilize, protectloabilitate exposed soils, rock,
or deteriorated concrete surfasegh as ifunnels. The minimum applied thickness is
50mm.

The first use of FibeReinforced Concrete (FRC) dates back to the 1870s.

Since then, research work attempted to improveghsile strength of concrete by

adding iron waste, wood, steel wires, and other material. Fibers used in concrete were
artificial such as steel, iron, carbon and others, and natural such as bamboo, jute,
coconut, sisal, hemp and others. High performaibesfeinforced concrete is intended

to provide strength requirements, provide a durable concrete, and achieve a toughness
behavior after the first crack point. The postcking behavior of fibereinforced

concrete is of major interest. Compared toglan concrete with no fibers, the fiber
reinforced concrete has a ductile behavior under tensile loading, whereas the plain
concrete has a sudden failure after the maximum load is reached.

It is worth noting thafiber-reinforced oncrete is madef the conventional

concrete mix including aggregates, irdan to the fibers; whereas, fibeginforced
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cement is made of cement slurry or cement paste (orifddeforced paste addition
to fibers

The production process fiber-reinforced cementonsigs of mixing the fibers
with cementbased slurry without coarse aggregate in order to avoid any possible
damage that fragile fibers may suffer in regular concrete mixing with coarse aggregate
included. Another range ofiber-reinforcedconcretes was madbsy including more
robust discontinuous fibers as an ingredient of concrete in the conventional mixing
process, in addition to other ingredients like aggregates and admixtures. Accordingly,
the fiber content in concrete composites was much lessrtlt@ment composites,
typically no more than 1.6 2% by volumeandwith longer fibers use(l5-65 mm).
The length and crossection of fibers are greater than those used in-fdaaforced
cement, i.e. the length of fibers should exceed the maximum sizsgaggyr The
problem is the matrix stiffening and workability in the presence of coarse aggregates.
The mechanical mixing is very critical for the matrix mixing with the fibers and the
coarse aggregates. Intensive mechanical mixing may damage and hbriloers.
The use of fly ash or silica fume increases the paste volume and allows better fibers
accommodation.Theidea started with a French patelfsenin 1918, based on
uniformly mixing small longitudinal fibers of iron, wood, or other materiais in
concrete.The fiber elements needed to be rough, wih-straightends, in order to
improve the pullout resistance of fibers from concretethé1960s, smooth straight
steel fibers produced by cutting wire or sheet metal became widely available
commercially, which allowed for theiwvider use intheconcretandustry In addition to
stee] other fibers were used such as polypropylene, polyethylene, and various types of

polyesterfNaaman, 1990)
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Thecement or concrete mixemhancement level depeson the fiber type and
content. It mayncludeimprovements in tensile or flexural strength, ductility,
toughnessandenergy absorption capability, impact resistance, fatigue resistance,
cracking resistance, permeability, and durability. However, thgrssshould
recognize that the amount of fibers present is a major factor influencing the extent and
degree of property enhancement. Thus, the volume fraction of fibers per unit volume of
the composite is fundamentally important when comparing the effectiuced by
different types of fiber, even though it is convenient for practical purposes to batch
fibers by weight per unit volume of composite. The reason behind comparing different
fibers using the volumetric method is because of the difference iiibérs density, i.e.
polypropylene density is 910 kglwhereas steel density is880 kg/nt; consequently,
it is unrealistic to compare different fibeyaly by weight.

Fibers affect composite properties in both the freshly mixed and hardened
states, den in oppositalirections For example, increasing the fiber content tends to
improve the degree of enhancement of many properties in the hardened stits but
decreases mixture workability the freshly mixed state, untdt some maximum fiber
conent the production and mixing is maorepossible and the fiber distribution would
not be uniform. Consequently, the hardened properties by using fibers cannot be totally
achieved because of any roniform fiber distribution or improper consolidation, o
both.

Another example is the conflicting role of fiber aspect rattaich is the ratio
of fiber length to diameter for straight circular fibers. In generaigher fiber aspect
ratio results in better reinforcing effectiveness and greater poterdjz iy

enhancement in the hardened state thathe same amount (fiber content) of shorter
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thicker low aspect ratio. However, high aspect ratio also reduces mixture fluidity more
severely than lower aspect ratio. Thus, mixtures with high aspecaratioore

difficult to produce in the freshly mixed state; whereas, low aspect ratic aftetter
mixing capability in the freshly mixed state, bushtle property enhancement in the
hardened stateConsequently, there should be a compromise bettheeieshly mixed
state and the enhanced properties at the hardened mixed state.

The applications of fibereinforced concrete cover a wide range of concrete
work such as: in bulk structures where energy absorption is needed; in thin structures
where addional strength and ductility are needed; in protective, blast, and impact
resistant structures; and in bank vaults, pile caps, refractory applications, pavements,
airfields, taxiways, bridge deck overlays, thin sheets and shells, cladding panels, tunnel
lining, joint-hinges in concrete structures, and aerospace launching platfiorais.
applications, FRC is used to improve static and dynamic tensile strength, energy
absorption, toughness, and fatigue resistance.

For further reference on Fib&einforcel Cement and Concrete, the reader is
referred to many available references such as the ACI committee report 544 on FRC
(1996), in addition to other specific ACI committee reports about steel, glass fibers, and
others. Texbooks are also available suchfa& i -Retnforced Cements and
Concreteso by C.D. Johnston (2006), and

performance construction and advanced infrastructure materials.

2.2. Natural Fibers and Current Applications in Cement

Synthetic fibers and maral fibers have also been investigated and tried in both

cement and concrete mixes. The advantage of using natural fibers, like jute, sisal,
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coconut, banana, hemp, and others in filegmforced concrete is the saving on natural
resources. Natural filbg are in most cases classified as waste materials compared to
industrial or synthetic fibers that are produced from other raw materials.

Due to their large availability, low cost, and renewable resources, natural fibers
were considered in fibeeinforcedcements. In developing countries, many types of
locally available natural vegetable fibers have been used in cérased composites.

The preparation techniques are very basic, without pressure or dewatering, yielding
comparatively low strength productgended for small building applications. The main
advantage is the low cost of production, and the main disadvantage is the high
absorption of the fibers, their vulnerability to chemical attack by cement alkalis, and the
detrimental effects of some sectary fiber constituents on setting and hardening of the
matrix.

Natural fibers may include stem or bast fibers such as jute, flax, ramie, sunn,
kenaf, urenaa, elephant grass, hemp, and various woods. However, wood fibers are
most common, after being pressed in a pulp mill to remove lignin leaving cellulose
fibers. Natural fibers can be incorporated in cement composites using the Hatscheck
process (Johnston, 2006).

Manual or mechanical mixing can be accomplished by premixing cement,
water and additive® form slurry, adding fine aggregates, and adding fibers last.
Alternatively, the fibers may be psaturated and added to cement, sand and admixtures
with little water to produce a dry stiff mixture compatible under pressure.

Most natural fibers contaiglucose, which retards hardening of cement, and
most are susceptible to rot as a result of bacterial or fungal action under moist condition.

An accelerating admixture can be used to counter the effect of glucose. An organic
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microbiocide may be neededpcevent bacterial attack. Also natural fibers are prone to
dimensional change during wetting and drying, because of their high absorption, and are
subject to deterioration by alkalis action. The long term effectiveness of natural fibers
depends on usingeatments that reduce dimensional changes during wetting and

drying, and using pozzolanic admixtures to lessen the alkalis attack.

2.3. Industrial Hemp Fibers

One natural fiber of interest is hemdemp is the common name for plants o
the entire famy of Cannabis Hemp is cultivated virtually everywhere in the nh
and its cultivation in western countries is growing steadilge use of hemp has been
shown todatebackthousand years China and America (Allin, 2005)Industrial
hempis definedasthenord r ug pl ant which substitutes
Therefore, iaen grown for nordrug purposeshemp is often called industrial hemp
Industrial hemp and its fibers have a large numbeisades including paper, textiles,
biodegraable plastics, health food, and fuélis one of the fastest growing biomasses
on the planet, and one of the earliest domesticated plants krtsynp requires little to
no pesticides, replenishes soil with nutrients and nitrogen, controls erosian of t
topsoil, and produces a lot of oxygeonsidering its fast rate of growttdiempcan be
used for a wide variety of purposes, including the manufacture of cordage of varying
tensile strength, clothing, and nutritional produckse inner two fibers dfiemp are
woodier, and are more often used in #vaoven items and other industrial applications,
such as mulch, animal bedding and litt€he oil from the fruits dries on exposure to
air and is sometimes used in the manufacture djaskd paints, in caens as a

moisturizing agentin cooking, and in plastics.
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Hemp fibers and hurds have been used in construction materials, such as the
Hemcrete, produced in Europe as construction blocks with good strength and thermal
insulation performance (Allin, 2005ther applications include the use of hemp fibers
instead of asbestos fibers with the cement mortar. Also, the inner core or the shive part
of the harvested hemp plant is blended with materials like lime to produce hempcrete, a
building composite suitabler the creation of walls, floors, roof insulation and plasters.
Hempbased products have been used for centuries in tifrdoeed buildings and for

restoration.

2.4. Previous Research on FRC with Synthetic and Industrial Fibers

Research on synthetamd industrial fibers used in concrete mixes is amply
available in the literature. This section will focus only on the previous work conducted
at the American University of Beirut (AUB) due to its relevance as it will feed into the
current experimental pgram.

Hamad et al. (2003) conducted two research programs to assess the effect of
confinement provided for tension lap splices anchored in high strength concrete beam
specimens on bond strength of the splices and mode of failure of the beams. In one
progam, loose hooked steel fibers (with aspect ratio of 30/0.5 = 60) of different volume
fractions were used. In the second program, transverse reinforcement was placed in
various amounts. Test results of both programs indicated positive effects of the
confinement provided on the bond strength of the tension lap splices and on the mode of
failure. It was concluded that the ductility of the mode of failure of the specimens
improved as the amount of steel fibers or number of stirrups increased in the splice

region. The postiltimate loaddeflection curves for specimens with steel fibers in the
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splice region were much steeper than those of companion beams with transverse
reinforcement. There was a consistent increase in the average bond strength of tension
lap splices as the fiber content in the splice region increased. The amount of steel fibers
corresponding to a volume fraction of 1% improved the bond capacity of tension lap
splices equivalently to that provided by transverse reinforcement.

Hamad et al. (00) investigated the effect of steel fibers on the bond strength
and ductility of the mode of bond failure of tension lap splices anchored in high strength
concrete specimens. The test results indicated that the use of steel fibers in the splice
region ncreased the bond strength and the ductility of the mode of failure of the beam
specimens. This increase exceeded what can be achieved by using transverse
reinforcement in the splice region.

Harajli et al. (1997) investigated the effect of fibers on dgwaent/splice
strength of reinforcing bars in tension. The experimental results showed that the use of
hooked steel fibers in concrete matrices increases significantly the development/splice
strength of reinforcing bars in tension. While the use of pofyylene fibers improved
the bond performance in the pasgtitting range, they were not as effective as steel

fibers.

2.5. Previous Research on Natural FRC

Most of the previous research on natural fibers applications has been conducted
on fiberreinforced cement rather than on fibeinforced concrete. Fibeeinforced
cements are mixes made of cement mortar in the absence of coarse aggregate.

Sedan et al. (2008) investigated the use of hemp fibers in reinforced cement.

The influence on the settingrte of cement was investigated in the presence of hemp
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fibers. The hemp fibers were provided by
density was measured with pycnometer and was found equal to 1.53 g per cubic
centimeter. In order to improve thdheesion in the cement matrix, the fibers were

treated in different solutions prior to their use in the mix; the sodium hydroxide was the
most commonly used chemical for cleaning the surface of plant fibers. The sodium
hydroxide treatment changes the fdbearechanical properties, like the tensile modulus

and strength, and their surface morphology. Fibers were soaked in a 6% NaOH water
solution by weight, for 48 hours. Different short fiber contents were investigated, with

the fibers lengths varying betwe& mm and 1 cm. Several conclusions were drawn

from this study. The fiber presence in the cement matrix seems to trap calcium on their
surface, thus resulting in a delay in the setting time because the calcium trap would

inhibit the formation of the calum silicates hydrate. As for the composite mechanical
performance, an increase in the flexural strength was evident with optimal fiber content,
whereas Youngd6s modul us decreased in the f
treatment improved #hfiber strength in addition to the fiberatrix adhesion.

Elfordy et al. (2008) performed a research on concrete blocks made of a
mixture of lime and hemp shives (also called hurds) using a projection process. The
blocks thermal and mechanical propertiese measured such as flexural and
compressive strengths, and hardness. The thermal and mechanical properties were
found to increase with the density increase. A compromise between thermal insulation
and mechanical properties should be defined, dependitige type of construction. If
nonstructural elements are intended, then low thermal conductivity and low strength
blocks are favored; whereas, if the blocks are part of the structural integrity then denser,

stronger, but with lower insulation propegiblocks are adopted.
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Kymalainen et al. (2008) evaluated the suitability of bast fibers of flax and
hemp for thermal insulation. The research found that the flax and hemp fibers are
suitable for insulations due to their thermal properties. Howevee theess tend to
degrade in the presence of microbial and other contaminants. Besides, these materials
may produce moulds under moist and free water weathering, which affects the indoor
air quality of buildings.

Pickering et al. (2007) investigated thefpemance of hemp fibers in a
polypropylene matrix composite. Hemp fibers were treated in 10% (by weight) NaOH
solution which resulted in stronger fibers with a low lignin content and good fiber
separation. The hemp fibers had an average tensile steefigth8 57 MPa and a
modulus of 58 GPa.

Li et al. (2006) studied the mechanical and physical properties of hemyp fiber
reinforced concrete. In the experimental program, the variables were the mixing
method, the fiber content by weight, the aggregaes and the fiber length. The
compressive and flexural performances were determined, in addition to the specific
gravity and water absorption ratio. The hemp properties used were specific gravity
(1.5), water absorption (8805%), tensile strength (900Pa), and modulus of elasticity
(34 GPa). It was found that the compressive strength, flexural strength, toughness,
specific gravity, and water absorption are all affected by the aggregate size, fiber
factors, and matrix initial mechanical properties. tWieing method had a positive
influence on the flexural properties more than dry mixing method.

Savastano et al. (2005) investigated the microstructure of composite materials
with fibrous wastes such as sisal, eucalyptus grandis, and banana fibers. The

cementitious material included blast furnace slag and ordinary cement matrices. Sisal
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and eucalyptus grandis pulps showed satisfactorily bonding to the cement matrix, with
fiber pullout predominant and simulated by high values of energy absorption. On the
other hand, banana fibers reinforced composites exhibited fiber fracture as failure
mechanism. On all composites failure interfaces, partial fiber debonding and matrix
micro-cracking were dominant. Besides, no evidence existed of a porous transition
zore or massive concentration of calcium hydroxide at the interface.

Savastano et al. (2003) evaluated the performance of thirrélvdorced
cements with sisal and banana fibers, produced using different processes. Granulated
blast furnace slag was usexlamajor component of an alternative hydraulic binder and
ordinary Portland cement as a control. It was found thatt&fedve months of
exposure taemperate and tropical conditions, the modulus of rupture had decreased,
whereas, the fracture toughnesmained stable or even increased. The results
indicated that the mechanical performance of the composites was satisfactory.

Tolédo Filho et al. (2003) examined the durability of vegetable fibers in
reinforced cement mortars. The research presentethsapproaches to improve the
durability of sisal and coconut fibers reinforced cements. These approaches were such
as carbonation of the matrix in a &fich environment, the immersion of fibers in silica
prior to incorporation in the cement matrix, parteplacement of ordinary cement with
undensified silica fume or blast furnace slag, and a combination of fiber immersion in
slurried silica fume and cement replacement. The durability was examined by
determining the effects of ageing in water, expostoecycles of wetting and drying
and open air weathering on the microstructure and flexural behavior of the composites.
Immersion in silica fume slurry before incorporation on the cement matrix was found to

be effective. Carbonation of the matrix and gartial replacement of cement were also
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effective. The use of slag as a partial cement replacement had no effect on reducing the
embrittlement of the composite.

In a research conducted at the American University of Beirut (AUB), Hamad et
al. (2003a an@003b) considered the use of wastes in the production of concrete such as
the car motor engine oil . Consequentl vy,
resulted in a positive environmental impact by reducing the cost of waste disposal while
improving the properties of concrete material. First, Hamad et al. (2003a) investigated
the effect of using car engine oil on the properties of fresh and hardened concrete. The
main variables incorporated in the study were the type and dosage ckatraiing
agent (such as commercial type, used engine oil, and new engine oil), mixing time, and
the water cement ratio of the concrete. Tests results showed that the used engine oll
increased the slump and percentage of entrained air of the fresh concreiadrdid
not adversely affect the strength properties of hardened concrete. Further, Hamad et al.
(2003b) reported the effect of car engine oil on the structural behavior of reinforced
concrete elements. Three modes of failure were investigated; flekaar, and bond.

The tests results, regardless of the failure mode, showed that the used engine oil did not
have any significant effect on the ultimate load or {daflection behavior of the
beams.

Tolédo Filho et al. (2000) assessed the durabiligis#l and coconut fibers
when exposed to alkaline solutions of calcium and sodium hydroxide. Also the
durability and microstructure of the cement mortar composites with these fibers aged
under tap water, exposed to controlled cycles of wetting and dayid@pen air
weathering, were investigated. It was found that sisal and coconut fibers kept in a

calcium hydroxide solution of PH 12 completely lost their flexibility and strength after
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300 days. The cement composites suffered a significant reductmunginness after six
months. The embrittlement of the composites was mainly associated with the
mineralization of the fibers due to the migration of hydration products, especially
calcium hydroxide to the fiber lumen, walls and voids.

Al Rim et al. (1999)nvestigated the influence of wood aggregates on thermal
and mechanical performance of clegmentwood composite. It was found that the
addition of wood to the clayey concrete increases the thermal conductivity, decreases
the mechanical strength but ieeses the deformability. However, the durability of
wood particles in clayey concrete could be affected by the composite humidity.

GarciaJaldon et al. (1998) investigated the processing of hemp fibers by steam
explosions. In this research, it was memid that the hemp density was 1iggm’,
and tensile strength 0.7 GPa, modulus of elasticity 32 GPa, and an elongation at break
of 2%.

It is worth noting that research work have been also conducted on the hybrid
FRC material, where more than one typeiloéfs can be combined simultaneously in
cement or concrete matrices. However, since this area of research is beyond the scope
of the current thesis, further discussion will not be included here.

Major findings of the above listed literature review carsby@marized as
follows:

1. Sedan (2008): thédxurestrengthincreasedavhile both the elastic and shear
moduli decreased withempaddition.
2. Elfordy (2008): thehermal conductivity and mechanical strength increéagth

densitywith lime and hemp mixes.
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3. Li(2006): the compression, specific gravity, and water absorption decreased
with hemp addition. The fibers content affected both compression and flexure.
4. Savastano (2003): und&?2 Months Exposurghe modulus of ruptureedreased
and the mchanicapropeatieswere sitisfactory
5. Tolédo Filho (2003): somieeatmentsvere efficientagainst durability problems
with vegetable fibers
Based on the literature review, the majority of research work focused on the
incorporation of natural fibers in mostly cementftao mixes more than in concrete or
in reinforced concrete mixes, and without consideration of any reduction in aggregates
guantities. In the current research program, the use of industrial hemp fibers is
primarily investigated, in addition to other natlfibers such as banana and palm, and
other synthetic fibers tested for comparison purposes. The core of the research focuses
therefore on the hemp fibers, and the possibility of introducing in reinforced concrete

buildings or other structural aligations.

2.6. Chapter Summary

The fiberreinforced cements and concretes have different specifications than
conventional concrete. Due to the presence of fibers in the cement or concrete matrix,
both the fresh and hardened states of cement and concret@isater different and
need special considerations. Fipeinforced cement or concrete applications vary from
thin sheets, cladding panels, and pipes to slabs on grade, overlays, and shotcrete.
Industrial hemp fibers are characterized by being a wasthipt, easily and rapidly
harvested almost everywhere worldwide. Hemp fibers have been investigated and used

in construction materials.
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International researchers have published, in the late yearsrdibésrced
cement and concrete studies. Investigditeers included synthetic and natural fibers.
Natural fibers were investigated only in cement matrices rather than in concrete
matrices.

Previously, local work considered only synthetic fibers such as steel and
polypropylene fibers, in addition to carotor engine oil in concrete matrices. The
natural fibers were not yet investigated locally.

In the following chapter, the research program will be described and detailed.
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CHAPTER 3
RESEARCH PROGRAM

3.1. Introduction

As indicated in the previous chaps, the current research targets specific
sustainability aspects such as saving natural raw materials while providing an
acceptable concrete quality. The research incorporates the use of natural fibers in the
concrete mixes, such as banana, palm, ampHibers, with emphasis on the latter.

The objective of this research is therefore to identify new materials or create novel
cement/concrete mixes that encapsulate sustainable elements while satisfying strength
and improving performance requirements sasturability and thermal properties.

The program set for this research should therefore encompass these aspects.

3.2. FiberReinforced Concretes Specifications and Applications

The FRC specifications vary depending on their applications, and thegencl
the fibers content, length, and type. The compressive strength is only adopted for some
applications. However, in most cases, the performance criteria cover the flexural
strength as firstrack and ultimate modulus of rupture (MOR), toughness tesisse
energy absorption, and residual strength retained after a specified amount of deflection
has been sustained. For simplicity, flexural performance is usually based on simply
supported beams; however, tway slab test may be more representative for many

applications.
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Forfiber-reinforced concretehe main advantage is the load defection
behavior in the postracking state, i.e. toughness. Toughness is not easily assessed and
appreciated by designers, except when the structure is designed for eartrglbkaest
resistance, or any other dynamic l@ad post crackingesistance

The durability problem is of concern with high fiber content, when the aim of
usage is strength and toughness improvement; whereas at low content it is not a problem
if the usage is just for plastic shrinkage after placement. The-fédaforced cements
and concretes covered a large area of applications. It is worth noting that the fibers
applications included in most cases industrial and synthetic fibers. Still, nabersl fi
did not find their way to large practical applications, mainly due to their durability
problems in alkaline and moist environment. Yet, as reported in the previous chapter
research has been conducted to investigate the use of natural fibersiaifitmced
cements more than fibeeinforced concretes. However, if sustainable concepts and
methodologies are to be adopted in upcoming engineering projects to adverse the effect
of extensive depletion of natural resources, natural fibers will be teewnely sought
element to use in concretes. These natural fibers are of low cost and considered in most
cases as waste materials, whereas, all othenatural fibers are of higher cost and are
not considered as waste material.

The composite behavioetween the cement/concrete matrix and the fibers
depends on both the fibers and the surrounding matrix. The hardened state composite
behavior is related to the freshly state of the mix and the fiber; i.e. need to assure that
the mixing process was adeqeiahe fibers were not damaged, the amount and type of
fibers were suitable and sufficient, and the fibers are uniformly distributed. Any

combination of poor consolidation, fiber clumping or balling, fiber damage during
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mixing, or chemical incompatibilitgf fiber and matrix can ruin the composite
performance of individual good quality raw materials. Thus, to monitorféeforced

concrete mixes, both the fresh and hardened must be investigated and tested.

3.3. Research Program

The current research a multiphase program consisting of 3 main stages,
which will be conveniently referred to as the trial, first, and second phases. The
variables considered were the fibers volume fraction and the percentage of coarse
aggregate reduction.

In the trial phae, different concrete mixes are investigated incorporating all
above mentioned natural fibers (banana, palm, and hemp) in addition to polypropylene
and steel fibers, as well as control mixes with no fibers. Based on the trial phase results,
only the hempgiber was adopted to proceed with the research, while the remaining
fibers were excluded for many reasons such as availability and performance. In phase
one, a full set of concrete mixes, with and without fibers, was prepared and specimens
were tested foearly and late strength properties. The first phase mixes included one
control mix with no fibers, a concrete mix with polypropylene fibers, and ten mixes
with different volumetric fractions of hemp fibers. A statistical analysis was also
processed ophase one results for validation purposes. In phase two, structural beam
elements were designed and prepared; the beams were tested for flexure, shear, and
bond modes of failure. Two beam specimens were prepared for each test. Three mixes
were consideid based on the results of the first phase, a control mix and two different

mixes with different fractions of hemp fibers.
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In summary, the trial phase mixes included 68 beams (5 x 5 x 20 cm) and 66
cubes (7 cm), the phase one mixes encompassed a to8él oflinders (15 x 30 cm),
72 beams (15 x 15 x 53 cm), and 12 blocks (5 x 30 x 30 cm), and the phase two mixes

included eighteen beams (20 x 30 x 200 cm).

3.3.1. Trial Mixes Phase

The aim of the trial mixes phase was to investigate andgtermine a
concrete mix that can be adopted with the added fibers, provided that the strength and
workability requirements are still satisfied after the fibers addition. Thus, many mixes
had been tried, where the aggregate quantities were varied. One concrete alsowas
adopted as a control mix with no fibers additive or aggregate reduction. Then after, the
different fibers were added and the flexural and compressive strengths of beam and

cube elements were tested, respectively.

3.3.1.1. Concrete Mix

Concrete tal mixes with different volumetric ratios of natural admixtures were
prepared to assess the adequacy and practicality of mixing with natural. In all trial
mixes, a unique concrete mix was adopted. The batching weights per cubic meter of
concrete wereB880 kg medium coarse aggregadép kg sand, 400 kg cement, and 272
liters water (w/c = 0.68)The supeiplasticizer SIKA brand type NN was used. A
superplasticizer dosagef 1.5% by weight of cement was added.

The coarse aggregate used is medium with,ovendry density of 1600

kg/m® and a maximum size aggregate of 10 nifhe sand aggregate has a sand
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fineness modulus of 2.4and a sand equivalent of 7Bhe cement is a general use
(GU) type, according to ASTM C150, the specific surface area5isre&g (Air

permeability Blaine Test).

3.3.1.2 Fibers Characteristics

Thefibers used in the trial mixese polypropylene, steehanana, palmand
hemp fibers Harbourite® 320 polypropylene fibeare used, with a density of 910
kg/m® and with Youné s m03/500 MPa Dramix ZP 305 Steel fibers are used,
with a density of B40kg/m® and tensile strength,100MPa The hemp fibers have a
density of about,400kg/m>. The palm fibers density is estimated about 80@nkg/
The banana fibers dengis estimated about 700 kagf. The fibers aspect ratio (L/d) is
on average targeted to be 50 with a length (L) of 3 cm and a diameter (d) of 0.6 mm.
Note that, for synthetic fibers, the aspect ratio can be accurately controlled; however,
with natural fbers it is not the case, due to the variability in both dimensions. All
natural fibers were processed manually. The palm and banana fibers were cut from raw
tree leaves; whereas, the hemp fibers were imported as long fibers, then cut manually to
3 cm lorg.
Based on the literature review (Sedan 200® ,rtatural fibers were treated and soaked
in a sodium hydroxide solution (NaOH) at 6% by weight for 48 hours. After soaking,
the fibers were washed with water and left to, dryd then separated using a nasgbal
tool (refer to Figure A.28). The industrial hemp fibensere imported from Stemergy
Renewable Fibre Technologies, Canada. One trial mix was prepared with local hemp
fibers, provided by the UNDP/MoA projecNote that in the trial mixes phasens®

mixes were tried with untreated fibers; however, the performance of the fibers was not
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acceptable in terms of the bond with surrounding matrix, and thus the flexural
performance did not improve compared to the plain mixes.

As an example on the volumetmatio of the fibers, if a parameter of 1% is
used it implies that the corresponding fibers volume is determined as 1% of the concrete
volume. Then the fibers weight is determined by multiplying the fibers volume by the
fibers density.Similarly, for the coarse reduction percentage, if a parameter of 10% is
mentioned, it implies that the corresponding reduced coarse aggregate amount is 10% of
the concrete volume. The aggregate weight is therefore determined by multiplying the
aggregate volume by the aggate density.

It is worth noting that the hemp percentages useldenoncrete mixesf all

research phases aralculated according @hempdensity of 1,40&kg/m°.

3.3.1.3. Trial mixes Tests

The trial mixes specimens included beams (5 x 20 x 2Gaachubes (7 cm),
which were tested at 10 and 28 days for flexural and compressive strengths,
respectively. As presented in Table 3.1, seventeen trial mixes were prepared. The
added fibers included polypropylene, steel, hemp (imported and local),gam,
banana fibers. The fibers volumetric fraction was varied, in addition to the coarse
aggregate reduction in some of the trial mixes. Typical tested specimens are shown in

Figure 3.1.
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Table 31. Identification of Trial Mix es for Cubes and Beams, at 10 and 28 Days.

Test Specimens

I\I<I|Ic))( Mix Type Fibers (%Vol) Aggreg&t}s/?l)e duction Cube Beam Cube Beam
' 10d 10d 28d 28d
1 1%Polypropylene 1.0 - 1 1 1 1
2 0.5%Steel 0.5 - 1 1 1 1
3 Control - - 1 1 1 1
4 Control - - 3 3 3 3
5 Control - - 2 2 2 2
6 0.5%Hemp 0.5 - 1 1 1 1
7 0.5%Hempl0%coarse 0.5 10 2 2 2 2
8 0.5%Hemp20%coarse 0.5 20 2 2 2 2
9 0.75%Hemp 0.75 - 2 2 2 2
10 0.75%Hempg20%coarse 0.75 20 1 2 2 2
11 1%Hemp20%coarse 1.0 20 1 2 2 2
12 0.5%Local Henp 0.5 - 2 2 2 2
13 0.5%Palm 0.5 - 3 3 3 3
14 0.5%Palm10%coarse 0.5 10 3 3 3 3
15 0.5%Palm20%coarse 0.5 20 3 3 3 3
16 1%Palm 1.0 - 2 2 2 2
17 1%Banana 1.0 - 2 2 2 2
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Flexure Beam (2@ 5x 5 cm) Test

Compression Cube (7 cm) Test

Figure 3.1. Typical Trial Mixes Flexure and Compression Tested Specimens.
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The objective of the trial mixes was to identify the performance of the added
fibers in order to proceed with in the main research phases. Thus, the aunchigre
of specimens was not always uniform, since after these preliminary trial mixes were
completed, a full set of mixes and tests was performed in the next phases, as the main

core phases of the research.

3.3.2. Phase 1 Mixes

Based on the trial mixsetest results, the hemp fibers showed the best strength
behavior. Consequently, only hemp fiber was adopted. Besides, the hemp fibers are
readily available and can be bought at an affordable cost; whereas, the palm and banana
fibers were processed matiydrom the tree leaves which is not practical when large
guantities are needed.

In the first phasehte industrial hemp fibers were provided locally by the
UNDP/MoA project, or were imported from Hemptraders, LA, US#emp fibers
typical properties wersupplied by Hemp Traders rep¢&erbin, 1993 i.e. the ultimate
tensile strength was reported as 524 MPa (76,800 Blso, according to Sedan
(2008, it was reported that the hemp fibers has a modulus of elasticity of 38 to 58 GPa
and a tensile strgth of 591 to 857 MPa. Fibers length and diameter varied and were

on average @mm and 0.6 mm, respectively.

3.3.2.1. Concrete Mix

As mentioned earlierhe batching weights per cubic meter of concrete were

the same in all phases as in the trial phddee batching weights per cubic meter of
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concrete were880 kg medium coarse aggrega&#0 kg sand, 400 kg cement, and 272
liters water (w/c = 0.68)Only thesupetplasticizer dosag@as increased to 2% by

weight ofcementinstead of 1.5% for trial mes.

3.3.2.2. PhasgTests

The aim of phase 1 mixes was to optimize a concrete mix with the proper fibers
volume ratio and an adequate coarse aggregate reduction. The optimum concrete mix
would be used in larger and structural specimens, in phasee2vafiables of phase 1
included the volumetric ratio of the added fibers, and the reduction in the amount of
coarse aggregates measured as a percentage of the volume of concrete. Twelve mixes
have been prepared including control, polypropylene mixesgifiedent hemp mixes.

The mixes variables are presenied able3.2.

Several tests were conducted using the prepared twelve mixes: flexure strength
test using standard beams (15 x 15 x 53 cm), compressive strength test using standard
cylinders (15 x 30m), splitting tensile strength and modulus of elasticity using
standard cylinders, and thermal conductivity test using a block specimen (5 x 30 x 30
cm). In addition to slump test at the freshly concrete mixed state, and the density test at

the hardenedtate.
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Table 32. Identification of Phase 1 Mixes for Cylinders (15 x 30 cm), Beams (15 x
15 x 53 cm), and Thermal Blocks (5 x 30 x 30 cm).

. . Aggregate
l\lflllox. Mix Type (I;/:)t\)/eors Reduction | Cylinders Beams Blocks
(%Vol)
1 | Control - - 15 6 1
2 | 0.5%Polypropylene 0.5 - 15 6 1
3 | 0.5%Hemp 0.5 - 15 6 1
4 | 0.5%Hempl0%coarse 0.5 10 15 6 1
5 | 0.5%Hemp20%coarse 0.5 20 15 6 1
6 | 0.5%Hemp30%coarse 0.5 30 15 6 1
7 | 0.75%Hempl0%coarse| 0.75 10 15 6 1
8 | 0.75%Hemp20%coarse| 0.75 20 15 6 1
9 | 0.75%Hemp30%coarse| 0.75 30 15 6 1
10 | 1%Hempl0%coarse 1 10 15 6 1
11 | 1%Hemp20%coarse 1 20 15 6 1
12 | 1%Hemp30%coarse 1 30 15 6 1

Figure 32. Typical Standard Cylinder (15 x 30 cm) Tested According to ASTM
C39.
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1 Compressive Strength TEsASTM C39
According to ASTM C39, standard cylinders (15 x 30 cm) were tested to
determine the compressive strength of phase 1 mixes at 3, 7, and 28 days. Three
specimens were tested per test and their average was detelireine@B cylinders were
tested for the compressive strength test. Figure 3.2 shows a typical tested standard
cylinder.
1 Flexure Beam Te$tASTM C78
According to ASTM C78, beam specimens (15 x 15 x 53 cm) were tested in
order to determine the load deflect curves of all concrete mixes. The beam
specimens were tested using the MTS machine, where the load P (kN) is applied
simultaneously at 2 locations, 15 cm apart, symmetric with respect to the beam mid
span. Figure 3.3 shows a typical beam specimdntiv testing set up.
1 Splitting Tensile Strength TeEStASTM C496
According to ASTM C496, standard cylinders (15 x 30 cm) at 28 days were
tested under a splitting tensile load until failure. Three specimens average were
considered for every test. A typicsplitting tensile test specimen is shown in Figure
3.4.
1 Modulus of Elasticity Test ASTM C469
The modulus of elasticity was measured, according to ASTM C469, for all
mixes. Standard cylinder specimens 15 x 30 cm are used. The average of three

specimas was determined. Figure 3.5 shows a typical modulus of elasticity test set up.
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Figure 3.3. Flexure Beam Specimen (15 x 15 x 53 cm) Test With the Loading Set
Up.

Figure 34. Splitting Tensile Test Specimen (15 x 30 cm), Longitudinal and Side
Views of the Test Set Up.
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Figure 3.6. Thermal Conductivity Test Block (5 x 30 x 30 cm) Set Up.
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1 Thermal Conductivity Block Te$tASTM C518
The thermal conductivity of the concrete mixes was determined according to
ASTM C518. For every mix, one block (5 x 30 x 30 cm) watetd Figure 3.6 shows
a typical thermal conductivity test set up.
1 Density Tesi ASTM C642

The density test was performed at the hardened state according to ASTM C642.

3.3.3. Phase 2 Mixes

In the second and last phase of the research, structural nsenwdrercast and
tested. The focus was only on hemp fiber®ne control mix with no fibers was
prepared, in addition to two hemp mixes which were selected based on the first phase
test results and performance. One mix with a 0.75% hemp volume fracaddition
to a coarse aggregate reduction of 20% by volume of concrete (0.75%Hemp
20%coarse), and another mix with 1% hemp volume fraction and a coarse aggregate
reduction of 20% by volume of concrete (1%Heg{®0coarse). The mixes selections
consideredtte strength properties and workability of the concrete.

In this phase, the performance of the fibeinforced concrete using hemp
fibers was tested for flexure, shear, and bond modes of failure. For every mode of
failure, two beams were cast and testatbf better specimen representation and test
validity, thus 6 beams were prepared for every mix. Eighteen beams were prepared and

tested in this second phase.
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3.3.3.1. Concrete Mix

As in other phaseshe¢ batching weights per cubic meter of concrete Were
same in all phases as in the trial phaBlee batching weights per cubic meter of
concrete wereB880 kg medium coarse aggrega&2Q kg sand, 400 kg cement, and 272

liters water (w/c = 0.68)Thesuperplasticizer dosageas 2% by weight ofement

3.3.3.2. Phask T Tests

In phase two, two of the best mixes found in phase one were selected, and were
used in casting large scale structural elements. Large scale specimens are all beam
elements, with different reinforcement details to take into coregide flexure, shear,
and bond failure modes. The dimensions of the beam specimens are 200 cm length, 30
cm depth, and 20 cm width. The beams reinforcement bars were designed depending on
the required mode of failure, based on the American Concreiit@gACl). For
instance, for a flexure mode of failure, the shear reinforcement was sufficiently
provided to ensure that the beam specimen will fail under flexure and/or shear. For the
shear failure mode, stirrups were provided less than the mininmumrements of AG
08-Section 11, in order that failure occurs in the shear zone and not under flexure.
Similarly, for the bond failure, spliced bars were provided at the beam center with a
minimum spliced length of 30.5 cm, less than the recommendedh lepgtC08-

Section 12.2 requirements. As shown in Figure 3.7, on top of the beam surfak, a t
point loading set up was used, a load P was applied simultaneously at two locations, 60
cm apart, symmetric with respect to the beam center point (totaimedoad is 2P),

the middle 60 cm strip constitutes a pure flexure zone,. The beam clear span (L) is 180
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cm and the beam total l ength (LO6) is 200

reinforcement details are shown in Figure 3.8.

| [
PIONNT L/3 SN

| e | X)
< 2l |

Lo=2m (& L =1.8m)

Figure 3.7. Beam Test Tlrd -Point Loading Set Up (Machine Total Load is 2P).

1 Flexure Beams
For the flexure beam specimens set, six beams were prepared for the three

mixes, i.e. two beams for every mix type. As shamvRigure 3.8 and according to the
ACI design requirements, the beam was designed to carry a load (2P) of about 19 Tons
(about 190 kN).
The design criteria are on average: concrete compressive strength 20%) [Gyénte 60
Steel, beam width 20 cm, beanidig 30 cm, depth to tension reinforcement 25 cm,
depth to compression reinforcement 5 cm, and concrete cover 4 cm (1.5 inches). The
reinforcement details are 2T20 mm on bottom side and 2T12 mm on top side. Shear
reinforcement consist of 7 stirrups oreey side, everyone is alegs 8 mm bar. Note
that to satisfy the ACI shear design (Chapter 11) requirements, 2T8gsam stirrups

at 18 cm spacing are needed, and the maximum spacing allowed is 12.5 cm (d/2).
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FLEXURE BEAMST 6 BEAMS

75 cm 7.5cm

>) 2! 20cm
30cm

PON PO

| S| | |

"> 60cm ~' 60cm ' 60cm
T8-2 legsat 12.5 cm 2T1271 Top Side
Beam Length: 200 cm 272071 Bottom Side
Cover: 3cm

SHEAR BEAMSI 6 BEAMS

Longitudinal Detail
same as Flexure

Beams
JON JON
le | | |
> 60cm ' 60cm ' eocm !
T8-2 legsat 30 cm
BOND BEAMST 6 BEAMS
20cm
30cm
| | 30.5c | |
™ 60cm " 60cm ' 60cm !

TopBarsand Shear Details ~ 4T207 Bottom Side
same a&lexureBeans

Figure 3.8. Structural Beam Specimens Details for Flexure, Shear, and Bond
Modes of Failure.
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The test was performed consistently on all beams as follows. The load was
applied simultaneously as P, 60 cm apart, as shown in Figure 3.5. The deflection was
measured at midpan of tested beanThe crack width was measured at 2 or 3
locations, depending on the mode of failure. To monitor the reinforcement elongation,
two strain gages were attached to the bottom reinforcement bars, one on each T20 mm
bar. Figure 3.9 shows a typical flexure ba@mforcement details.

1 Shear Beams

For the shear beam specimens set, six beams were prepared for the three mixes,
i.e. two beams for every mix type. As shown in Figure 3.8, and according to the ACI
design requirementshe beam specimens were reinforced with shear reinforcement less
than the required, in order to make sure that the failure will occur in the shear zone. The
longitudinal reinforcement was kept the same as that of the flexure beams. The shear
reinforcenent was reduced to only six tviegs 8 mm bar, 3 on every side as shown in
Figure 3.8. Thus, the beams would fail under shear load before the maximum flexure
load is reached.

Similarly to the flexure beams, the test was performed consistently on all
beams as follows. The load was applied simultaneously as P, 60 cm apart, as shown in
Figure 3.7. The deflection was measured atspiah of tested beam. The crack width
was measured at 2 locations, rsjghn and under one of the load P (left or right,
whichever started first). To monitor the reinforcement elongation, two strain gages
were attached to the bottom reinforcement bars, or@aom T20 mm bar. Figure 3.10

shows a typical shear beam reinforcement details.
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Figure 3.10. Typical Reinforcement Details ér Shear Beams (dashed line at Migpan).
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i Bond Beams

For the bond beam specimens set, six beams were prepared for the three mixes,
i.e. two beams for every mix type. As shown in Figure 3.8, and according to the ACI
design requirements, the beam specimens were reinforced two splices T20 mm
symmetric with respect to the beam rsjpn and 30.5 cm long. Note that to satisfy
ACI splice (chapter 12.2) minimum length requirement, the minimum length required
is: 33.6*d, = 67.2 cm.The splice length used is below the required and is the minimum
allowed (30.5 cm orl12 inches).

Similarly to the other beams, the test was performed consistently on all beams
as follows. The load was applied simultaneously as P, 60 cm apart, asistagure
3.7. The deflection was measured at-spen of tested beam. The crack width was
measured at 3 locations, égan and at the splice ends (left and right). To monitor the
reinforcement elongation, two strain gages were attached to the yettdarcement
bars, one on each T20 mm bar, and another at one of the splice ends. Figure 3.11 shows
a typical bond beam reinforcement details.

1 Reinforcement Bars Elongation and Yield Limit

To determine the strain and thus the yield limit of the bottom reinforcement
bars, one strain gage was fixed on every T20 mm bar, as mentioned above. For the
location of strain gages, for flexure and shear beams, all gages were located
approximately at migpan; whereas, for the bond beams, the gages were located at the
splices end, diagonally opposed (on one bar left and on another right, or vice versa), as

shown in Figure 3.12.
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3.4. Summary and Conclusion

The research is a mulphase program consistiing 3 main stages. In the trial
mixes phase, different concrete mixes in addition to synthetic and natural fibers were
prepared. The compression and flexure properties of small specimens were determined.
In the following first phase, a fuicale testinget of concrete mixes properties was
targeted. A unigue concrete mix was adopted based on the trial phase results. A control
mix and a polypropylene mixes were included for comparison purposes, in addition to
only hemp fibers mixes, where the fiber vole fraction was varied between 0.5, 0.75,
and 1% and the coarse reduction varied between 10, 20, and 30% by volume of
concrete. In phase one, flexure, compression, splitting tensile, modulus of elasticity,
and thermal conductivity on standard ASTM specism@ere performed; in addition to
the slump test at the fresh state and density test at the hardened state. In the final phase,
three concrete mixes were considered to monitohémepfiber-concrete mix in beam
structural elements. One control mix ana tother hemp fibers mixes. The beam
elements were designed to be tested under flexure, shear, and bond modes of failure.
Two specimens are prepared for every test for a better representation and test validity.
In the following chapters (4, 5, and 6)ethesults of every phase of the research are

presented and analyzed.
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CHAPTER 4
TRIAL MIXES PHASE

4.1. Introduction

The research trial phase described in Chapter 3 was set in order to investigate
the possible natural fibers that can be used in congrigts, and their availability.
Banana, bamboo, palm, and industrial hemp fibers were prepared and used in concrete
mixes. The monitoring tests are compression cubes (7 cm) and flexure beams (5 x 5 x
20 cm). Thetrial mix phase results are presented ilodtrated in adequate tables and

figures in this chapter.

4.2. Trial Mixes Tests Results

The trial mixes included 68 beams (5 x 20 x 20 cm) and 66 cubes (7 cm), tested
at 10 and 28 days for flexural and compressive strengths, respectively. The
compresion cube test is accordingASTM C39 (2010 and the flexure beam test is
according to ASTM C78 (2010). The added fibers included polypropylene, steel, hemp
(imported and local), palm, and banana fibers. The fibers volumetric fraction was
varied, in adition to the coarse aggregate reduction in some of the trial mixes.

It is worth noting that prior to adopting a unique concrete mix in the trial and
other phases many concrete mixes were tried in the trial phase with the addition of
fibers. The goal wa® be able to determine a concrete mix where the fibers can be

added and the workability would still be acceptable.
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As for the instruments used and testing conditions, the cubes and cylinders
were tested using the compression machine, FTS brand; whidedhes were tested
using the flexure testing machine, ELE brand, at a constant rate 0.2 mm/sec. All
samples were cured at 100% humidity until the testing date. One day prior to testing,
the samples were removed from the curing room, left to dry, and t&tstiey condition

and room temperature.

4.2.1. Cubesi Compression Samples

The cube samples with fibers described in Table 3.1 showed inconsistencies in
some of test results obtained as they varied for the same control mix and between
different fibermixes, as illustrated in Table 4.1. The discrepancies could be attributed
to relatively small cubes size (70 mm), and the presence of medium coarse aggregates
(10 mm) in addition to the fibers in the concrete mix should have exacerbated the
problem. Thesfore, the cube results should be considered unreliable and practically
disregarded, and the larger standard cylinders (150 x 300 mm) will be needed.

The results of the small cubes are still reported in this research which could
serve as cautionary guidanto future researchers who may be interested to do similar

or follow up on the current work.

4.22. Beams Flexure Samples

The flexural loaedeflection curves for the tested beams described in Table 3.2are

shown in Figures 4.1, 4.2, 4.3, and 4.41@&@and 28 days concrete age.
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Table 41. Compressive Strength for Cubes (7 cm) at 10 and 28 Days.

Mix : Compression TestsKg/cnt
No. Mix Type 10pdays 28Kdgays !
1 | Control 1 226 233
2 | Control 2 294 331
3 | Control 3 310 359
4 | 1%Polypropylene 172 202
5 | 0.5%Steel 280 213
6 | 0.5% Hemp 164 211
7 | 0.5%Hempl0%coarse 222 277
8 | 0.5%Hemp20%coarse 176 173
9 |0.75%Hemp 262 370
10 | 0.75%Hemp20%coarse 275 350
11 | 1%Hemp20%coarse 240 329
12 | 0.5%Local Hemp 268 380
13 | 0.5%Palm 208 271
14 | 0.5%Palm10%coarse 199 256
15 | 0.5%Palm20%coarse 203 274
16 | 1%Palm 250 341
17 | 1%Banana 254 329
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Table 42. Maximum Flexural Load and Correspondent Deflection for Beams (5 x 5 x 20 cm), at 10 and 28 Days.

10 Days 28 Days
Mix No. Mix Type Maxi. Load (kN) | Deflection (mm) | Maxi. Load (kN) | Deflection (mm)
1 Control 3.6 0.29 4.6 0.58
2 Control 3.3 0.71 4.6 0.99
3 Control 4.2 0.79 3.6 1.11
4 1%Polypropylene 3.9 0.82 3.4 0.65
5 0.5%Steel 4.9 0.61 4.7 0.37
6 0.5%Hemp 2.9 0.76 3.7 0.58
7 0.5%Hempl0%coarse 2.6 0.51 3.7 0.85
8 0.5%Hemp20%coarse 2.5 0.41 3.6 0.75
9 0.75%Hemp 3.5 0.81 6.5 0.71
10 0.75%Hempg20%coarse 4.1 0.66 4.3 0.58
11 1%Hemp20%coarse 3.6 0.84 3.6 0.75
12 0.5%Local Hemp 3.8 0.33 4.7 0.61
13 0.5%Palm 3.2 0.41 3.9 0.52
14 0.5%Palm10%coarse 3.3 0.36 3.9 0.61
15 0.5%Palm20%coarse 3.6 0.38 3.7 0.22
16 1%Palm 3.8 0.73 4.4 1.37
17 1%Banana 4.6 0.98 3.6 0.43
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The maximum flexural loads of all specimens are presented in Table 4.2. siiis re
indicate that the use of fibers such as steel, polypropylene, and industrial hemp in
concrete mixes has varying effects with respect to the flexural strength but obvious
beneficial effects with regards to and providing a ductile-prstking behavioof the
fiber-reinforced concrete mix.

For mixes without coarse aggregate reduction, the concrete mix with 0.5% steel
fibers resulted in a better flexural load as the control samples, with &rpoking
ductile behavior. Concrete mixes with 1% polypiepe fibers compared well with
control samples at early age, while it was less at 28 days strength. The mix with 0.5%
hemp showed a decrease compared to the control samples; whereas, when the hemp
fibers were increased to 0.75%, the flexural strengthpemed well with the control
samples at early age, and it exceeded the control samples at late strength. It is also
worth mentioning, and similarly to the cube results, that the mix with 0.5% local hemp
performed better than the other 0.5% hemp mixes antpared well with the control
samples.

For mixes with coarse aggregate reduction, mixes with 0.5% hemp and a 10 or
20% coarse aggregate reduction are less than control samples by about 20% to 30% at
10 days and 28 days. Compared with control samplegotierete mixes with 0.75%
hemp and 20% coarse reduction were similar, at early and late age. The concrete mixes
with 1% hemp and 20% coarse reduction compared well with the control mix at 10
days, while it was less by about 20% at 28 days.

Comparing hemgiber mixes with steel and polypropylene mixes, it is clear

that the steel mixes showed the best performance; whereas, mixes with polypropylene
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fibers compared well with those with hemp fibers. Note that the steel fibers are
considered as rigid while atthers are flexible.

The fiberreinforced concrete behavior depends on the matrix and the fibers
orientation, especially in the presence of coarse aggregate and small sample size.
However, at 28 days, it was common with all filbeinforced mixes that thaeflections
correspondent to maximum flexural load ranged betweeni01587 mm compared to
0.5871 1.11 mm for control sample. The shift in the deflection is probably due to the
presence of fibers and consequently the decrease in the stiffness eotifii@rced
concrete mixes.

The fiberreinforced concrete flexural behavior depends on the matrix and the
fibers orientation, especially in the presence of coarse aggsegadesmall sample
sizes. For fiberreinforced concrete, the deflections at maximfiexural loads are
larger than those of control samples; consequently decreasing the stiffness -of fiber
reinforced concrete mixes.

No statistical performance was conducted in the trial phase for many reasons.
Since the number of samples was not alwaydainand the performed tests included
only compression and flexure, in addition to having small samples relative to concrete

mixes, as was the case with cubes results discrepancies.
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Figure 4.1. Flexural Load-Deflection Curves for Beams (5 x 5 x 20 cm), at 10 days. (Palm, Banana, Steel, Polypropylene Fibers,
and Control Samples).
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Figure 4.2. Flexural Load-Deflection Curves for Beams (5 x 5 x 20 cm), at 28 days. (Palm, Banana, Steel, Polgplene Fibers,
and Control Samples).
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Figure 4.3. Flexural Load-Deflection Curves for Beams (5 x 5 x 20 cm), at 10 days. (Hemp, Steel, Polypropylene Fibers, and
Control Samples).
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Figure 44. Flexural Load-Deflection Curves for Beams (5 x 5 x 20 cm), at 28 days. (Hemp, Steel, Polypropylene Fibers, and
Control Samples).
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4.3. Summary and Conclusion

In the trial mixes phase, many concrete mixes were tried with and without
fibers. The aim was to thymine a unique concrete mix and adopt in the research. The
fibers tested in this phase are steel, polypropylene, banana, palm, and industrial hemp.
Control mixes, without fibers, were included for comparison purposes, in addition to the
mixes with thesynthetic fibers steel and polypropylene. The monitoring tests are small
compression cubes and flexure beams.

Based on the test results of this trial phase, the fibers presence affected both
compression and flexural strengths. However, the variatidreisttength is affected
by the fibers type and volumetric fraction, and possibly the small sample sizes.
Comparing between different fibers, steel fibers showed the best results. Polypropylene
and the agricultural fibers showed similar results with sean@ations. Between the
agricultural fibers, the hemp has showed the bestghagile behavior.

In the following phase one, the steel, banana, and palm fibers will be excluded.
The research will proceed with polypropylene and hemp fibers mixes incaditi
control mixes. In this phase, a full largeale research testing set will be provided and

presented in chapter 5.
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CHAPTER 5
PHASE ONE RESULTS AN STATISTICAL ANALYSIS

5.1. Introduction

In the trial phase presented in chapter 4, many trial nhiaee been prepared
and investigated, and consequently the possible volume fractions of fibers were
determined in addition to the coarse aggregate reduction. The hemp fibers were
selected for further investigation in phase one, in addition to the poiyprapfiber
mix and control mix for comparison purposes. The banana and palm fibers are not
included, since the hemp fibers performed better in the trial mixes and due to practical
and availability of large fibers quantity. The maximum possible fibdswe fraction
is 1%, while the mix can still be workable. Also, a coarse aggregate reduction up to
30%by concrete volumes needed to allow for enough mortar matrix for the fibers to
interact within. Thus, in the first phase, three hemp fibers voluaetidns are
considered: 0.5%, 0.75%, and 1% in addition to three coarse aggregate redwyctions
concrete volume0% (no reduction)10% 20%, and 30%. In this phase, a full scale of
tests was adopted in order to provide adequate and enough testing tlataaftalysis
of the new material investigated. The tests considered are compressive strength,
flexure, splitting tensile, modulus of elasticity, thermal conditgtidensity, and slump
tests.

In order to validate the tests datlethis phase, the usé statistical analysis
methods is included. The main data sufficient for statistical data anatggiem
phasel, since many tests were performed and the number of specimens was as the

minimum required for representation, i.e. three specimens peiMiesStatistical
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Analysis System (SAR008 was used for data analysiBatawerestatistically
analyzed as one way ANOVA (Analysis of Variance) using the GLM (General Linear
Model) procedure of SAS and the different means were compared to the csintigpl
D u n n entthod is addition,data on hemp concrete with coarse reductierew
analyzed by the twavay ANOVA of SAS (2008) and mean comparison wadgormed
usingD u n ¢ Multiple Range tesivhere appropriate

Analytical linear models are also inded, in order to predict the results of the
compressive strength, modulus of elasticity, and flexure tests at 28 days concrete age.
The input data for the models are based on the correspondent control tests results. The
variables considered in the lineaodels are the fibers volume fraction, coarse

aggregate reduction, and the fibers aspect ratio.

5.2. Phase One Test Results

As detailed in chapter 3 (section 3.3.2), a total of 180 cylinders, 72 beams, and
12 blocks were prepared in phase 1. The cesgive strength was determined at 3, 7,
and 28 days concrete age. The flexural strength was determined at 7 and 28 days. All
other tests were performed at 28 days. Note that, for a best data representation, all
reported test results, except thermal kltest, are the average of three tested
specimens. For the thermal block test, one specimen was enough, since the thermal test

determines the average thermal conductivity along the specimen surface.
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5.2.1. Compressive Strength Test ResulsSTM C39

Using standard cylinders (15 x 30 cm), the compressive strength was
determined at 3, 7, and 28 days. The results are presented in Tadid Bldstrated in
Figure 5.1 with comparison to the control mix specimens resulis expectedanddue
to dimensbns difference andpecimes representative number gBecimes per test),
the average compressive strength results of standard cylinders are more cdhaistent
those of the cubes results in the trial phaBeeresultsindicate that the cylinder tests,
prepared with different fibers volumetric ratios and reductions in coarse aggregate,
result in a decrease in the compressive strength with the increase in coarse aggregate
reduction

For mixes without coarse aggregate reduction, and compared to thd contro
specimens, the compressive strength in the 0.5% polypropylene mix decreased by 3 to
17%, at 3 to 28 days. The compressive strength in the 0.5% hemp mix decreased by
about 20% at 7 and 28 days, with an exception at 3 days. Comparing the 0.5%
polypropylene mix with 0.5% hemp mix, the compressive strength results were similar.
For mixes with coarse aggregate reduction, and compared with the control specimens,
the compressive strength generally decreased as the coarse aggregate reduction is
increased. Th6.5%, 0.75%, and 1% hemp mixes decreased by about 20 to 40%, 15 to
40%, and 20 to 35% at different concrete ages, respectively.

At 28 days concrete age, the 0.5%, 0.75%, and 1% hemp mixes, with 10%,
20%, and 30% coarse aggregate reduction, varied betweetol20 MPa, respectively,
compared to 23.4 MPa for the control specimen. For most hemp mixes with coarse
aggregate reduction, the decrease of strength at 28 days was the same or close to that at

3 days.

64



Table 51. Standard Cylinders (15 x 30 cm) Compressive Strength Average Test
Results at 3, 7, and 28 Days.

Mix 3 Days 7 Days 28 Days
Mix Type i i i
No. " MPa | 10 Contiol | MP | o Control | MP2 | to Contral
1 | Control 11.9 - 194 - 234
2 | 0.5%Polypropiene 115 -3% 161 -17% 204 -13%
3 | 0.5%Hemp 128 +8% 156 -20% 189 -19%
4 | 0.5%Hempl0%coarse 9.8 -17% 143 -26% 175 -25%
5 | 0.5%Hemp20%coarse 8.9 -25% 12.6 -35% 16.7 -29%
6 | 0.5%Hemp30%coarse 8.3 -30% 114 -41% 17.8 -24%
7 | 0.75%Hempl0%coarse | 10.2 -14% 12.7 -34% 201 -14%
8 | 0.75%Hemp20%coarse 8.7 -26% 12.2 -37% 17.1 -27%
9 | 0.75%Hemp30%coarse 7.6 -36% 119 -39% 17.9 -23%
10 | 1.0%Hempl0%coarse 9.1 -23% 126 -35% 18.9 -19%
11 | 1.0%Hemp20%coarse 94 -21% 134 -31% 182 -22%
12 | 1.0%Hemp30%coarse 9.6 -19% 14.0 -28% 16.8 -28%

Table 52. Modulus of Rupture Results, Based on Flexural Beam Tests, at 7 and 28

Days.
7 days 28 days
Mix . % %
No. Mix Type '\I<|/ICIZ>R difference '\I<|/ICIZ>R difference
(MPa) to Control (MPa) to Control
1 | Control 2.6 - 3.4 -
2 | 0.5%Polypropylene 2.6 +1% 2.6 -24%
3 | 0.5%Hemp 2.3 -9% 2.3 -31%
4 | 0.5%Hempl0%coarse 2.2 -16% 2.9 -14%
5 | 0.5%Hemp20%coarse 2.1 -18% 2.7 -19%
6 | 0.5%Hemp30%coarse 2.2 -13% 2.7 -21%
7 | 0.75%Hempl0%coarse 2.6 +1% 3.1 -71%
8 | 0.75%Henp-20%coarse 2.2 -12% 2.6 -24%
9 | 0.75%Hemp30%coarse 2.4 -8% 2.5 -27%
10 | 1%Hempl0%coarse 2.3 -12% 1.5 -57%
11 | 1%Hemp20%coarse 2.3 -8% 1.9 -45%
12 | 1%Hemp30%coarse 2.9 +14% 3.0 -11%
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In general, the compressive strength of fitkenforced concrete mixes tends to

decrease in the presence of fibers.

5.2.2 Flexure Beam Test ASTM C78

Beam specimens (15 x 15 x 53 cm) were used to determiheatihdeflection
curves of different concrete mixes.

The flexure beam test was performed at 7 and 28 days of concrete age, in order
to monitor the different mixes performance at early and late concrete str&ngtines
5.2 and 53 showthe flexure beamest results at 7 and 28 days, respectivéilis worth
noting that the flexure beam results may vary with different beam replicates for the
same mix due to the fibers orientation and distribution in the beam specimens.
Consequently, the loadeflectioncurves variations may be expected.

Based on the loadeflection curves, the modulus of rupture (MOR) was also
determined. According to ASTM C78, and assuming that the fracture initiates within
the middle third of the beam length: MOR = PL3bahere RkN) is the peak machine
load reached, b is the beam width@ham), d is the beam depth (@&m), and L is the
beam clear length within supports ¢4%m). Table 5.2 summarizes the MOR results at
7 and 28 days.

For mixes without coarse aggregate reductiom,05% hemp and 0.5%
polypropylene mixes MOR results were almost the same. At 7 days, the MOR results
were close to that of the control specimen. At 28 days, the results were less by about 25
to 30% than control specimen.

For mixes with coarse aggregaéeluction, at 7 days, almost all mixes MOR

results were less than control mix MOR by aboufl5®; whereas, at 28 days, the
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variation from the control specimen was abou586 with some exceptions, as low as
10% and as high as 50%

As for the loaddeflecton curves (Figure 3.and 53), the benefits of the fiber
reinforced concrete compared to plain concrete are illustrated. Although the MOR of
most mixes is less than that of control mix, the ductile behavior after the maximum load
is reached, i.e. the pisrack behavior, is of major importance because it modifies the
concrete mode of failure from brittle to ductile. The laksdlection curves results
illustrate the ductile behavior of the fibeginforced concrete composite after the peak
load is reachedThe ductile behavior is directly related to the toughness of the
composite material. The control specimen results show the brittle failure of plain
concrete after the peak load is reached. For example, with 0.75% hemp and 20% coarse
reduction and sinfarly with 1% hemp and 30% coarse reduction, the peak load is
almost the same as that of the control specimen, while the toughness increases as
simulated by a larger area or more energy absorption under thddfiadtion curves.

This explains the ductily of the new composite while keeping the same flexural
strength as plain concrete. Note that other hemp and coarse aggregate percentages show

a ductile behavior but not to the same extent.

5.2.3. Splitting Tensile TestASTM C496

Standard cylinderslé x 30 cm) were tested at 28 days, under a splitting tensile
load until failure. The average of three specimens is considered for every test. The
splitting tensile test results are presented in Tablafd3llustrated in Figure &, with

comparison tahe control mix results.
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For the splitting tensile strength, all hemp mixes performed better than the
polypropylene mix. For the 0.75% hemp mixes with 20 and 30% coarse reduction, and
all 1% mixes, the splitting tensile results were almost the same asrtkrol mix. Only
the 0.5% hemp mixes, 0.5% polypropylene, and 0.75% hemp with 10% coarse
reduction mixes showed a decrease of abotB(2G.

The results indicate that the 0.75% and 1% hemp volume fractions are
sufficient and adequate as an optimal Stlgst to the coarse reduction. Note that the
splitting tensile strength results agree with the ASTM specifications, i.e. they are
generally less than the MOR results. Further, and as would be expected, the splitting
tensile strength results are about 10%the compressive strength results, for plain

concrete. However, it is not always the case for fibeérforced concrete.

5.2.4. Modulus of Elasticity Test ASTM C469

The modulus of elasticity was measured, according to ASTM C469, for all
mixes. Themodulus also was calculated using concrete density and compressive
strength equation. Both measured and calculated modulii are compared, in addition to
comparing the measured values of different mixes, with that of the control mix. All
results are pres¢ed in Table 5.4nd illustrated in Figure 5.

The new composite is more ductile and thus with less stiffness (i.e. larger
deflection at same load) as was observed in FiguBessl. 53. As presented in Table
5.4, all measured hemp specimen resultewess than the measured control specimens,
even with 0.5% hemp with no reduction, which justifies the role of fibers when added to

plain concrete in reducing the stiffness and increasing the ductile behavior.
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The modulus of elasticity of hemp mixes showedecrease of about-30%
compared to the control mix. These results are consistent with thddfladtion
curves, where they are shifted to the right, i.e. reduced stiffness. Besides, some
differences, mainly with 0.5 and 0.75% hemp mixes, appdra®deen the measured
and calculated modulii. Many factors can be attributed to such differences like the
concrete density and compressive strength. However, in most mixes both the measured
and calculated modulii did agree, which reinforce the differémtize control mix

results in both cases.

5.2.5. Thermal Conductivity Block Test ASTM C518

The thermal conductivity of the concrete mixes was determined according to
ASTM C518. For every mix, one block (5 x 30 x 30 cm) was tested and an average
valuewas reported, as presented in Table 5.5 and illustrated in Figure 5.6. Most 0.75%
and all 1% Hemp mixes with coarse reduction showed a thermal conductivity less than
the control mix up to 35%. This test shows that the presence of sufficient hemp fibers
would substantially improve the thermal properties of concrete mixes, resulting in an

insulating concrete.

5.2.6. Density Tesi ASTM C642

The density of hardened concrete was determined and all mixes results are
presented in Table 5.6 an illustrated igufe 5.7. The density results are compared to
that of the control mix. As expected, the densities of hemp mixes with aggregate

reduction were less by abouf7S6.
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Table 53. Splitting Tensile Strength, Cylinders (15 x 30 cmiResults, at 28 Days.

28 days
Mix . %
No. Mix Type MPa | difference to
Control
1 Control 2.3 -
2 0.5%Polypropylene 1.8 -21%
3 0.5%Hemp 2.2 -1%
4 0.5%Hempl0%coarse 1.9 -14%
5 0.5%Hemp20%coarse 1.6 -27%
6 0.5%Hemp30%coarse 1.6 -29%
I 0.75%Hempl0%ca@rse 1.8 -20%
8 0.75%Hemp20%coarse 2.2 -3%
9 0.75%Hempg30%coarse 2.1 -5%
10 1%Hempl0%coarse 2.2 -1%
11 1%Hemp20%coarse 2.2 -4%
12 1%Hemp30%coarse 2.3 +1%

Table 54. Modulus of Elasticity Test Results, at 28 Days.

28 days
. . A %
'\|<I|IOX Mix Type E measured E calculated /IoEdlfferer;ge difference
(kglen?) | (kglent) measured to Control
Ecalculated
(Em)
1 | Control 237,536 | 223,353 +6% -
2 | 0.5%Polypropylene 218,184 | 204,162 +7% -8%
3 | 0.5%Hemp 220,035 | 199,232 +10% -7%
4 | 0.5%Hempl0%coarse | 189,350 | 185,007 +2% -20%
5 | 0.5%Hemp20%coarse | 173,040 | 178,878 -3% -27%
6 | 0.5%Hemp30%coarse | 215,426 | 178,124 +21% -9%
7 | 0.75%Hempl0%coarse| 149,196 | 198,472 -25% -37%
8 | 0.75%Hemg20%coarse| 206,788 | 179,815 +15% -13%
9 | 0.75%Hemp30%coase | 161,341 | 183,973 -12% -32%
10 | 1%Hemp10%coarse 189,662 | 190,353 0% -20%
11 | 1%Hemp20%coarse 169,598 | 181,923 -7% -29%
12 | 1%Hemp30%coarse 170,883 | 168,933 +1% -28%

*Ecalculated = 33.w3/2.sqgrt(f'c) ,where w = unit weight in (Ib/cu.ft) and f'c = comprestrength in

(psi)
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1% Hemp- 30% coarse
1% Hemp- 20% coarse
1% Hemp- 10% coarse
0.75% Hemp 30% coarse
0.75% Hemp 20% coarse

0.75% Hemp 10% coarse
0.5% Hemp- 30% coarse
0.5% Hemp- 20% coarse
0.5% Hemp- 10% coarse
0.5% Hemp
0.5% Polypropylene
Control
0.0 1.0 MPa 2.0 3.0
Figure 54. Plot of Splitting Tensile Test Results
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Figure 55. Plot of the Modulus of Elasticity Test Results.
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Table 55. Thermal Conductivity Results on Block (5 x 30 x 30 cm), at 28 Days.

28 days
Mix Mix Type > v
No. (Watt/meter. | difference
kelvin) to Control
1 | Control 1.885 -
2 | 0.5%Polypropylene 1.608 -15%
3 | 0.5%Hemp 1.866 -1%
4 | 0.5%Hempl0%coarse 1.504 -20%
5 | 0.5%Hemp20%coarse 1.912 +1%
6 | 0.5%Hemp30%coarse 1.661 -12%
7 0.75%Hempl0%coarse 1.746 -1%
8 | 0.75%Hemp20%coarse 1.418 -25%
9 | 0.75%Hemp30%coarse 1.221 -35%
10 | 1%Hempl0%coarse 1.226 -35%
11 | 1%Hemp20%coarse 1.232 -35%
12 | 1%Hemp30%coarse 1.414 -25%
Table 56. Density Test Results, at 28 Days.
. . %
'\l<lllc))( Mix Type azr/‘frlg)/ difference
' to Control
1 | Control 2,254 -
2 | 0.5%Polypropylene 2,223 -1%
3 | 0.5%Hemp 2,243 0%
4 | 0.5%Hempl0%coarse 2,191 -3%
5 | 0.5%Hemp20%coarse 2,176 -3%
6 | 0.5%Hemp30%coarse 2,125 -6%
7 | 0.75%Hempl0%coarse | 2,192 -3%
8 | 0.75%Hemp20%coase 2,166 -4%
9 |0.75%Hemp30%coarse | 2,198 -2%
10 | 1%Hempl0%coarse 2,176 -3%
11 | 1%Hemp20%coarse 2,138 -5%
12 | 1%Hemp30%coarse 2,090 -71%
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Table 57. Slump Test Results.

I\I<||Ic))(. Mix Type S(I;r%p
1 | Control 25
2 | 0.5%Polypropylene 22
3 | 0.5%Hemp 7
4 | 0.5%Hempl0%coarse 11
5 | 0.5%Hemp20%coarse 14
6 | 0.%%Hemp30%coarse 17.5
7 | 0.75%Hempl0%coarse| 6.5
8 | 0.75%Hemp20%coarse 11
9 | 0.75%Hemp30%coarse 14
10 | 1%Hempl0%coarse 7
11 | 1%Hemp20%coarse 7
12 | 1%Hemp30%coarse 7

The decrease in density is associated with the reduction in coarse aggregates

but wasnot extensive.

5.2.7. Slump Testt ASTM C143

mixes were cast. Table 5.7 presents the slump test values. Mixes with 0.75% hemp and

The slump test was performed on all mixes at the fresh state, while the concrete

20-30% coarse reduction showed an acaklet slump about 13 cm. The slump of 1%

hemp mixes was close to the minimum allowable, resulting in a very stiff mix. The

hemp

reducing the slump of the composite mixhidlis further confirmed by the fact that

f

ber so

hi gh water

absorption,

t

he

polypropylene addition did not affect the slump result since it does not absorb water. It

is also evident that when the 1% hemp is added the workability of the mix decreased to

a large extent and therefore goirgybnd the 1% hemp fibers is not recommended.
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5.3. Statistical Analysis of Phase 1 Specimens

The tests data of phase 1 constituted sufficient sampling data for statistical
analysis. All the data used in the statistical analysis are the average vdhreg of
specimens, as mentioned earlier. The analyzed data were of the following tests:
compression tests (cylinders 15 x 30 cm) at 3, 7, and 28 days; flexure beam (15 x 15 x
53 cm) tests in term of the modulus of rupture (MOR), at 7 and 28 days; spétisite
tests for cylinders (15 x 30 cm) at 28 days; and modulus of elasticity tests for cylinders
15 x 30 cm, at 28 days.

All dataareanalyzed based on 95% confidence level. -@ag and tweway
Analysis of Variance (ANOVA) are considered. The Duhnéts met hway f or on
ANOVA is used to compare all datdath controlmix data The Duncanbés m
two-way ANOVA is used to compare the data of all hemp mixes only, with different

hemp fibers fractions, and different coarse aggregate reduction.

Table 58. One-Way ANOVA Results, Comparing Al Tests Results with the
Control Test Results.

Compression MOR Splitting | Modulus
Mix Type (MPa) (MPa) (MPa) (MPa)
3d 7d 28d 7d 28d 28d 28d

Control 119 | 194 | 234 | 2.6 3.4 2.3 23,754
0.5%Polypropylene 11.5 | 16.1*| 20.4*| 2.6 | 2.6* 1.8* 21,818*
0.5%Hemp 12.9*| 15.6* | 18.9*| 2.3 | 2.3* 2.2 22,004
0.5%Hempl0%coarse | 9.8* | 14.3* | 17.5* | 2.2* | 2.9 1.9* 18,935*
0.5%Hemp20%coarse | 8.9* | 12.6* | 16.7* | 2.1* | 2.7* 1.6* 17,304*
0.5%Hemp30%coarse | 8.3* | 11.4* | 17.8*| 2.2* | 2.7* 1.6* 21,543*
0.75%Hempl0%coarse | 10.2* | 12.7* | 20.1* | 2.6 3.1 1.8* 14,920*
0.75%Hemp20%coarse | 8.7* | 12.2* | 17.1*| 2.3 | 2.6* 2.2 20,679*
0.75%Hemp30%coarse | 7.6* | 11.9*| 17.9*| 2.4 2.5* 2.1 16,134*
1%Hemp10%coarse 9.1* | 12.6*| 18.9*| 2.3 | 2.2* 2.2 18,966*
1%Hemp20%coarse 9.4* | 13.4*|18.2*| 24 | 2.8* 2.2 16,960*
1%Hemp30%coarse 9.6* | 14.0*| 16.8*| 2.9* | 3.0 2.3 17,088*
SEM** 0.21 | 0.45 ] 0.66 | 0.08 | 0.13 0.035 457.47

* Significantly differentfrom the Control result, and **SEM is the Standard Error of Mea|
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5.3.1. OneWay ANOVAResults

The tests data were analyzed using the general linear models procedure for
oneway ANOVA, and means of all mixes were compared to the control mix by
D u n n e ttdsté & a significant level of 0.05
As summarized and pressted in Table 5.8, the different eleven mixes are compared to
the control mix results as follows:

1 The compressive strength results of all fiber mixes are significantly less and
different, except for polypropylene mix at 3 days.

1 For the flexure results, terms of MOR, at 7 days only the 0.5% hemp mixes
are significantly less; whereas, the 1.0% he3@po coarse mix is significantly
larger. At 28 days, most mixes are significantly less except 0.5%-he#bp
coarse, 0.75% hemp0% coarse, and 1.0% hefBf% carse mixes.

1 Most of the splitting tensile test results are not significantly different and can be
considered the same as control results; except the polypropylene, all 0.5% hemp
with coarse reduction, and 0.75% hef{}® coarse reduction.

1 Finally, for the nodulus of elasticity results, all mixes were significantly less
than the control result, except the 0.5% hemp with no reduction.

Therefore, the onway ANOVA statistical analysis with 95% confidence assures that
the compressive strength and the moduluslaticity tests results are significantly less
than the control results; whereas, the tensile strength are not all significantly different.
This indicates that the hemp mixes may have less compressive strength and are more
flexible with lower modulus, wite the tensile strength may not be affected; besides, the

mode of failure is ductile instead of brittle.
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5.3.2. TweWay ANOVAResults

The tests data were analyzed using the gétiaear model procedure for two
way ANOVA, and means of adllempmixes wee compared bfpuncard s- te3ts at a
significant level of 0.05

Only the hemp mixes are considered in the-tvaty ANOVA, where
simultaneously two variables are of concern, the fibers volume fraction and the coarse
aggregate reduction. In this method, ith@uded results are for the compressive
strength tests at 3, 7, and 28 days, the modulus of rupture at 7 and 28 days, the splitting
tensile test at 28 days, the modulus of elasticity at 28 days-way@ANOVA results

are presented in Table 5.9.

5.3.2.1 Compressive Strength

At 3 days, the mixes that are not significantly different are two groups:
1 0.5%hemp 20%coarse and 0.75%hermR0%coarse.
1 1.0%hemp 20%coarse and 1.0%herm@0%coarse.
All others are significantly different.
At 7 days, the mixethat are not significantly different are three groups:
1 0.5%hemp 20%coarse, 0.75%henipl0%coarse, and 1.0%hernp
10%coarse.
1 0.5%hemp 10%coarse and 1.0%herm@0%coarse.
1 0.75%hemp 20%coarse and 0.75%herm@0%coarse
All others are significantly diffemt.

At 28 days, the mixes that are not significantly different are two groups:
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1 0.5%hempg 10%coarse, 0.75%hen@0%coarse, and 1.0%hermp
30%coarse.
1 0.5%hempg 30%coarse and 0.75%hem@0% coarse.
All others are significantly different.
Therefore, mainl the compressive strengths at different dates vary with most mixes;
this variation can be attributed to the presence of fibers and to the difference in coarse
aggregate amount, which could be related to the compressive strength more than the

fibers.

5.32.2. Modulus of Rupture MOR

At 7 days, the mixes that are not significantly different are one group:
0.5%hemyd 10%coarse, 0.5%henmp20%coarse, 0.5%henip30%coarse, 0.75%
hempi 20%coarse, and 1.0%hem@d.0% coarse.

At 28 days, mixes that are not sigrantly different are two groups:

1 0.5%hempi 10%coarse and 1.0%herm@0%coarse.

1 0.5%hemp 20%coarse, 0.5%henip30%coarse, and 1.0%herm@0%coarse.
All others are significantly different.
The variation in the MOR, i.e. the flexural performance, cbelattributed to the
difference between mixes in terms of compressive strength and mostly the fibers
orientation. Since the fibers are expected to bridge over a crack, the orientation of the
fibers, parallel or perpendicular to the crack direction, coegdlt in very distinct

flexural performances.
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Table 59. Two-Way ANOVA.
CompressionMPa) 3 days Test

Hem R | 10% 20% 30%
0.5% 9.8% 8.9 8.3
0.7%% 10.2 8.7 7.6°
1.0% 9.1° 9.4%° 9.6%°
SEM | 0.20 (Standard Erroof Mean)
Compression(MPa) 7 days Test
Hem R | 10% 20% 30%
0.5% 14.3 12.6°° 11.4°
0.7%% 12.7°° 12.2¢ 11.9°
1.0% 12.6°° 13.4° 14.G*
SEM | 0.39 (Standard Error of Mean)
CompressionMPa) 28 days Test
Hem R | 10% 20% 30%
0.5% 17.5¢ 16.7 17.8%
0.7%% 20.7 17.1°¢ 17.9
1.0% 18.9° 18.1° 16.87°
SEM | 0.43 (Standard Error of Mean)
Modulus of Rupture MOR(MPa) 7 days Test
Hem R | 10% 20% 30%
0.%% 2.7 2.1° 2.F
0.7%% 2.6° 2.3 2.4°
1.0% 2.3 2.4° 2.9
SEM | 0.09 (Standard Error of Mean)

Modulus of Rupture MOR(MPa) 28 days Test

Hem R | 10% 20% 30%
0.5% 2.9° 2.7°° 2.7"°
0.7%% 3.7 2.6%° 2.5°
1.0% 2.7 2.8 3.0"°
SEM | 0.13 (Standard Error of Mean)
Splitting Tensile(MPa) 28 days Test
Hem R | 10% 20% 30%
0.5% 1.9 1.6 1.6
0.75% 1.8 2.2° 2.1°
1.0% 2.2° 2.2° 2.3
SEM | 0.033 (Standard Error of Mean)
Modulus of Elasticity(MPa) 28 days Test
Hem R | 10% 20% 30%
0.5% 18,93% 17,304 21,547
0.7%% 14,919 20,678 16,134°
1.0% 18,966 16,959 17,088
SEM | 497.7 (Standard Eor of Mean)

CR: Coarse Aggregate

Means with same Superscript are not significantly different
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5.3.2.3. Splitting Tensile

At 28 days, mixes that are not significantly different are two groups:
1 0.5%hempg 20%coarse and 0.5%hem@0%coarse.
1 0.75%hemp 20%coarse and 1.0%hemf20%coarse.
All others are significantly different.
Mostly, hemp mixes are similar in terms of splitting tensile results. The difference
could be attributed to the amount of fibers present in addition to the course aggregate

reduction.

5.3.2.4. Modulus of Elasticity

At 28 days, mixes that are not significantly different are three groups:
1 0.5%hempg 10%coarse and 1.0%herm@d.0%coarse
1 0.5%hemp 20%coarse, 1.0%henip20%coarse, and 1.0%herm@0%coarse.
1 0.5%hempg 30%coarse and. ¥5%hempg 20%coarse.
All others are significantly different.
The modulus of elasticity is attributed to the interaction between the concrete matrix
and the fibers, and it is not dependent on one element without the other. Most hemp
mixes are flexible andre similar in behavior in terms of elasticity
In summary, the effect of hemp fibers in addition to the coarse aggregate
reduction in concrete mixes, can be variable and differences between mixes can be
expected. The point is that the fibers orientatiotine concrete can play a major role in
the performance of the concrete mixes. However, the repeatability in the specimen
number and the tests performed can show a certain trend in the performance of the new

material.
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5.4. Analytical Model for Phase OndResults

According to Naaman et al. (1990), researchers have started investigating
analytical modeling of fibereinforced concrete mixes using linear models; then after
researchers investigated more sophisticatedinear models (Barros et al. 1999,

Mansur et al. 1999, and Junior et al. 2010).

In the current research, linear models were set and investigated. Based on the
first phase tests results, linear models were developed in order to predict the
compressive strength, modulus of elasticity, ankuilal strength of samples tested.

The models were developed based on test results of the samples tested for 0.5%, 0.75%,
and 1.0% hemp volume fractions, and for 10%, 20%, and 30% coarse reductions; i.e.,
nine (3 x 3) mixes were incorporated in the atiedy model development. As

mentioned previously, three replicates were tested for each mix and test type.

The value used for hemp density was 1,400 Rg/m the linear models, three
variables were considered: the fibers volume fractigh (ke coarsaggregate
reduction (CR), and the fibers aspect ratio (AR). The values of aspect ratio studied
were 40, 50, and 60 (Section 3.3.1.2). Analysis revealed that the effect of AR was
negligible and did not affect the predicted values for compressive stremgtilus of
elasticity, and flexural strength. Thus, a fixed value of 50 was adopted in development
of the linear models.

The models input are the control mix results in order to predict the-hemp
reinforced mixes properties using different linear modeteims of compression,

modulus of elasticity, and flexure at 28 days concrete age.
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5.4.1. Compressive Strength Results

Many trials were investigated for the compressive strength linear model in
order to optimize the predicted compressive strength.c®h&ol mix average result
used was 23.4 MPa (Table 5.1). The sum of square of the efydretieen the
predicted (fredicted @and measured compressive strengths was calculatetl home
mixes The linear model that minimized teem of square of therror Ethe most was
selected.

Referringto Table 5.10first the only variable included in the model was the
volume fraction. The model was not adequate and not sensitive to the volume fraction
alone. The aspect ratio was added as another varlablg\waith the volume fraction in
the model, but still the model was not adequate and not sensitive to both the volume
fraction and aspect ratio. The coarse aggregate reduction separately was also
investigated, the model was more sensitive to the coatsetren than the Mand AR
but still not adequate enough in predicting values close to those measured. A
combination of the coarse reduction and fibers volume fraction was investigated.
Finally, the optimal linear model was found to be adequate whearothiee reduction,
volume fraction, and aspect ratio were all included, as follows:

11.53i 0.288*{oniro*(1-CR/100)*(2V#/100) + 0.0268*AR*Y
feontrol IS the compressive strength result of the control mix
Using this model, the sum of the square ofdfrer was minimized to 81. The
predicted data fitted well around the’4ifie when plotted against measured values

(Figure 5.8), whichustifies the adequacy of the model.
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Table 510. Linear Model Trials for Prediction of Compressive Strength.

fpredicted E® | Variables
144.377 5.45*fontrof"(1-V/100) 8.88 V; only
16.91 + 0.00 1% o (AR®V 1) 888 | AR&V;
12,521 0.286%onuof(1-CR/100) 6.82 | CRonly
12,581 0.285*0mof(1-CR/100)*(EV/100) 688 | CR&V,
11,531 0.288%F0nro(1-CR/100)*(LV{/100) + 0.0268*AR* | 6.21 CRfRVf&
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Figure 5.8. Best Fitted Data for the Compressive Strength Linear Model
incorporating CR, Vi, and AR.

5.4.2. Modulus of Elasticity Results

Many trialswere investigated for the modulus of elasticity linear model in
order to optimize the predicted modulus. The modulus used for the control mix result

was 23,754 MPa (Table 5.4). The sum of the square of the efydreffzeen the
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predicted (Bredicted @ard measured modulvascalculatedor all nine mixesind the
minimum of the sum of the square of the errowBs targeted.

Referring toTable 5.11first the volume fraction was only included, the model
was not adequate and not sensitive to the voluastidn alone. The aspect ratio was
added with the volume fraction in the model, the model was still not adequate and not
sensitive to both the volume fraction and aspect ratio. The coarse aggregate reduction
separately was also investigated and the medsistill not adequate. A combination of
the coarse reduction and fibers volume fraction was investigated. Finally, the optimal
linear model was found to be adequate when the coarse reduction, volume fraction, and
aspect ratio were all included, as tolis:

23068.91 0.138*E.oniro*(1-CR/100)*(:V#/100)i 64.09*AR*\f
Econtrol 1S themodulusresult of the control mix
The sum of the square of the error was minimized to 32.44 and the data were best fitted.
The predicted data fitted well around thé€ #Be, but two outliers appeared to affect the
model adequacy, as shownFigure 5.9 Thus, the model was refined excluding data of
two mixes:0.5% Hemp30% coarsand0.75% Hempl0% coarse The model was
improved as follows:

8641.3 + 0.495*Eonor(1-CR/100)*(:V4/100) + 0.837 AR*V;
The predicted data fitted better around theld as illustratedn Figure 5.10with the

sum of the square of the error reduced to 9.39.
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Table 511. Predicted Modulus of Elasticity Linear Model Trials (Square Error E?
is Divided by 10).

Epredicted E%/10° | Variables
i 929.369 + 0.80%Econof(1-V+/100) 36.43 | V;only
1074.72 + 0.018* Econtrol* (AR* V) 265.91| AR & Vs
20650.2i 0.136 Econtrof(1-CR/100) 36.24 | CRonly
20536.11 0.13% Econtro(1-CR/100)/(1-V/100) 36.29 | CR&V;
23068.91 0.138 Econuof(1-CR/100)(1-V/100)i 64.09*AR*V; | 32.44 CR/f‘RVf&
8641.3 + 0.49%Econoi(1-CR/100)(1-V/100)+ 0.837*AR*V; 9.39 CRvaf&
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Figure 59. Fitted Data for the Modulus of Elasticity Linear Model with CR, Vj,
and AR (Outliers Circled).

5.4.3. Flexure Results

Many trials were investigated for the beam flexure test maximum load linear
model in order to optimize the predicted flexure peak load. The tomtt@verage

result used was 23.35 kN (MOR data Table 5.2).
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Figure 5.10. Fitted Data for the Refined (Outliers Excluded) Modulus of Elasticity

Linear Model with CR, Vi, and AR.

Table 512. Predicted Flexure Maximum Load Linear Model Trials.

Poredicted E? Variables
i 249.46 + 10.70Pconto(1-V1/100) 36.29 | Vonly
21.597 0.0013 Pgontrof* (AR* V) 37.15 | AR & V;
19.167 0.06F Peontro*(1-CR/100) 37.95 | CRonly
19.07i 0.066 Peontro*(1-CR/100)*(1-V+/100) 36.30 | CR&V
20.321 0.063 Peontro(1-CR/100)(1-V/100) 1 0.0316*AR*V; 36.99 CRA&F:/f .
8.61 + 0.510*Pcontrol*(ACR/100)*(:Vf/100) + 0.0605*AR*Vf | 11.49 CR;‘F:/f&
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Figure 512 Fitted Data for the Refined (Outlier Excluded) Flexure Maximum
Load Linear Model with CR, V;, and AR.

The sum of the square of the errof)(Between the predicted fRicted and
measured peak load was calculatedatbnine mixesand the minimum of the sum of

the square of the errof@as targeted. It is worth noting that the orientation and
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distribution of fibers in every specimen miag different and the maximum load
variation cannot be expected even for the same-tibecrete mix. Besides, the stress
plane in the flexure beam specimens is not linear and not one dimensional. Note that in
the literature the prediction of flexure mapum loads is rarely considered, mostly the
compressive strength and modulus of elasticity instead.
Referring toTable 5.12first the volume fraction was only included, the model

was not adequate and not sensitive to the volume fraction alone. TheraSpetas
added with the volume fraction in the model, and the model was not adequate and not
sensitive to both the volume fraction and aspect ratio. The coarse aggregate reduction
separately was also investigated and the model was still not adequadenbiation of
the coarse reduction and fibers volume fraction was investigated. Finally, the optimal
linear model was found to be adequate when the coarse reduction, volume fraction, and
aspect ratio were all included, as follows:

20.32i 0.063*Pcontro*(1-CR/100)*(2Vi/100)i 0.0316*AR*V
Pcontrol IS the peak flexure load of the control mix.
The sum of the square of the error was minimized to 36.99 and the data were best fitted.
The predicted data fitted around the€ #Be, but one outlier appearedatfect the
model adequacy, as shownFigure 5.11. Thuyghe model was refined excluding the
data of mix:1% Hemp- 10% coarse The model was improved as follows:

8.61 + 0.510Ponyo(1-CR/100)*(1Vi/100) + 0.0605AR*V;
The predicted data fitted wedkound the 4%line, Figure 512, with sum of the square of

the error reduced to 11.49.
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5.5. Summary and Conclusion

Phase one was aimed to further investigate the hemp mixes, in order to
determine optimal hemp mixes which can be adopted in the follgvtiage, where
structuralbeamelements will be introduced and investigated.

Therefore a full scale testing set was launched in phase one. A control mix, a
polypropylene mix, and ten hemp mixes were considered. The hemp volumetric
fraction was varied betves 0.5 and 1% by concrete volume. A coarse aggregate
reduction of 10 to 30% by concrete volume was also inclutiiede that the 10%, 20%,
and 30% coarse reduction by concrete volume is equivalent to 18.2%, 30.6%, and
46.3% coarse reduction from the cahiriginal coarse aggregate quantities,
respectively.

The tests considered are compressive strength, flexure, splitting tensile,
modulus of elasticity, thermal conductivity, density, and slump tests. A statistical
analysis using ANOVA method was alsolired in order to be able to significantly
determine whether differences exashongall mixes tests results.

Thecompressive strength resuitslicated that the cylinder tests, prepared with
different fibers volumetric ratios and reductions in coarseeagge, resuitdin a
decrease in the compressive strength with the increase in coarse aggregate reduction

As for the flexure tests, the loaflection curves results showed the ductile
behavior of the fibereinforced concrete composite after the peakl is reached. The
ductile behavior is directly related to the toughness of the composite material. The
control specimen results showed the brittle failure of plain concrete after the peak load

is reached. Although the modulus of rupture was less ki@t control mix, the
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ductile behavior after the maximum load was noticeable in-filaeforced concrete
specimens.

For the splitting tensile teste results indicated that the 0.75% and 1% hemp
volume fractions were sufficient and adequate as amapsubstitute to the coarse
reduction.

The modulus of elasticity of hemp mixes showed a decrease compared with
that of the control mix. These results were consistent with thedegelction curves,
shifted to the right, implying a reduction in théfaess.

The thermal conductivity test showed that the presence of sufficient hemp
fibers would substantially improve the thermal properties of concrete mixes, resulting in
an insulating concrete.

The density results of hemp mixes, as compared to thaeaiintrol mix,
were less by an average of 5%.

The slump test results showed that for hemp mixes it would not be practical to
go beyond 1% volumetric fraction, because of the hemp absorption capability.

Note that, comparing to the polypropylene mix reswith no aggregate reduction, all
hemp mixes results compared well or even better in most cases.

Statistical analysis was used to determine all significant differences between
various mixes tests results, at a confidence level of 95%. It was showrethat th
compressive strength test results were significantly less compared to that of the control
mix. In term of MOR, most hemp mixes were significantly less than that of the control
mix. Most of the splitting tensile test results were not significantly réiffeand did
compare well with the control mix result. The modulus of elasticity test results were all

significantly less than that of the control result. Moreover, comparing between the
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various hemp mixes, a twway ANOVA showed that in most cases thisra

significnat difference in the tests results. Since most hemp mixes are different in terms
of the fibers volume fraction and the coarse aggregate reduction, such signifance would
be expected.

Linear models were set and investigated for the firstgohesults of the
compressive strength, modulus of elasticity, and flexure tests. The linear models were
shown to acceptabely predict the hefilq@r concrete mixes, based on the control
results as input data for the models.

In order to proceed with the ech, two hemp mixes were selected in
addition to a control mix, to prepare and investigate structural beam elements. These
three concrete mixes will be tested on reinforced concrete structural beam elements, and

three modes of failure: flexure, shearddond will be investigated.
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CHAPTER 6
PHASE 2 RESULTS ANLANALYSIS

6.1. Introduction

In the second phase of the research program, three mixes of Phase 1 were
selected and integrated in structural beam elements to investigate the behavior of the
mixesin the presence of steel reinforcement and under bending, shear, and bond
splitting modes of failure. The three concrete mixes were: a control mix with no fibers
(Control), a mix with hemp volume fraction of 0.75% and a coarse aggregate reduction
of 20%by volume of concrete (0.75%Her20%coarse), and a mix with hemp volume
fraction of 1% and a coarse aggregate reduction of 20% by volume of concrete
(1%Hemp20%coarse). Properties of Phase 2 concrete mixes are presented in Table 6.1
in terms of the standa cylinders compressive strength and the slump tests.

Six beams were prepared with each type of the three mixes: two to fail in
bending or flexural mode, two to fail in shear mode, and two were designed to fail in
bond splitting mode of failure. Replieatwere used to check and verify the validity of
the test results. A total of eighteen beams were prepared and casted. The beams types

representing the modes of failure were detailed in chapter 3 (Section 3.3.3)

6.2. Phase 2 Test Results

The loaddeflection curves were plotted for all beams and compared with the

control specimens. The curves are used to indicate the difference in toughness,
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ductility, and posultimate behavior. Also, the crack widths were measured at beams

mid-span, under load P, aatisplices end points for different beam types.

Table 61. Phase 2 Concrete Properties.

Compressive Strength Kg/cnv) Slump
Mix Type 7 28 %Difference to (cm)
Days | Days | Control (at 28 Days)
Control 222 270 - 25
0.75%Hemp-20%coarse| 152 189 -30% 17
1%H emp-20%coarse 156 215 -20% 8

Typical beam specimens are illustrated in Figures 6.1, 6.3, and 6.5. Three
beams of every type or mode of failure for the three mixes are shown, and the remaining
tested beams are shownAppendix 1.

Note that for all tested beams, there wasrssistenfagreement between the lead
deflection curves, the stress in bottom bars, and the crack development results.

In general, when a crack is prevented from opening, another crack initiatesfofde
in fiber-reinforced concrete anghenthe fibers amount is adequategre small cracks
are observedFor the hemp fibers considered hererewacks were observed in the
case with the 1% hemp mix#ganwith the case 00.75% hemp mixes, when cpared
to control mixes. ltis clear that with the hemp fibers presehedijber beams develop
a large number of smallidth cracks and allow for higher loads to be reached as the
cracks develop upward prior to failur&enerally, by comparing the dewpkd crack
along midspan in Figures 6.1, 6.3, and 6.5, it could be observed that in the presence of
fibers a higher load was reached while the crack did not extend as much as in the

control specimens.
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6.2.1. Flexure Beams

For the beam specimens set tib ifathe flexure mode, six beams were
prepared for the three mixes, i.e. two beams for every mix type. Figure 6.2 shows the
load-deflection curves of all six flexure beams: two control mix specimens F1 and F2,
two 0.75%Hem0% coarse mix specimens Flda2, and two 1%Hemp0% coarse
mix specimens F1 and F2.
The flexure beams mode of failure can be described as follows. The first crack initiated
in the tension zone when the stress reached the concrete tensile capacity; as the load was
increased, the cclis developed along the entire beam width, and other cracks initiated
in the shear zone (near supports). Finally, failure occurred when the shear and/or
flexure capacity was reached. Failure was anticipated by multiple cracks that developed
near the suppbon the left or right side. Schematic view of a cracked flexural beam is
shown in Figure 6.1. Wen a crack is prevented from opening, anoth&ek initiates.
Thus, more small crackseanbserved in the 1.0%HenrgD%coarse thaim the
0.75%Hempg20%coase when compared to control mixek the hemp fibers presence,
both flexure beams 1.0%Her20%coarse and 0.75%Her2p%coarse developed a
large number of smalidth cracks and allow for higher loads to be reached as the
cracks develop upward prior talfae.

Comparing the six beams, the presence of hemp fibers resulted in a post
ultimate ductile behavior. The two replicates or identical specimens for each mix type
exhibited comparable behavior and ultimate load, thus adding to the reliability of tests

results.
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Figure 6.1. Schematic View of the Cracked Flexural Beam Specimens (Control,
0.75%Hemp-20%coarse, and 1.0%Hemp20%coarse). (c Is the Location of Crack
Measure, Nearest to Midspan and toUnder One of Loads ).
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Although the concrete compressive strength of tmephenixes was less by 20
30% as compared to the control mix, the maximum flexural loads of the hemp beam
specimens were comparable to that of the control beam. The average maximum flexural
load was 135 kN for the control beams, 120 kN for the 0.75% heamp@and 142 kN
for the 1% hemp beams. Thus, the 1% hemp mixes resulted in maximum flexural load
compared to the control beam but better ductile behavior, and at the same time a saving

of 20% of the coarse aggregates content.

6.2.2. Shear Beams

For thebeam specimens set to fail in the shear mode, six beams were prepared
for the three mixes, i.e. two replicate beams for every mix type. Thelkfbettion
curves, for the six shear beams, are shown in Figure 6.4: two control mix specimens S1
and S2, twd.75%Hemp20% coarse mix specimens S1 and S2, and two 1%+2€%p
coarse mix specimens S1 and S2. Whereas the control beams experienced sharp drop in
load after reaching maximum load, the four beams with hemp fibers exhibited post
ultimate ductile behavio

Similar to the flexure beam specimens, the first crack initiated in the tension
zone; however, failure occurred in the shear zone, because the beams are under
designed for shear. These observations agree with the strain development in the bottom
bars. For the shear beamailure was anticipated by the cracks that developed near the
support on the left or right side, in the shear zone. A schematic view of the cracked
shear beam is shown in Figure 6.3hé&W a crack is prevented from opening, another
crack initiates. Thus, more small cracks @bserved in the 1.0%HenrfD%coarse than

in the 0.75%Hemy20%coarsewhen compared to control mixes.
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Figure 6.3. Schematic View of the Cracked Shear Beam Specimens (Control,
0.75%Hemp-20%coarse, and 1.0%Hemp20%coarse). (c Is the Location of Crack
Measure, Nearest to Midspan and toUnder One of Loads ).
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Figure 6.4. Load-Deflection Curves for Shear Beams with Two Specimens for Every Mix.
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In the hemp fibers presendmth shear beams 1.0%HeiBp%coarse and 0.75%Hemp
20%coarse developed a large number of smalth cracks and allow for higher loads
to be reached as the craclesselop upward prior to failure.

The peak loads of all beams were comparable. The average maximum shear
load was 90 kN for the control beams, 85 kN for the 0.75% hemp beams, and 87 kN for
the 1% hemp beams. Thus, effectively there was no reductioe makimum loads of
the shear beams due to the incorporation of fibers, while the coarse aggregate content

was reduced by 20% by volume, and a ductile-ptishate behavior was gained.

6.2.3. Bond Beams

For the beam specimens set to fail in the bondtisgg/imode, six beams were
prepared for the three mixes, i.e. two replicate beams for every mix type. The load
deflection curves for the six bond beams are shown in Figure 6.6: two control mix
specimens B1 and B2, two 0.75%He2(6 coarse mix specimens Bad B2, and two
1%Hemp20% coarse mix specimens B1 and B2. Similar to the shear beams, the two
control beams had a sharp drop in load after ultimate indicating brittle behavior.
Whereas the four beams with hemp fibers exhibited more ductile post eltaat
deflection behavior.

The first crack initiated in tension zone, but failure occurred along thepaid where

the provided splices length 30.5 cm (12 inch) were less than the required design length.
Failure splitting cracks were observed at theédotside in the splice region. Note that,

as in Table 6.6, the longitudinal bars elongation is far below the flexure result, since the
beams were undatesigned for the splice loa&chematic view of the cracked bond

beam is shown in Figure 6.5.
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the Location of Crack Measure Nearest to Midspan and Splice Endp
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When a crack is prevented from opening, anothack initiates. Thus, more small
cracksare observed in the 1.0%HenrgD%coarse tham the 0.75%Hem20%coarsge
when compared to control mixes. thee hemp fibers presendmmth bond beams
1.0%Hemp20%coarse and 0.75%Herp%coarse developed a large number of small
width cracks and allow forigher loads to be reached as the cracks develop upward
prior to failure.

Comparing the six beams, the peak loads for hemp beams were comparable.
The average maximum bond load was 65 kN for the control beams, 65 kN for the 0.75%
hemp beams, and 73 kN fdret 1% hemp beams. Thus, the presence of the hemp fibers
did not adversely affect the maximum load of beams failing in bond splitting mode, but

resulted in a poatltimate ductile behavior, and a 20% reduction of coarse aggregate.

6.2.4. Toughness and [ulity

To evaluate the effect of hemp fibers on toughness and ductility of the beam
specimens regardless of failure mode (flexure, shear, or bond) the area underthe load
deflection curve was used as an indicator (refer to Table 6.2). Comparing énendiff
beam types, the flexure beams have the largest area since the peak load reached is
higher than the shear and bond beams due to the presence of adequate shear and flexure
reinforcement.

In general, for the three modes of failure tested, beams witp fibars
showed moreluctility or toughnesghan the control beams as indicated byiticeease
of the area under the loatkflection curve.

For the flexure beams, the area under the-tteftection curve was calculated

for a deflection range between zeamd 35 mm deflection range. Note that whenever
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the maximum deflection was less than 35 mm, the maximum deflection was considered
instead of 35 mm. The effect of the presence of the hemp fibers in the concrete mixes is
clearly evident. The areas for tbentrol, 0.75% Hemp, and 1% Hemp mixes are on
average 2321, 3787, and 3610-kivn, respectively, i.e. almost a 50% increase in the
load-deflection area is provided by the presence of hemp fibers. The hemp specimens
allowed for a larger deflection as com@éa with the control specimens. The final
average deflections reached for the control, 0.75% hemp, and 1% hemp specimens were
24, 45, and 30 mm, respectively. Under dynamic loading, the toughness or ductility in
the flexure beams is more crucial than pleak load. Thus, the presence of hemp fibers
would result in more energy absorption prior to final failure, as compared with non
ductile and rapid failure for the control specimens.

For the shear beams, the area under thede#ldction curve was caltated
between zero and 25 mm deflection ranjete that whenever the maximum deflection
was less than 25 mm, the maximum deflection was considered instead of 25imeen.
the beams were unddesigned in shear, the peak load of the shear beam waseskpec
to be less than that reached with the flexure beams. However, and as noted before, the
peak load of the shear beams was not significantly affected by the presence of fibers,
although the coarse aggregates were less by 20% of concrete volume. Mdheover
postultimate behavior of the hemp fiber beams was more ductile. The area under the
load-deflection curves for the control, 0.75% hemp, and 1% hemp mixes were on the
average 819, 1692, and 1495-kiNn, respectively, indicating almost double the area
with the hemp mixes. The maximum deflection reached for the control, 0.75% hemp,
and 1% hemp mixes were on the average 15, 30, and 35 mm, respectively. The increase

in maximum deflection accompanied with a gradual decrease in the load after reaching
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maximum prior to failure is more favorable than a rapid failure and a rapid drop of load
as is the case with the control specimens. The hemp fibers provided a ductile behavior

in addition to a 20% savings on coarse aggregates.

Table 62. Area under Load Deflection Curves (Deflection between 0 and
Maximum Value).

Area (kN-mm) | Max. Deflection (mm)

e F1-Control 2821 35
3 F2-Control 1821 35
% | F1-0.75%Hemp20%coarse 3917 35
5 | F2-0.75%Hemp20%coarse 3656 35
3 | F1-1%H Hemp20%coarse 3394 35
L F2-1%H Hemp20%coarse 3825 35
g S1-Control 859 25
S S2-Control 778 25
m | S1-0.75%Hemp20%coarse 1683 25
S | S20.75%Hemp20%coarse 1700 25
5 S1-1%Hemp20%coarse 1771 25
S2-1%Hemp20%coarse 1218 25

cn B1-Control 274 15
£ B2-Control 265 15
& | B1-0.75%Hemp20%coarse 582 15
T | B2-0.75%Hemp20%coarse 465 15
3 | B1-1%H Hemp20%coarse 607 15
B2-1%H Hemp20%coarse 1898 15

For the bond beams, the area under the-tiedhction curve was calculated
between zero and 15 mm defiectrange.Note that whenever the maximum deflection
was less than 15 mm, the maximum deflection was considered instead of 1Simeen.
the beams were designed to fail in bond splitting mode of failure, the peak load reached
was expected to be less ththat reached with the flexure beams and further less than
that with the shear beams. However, the peak load in the hemp mixes beams was
comparable with that of the control beams. The areas under thddfiadtion curves

for the control, 0.75% hemp, adéoc hemp mixes were on the average 270, 524, and
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1253 kNmm, respectively. The values again indicate the positive effect of hemp fibers
on ductility.

For all beam types and modes of failure, the hemp fibers presence modified the
concrete material towardmaore ductile and energy absorbent material, while saving on
20% of the coarse aggregates by volume of concrete. Even though the hemp fiber
beams had 20% volume reduction of coarse aggregates, the peak loads after hemp
beams were compared to the contredulms for all modes of failure tested. Add to that
the hemp fiber beams exhibited a ductile behavior which is very favorable under

dynamic load applications such as pavements, earthquake structures, and others.

6.2.5. Crack Width Measures

The crack widthwas measured manually using a crack width comparator at
different locations for every beam type

For the flexure beams specimens, flexural cracks in the constant moment
region were measured and monitored to study the effédmtropfibers on the width of
the flexural cracks. These consisted of the average of two measesmidspan
andoneunder one of thappliedloads P (left or right)was determined at about 2 cm
above the beam bottom sidsote that in case no cracks appeared exactly atspaid
or under applied load, the location of the measured cracks was at the nearest location to
mid-span and under the applied load.

Table 6.3 presents the average cnaitkh measure for different mixes and
Figure 6.1 shows the crack measure location; theksrlocations were selected for two

reasons:
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1. Cracks at miespan were larger in width than those under load P, which resulted
in better accuracy in measuring crack width with the crack width comparator.
2. Usually in a simply supported structural beam eleraedtunder the thd-point
load setup, flexural cracking at midpan is more critical than that undee
appliedload P.
As anexample, at a load P of 80 kilhe crack width rangkfrom0.30 to 0.33 mm, 0.18
to 0.40 mm, and 0.20 to 0.28 nfor the contol, 0.75% hemp, and 1.0% hemp mixes,
respectively.Also, at 110 kN (close to peak loadhe crack width ranged frot37 to
0.45 mm, 0.28 to 0.48 mm, and 0.28 to 0.35 famthe control, 0.75% hemp, and
1.0% hemp mixeggespectively.lt is evident thathe averagecrack widthwas the least
with the 1.0%Hem{20%coarse mix.

For the shear beams specimens, flexural cracks in the constant moment region
were measured and monitored to study the effect of the fibers on the width of the
flexural cracks. Thaverage of two measures one at+spén and one under one of the
applied loads P (left or right) was determined. Note that in case no cracks appeared
exactly at midspan or under applied load, the location of the measured cracks was at
the nearest locatioto midspan and under the applied load.

Table 6.4 presents the average crack width measure for different mixes and
Figure 6.3 shows the crack measure location; the cracks locations were selected for the
same reasons as in the flexure beam case.

As an exanple, at a load Bf 45 kN, the crack width rangkfrom0.10 to 0.18 mm, 0.13
to 0.18 mm, and 0.08 to 0.09 mm for the control, 0.75% hemp, and 1.0% hemp mixes,

respectively.Also, at 80 kN (close to peak loadhe cra& width rangd from0.13 to
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0.25 mm,0.23 © 0.29 mm, and 0.18 to 0.25 mm for the control, 0.75% hemp, and 1.0%

hemp mixesrespectively.

Table 63. Average Crack Width of Flexure Beams at Two Locations: MidSpan
and Under One of the Loads P.

F1-CL | F2-CL | F1-0.75HP-20c | F2-0.75HP-20c | F1-1.0HP-20c | F2-1.0HP-20c
Load P(kN) | mm mm mm mm mm mm
15 - 0.04 - - - -
20 - 0.09 - 0.08 0.04 -
25 0.09 0.10 0.04 0.08 0.08 -
30 0.13 0.15 0.08 0.09 0.08 0.08
35 0.15 0.20 0.08 0.13 0.08 0.08
40 0.18 0.20 0.08 0.18 0.09 0.08
45 0.20 0.25 0.10 0.23 0.10 0.09
50 0.20 0.25 0.13 0.25 0.10 0.10
55 0.20 0.25 0.13 0.25 0.13 0.13
60 0.20 0.28 0.15 0.28 0.13 0.15
65 0.25 0.30 0.18 0.32 0.18 0.20
70 0.25 0.30 0.18 0.37 0.18 0.23
75 0.28 0.33 0.18 0.37 0.20 0.25
80 0.30 0.33 0.18 0.40 0.20 0.28
85 0.30 0.37 0.23 0.40 0.20 0.28
90 0.33 0.37 0.23 0.43 0.20 0.28
95 0.33 0.37 0.23 0.43 0.25 0.29
100 0.33 0.40 0.28 0.43 0.25 0.32
105 0.37 0.45 0.28 0.48 0.25 0.32
110 0.37 0.45 0.28 0.48 0.28 0.35
115 0.40 0.45 0.29 - 0.28 0.35
120 0.40 0.53 0.35 - 0.32 0.35
125 0.40 0.53 - - 0.33 0.35
130 0.43 - - - 0.37 0.35
135 0.45 - - - 0.40 0.40
140 0.45 - - - - 0.42

For the bond beams specimens, flexural cracks in the constant moment region

outside the splice region were me@sliand monitored to study the effectheimp

fibers on the width of the flexural crack¥he average of three measuoeeat mid

span andwo at both splice ends (left and rightyas determined. Note that in case no

cracks appeared exactly at ngpanor at splice ends, the location of the measured

cracks was at the nearest location to-spdn ando splice ends.
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Table 64. Average Crack Width of Shear Beams at Two Locations: Mispan and

Under One of the Loads P.

S1-CL | S2-CL | S1-0.75HP-20c | S2-0.75HP-20c | S1-1.0HP-20c | S2-1.0HP-20c
Load P(kN) | mm mm mm mm mm mm
10 0.04 - - - - -
15 0.08 0.04 - - - -
20 0.10 0.08 - - 0.04 -
25 0.10 0.08 0.08 0.04 0.04 0.04
30 0.13 0.10 0.08 0.04 0.08 0.04
35 0.15 0.10 0.08 0.10 0.08 0.08
40 0.15 0.10 0.10 0.15 0.08 0.09
45 0.18 0.10 0.13 0.18 0.08 0.09
50 0.18 0.10 0.13 0.18 0.10 0.09
55 0.18 0.10 0.18 0.18 0.10 0.10
60 0.23 0.13 0.18 0.18 0.13 0.18
65 0.23 0.13 0.20 0.20 0.15 0.20
70 0.23 0.13 0.20 0.25 0.15 0.20
75 0.23 0.13 0.20 0.29 0.18 0.25
80 0.25 0.13 0.23 0.29 0.18 0.25
85 - 0.13 0.23 - 0.20 0.25
90 - 0.15 - - - -

Table 6.5 presents the average crack measure for different mixes and Figure
6.5 shows the crack measure location; the cracks locations were selected for two
reasons:

1. racks outside the splice region were larger in width than those inside the splice
region, which resulted in better accuracy in measuring crack width with the
crack width comparator.

2. Usually in a structure, flexural cracking outside the spliceoreg more critical
than that inside the splice region due to the fact that the steel area in the splice
region is greater and the stresses are smaller along the splice than outside.

As an example, at a load P of 45 kN, the crack width ranged from 001B5onm, 0.13
to 0.18 mm, and 0.06 to 0.10 mm for the control, 0.75% hemp, and 1.0% hemp mixes,

respectively. Also, at 60 kN (close to peak load), the crack width daéng®0.15 to
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0.22 mm, 0.18 to 0.25 mm, and 0.12 to 0.13 mm for the control, 0.75%, la&d 1.0%

hemp mixes, respectively.

Table 65. Average Crack Width of Bond Beams at Three Locations: MieSpan
and at the Ends of Splices Left and Right.

B1-CL | B2-CL | B1-0.75HP-20c | B2-0.75HP-20c | B1-1.0HP-20c | B2-1.0HP-20c
Load P(kN) | mm mm mm mm mm mm
20 0.08 - 0.05 0.03 0.03 -
25 0.08 - 0.07 0.05 0.03 0.03
30 0.09 0.08 0.08 0.08 0.08 0.05
35 0.10 0.09 0.13 0.09 0.08 0.05
40 0.13 0.13 0.15 0.09 0.09 0.06
45 0.13 0.15 0.18 0.13 0.10 0.06
50 0.13 0.17 0.20 0.14 0.10 0.07
55 0.13 0.17 0.21 0.16 0.10 0.09
60 0.15 0.22 0.25 0.18 0.12 0.13
65 - - - 0.30 0.13 0.13
70 - - - - 0.13 -

For all beam types: flexure, shear, and bond, the presence of the hemp fibers
reduced the average flexure crack widfor the 0.75% hemp wes the crack width
was less or equal to the contlmamscracks, while for the 1.0% hemp mixes the crack
width was clearlyless than the contrbeamsvalues. Although the cracks in theemp
fibersbeams are generally narrower than those in the caageaimens, they were
larger in number. The ability of the fiber beams to develop a large number of small
width cracks and allow for higher loads to be reached as the cracks develop prior to the
failure is the main reason behind their ductile behavidvers prevented excessive
opening of developed cracks at failure, and therefore maintained the integrity of the
beams. This observation in the crack width is expected, since the fibers role is to bridge
over the crack width, resulting in a more ductiled@of failure. The crack width

results are consistent with the ledéflection curves, since for all 18stedoeams the
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load deflection curves showsdme toughness in terms of @nea under curye

compared to the control beams, where a brittle mod&lafe was observed.

6.2.6. Reinforcement Bars Elongation and Yield Limit

Based on the readings of the strain gages that were installed oof daehwo
T20 mm main reinforcement [sathe micrestrains were recorded. The strain was
calculated by mtiplying thestrain gageeading by 16, and then theteelstress limit
was calculated by multiplyinthe strain by the steel modulus of elasticity (2 X 10
kg/cnf). The average stress value of the main reinforcement is repditedvalues for
all teded beams are listed in Table 6Based on the laboratory testing, the T20 mm
yield limit was determined to be 6,360 kgfcm

Consideringhe flexure beams, the developed stresses are close to the yield
limit but did not reach it. Thesinforcement bars all testedshear and bond beams did
notreachyield point. For comparison purposes, the cracked section analysis was
performed on all beams and the steel strgssvéfs determined accordingly. The results
of the compressive strength identified anddifom Table 6.1. The modulus of
elasticity was determined basedJimn t he
kg/cnf. Also the service moment was determined based on the peak load asARfL/3.
example of the steel stress calciglatusing crackedection analysis is shown in
Appendix 3.

For the flexure beams, the cracked section analysis shows tlséé¢hbars in
thecontrol and 1.0% hemiger beamsare very close to the yield; wherebays inthe
0.75%fiber beams did not yield. The presemaf fibers could be a factor that affected

the yield limit for the flexure beams, since it is known fromRhase 1 results and the
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corresponding loadeflection curves that the hemg@inforced concrete material is more
flexible with less stiffnes@asel on calculated modulus of elasticity and area under
curves) The ductility is therefore attributed mainly to the concrete mix more than to the

main reinforcement.

Table 66. Stress Limits Developed in T20 mm Main ReinforcemerBars, with the
Maximum Load and Correspondent Deflection.

Speci N AMea;Jred* Maximum Calfcu*lfl ted Deflection at
pecimenio. \(/}%g /crrnez§5 Load P (kN) (KgS/cmz) Maxi. Load (mm)
F1-CL ok 142.0 6178 17.8
F2-CL rrx 131.4 5718 13.4
B1-CL 3268 64.0 2785 4.5
B2-CL 3449 65.2 2835 3.9
S1-CL 3744 83.5 3631 7.9
S2-CL 4409 95.2 4143 9.6
F1-0.75%HP-20%coarse 5474 120.2 5282 16.1
F2-0.75%HP-20%coarse 5709 119.9 5267 22.2
B1-0.75%HP-20%coarse 3498 63.8 2805 5.1
B2-0.75%HP-20%coarse 3206 66.1 2904 4.8
S1-0.75%HP-20%coarse 3771 88.3 3879 114
S2-0.75%HP-20%coarse 3672 84.1 3694 13.7
F1-1.0%HP-20%coarse 5470 140.4 6149 16.4
F2-1.0%HP-20%coarse el 144.5 6328 19.0
B1-1.0%HP-20%coarse 2717 69.1 3023 7.4
B2-1.0%HP-20%coarse 3705 77.0 3371 10.1
S1-1.0%HP-20%coarse 4115 86.2 3773 10.2
S2-1.0%HP-20%coarse 2977 87.0 3810 7.4
* Yield limit for T20 mm Bars is 636@/cnf.
** Calculated steelstress from @ckedsectionanalysis under maximum service load (B3).
***Unreliable since the measurestress valueafter peak load wareached, was much larger thar
yield limit.

6.3. Summary and Conclusions

Phase 2 was planned to investigate the effect of the hemp fibers in concrete
mixes when integrated in structural beam elements. Three modes of failure teste tes
(flexure, shear, and bond) coupled with three concrete nires¢l, 0.75%hemyp
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20%coarse, and 1%her20%coarse mixes) with tweplicatebeams considered for
reliability and accuracy of results. In total, 18 beams were tested. The selection of the
hemp mixes was based on Phase 1 results taking into account the performance and the
mixing workability.

In all beam types, it was commonly obgsd that the hemp fibers addition
resulted in a ductile behavior after the peak lvas reached. Besidd®r the hemp
fibers beamsthe peak loads were almost not affected while a 20% reduction in the
coarse aggregates was possible.

The ductile behavioof the hemp fibers beamgas demonstrated by the larger
area under the loadeflection curves in addition tbé larger deflection reached after
the beam failure. Moreover, based on the crack width measures at different locations on
every beam type, the effeat hemp fibersvas illustrated in smaller cracks width but
larger number of cracks, indicating a duchihavior.

For all three mixetested thereinforcement bars in tHeexure beams main
reinforcement were close to the yield limit; whereas, those of the shear and bond beams
did not yield. Theductility after the peak load waeached could be mainhtratuted

to the hemgeinforced concreteather thario the main reinforcement.
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CHAPTER 7
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

7.1. Research Summary

In the current research, the physical characteristics and structural performance
of concrete usingatural fibers were investigated. Aiming to develop a sustainable or
Agreeno concrete, different agricultural
incorporated in concrete mixes, in lieu of synthetic or industrial fibers. Besides, the
possibilityof reducing the coarse aggregate quantity in order to save on natural resource
depletion was also considered.

While the use of industrial hemp fibers was the primarily subject of the research, other
natural fibers such as banana and palm were includbe jprogram, as well as selected
synthetic fibers for comparison purposes. The core of the research focused therefore on
the hemp fibers and the feasibility to incorporate in reinforced concrete buildings or
other structural systems.

In proving the viabity of natural fibers, the demand for hemp fibers in concrete

production would be a major incentive to Lebanese farmers to grow this plant and
benefit from the social impact on the habitat level of living.

The research was mainly divided into three phas@l, first, and second phases.

The preliminary or trial phase investigated the possibility and the performance
of different agricultural fibers like banana, palm, and hemp fibers in concrete mixes, in
addition to synthetic fibers like steel and polypylene for comparison purposes.

Several mixes were tried in order to determine an optimal concrete mix that is best

suited with the fibers addition. Once the optimal mix was determined, different mixes
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were prepared and tested where two variables wesstigated: the fibers type and
volume fraction, and the coarse aggregate reduction. The variables in this phase were
the fibers volume fraction varied between 0.5 and 1.0% and the coarse aggregate
reduction of 10 and 20% by volume of concrete. The toang tests were the
compression test on cubes of 7 cm size, and the flexurahtéstaons of 5 x 5 x 20 cm
size.

In Phase 1, the hemp fibers were adopted in addition to polypropylene fibers
again for comparison purposes. Two variables were adopteel @thér factors were
kept constant: the hemp fibers volume fraction and the coarse aggregate reduction. As
in the trial phase, the fibers volume fraction was varied between 0.5%, 0.75%, and 1.0%
associated with coarse aggregate reduction of 10%, 2098086dby volume of
concrete. A control mix with no fibers and no aggregate reduction was also included in
the testing program. The tests performed included the compressive strength on standard
cylinders (15 x 30 cm), flexure thigoint load test on standhbeams (15 x 15 x 53
cm), splitting tensile test on standard cylinders, modulus of elasticity on standard
cylinders; in addition, the following useful tests were conducted: slump tests of the
fresh concrete mixes, density at hardened state, and a tlvemdactivity test.
Compression and flexure tests were performed at early and late concrete age, whereas
other tests were performed at only 28 days concrete age. All tests samples were
prepared with 3 replicates for a better statistical representaionsequently, a
statistical analysis with 95% confidence level was also perforBedidesanalytical
linear models were developed for the prediction of the compressive strength, modulus
of elasticity, and flexure tests of the heffier mixes, based atme correspondent

control tests data.
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In the second phase, three main mixes were adopted based on Phase 1 tests
results, a control mix without aggregate reduction, 0.75% hemp and 1.0% hemp mixes
with 20% coarse reduction. Simply supported beams werange 20 x 30 x 200 cm),
tested under aittd-point load testing set. Different beams reinforcement types were
prepared to exhibit three modes of failure: flexure, shear, and bond. The shear beams
were undereinforced with respect to shear reinforcemardrder to reach a shear
failure. The bond beams were prepared with minimum splice requirement in order to
ensure a bond failure. Two identical beams were prepared for every concrete mix and

reinforcement beam type to ensure reliability and accuramsotts.

7.2. Research Conclusions

The use of hemp fibers affects the physical and performance characteristics of
concrete mixes and the following conclusions can be drawn from this redeaseld on
the unigue concrete mix adopted in this resealbte that any variation in the concrete
mix proportions can always affect the relevant findings.
(1) The industrial hemp fibers perform better than banana and palm fibers
when added to concrete mixes.
(2) The industrial hemp fibers need to be treated prior tio ithausion in
concrete mixes, for a better bond with the surrounding matrix.
(3) Thecompressive strength resuitslicatal that the cylinder tests, prepared
with different fibers volumetric ratios and reductions in coarse aggregate,
resuledin a decreasanithe compressive strength with the increase in

coarse aggregate reduction
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(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

For the flexure tests, the lo@flection curves results showed a ductile
behavior of the fibereinforced concrete composite after the peak load is
reached. The ductile behavierdirectly related to the toughness of the
composite material. The control specimen results showed a brittle failure
of plain concrete after the peak load is reached.

For the splitting tensile testhe results indicated that the 0.75% and 1%
hemp vdume fractions were sufficient and adequate as an optimal
substitute to the coarse reduction.

The modulus of elasticity of hemp mixes showed a decrease compared
with the control mixresults These results were consistent with the {oad
deflection curves

The thermal conductivity test showed that the presence of sufficient hemp
fibers would substantially improve the thermal properties of concrete
mixes, resulting in an insulating concrete.

The density results of hemp mixes, as compared to that of theloomty
were less by an average of 5%.

The slump test results showed that for hemp mikxegould not be

practical to go beyond 1% volumetric fraction.

Comparing to the polypropylene mix results with no aggregate reduction,
all hemp mixes results compareell or even better in most cases. Itis

not reasonable to compare hemp fibers mixes with steel fibers mixes, due
to the difference in stiffness, flexible versus rigid fibers.

In structuralbeamelementsit was commonly obseved that the hemp

fibers addiion resulted in a ductile behavior after the peak load is
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reached. Besides, the peak loads were almost not affected while a 20%
reduction in the coarse aggregates was possible.

(12) The ductile behavior was demonstrated by the larger area under the load
deflection curves in addition to the larger deflection reached after the
beam failure. Moreover, based on the crack width measure at different
locations on every beam type, the fibers effect was illustrated in the
smaller crack width and larger number of cia¢kus a more ductile pest
cracking behavior

(13) The hemp fibers resulted in a ductile behavior for all three modes of
failure flexure, shear, and bond.

(14) The potential for coarse aggregate reduction without affecting the
structural performance results maigs natural resource depletion.

In summary, empreinforced concrete is a new material different from plain concrete
by its lower stiffnesgi.e. more flexiblg better flexural ductile behavior, lower density,

lower thermal conductivity, and the potentialsave on coarse aggregates.

7.3. Research Recommendations

This research paved the way toward developing a sustainable concrete material
produced with agricultural wastes, and a first corner stone in a promising path was
founded. In order to adopt dua material in practical applications, there is a need for
more research and extensive testing programs. Examples of such applications could
start with pavements, shotcrete, masonry blocks, and othestnmtural elements, and
would end with structurapplications after several materials properties have been

investigated.High strength concrefand earthquake resistant structures where ductility
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is requiredcan also beonsidered in future researcHowever, prior to any structural
applications, th durability issue needs to be targededresolved to ensure that natural
fibers do not degrade over the long term, and in this event propose viable solutions. In
the current research, major physical materials tests have been investigated such as
compression, flexure, splitting, and others. Other material properties and applications
are proposed to be further researched such as plastic shrinkage, internal curing potential,
plastering properties, durability tests such as wetting and drying and freethevand
tests, thin concrete sections such tiles and concrete masonry blocks as a lightweight
component. Also the potential of adding lime as a partial substitute for cement needs to
be investigated, since in previous research work lime was includednmoti@ mixes
such as in hempcrete mixes. The potential of using hemp in asphalt mixes needs also to
be investigated.

Moreover,the hemp fibers must be deeply investigated, i.e. in terms of length
and orientation in the concrete mix. In the current rebearlength of 3 cm was fixed
and it will add value to the work to study the length effect on the femprete
behavior. The orientation of fibers in the specimens should also be monitored, where
the process may affect the orientation (wet versus argess.
In order to add to thexperimental finthgsand based on the set linear mogdels
sophisticated netinearmodeling of the new hemeinforced concrete mix would be
required to simulate and create a representative model of the new concrebe mix.
addition finite element modeling of structural elemewsuld provide a better
simulation and representation of the new material.

For practical and industrial hemp concrete productions, the hemp production

and manufacturing is important. Mechanical pguént must be used to produce equal
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length hemp fibers. Moreover, the processing of the fibers after soaking and drying
must be mechanical, a similar machine to the one used in this research can be
manufactured and used.

In conclusion, the hempeinforcedconcrete, a novel and promising material
that deserves further attention and will benefit from future research in order to mature
and expand. The advantages to be foreseen as a sustainable material and the social

benefit it may bring are innumerable.
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APPENDIX 1
SCHEMATIC VIEWS OF PHASE 2 CRACKED BAM

SPECIMENS
NOTES
Figures Legends
F: Flexure.
S: Shear.
B: Bond.
CL: Control.

0.75%HR20%coarse: 0.75% Hemp20% Coarse Aggregage
1.0%HP-20%coarse: 1.0% Henp20% Garse Aggregage

c: is thelocation of crack measure.

124



10 cm 180 cm 10 cm

Figure A1.1. F1-CL.
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Figure A1.2. F2-CL.
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Figure A1.3. F1-0.75%HP-20%coarse.
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Figure A1.4. F2-0.75%HP-20%coarse.
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Figure A1.5. F1-1.0%HP-20%coarse.
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Figure A1.6. F21.0%HP-20%coarse
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Figure A1.7. S1CL.

P 60 cm P

10 cm 180 cm 10 cm

Figure A1.8. S2CL.
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Figure A1.9. S10.75%HP-20%coarse.
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Figure A1.10. S20.75%HP-20%coarse
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Figure A1.11. S}1.0%HP-20%coarse
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Figure A1.12. S21.0%HP-20%coarse
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Figure A1.13. B1-CL with Bottom View
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Figure A1.14. B2-CL with Bottom View.
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Figure A1.15. B1-0.75%HP-20%coarse (Side and Bottom View).

P 60 cm P

Figure A1.16. B2-0.75%HP-20%coarse (Side and Bottom View).
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Figure A1.17. B1-1.0%HP-20%coarse (Side and Bottom View).

P 60 cm P

Figure A1.18. B2-1.0%HP-20%coarse (Side and Bottom View).
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APPENDIX 2
DATA FOR LOAD-DEFLECTION CURVES OFALL PHASES
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Table A2.1. Flexure Tegs Data for Trial Mix: Control 1, at 10 Days.

Control 1
2P (kN) mm 2P (kN) mm 2P (kN) mm

0.015 0.000 0.606 0.214 1.785 0.288
0.015 0.007 0.629 0.221 1.827 0.288
0.019 0.015 0.649 0.229 1.865 0.288
0.023 0.022 0.653 0.236 1.904 0.288
0.031 0.030 0.6M 0.244 1.942 0.288
0.035 0.037 0.706 0.244 1.977 0.288
0.038 0.044 0.733 0.244 2.019 0.288
0.046 0.052 0.756 0.244 2.057 0.288
0.054 0.059 0.779 0.244 2.096 0.288
0.065 0.066 0.802 0.244 2.134 0.288
0.073 0.074 0.825 0.244 2.176 0.288
0.081 0.074 0.844 0.244 2.215 0.288
0.092 0.081 0.787 0.251 2.253 0.288
0.100 0.089 0.821 0.251 2.295 0.288
0.107 0.096 0.844 0.251 2.334 0.288
0.119 0.103 0.829 0.251 2.376 0.288
0.131 0.111 0.864 0.251 2.418 0.288
0.142 0.111 0.898 0.251 2.460 0.288
0.154 0.118 0.925 0.251 2.503 0.288
0.165 0.125 0.956 0.258 2.541 0.288
0.177 0.125 0.979 0.266 2.583 0.288
0.188 0.133 1.006 0.273 2.629 0.288
0.203 0.140 1.021 0.273 2.672 0.288
0.215 0.148 1.048 0.273 2.718 0.288
0.230 0.148 1.075 0.273 2.760 0.288
0.246 0.148 1.105 0.273 2.806 0.288
0.257 0.155 1.136 0.273 2.852 0.288
0.273 0.155 1171 0.273 2.898 0.288
0.288 0.162 1.205 0.273 2.944 0.288
0.303 0.170 1.240 0.273 2.990 0.288
0.319 0.170 1.271 0.273 3.036 0.288
0.338 0.177 1.301 0.281 3.078 0.288
0.3 0.177 1.332 0.288 3.124 0.288
0.368 0.185 1.366 0.288 3.171 0.288
0.388 0.185 1.401 0.288 3.217 0.288
0.407 0.185 1.432 0.288 3.267 0.288
0.426 0.192 1.470 0.288 3.313 0.288
0.441 0.192 1.505 0.288 3.355 0.288
0.464 0.199 1.539 0.288 3.405 0.288
0.484 0.199 1.574 0.288 3.451 0.288
0.503 0.199 1.608 0.288 3.501 0.288
0.522 0.199 1.643 0.288 3.551 0.288
0.541 0.199 1.681 0.288 3.585 0.288
0.560 0.207 1.716 0.288

0.583 0.207 1.750 0.288
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Table A2.2. Flexure Tess Data for Trial Mix: Control 2, at 10 Days.

Control 2
2P (kN) mm 2P (kN) mm 2P (kN) Mm
0.004 0.000 0.725 0.502 2.126 0.679
0.012 0.022 0.752 0.509 2.169 0.679
0.019 0.030 0.756 0.517 2.211 0.679
0.031 0.044 0.779 0.517 2.257 0.679
0.038 0.059 0.810 0.524 2.299 0.679
0.050 0.074 0.841 0.531 2.349 0.679
0.061 0.089 0.871 0.539 2.391 0.679
0.069 0.103 0.906 0.546 2.437 0.679
0.081 0.118 0.937 0.546 2.483 0.686
0.092 0.133 0.971 0.554 2.530 0.686
0.104 0.148 1.002 0.561 2.576 0.686
0.115 0.155 1.036 0.568 2.622 0.694
0.131 0.170 1.071 0.576 2.672 0.701
0.142 0.185 1.105 0.576 2.718 0.701
0.157 0.192 1.136 0.583 2.764 0.701
0.173 0.199 1171 0.591 2.810 0.701
0.188 0.214 1.209 0.598 2.860 0.701
0.207 0.221 1.240 0.598 2.910 0.701
0.223 0.229 1.278 0.605 2.956 0.701
0.242 0.236 1.313 0.605 3.006 0.709
0.261 0.244 1.351 0.613 3.055 0.709
0.284 0.251 1.390 0.620 3.105 0.709
0.299 0.258 1.424 0.620 3.155 0.709
0.322 0.273 1.462 0.627 3.205 0.709
0.342 0.281 1.501 0.627 3.251 0.709
0.365 0.288 1.539 0.635
0.388 0.295 1.578 0.635
0.411 0.303 1.616 0.635
0.434 0.317 1.654 0.642
0.457 0.317 1.689 0.642
0.484 0.332 1.720 0.642
0.507 0.340 1.447 0.642
0.507 0.391 1.509 0.642
0.537 0.406 1.566 0.642
0.560 0.421 1.624 0.642
0.576 0.428 1.677 0.650
0.591 0.443 1.731 0.650
0.603 0.450 1.777 0.650
0.610 0.465 1.823 0.657
0.626 0.472 1.869 0.657
0.637 0.480 1.912 0.657
0.645 0.480 1.954 0.657
0.660 0.487 1.996 0.664
0.683 0.487 2.038 0.672
0.706 0.495 2.080 0.679
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Table A2.3. Flexure Tests Data for Trial Mix: Control 3, at 10 Days.

Control 3
2P (kN) mm 2P (kN) mm 2P (kN) Mm

0.015 0.000 0.802 0.303 2.173 0.591
0.019 0.000 0.702 0.310 2.219 0.598
0.019 0.007 0.72 0.310 2.265 0.598
0.019 0.015 0.756 0.317 2.315 0.613
0.019 0.022 0.783 0.317 2.364 0.613
0.015 0.030 0.810 0.325 2.414 0.620
0.019 0.037 0.848 0.325 2.464 0.627
0.027 0.044 0.883 0.332 2.510 0.635
0.027 0.052 0.917 0.340 2.556 0.642
0.019 0.059 0.952 0.347 2.606 0.650
0.023 0.066 0.990 0.354 2.656 0.650
0.027 0.074 1.025 0.362 2.710 0.657
0.027 0.081 1.063 0.362 2.764 0.664
0.031 0.081 1.102 0.376 2.810 0.672
0.035 0.089 1.136 0.376 2.863 0.679
0.042 0.103 1.171 0.384 2913 0.679
0.050 0.111 1.205 0.399 2971 0.694
0.061 0.118 1.244 0.406 3.025 0.694
0.077 0.125 1.278 0.413 3.082 0.701
0.088 0.133 1.313 0.421 3.140 0.709
0.107 0.140 1.347 0.428 3.194 0.709
0.127 0.148 1.378 0.443 3.255 0.716
0.142 0.155 1.413 0.443 3.313 0.723
0.169 0.162 1.439 0.450 3.374 0.723
0.188 0.162 1.144 0.458 3.435 0.731
0.211 0.170 1.213 0.458 3.497 0.738
0.242 0.177 1.274 0.465 3.554 0.746
0.269 0.185 1.332 0.465 3.612 0.746
0.296 0.192 1.390 0.472 3.673 0.753
0.326 0.199 1.447 0.480 3.739 0.760
0.353 0.207 1.493 0.480 3.800 0.760
0.388 0.207 1.539 0.487 3.861 0.768
0.418 0.214 1.581 0.495 3.923 0.768
0.445 0.221 1.624 0.502 3.984 0.775
0.480 0.229 1.666 0.517 4.042 0.782
0.507 0.236 1.708 0.517 4.103 0.782
0.537 0.244 1.754 0.532 4.165 0.790
0.572 0.244 1.800 0.539

0.606 0.251 1.842 0.539

0.637 0.258 1.889 0.546

0.668 0.266 1.931 0.561

0.699 0.273 1.977 0.561

0.725 0.281 2.023 0.568

0.752 0.288 2.073 0.576

0.779 0.295 2.123 0.583
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Table A24. Flexure Tests Data for Trial Mixes: All 0.5% Hemp, at 10 Days.

0.5%Hemp 0.5%Hemp-10%coarse
2P (kN) mm 2P (kN) mm
0.004 0.000 0.004 0.000
1.033 0.443 0.104 0.125
2.015 0.627 0.495 0.214
2.683 0.694 1.013 0.325
2.457 0.709 1.501 0.413
2.610 0.723 2.031 0.480
2.925 0.760 2.602 0.509
2.418 0.819 1.992 0.591
1.988 0.871 1.512 0.664
1.090 1.026 1.094 0.723
0.702 1.144 0.507 0.937
0.353 1.351 0.196 1.240
0.203 1.469 0.196 1.307
0.100 1.580 0.215 1.343
0.088 1.609 0.069 1.904
0.5%Hemp-20%coarse 0.5%Local Hemp
2P (kN) mm 2P (kN) mm
0.004 0.000 0.004 0.000
0.522 0.170 0.626 0.096
1.017 0.303 1.052 0.155
1.570 0.354 0.944 0.162
2.088 0.399 1.662 0.214
2.495 0.413 2.668 0.288
2.096 0.436 3.405 0.317
2.266 0.458 3.766 0.332
2.092 0.495 2.986 0.376
1.597 0.591 3.401 0.406
1.604 0.598 3.723 0.472
1.098 0.701 3.696 0.495
0.587 0.878 3.704 0.524
0.457 0.967 3.048 0.716
0.461 0.974 2.000 0.856
0.246 1.144 1.524 1.211
0.265 1.188 0.990 1.565
0.257 1.203 0.499 2.229
0.265 1.225 0.503 2.458
0.238 1.284 0.426 2.598
0.253 1.299
0.188 1.462

136



Table A25. Flexure Tests Data for Trial Mixes: All 0.75 and 1% Hemp, at 10

Days.
0.75%Hemp-20%coarse 0.75%Hemp
2P (kN) mm 2P (kN) mm

0.031 0.000 0.031 0.000

0.503 0.207 0.599 0.192

1.025 0.310 1.090 0.384

1.654 0.354 1.562 0.502

2.096 0.428 2.065 0.591

3.048 0.487 2.579 0.672

3.931 0.546 3.029 0.746

3.063 0.620 3.481 0.812

3.516 0.635 2.672 0.827

4.003 0.657 2.917 0.849

4.088 0.657 3.144 0.878

3.504 0.701 2.530 0.908

3.029 0.738 2.007 0.960

2.483 0.797 1.558 1.041

1.996 0.878 1.205 1.129

1.505 0.960 1.159 1.152

1.098 1.033 1.178 1.166

0.564 1.196 1.094 1.196

0.292 1.439 0.514 1.403
0.276 1.469

1%Hemp-20%coarse 0.180 1.624

2P (kN) mm

0.000 0.000

0.501 0.116

1.015 0.186

1.502 0.249

2.068 0.341

3.027 0.522

3.352 0.590

2.640 0.650

3.005 0.664

3.595 0.788

3.650 0.838

3.003 0.880

2.542 0.954

1.999 1.072

1.501 1.219

0.998 1.321

0.509 1.506

0.177 1.759
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Table A26. Flexure Tests Data for Trial Mixes: All Palm, at 10 Days.

0.5%Palm

2P (kN) mm

0.004 0.000
0.487 0.185
1.025 0.295
1.528 0.340
2.011 0.362
2.507 0.384
2.553 0.384
3.044 0.406
3.240 0.413
0.522 0.502
0.296 0.539
0.196 0.568
0.100 0.901

0.5%Palm-20%coarse

2P (kN)
0.008
0.507
1.029
1.524
2.023
2.545
3.013
3.574
1.693
1.063
0.603
0.307
0.196

mm
0.000
0.155
0.266
0.317
0.340
0.347
0.369
0.384
0.435
0.480
0.591
0.864
0.952

0.5%Palm-10%coarse

2P (kN)
0.004
0.507
1.025
1.478
2.027
2.514
3.032
3.347
2.215
1.555
1.094
0.699
0.495
0.545
0.549
0.545
0.541
0.549
0.560
0.576
0.545
0.526
0.549
0.449
0.472
0.457
0.484
0.476
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mm
0.000
0.288
0.325
0.347
0.362
0.362
0.362
0.362
0.376
0.487
0.598
0.952
1.698
1.720
1.735
1.742
1.742
1.749
1.764
1.764
1.786
1.801
1.808
1.875
1.912
1.934
1.993
2.000

1%Palm

2P (kN) mm

0.027 0.000
0.503 0.214
1.013 0.362
1.562 0.517
2.011 0.605
2.545 0.657
3.021 0.686
3.589 0.716
3.861 0.731
2.134 0.797
1.992 0.797
2.000 0.805
2.023 0.819
1.532 0.871
1.094 1.041
0.994 1.100
1.002 1.144
0.795 1.425
0.806 1.432
0.798 1.447
0.833 1.484
0.821 1.484
0.537 1.646
0.841 1.742
0.748 1.786
0.825 1.816
0.940 1.882
0.595 2.141
0.722 2.200
0.576 2.384



Table A27. Flexure Tests Data for Trial Mixes: Banana, Steel, and Polypropylene,

at 10 Days.
1%Banana 0.5%Steel 1%Polypropylene
2P (kN) mm 2P (kN) mm 2P (kN) mm

0.012 0.000 0.012 0.000 0.038 0.000
0.507 0.531 1.013 0.125 0.154 0.118
0.679 0.635 2.042 0.170 0.311 0.177
0.487 0.664 3.002 0.192 0.610 0.317
1.002 0.790 3.938 0.221 0.917 0.376
1.524 0.842 3.178 0.258 1.213 0.436
2.034 0.871 3.700 0.288 1.804 0.472
2.518 0.908 4.003 0.303 2.111 0.517
3.006 0.945 4.499 0.369 2.514 0.635
3.577 0.960 4.345 0.391 2.910 0.709
4.053 0.974 4.606 0.450 3.551 0.790
4.575 0.982 4.871 0.613 3.846 0.819
0.441 1.203 4,529 0.701 3.347 0.834
0.975 1.314 4.602 0.731 2.986 0.871
0.894 1.580 4.015 0.797 3.313 0.901
0.902 1.609 2.568 0.923 3.616 0.937
0.495 2.835 2.483 0.967 3.812 1.011
0.687 3.056 2.679 1.026 3.804 1.056
0.595 3.086 2.579 1.048 3.600 1.093
0.645 3.122 2.610 1.063 3.520 1.100
0.495 3.255 2.138 1.107 3.608 1.129
0.518 3.337 2.261 1.122 3.731 1.159
0.203 3.587 2.031 1.144 3.627 1.196
0.234 3.654 1.013 1.247 3.735 1.233
0.879 1.314 3.719 1.248

0.971 1.358 3.754 1.270

0.637 1.528 3.458 1.307

0.691 1.565 3.470 1.336

0.680 1.572 3.428 1.358

0.641 1.602 3.562 1.380

3.577 1.395
3.178 1.484
3.182 1.491
2.906 1.535
2.787 1572
2.906 1.624
2.299 1.757
2.668 1.919
2.675 1.919
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Table A28. Flexure Tests Data for Trial Mixes: Control 1, at 28 Days.

Control
2P (kN) mm 2P (kN) mm 2P (kN) mm 2P (kN) mm
0.038 0.000 0.368 0.258 1.059 0.399 2.499 0.480
0.042 0.007 0.384 0.266 1.086 0.399 2.541 0.480
0.042 0.015 0.399 0.273 1.117 0.399 2.579 0.480
0.042 0.022 0.415 0.273 1.148 0.406 2.625 0.480
0.042 0.030 0.426 0.273 1.175 0.406 2.672 0.487
0.046 0.037 0.441 0.273 1.206 0.406 2.714 0.487
0.046 0.044 0.457 0.280 1.228 0.406 2.760 0.487
0.050 0.052 0.472 0.280 1.259 0.406 2.806 0.495
0.058 0.059 0.487 0.280 1.290 0.406 2.852 0.495
0.061 0.066 0.503 0.288 1.324 0.413 2.898 0.495
0.069 0.074 0.522 0.288 1.355 0.413 2.94 0.502
0.073 0.081 0.541 0.295 1.382 0.413 2.994 0.509
0.081 0.081 0.557 0.295 1.413 0.413 3.040 0.517
0.084 0.089 0.576 0.295 1.447 0.421 3.090 0.517
0.092 0.096 0.591 0.303 1.485 0.421 3.136 0.517
0.100 0.103 0.610 0.303 1.512 0.421 3.182 0.524
0.107 0.111 0.626 0.303 1.543 0.428 3.228 0.524
0.111 0.111 0.645 0.303 1.581 0.428 3.278 0.524
0.123 0.118 0.660 0.310 1.612 0.428 3.328 0.531
0.127 0.125 0.679 0.310 1.647 0.428 3.378 0.531
0.134 0.133 0.660 0.347 1.681 0.428 3.432 0.531
0.142 0.133 0.691 0.347 1.716 0.436 3.481 0.531
0.154 0.148 0.714 0.354 1.750 0.436 3.5631 0.539
0.161 0.148 0.737 0.354 1.789 0.436 3.585 0.539
0.169 0.155 0.756 0.354 1.823 0.443 3.639 0.539
0.180 0.162 0.779 0.354 1.862 0.443 3.689 0.539
0.188 0.170 0.795 0.362 1.900 0.443 3.742 0.539
0.196 0.177 0.779 0.362 1.938 0.450 3.796 0.546
0.207 0.185 0.772 0.369 1.973 0.450 3.846 0.546
0.219 0.185 0.795 0.376 2.011 0.450 3.957 0.546
0.226 0.192 0.821 0.376 2.050 0.458 4.011 0.554
0.238 0.199 0.844 0.376 2.088 0.453 4.069 0.554
0.253 0.207 0.871 0.376 2.126 0.458 4.122 0.561
0.261 0.214 0.894 0.376 2.165 0.458 4.180 0.568
0.276 0.214 0.917 0.384 2.207 0.465 4.288 0.568
0.288 0.229 0.940 0.384 2.245 0.465 4.349 0.568
0.299 0.229 0.963 0.384 2.288 0.472 4.407 0.576
0.315 0.236 0.986 0.391 2.330 0.472 4.464 0.576
0.326 0.244 0.963 0.391 2.368 0.472 4.518 0.576
0.342 0.244 1.002 0.391 2414 0.472 4.575 0.576
0.357 0.258 1.033 0.391 2.457 0.480 4.633 0.576
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Table A29. Flexure Tess Data for Trial Mixes: Control 2, at 28 Days.

2P (kN)

0.004
0.008
0.015
0.019
0.023
0.031
0.038
0.046
0.054
0.061
0.069
0.077
0.088
0.100
0.107
0.119
0.134
0.146
0.157
0.169
0.180
0.196
0.203
0.211
0.219
0.226
0.242
0.246
0.246
0.226
0.223
0.230
0.246
0.253
0.269
0.284
0.296
0.307
0.315
0.123
0.134

mm
0.000
0.007
0.015
0.022
0.030
0.037
0.052
0.066
0.074
0.096
0.111
0.125
0.140
0.155
0.177
0.192
0.207
0.214
0.229
0.244
0.251
0.266
0.273
0.280
0.288
0.303
0.310
0.317
0.325
0.332
0.332
0.340
0.347
0.354
0.369
0.369
0.384
0.399
0.413
0.502
0.509

2P (kN)
0.111
0.119
0.134
0.150
0.157
0.165
0.173
0.188
0.200
0.215
0.223
0.230
0.242
0.257
0.230
0.250
0.257
0.273
0.288
0.303
0.319
0.338
0.334
0.349
0.368
0.388
0.415
0.434
0.395
0.399
0.361
0.380
0.395
0.407
0.384
0.415
0.438
0.468
0.476
0.487
0.507

Control
mm 2P (kN)
0.517 0.499
0.517 0.518
0.524 0.526
0.531 0.534
0.531 0.557
0.539 0.576
0.539 0.599
0.554 0.618
0.554 0.649
0.561 0.687
0.568 0.718
0.576 0.748
0.583 0.737
0.583 0.775
0.591 0.814
0.591 0.848
0.598 0.879
0.605 0.914
0.605 0.948
0.620 0.983
0.627 1.021
0.635 1.056
0.635 1.090
0.642 1.125
0.650 1.155
0.657 1.186
0.657 1.213
0.657 1.152
0.686 1.201
0.701 1.247
0.723 1.282
0.738 1.213
0.746 1.267
0.753 1.313
0.775 1.355
0.782 1.393
0.790 1.432
0.790 1.474
0.797 1.512
0.797 1.555
0.797 1.597
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mm
0.797
0.805
0.805
0.805
0.805
0.805
0.805
0.812
0.812
0.812
0.819
0.819
0.841
0.849
0.849
0.849
0.849
0.856
0.856
0.856
0.856
0.864
0.864
0.864
0.864
0.864
0.871
0.878
0.886
0.886
0.886
0.901
0.908
0.908
0.908
0.908
0.915
0.915
0.915
0.923
0.923

2P (kN)
1.639
1.681
1.723
1.766
1.808
1.858
1.900
1.946
1.992
2.038
2.084
2.134
2.176
2.226
2.276
2.326
2.380
2.437
2.491
2.541
2.595
2.652
2.710
2.768
2.825
2.883
2.940
2.998
3.055
3.117
3.178
3.236
3.297
3.359
3.673
3.735
3.800
3.861
3.931
4.119
4633

mm
0.923
0.930
0.930
0.937
0.937
0.937
0.937
0.945
0.945
0.945
0.945
0.952
0.960
0.960
0.960
0.967
0.967
0.967
0.967
0.967
0.967
0.967
0.967
0.974
0.974
0.974
0.974
0.974
0.974
0.974
0.974
0.982
0.982
0.982
0.982
0.982
0.982
0.982
0.989
0.989
0.989



Table A2.10. Flexure Tests Data for Trial Mixes: Control 3, at 28 Days.

Control
2P (kN) mm 2P (kN) mm 2P (kN) mm 2P (kN) mm
0.031 0.000 0.184 0.295 0.702 0.620 1.658 0.842
0.035 0.000 0.188 0.303 0.725 0.620 1.689 0.849
0.035 0.000 0.200 0.310 0.745 0.635 1.727 0.856
0.035 0.000 0.211 0.317 0.768 0.635 1.754 0.864
0.035 0.007 0.223 0.325 0.787 0.650 1.827 0.871
0.035 0.007 0.230 0.332 0.718 0.650 1.900 0.878
0.035 0.015 0.238 0.340 0.729 0.650 1.935 0.893
0.035 0.022 0.253 0.347 0.718 0.650 1.973 0.893
0.035 0.030 0.265 0.354 0.722 0.650 2.007 0.901
0.031 0.037 0.280 0.362 0.737 0.650 2.042 0.908
0.031 0.044 0.292 0.369 0.764 0.657 2.080 0.908
0.031 0.044 0.307 0.384 0.795 0.664 2.119 0.915
0.031 0.052 0.319 0.391 0.829 0.664 2.157 0.923
0.035 0.059 0.334 0.399 0.856 0.672 2.234 0.930
0.035 0.066 0.349 0.406 0.879 0.679 2.272 0.937
0.035 0.074 0.361 0.413 0.906 0.686 2.315 0.945
0.035 0.074 0.380 0.421 0.933 0.686 2.391 0.952
0.035 0.081 0.395 0.436 0.960 0.694 2.430 0.960
0.035 0.096 0.403 0.443 0.983 0.701 2.472 0.967
0.035 0.103 0.418 0.450 1.006 0.709 2.510 0.967
0.038 0.111 0.430 0.458 1.033 0.716 2.553 0.974
0.042 0.125 0.441 0.465 1.056 0.723 2.595 0.982
0.050 0.140 0.457 0.480 1.082 0.731 2.633 0.989
0.054 0.148 0.468 0.495 1.109 0.738 2.675 0.997
0.054 0.155 0.480 0.502 1.136 0.746 2.714 0.997
0.058 0.162 0.495 0.517 1.163 0.753 2.760 1.004
0.065 0.177 0.507 0.531 1.194 0.760 2.8@ 1.011
0.073 0.185 0.514 0.546 1.221 0.760 2.894 1.019
0.077 0.199 0.530 0.554 1.251 0.768 2.940 1.026
0.084 0.207 0.537 0.561 1.282 0.775 2.982 1.033
0.092 0.214 0.549 0.568 1.313 0.782 3.025 1.041
0.096 0.221 0.564 0.576 1.343 0.790 3.117 1.048
0.104 0.236 0.576 0.583 1.370 0.790 3.163 1.056
0.115 0.236 0.591 0.583 1.401 0.797 3.205 1.063
0.123 0.251 0.603 0.591 1.432 0.805 3.255 1.063
0.131 0.251 0.618 0.598 1.459 0.812 3.297 1.070
0.142 0.258 0.626 0.598 1.493 0.812 3.347 1.078
0.146 0.266 0.641 0.605 1.524 0.819 3.439 1.085
0.157 0.273 0.656 0.605 1.558 0.827 3.539 1.092
0.165 0.280 0.672 0.613 1.589 0.834 3.581 1.100
0.173 0.288 0.683 0.613 1.620 0.842 3.631 1.107
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Table A2.11. Flexure Tests Data for TrialMixes: All 0.5% Hemp, at 28 Days.

0.5%Hemp 0.5%Hemp-10%coarse 0.5%Hemp-20%coasre
2P (kN) mm 2P (kN) mm 2P (kN) mm

0.027 0.000 0.004 0.000 0.008 0.000
0.595 0.303 0.683 0.266 0.603 0.325
1.198 0.391 1.209 0.480 1.443 0.480
1.793 0.458 l1.7& 0.650 2.576 0.650
3.693 0.583 2.361 0.731 3.355 0.709
2.986 0.598 3.006 0.797 3.009 0.716
3.685 0.627 3.746 0.849 3.608 0.746
2.967 0.694 2.829 0.908 2.007 0.856
2.042 0.760 3.032 0.960 1.355 0.997
1.390 0.842 1.988 1.115 0.760 1.462
0.887 0.945 1.405 1.247 0.407 1.742
0.372 1.211 0.956 1.417 0.107 2.200
0.088 2.325 0.511 1.653

0.257 1.912

0.165 2.200

0.5%-Local Hemp
2P (kN) mm
0.096 0.000
0.530 0.111
1.082 0.199
1.566 0.340
2.368 0.428
3.090 0.487
3.758 0.539
4.533 0.598
4.679 0.605
3.597 0.686
4.069 0.709
4.522 0.738
4.564 0.746
4.096 0.775
3.574 0.812
3.535 0.812
3.002 0.856
2.403 0.945
2.000 1.026
1.370 1.152
0.998 1.307
1.017 1.321
0.503 1.624
0.161 2.230
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Table A2.12. Flexure Tests Data for Trial Mixes: All 0.75 and 1% Hemp, at 28

Days.
0.75%Hemp 0.75%Hemp-20%coarse 1%Hemp-20%coarse
2P (kN) mm 2P (kN) mm 2P (kN) mm

0.031 0.000 0.002 0.000 0.000 0.000
0.503 0.221 0.696 0.237 0.743 0.321
1.010 0.244 1.252 0.282 1.105 0.487
0.891 0.266 2.192 0.320 2.084 0.542
1.528 0.303 3.072 0.362 3.029 0.606
2.130 0.340 3.431 0.383 3.553 0.615
2.649 0.376 2931 0.407 2.985 0.679
3.151 0.421 4.300 0.578 3.640 0.748
3.689 0.465 3.702 0.615 2.919 0.934
4.188 0.502 3.026 0.634 1.823 1.219
4.648 0.539 2.242 0.720 0.935 1.709
5.074 0.568 1.993 0.757 0.594 2.390
4.453 0.613 1.995 0.761 0.679 2.536
5.009 0.627 1.416 0.821 0.603 2.704
5.500 0.657 0.632 0.945

6.107 0.679 0.204 1.052

6.548 0.709
5.673 0.738
4.944 0.760
4.092 0.834
3.382 0.923
2.395 1.004
1.743 1.129
1.244 1.262
0.729 1.572
0.438 1.838
0.299 2.000
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Table A2.13. Flexure Tests Data for Trial Mixes: All Palm, at 28 Days.

0.5%Palm 0.5%Palm-10%coarse
2P (kN) mm 2P (kN) mm
0.004 0.000 0.004 0.000
0.511 0.236 0.518 0.325
1.010 0.317 1.021 0.384
1.501 0.354 0.745 0.391
2.023 0.384 1.021 0.406
2.510 0.413 1.071 0.406
3.044 0.458 1.509 0.436
3.551 0.495 2.038 0.472
3.946 0.517 2.549 0.509
0.468 0.561 3.048 0.546
0.299 0.650 3.524 0.576
0.307 0.672 3.957 0.605
0.196 0.805 0.879 0.716
0.192 0.805 0.507 0.768
0.104 1.033 0.399 0.930
0.415 0.974
0.288 1.056
0.157 1.321
0.5%Palm-20%coarse 1%Palm
2P (kN) mm 2P (kN) mm
0.004 0.000 0.031 0.000
0.526 0.140 0.203 0.236
1.006 0.155 0.238 0.768
1.436 0.155 1.129 1.225
1.416 0.162 1.501 1.255
1.301 0.170 2.073 1.277
2.011 0.199 2.514 1.299
2.541 0.199 3.117 1.321
3.048 0.199 3.904 1.351
3.504 0.207 4422 1.366
3.739 0.221 2.414 1.469
3.704 0.221 2.007 1.572
2.368 0.258 1.597 1.786
1.489 0.288 1.098 2.207
0.998 0.317 0.998 2.340
0.568 0.421 1.002 2.340
0.261 2.894 1.017 2.377
0.695 2.908
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Table A2.14. Flexure Tests Data for Trial Mixes: Banana, Steel, and

1%Banana

2P (kN) mm

0.031 0.000
0.507 0.192
1.017 0.258
1.524 0.295
2.019 0.310
2.526 0.347
3.025 0.354
3.520 0.413
3.650 0.428
0.699 0.760
0.772 0.819
0.633 0.871
0.649 0.893
0.503 0.989
0.495 0.989

Polypropylene, at 28 Days.

0.5%Steel

2P (kN) mm

0.004 0.000
0.622 0.251
1.067 0.266
1.628 0.266
2.011 0.295
2.668 0.310
3.543 0.325
4.748 0.369
2.975 0.458
3.608 1.336
3.911 1.845
2.507 2.104
2.491 2.192
2.518 2.215
2.180 2.399
2.322 2.532
2.196 2.584
2.234 2.613
2.242 2.643
1.969 2.724
1.984 2.753
2.123 2.790
1.543 2.975
1.708 3.078
1.555 3.115
1.723 3.218
1.651 3.270
1.773 3.307
1.762 3.359
1.597 3.418
1.601 3.432
1.597 3.455
1.712 3.521
1.846 3.639
1.965 3.720
2.057 3.809
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1%Polypropylene
2P (kN) mm

0.012 0.000
0.511 0.406
1.048 0.502
1.581 0.546
3.006 0.635
3.401 0.650
3.013 0.701
3.213 0.716
3.194 0.723
3.470 0.819
3.339 0.856
3.343 0.856
3.174 0.886
3.220 0.908
3.217 0.908
3.236 0.930
3.224 0.930
3.401 0.967
3.508 0.997
3.566 1.033
2.967 1.107
2.810 1.159
2.971 1.225
2.967 1.262
3.128 1.343
2.418 1.535
2.399 1.639
2.407 1.661
1.969 1.779
2.004 1.786
1.685 1.927
1.712 1.964
1.681 1.978



Table A2.15. Flexure Tests Data for Phase 1: Control, 0.5% Polypropylene, and
0.5% Hemp, at 7 Days.

Control 0.5% Polypropylene 0.5%Hemp
2P (kN) mm 2P (kN) mm 2P (kN) mm
0 0 0 0 0 0

0.389 0.008 0.431 0.005 1.43 0.018
0.434 0.01 0.469 0.005 1.599 0.022
0.902 0.015 1.426 0.014 1.905 0.025
1.257 0.021 3.578 0.031 2.566 0.029
1.482 0.025 5.511 0.043 3.332 0.032
1.617 0.03 7.332 0.055 3.618 0.034
2.344 0.036 8.666 0.062 3.999 0.04
2.669 0.045 12.844 0.086 5.004 0.044
3.047 0.049 13.335 0.088 5.338 0.049
3.693 0.056 13.306 0.093 5.92 0.052
3.79 0.062 15.085 0.096 6.54 0.057
4.554 0.067 16.42 0.103 8.863 0.062
4.811 0.068 17.534 0.111 9.038 0.064
5.683 0.074 20.175 0.12 9.268 0.066
6.005 0.08 20.56 0.123 9.603 0.068
6.027 0.08 20.407 0.125 10.373 0.071
6.333 0.083 19.655 0.131 12.9 0.082
7.538 0.093 7.268 0.194 13.949 0.088
7.78 0.095 6.481 0.351 14.81 0.093
8.381 0.099 5.875 0.371 15.926 0.097
8.468 0.101 4.962 0.561 14.736 0.099
8.673 0.102 3.991 1.016 17.589 0.105
9.338 0.107 2.98 1.656 17.745 0.108
10.496 0.112 1.938 2.129 15.144 0.127
10.604 0.114 1.352 3.188 8.466 0.161
10.924 0.118 0.505 4.851 8.124 0.168
10.937 0.121 0.279 8.224 7.153 0.192
12.636 0.13 0.197 10.343 6.951 0.24
13.859 0.14 4.581 0.314
13.598 0.141 3.512 0.404
13.936 0.144 2.771 0.472
15.315 0.149 1.537 0.526
16.535 0.159 1.316 0.582
15.964 0.163 1.058 0.747
16.958 0.165 0.867 0.877
18.407 0.172 0.576 1.021
19.513 0.18 0.445 1.359
0.23 4.129
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Table A2.16. Flexure Tests Data for Phase 1: 0.5% Hemp, at 7 Days.

0.5%Hemp-10%coarse 0.5%Hemp-20%coarse 0.5%Hemp-30%coarse
2P (kN) mm 2P (kN) mm 2P (kN) mm
0 0 0 0 0 0

1.637 0.001 0.723 0.014 0.39 0.001
2.431 0.004 1.03 0.024 0.942 0.002
2.629 0.004 1.491 0.033 1.112 0.004
3.938 0.009 4.744 0.111 1.235 0.005
5.277 0.012 7.387 0.135 1.428 0.009
6.556 0.013 9.005 0.153 2.256 0.016
7.031 0.014 13.778 0.191 3.161 0.032
9.001 0.02 14.485 0.199 4.216 0.054
11.655 0.031 15.855 0.211 8.835 0.135
12.239 0.037 14.621 0.213 10.735 0.171
16.022 0.054 16.741 0.22 10.787 0.175
15.33 0.056 16.623 0.273 10.193 0.178
16.681 0.069 7.19 0.316 17.109 0.282
17.053 0.074 6.477 0.317 13.963 0.344
13.318 0.115 5.652 0.458 10.281 0.36
10.426 0.127 3.542 0.534 9.717 0.361
9.521 0.131 2.179 0.803 8.516 0.672
4572 0.241 15 0.995 7.647 0.746
2.867 0.33 1.161 1.146 5.836 1.087
1.428 0.414 0.555 1.193 3.931 1.289
0.898 0.622 0.232 2.209 3.003 1.311
0.359 0.752 0.144 2.505 2.689 1.312
0.075 1.199 2.396 2.166
1.16 3.438

0.709 4.13

0.452 9.11

0.186 9.6
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Table A2.17. Flexure Tests Data for Phase 1: 0.75% Hemp, at 7 Days.

0.75%Hemp-10%coarse 0.75%Hemp-20%coarse 0.75%Hemp-30%coarse
2P (kN) mm 2P (kN) mm 2P (kN) mm
0 0 0 0 0 0
0.328 0.063 0.685 0.008 0.285 0.001
0.639 0.067 0.863 0.036 0.473 0.008
1.208 0.073 1.221 0.101 0.632 0.014
1.483 0.188 2.242 0.150 0.904 0.156
2.669 0.263 3.262 0.198 3.756 0.358
3.150 0.319 5.931 0.318 8.167 0.621
6.809 0.463 6.365 0.340 6.246 0.660
10.344 0.580 9.425 0.447 8.862 0.689
13.290 0.651 8.722 0.461 12.275 0.753
15.756 0.725 12.422 0.520 16.456 0.839
18.121 0.768 11.855 0.523 18.285 0.886
17.839 0.784 16.452 0.610 15.966 0.909
20.809 0.919 16.100 0.615 12.303 0.936
10.334 1.396 11.635 0.867 10.615 1.178
8.154 1.488 9.710 1.328 8.503 1.453
7.622 1.500 6.307 1.743 4.605 1.787
5.766 2.055 5.631 1.763 3.220 2.346
4.240 2.396 4.078 2.479 2.559 2.455
3.618 2.442 2.635 3.772 1.505 3.453
2.339 3.639 1.190 6.269 0.689 5.517
1434 4.617 0.537 10.693 0.166 8.396
0.701 5.530 0.142 13.390
0.181 7.215
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Table A2.18. Flexure Tests Data for Phase 1: 1% Hemp, at 7 Days.

1%Hemp-10%coarse 1%Hemp-20%coarse 1%Hemp-30%coarse
2P (kN) mm 2P (kN) mm 2P (kN) mm
0 0 0 0 0 0
3.037 0.114 0.373 0.002 1.372 0.036
3.092 0.127 0.540 0.002 1.691 0.041
6.303 0.237 1.054 0.087 2.759 0.057
8.449 0.296 2.627 0.227 6.273 0.103
11.275 0.359 4.417 0.298 8.842 0.127
13.740 0.424 5.010 0.323 12.299 0.160
13.495 0.429 9.132 0.412 11.759 0.161
13.519 0.435 11.137 0.474 18.350 0.263
16.368 0.599 12.752 0.500 21.722 0.365
14.252 0.652 15.091 0.545 18.635 0.471
11.864 1.162 14.154 0.548 9.903 0.686
12.162 1.335 17.587 0.686 6.367 1.056
8.760 1.931 16.517 0.867 4.388 1.302
7.601 2.339 13.794 0.991 2.737 1.981
3.775 3.400 7.494 1.717 0.949 4.163
2.327 4.529 5.768 1.954 0.152 6.305
1.091 5.124 3.679 2.819
0.940 6.161 2.413 3.414
0.137 7.443 1.810 4.323

1.265 4.549
0.813 6.094
0.515 7.985
0.356 8.451
0.143 12.208

150



Table A2.19. Flexure Tests Data for Phase 1: Control, 0.5% Polypropylene, and
0.5% Hemp, at 28 Days.

Control 0.5%Polypropylene 0.5%Hemp
2P (kN) mm 2P (kN) mm 2P (kN) mm
0 0 0 0 0 0
0.560 0 0.637 0.001 1.850 0.104
0.697 0.002 2.687 0.002 3.596 0.209
1.195 0.002 7.228 0.004 5.618 0.296
1.674 0.003 12.353 0.011 6.646 0.337
2.058 0.004 16.069 0.013 7.364 0.359
2.713 0.004 20.581 0.014 11.410 0.457
3.860 0.005 19.799 0.014 12.025 0.485
5.083 0.005 6.965 0.014 15.442 0.552
6.618 0.007 6.547 0.014 15.198 0.565
7.191 0.009 6.269 0.015 16.081 0.584
7.985 0.010 6.047 0.016 12.834 0.761
8.828 0.010 6.8 0.037 5.310 0.809
10.165 0.010 5.727 0.385 5.309 0.821
10.709 0.012 2.601 0.810 3.829 1.352
11.286 0.015 2.039 0.828 2.119 1.928
13.263 0.016 2.128 0.845 1.855 1.950
13.405 0.021 2.562 0.859 1.796 1.957
14.660 0.021 2.632 0.930 1.704 1.962
15.786 0.023 2.309 0.967 1.630 1.964
17.378 0.025 1.695 1.723 1.649 1.965
19.645 0.027 0.433 2.664 1.508 1.966
19.611 0.029 0.562 2.834 1.573 1.967
19.956 0.030 0.635 2.842 1.573 1.968
21.912 0.031 0.283 2.889 1.565 1.969
23.158 0.032 0.215 3.680 1.362 1.969
25.947 0.033 1.340 1.969

1.449 1.970
1.607 1.974

1.599 1.976
2.017 2.041
1.265 2.918

0.322 3.209
0.455 3.220
0.256 3.226
0.772 3.348
0.340 4.176
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Table A2.20. Flexure Tests Data for Phase 1: 0.5% Hemp, at 28 Days.

0.5%Hemp-10%coarse 0.5%Hemp-20%coarse 0.5%Hemp-30%coarse
2P (kN) mm 2P (kN) mm 2P (kN) mm
0 0 0 0 0 0

0.258 0.002 0.530 0.002 1.158 0.032
0.354 0.003 1.243 0.051 2.865 0.130
0.449 0.042 2.423 0.118 8.717 0.298
0.576 0.068 2.752 0.121 9.787 0.319
1.178 0.088 3.100 0.125 13.097 0.376
2.712 0.135 3.640 0.135 13.152 0.391
3.216 0.159 3.783 0.142 12.681 0.394
4.270 0.194 5.691 0.187 13.179 0.398
5.852 0.251 5.724 0.190 14.816 0.421
5.714 0.252 6.548 0.209 15.744 0.444
6.197 0.267 9.883 0.272 17.300 0.469
9.778 0.323 10.488 0.295 18.155 0.486
11.820 0.359 13.511 0.350 21.470 0.535
14.689 0.397 12.733 0.352 22.276 0.562
16.025 0.423 16.903 0.399 21.957 0.562
17.606 0.445 20.681 0.466 19.209 0.707
16.755 0.445 20.074 0.467 6.017 0.986
21.302 0.489 19.645 0.469 3.740 1.509
22.137 0.507 20.331 0.475 2.232 1.835
21.542 0.507 16.087 0.732 1.322 2.510
21.712 0.509 4.167 0.946 0.812 3.152
13.490 0.748 1.756 2.406 0.534 3.345
6.046 0.854 0.582 3.480 0.335 3.375
5.492 0.856 0.998 10.436 0.298 4.852
5.549 0.857 1.117 10.439 0.035 5.971
5.532 0.965

3.477 1.094

3.138 1.098

3.580 1.209

2.460 1.347

2.601 1.416

1.315 1.822

1.376 1.824

1.464 1.834

1.561 2.162

0.891 3.629

0.607 3.996

0.468 4.003

0.687 5.116

1.082 10.129
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Table A221. Flexure Tests Data for Phase 1: 0.75% Hemp, at 28 Days.

0.75%Hemp-10%coarse 0.75%Hemp-20%coarse 0.75%Hemp-30%coarse
2P (kN) mm 2P (kN) mm 2P (kN) mm
0 0 0 0 0 0

1.295 0.069 1.249 0.002 0.425 0.005
4.245 0.208 2.753 0.002 4994 0.084
6.353 0.282 4.384 0.003 5.611 0.093
6.393 0.284 6.822 0.019 6.433 0.098
8.003 0.318 8.389 0.034 8.619 0.115
10.647 0.386 10.074 0.050 8.758 0.116
11.414 0.398 13.109 0.070 9.485 0.120
13.932 0.448 12.510 0.075 9.963 0.120
13.6% 0.449 22.745 0.127 10.782 0.129
14.783 0.468 16.384 0.168 10.806 0.131
15.347 0.485 13.608 0.177 10.425 0.131
19.924 0.554 7.148 0.663 15.373 0.158
20.913 0.587 5.965 0.681 15.430 0.162
21.608 0.602 3.165 0.721 20.858 0.191
25.078 0.664 2.270 1.005 18.624 0.242
11.485 1.002 0.985 1.638 9.797 0.296
8.036 1.419 0.489 2.457 7.761 0.501
5.943 1.717 0.199 3.060 1.214 1.681
2.649 3.098 0.097 4.402 0.338 2.430
0.780 4.791

0.248 6.063
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Table A2.22. Flexure Tests Data for Phase 1: 1% Hemp, at 28 Days.

1%Hemp-10%coarse 1%Hemp-20%coarse 1%Hemp-30%coarse
2P (kN) mm 2P (kN) mm 2P (kN) mm
0 0 0 0 0 0

0.222 0.004 0.279 0.006 1.066 0.106
0.371 0.033 0.745 0.009 2.426 0.215
0.508 0.126 1.208 0.121 3.165 0.259
2.661 0.148 1.929 0.235 4.087 0.299
3.058 0.189 1.873 0.239 4.870 0.335
3.555 0.228 2.945 0.327 5.505 0.365
4.674 0.279 4.973 0.402 7.881 0.430
10.674 0.419 5.660 0.425 8.773 0.457
12.636 0.477 6.349 0.438 8.881 0.460
13.249 0.493 8.932 0.496 8.983 0.467
17.127 0.719 10.796 0.546 11.937 0.520
12.841 0.786 11.535 0.556 11.243 0.527
11.440 0.943 18.849 0.694 12.244 0.542
7.899 1.315 20.705 0.758 16.411 0.615
3.427 1.946 15.591 0.993 17.496 0.639
2.820 2.284 11.514 1.243 20.374 0.694
1.524 3.080 8.507 1.633 21.757 0.714
0.579 4.292 5.401 2.101 24.099 0.837
0.622 5.073 3.475 2.622 12.225 1.646
0.377 6.599 1.960 3.433 5.295 2.060
0.866 5.532 4.473 2.508

0.403 8.247 2.118 3.620

0.324 6.124
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Table A2.23. Flexure Tests Data for Phase 2: Control, at 28 Days.

F1-Control F2-Control
P P P P P P

(kN) mm (kN) mm (kN) mm (kN)  mm (kN) mm (kN) mm
0.0 0.0 141.0 188 59.6 27.0 0.0 0.0 1303 135 978 18.2
0.8 0.0 1405 189 595 27.0 0.6 0.3 130.0 135 96.6 184
1.1 0.0 139.1 189 598 27.0 1.2 0.3 1305 135 959 185
1.9 0.0 138.5 19.0 599 27.0 5.2 0.7 129.2 136 94.7 18.8
5.7 0.3 1375 196 603 27.0 5.8 0.7 1296 136 93.8 18.9
104 0.4 136.1 20.0 60.1 27.0 109 1.0 1311 13.7 927 19.0
156 0.5 1350 20.2 585 27.0 151 1.2 1313 137 91.1 193
204 0.7 1335 203 594 27.0 208 1.4 130.1 13.7 90.3 194
26,1 1.0 1324 20.7 596 27.0 261 1.7 131.0 145 899 195
30.1 1.3 1304 20.8 59.1 27.0 29.8 2.0 128.8 14.7 889 19.6
355 16 1298 209 60.1 27.1 360 24 1269 148 87.6 19.7
410 20 1280 213 59.0 27.1 40.1 2.7 1253 149 86.1 19.8
45.1 22 1277 215 592 27.1 454 3.0 1239 150 851 1938
519 27 126.6 218 59.0 27.1 50.7 3.4 1243 15.1 84.3 19.9
56.0 3.0 1250 21.8 592 27.1 56.1 3.8 1237 153 833 20.1
60.0 3.3 12211 225 592 27.1 605 43 1215 153 822 20.2
65.0 3.7 1190 226 59.0 27.1 659 47 121.3 153 814 203
70.1 4.1 1155 227 59.0 27.1 70.2 5.0 1205 153 80.8 20.3
754 46 1121 228 583 27.1 76.3 55 1193 154 79.6 20.3
80.0 5.0 1103 228 58.0 27.2 80.8 6.0 118.3 154 783 204
859 55 106.7 229 584 27.2 85.4 6.4 119.0 154 772 205
90.2 59 103.8 229 585 27.2 90.7 6.9 117.1 154 76.1 205
955 6.5 1021 23.1 589 27.2 951 7.5 1177 154 758 205
100.2 7.0 1005 232 582 27.2 1004 8.0 1181 156 76.1 20.5
1052 75 957 235 587 27.2 1042 85 116.2 156 755 205
1108 82 90.6 239 592 27.2 106.1 86 1150 156 745 205
1157 8.8 843 248 59.0 27.2 108.6 9.3 1164 156 75.1 205
120.8 9.6 79.8 254 60.1 27.2 111.3 9.4 1177 157 743 205
125.2 103 76.8 26.6 603 27.2 116.7 9.8 116.7 157 735 205
126.7 104 66.7 26.7 599 27.3 120.5 104 1148 157 725 20.6
130.0 11.3 60.6 269 59.7 27.3 125.0 114 1145 157 719 20.6
135.1 12.8 598 269 589 27.3 1255 114 1165 158 72.0 20.6
1354 129 60.2 269 59.6 27.3 129.4 12.8 1147 159 721 20.6
1353 13.1 598 269 59.1 273 130.2 129 113.7 159 722 20.6
140.7 156 589 269 585 27.3 130.2 129 1123 16.2 71.8 20.6
1411 17.4 588 269 58.1 27.3 130.0 13.0 109.2 165 72.1 20.6
1420 17.8 58.7 269 58.0 27.3 129.8 13.1 1079 16.6

1416 179 586 269 57.8 27.3 1295 131 107.0 16.8

141.0 18.0 583 269 58.1 27.3 128.7 13.1 105.2 16.9

141.2 18.1 595 269 58.0 27.3 129.4 13.1 103.0 17.0

1409 18.2 589 26.9 130.7 13.2 102.2 17.0
140.2 18.3 58.8 26.9 1299 13.3 1015 175
1409 184 59.0 27.0 1314 134 100.1 17.6
1406 184 59.2 270 130.2 134 99.1 179
141.7 186 59.8 27.0 1291 134 989 180
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(kN)
0.0
0.3
0.7
0.9
0.9
1.7
2.0
3.4
4.6
5.2
6.1
7.4
8.4
9.6

10.6

11.4

12.7

145

16.0

16.5

17.3

194

20.6

21.9

22.7

24.7

27.7

29.5

30.1

29.6

31.4

33.0

34.1

35.7

36.5

37.1

38.7

39.4

40.1

41.8

43.4

45.3

46.9

47.6

48.7

Table A2.24. Shear Tests Data for Phase 2: Control, at 28 Days.

mm
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.1
0.1
0.2
0.2
0.2
0.3
0.3
0.3
0.4
0.4
0.5
0.5
0.5
0.6
0.7
0.7
0.8
0.9
1.0
1.2
13
1.4
1.4
14
1.6
1.6
1.7
1.8
1.9
2.0
2.0
2.1
2.2
2.3
2.4
2.5
2.6
2.8

Si1-Control

P
(kN)

49.7
50.9
52.0
52.6
54.9
55.6
56.4
57.6
58.6
59.4
61.0
61.1
62.4
63.6
65.2
66.4
67.8
68.7
69.3
70.4
71.9
72.6
74.0
74.4
75.8
77.2
79.0
80.1
81.0
83.5
82.8
80.6
79.2
77.5
77.1
75.5
75.0
73.4
72.8
71.4
71.1
69.1
66.3
63.1
60.9

mm
2.9
2.9
3.0
3.2
3.3
3.4
3.5
3.7
3.8
3.9
4.0
4.1
4.3
4.4
4.5
4.7
5.0
5.1
5.1
5.2
5.7
5.8
5.9
5.9
6.1
6.2
6.4
6.9
7.0
7.9
8.1
8.2
8.2
8.3
8.4
8.4
8.5
8.6
8.6
8.7
8.8
8.8
8.9
9.0
91

(kN)
57.2
55.5
54.3
54.0
53.2
52.0
50.9
49.5
47.3
46.1
45.9
44.8
43.9
43.0
43.1
43.4
441
44.0
44.0
43.8
441
43.8
43.7
42.8
41.4
40.9
40.3
40.0
39.4
39.4
39.0
38.7
38.4
37.8
37.0
35.2
34.9
32.7
33.9
35.6
34.7
35.0
35.1

mm
9.1
9.2
9.2
9.2
9.3
9.4
9.6
9.7
9.7
10.6
10.7
11.4
11.9
11.9
12.2
12.3
12.4
12.6
12.6
12.7
12.8
12.9
13.3
13.4
13.5
13.5
13.9
14.1
14.2
14.6
14.7
14.9
151
15.2
154
154
154
154
15.4
155
15.5
15.5
15.5

(kN)
0.0
0.2
0.8
2.4
4.1
54
7.9
8.0
9.8
115
131
15.2
16.6
194

21.5

22.6

23.4

24.5

25.3

26.4

27.1

29.5
30.7
31.1
32.2
33.3

34.8

36.5

37.6

38.8

40.9

42.1

43.9

45.9

47.3

48.9
50.0
50.3
51.2
52.4
55.0
55.8
56.7
57.4
58.8

156

mm
0.0
0.0
0.0
0.1
0.2
0.3
0.4
0.4
0.4
0.5
0.6
0.6
0.7
0.8
0.9
1.1
1.1
1.1
1.2
13
1.4
1.4
15
1.6
1.7
1.8
18
1.9
2.1
2.2
2.2
2.3
2.5
2.6
2.7
2.9
3.0
3.1
3.2
3.2
3.4
3.5
3.6
3.8
3.9

(kN)
60.3
61.7
62.9
64.5
65.6
67.0
68.3
69.8
70.4
71.0
72.5
74.2
75.9
76.2
77.6
78.1
79.0
80.5
81.1
82.0
83.3
83.7
85.2
86.2
87.3
88.8
90.0
90.9
91.3
90.0
95.2
94.0
94.8
83.3
74.8
72.3
67.7
67.2
66.4
65.0
65.3
64.5
65.4
65.5
64.1

S2-Control

mm
4.0
4.1
4.4
4.5
4.7
4.8
5.0
5.2
5.2
5.3
5.6
5.7
5.9
6.2
6.3
6.4
6.4
6.5
6.9
7.0
7.1
7.1
7.2
7.3
7.9
8.0
8.2
8.3
8.4
8.4
9.6
9.7
9.9

10.0

10.1

10.2

10.2

10.2

10.2

10.2

10.2

10.2

10.3

10.4

10.4

P
(kN)
63.3
64.4
63.9
63.8
64.9
64.6
60.4
56.2
55.5
54.9
52.5
53.4
53.3
52.7
51.6
52.1
52.2
51.8
51.1
51.4
50.8
50.2
50.9
51.2
50.9
50.2
50.2
50.0
47.8
49.1
49.1
48.9
47.3
47.2
47.0
45.5
46.1
45.8
452
44.6
447
44.6
44.2
43.9
43.8

mm

10.4
10.4
10.5
10.5
10.6
10.6
10.8
10.8
10.8
11.0
11.0
11.0
111
11.2
11.3
11.3
114
115
11.6
11.7
11.8
11.8
11.8
12.0
12.2
12.3
12.4
125
12.6
12.6
12.7
12.8
12.9
13.3
134
135
13.6
13.7
13.9
14.0
14.2
14.4
14.5
14.7
14.9

(kN)
43.5
43.2
42.6
42.4
42.0
41.4
40.3
39.7
38.5
38.3
38.0
37.5
37.8
38.1
37.7
37.2
37.9

mm

151
15.3
15.3
15.4
15.5
15.5
155
155
155
155
155
155
155
155
155
155
155



Table A2.25. Bond Tests Data for Phase 2: Control, at 28 Days.

B1-Control B2-Control
P P P P
(kN) mm (kN) mm (kN) mm (kN) mm
00 0.0 477 29 00 00 559 30
05 0.0 49.0 3.0 06 00 566 31
09 0.0 506 3.1 15 0.1 580 3.2
14 0.1 519 3.2 16 0.1 588 3.3
28 03 526 34 24 02 607 34
38 04 538 35 35 03 617 36
49 05 546 35 47 04 622 37
51 05 554 36 59 04 630 37
6.3 05 b56.3 37 70 05 644 338
83 06 577 38 81 05 652 39
99 06 594 3.9 99 06 645 3.9
11.7 0.7 613 4.0 10.2 06 64.2 3.9
124 0.7 629 43 13.1 06 633 3.9
140 08 636 44 142 0.7 634 4.0
15.0 0.8 64.0 45 16.2 0.8 621 4.0
155 0.8 429 54 171 0.8 61.7 4.0
165 09 241 6.7 19.0 09 61.0 4.0
178 1.0 233 7.0 19.2 09 608 4.0
19.0 1.0 221 7.2 204 0.9 617 4.0
2001 10 215 7.3 215 1.0 602 4.0
21.7 11 209 75 221 10 616 4.0
229 12 200 7.7 234 1.0 62.0 4.0
239 1.2 189 8.0 259 12 618 4.0
244 13 176 8.3 261 13 62.0 4.0
250 13 170 85 28.1 13 612 40
269 15 158 89 29.2 14 607 4.0
273 15 152 91 31.0 15 58.0 45
287 15 146 93 315 15 592 45
298 16 135 9.8 334 16 596 47
309 1.7 129 10.0 347 1.7 583 4.7
314 18 11.4 10.6 358 1.7 57.7 48
33.2 18 11.0 10.6 366 1.8 595 48
348 19 10.3 10.6 371 19 589 48
36.0 2.0 10.1 107 383 19 242 6.0
36.1 2.0 10.0 107 39.3 2.0 127 6.5
375 22 99 107 420 2.1 134 6.7
389 22 10.0 107 439 23 123 73
408 25 10.1 10.7 451 23 135 7.4
421 25 10.0 107 470 24 127 7.4
436 2.6 10.1 107 475 25 135 74
448 2.7 10.1 10.7 483 2.6 126 7.4
459 2.7 104 107 495 26 128 7.4
470 2.8 5.7 10.8 51.2 27 138 7.4
529 2.9
548 3.0

157



Table A2.26. Flexure Tests Data for Phase 2: 0.75% Hemp, at 28 Days.

P (kN)
0.0
0.6
1.0
1.4
2.3
2.6
4.1
5.5
7.2
7.5
8.1
8.6
9.6
10.3
11.5
15.2
16.6
207
25.1
31.4
35.8
41.7
45.0
51.9
55.9
62.8
65.5
69.8
73.8
80.1
85.6
90.4
98.9
102.9
106.7
108.8
110.1
111.3
112.8
113.1
114.2
115.8
117.0
118.2
119.7

F1-0.75%HP-20%coarse

mm
0.0
0.0
0.0
0.0
0.0
0.0
0.1
0.1
0.2
0.2
0.2
0.2
0.3
0.3
0.3
0.5
0.5
0.7
0.9
1.3
1.6
2.0
2.2
3.0
3.1
3.5
3.8
4.3
4.6
54
59
6.9
7.3
8.5
9.6

10.5

111

11.2

121

12.2

12.4

12.7

13.7

13.9

154

P (kN)
120.2
119.7
118.5
118.1
117.6
117.3
117.0
116.2
116.3
115.8
114.3
114.0
114.8
113.0
114.4
114.1
113.2
112.0
112.7
112.1
111.6
1105
1111
110.8
109.2
108.4
105.6
106.3
104.9
103.6
105.4
106.0
106.8
107.1
106.8
105.9
103.5
102.5
101.1
100.2
97.5
93.4
92.7
90.1
89.8

mm P (kN)

16.1
16.3
195
19.6
19.8
20.1
20.2
20.5
207
20.9
21.1
21.1
21.7
21.8
22.0
22.2
22.5
22.6
22.8
22.9
23.2
23.2
23.3
23.4
23.6
24.1
241
241
241
241
24.2
24.9
25.0
25.5
25.9
26.1
27.7
28.1
28.7
28.8
29.8
30.3
34.5
34.6
34.8

84.4
83.6
81.7
80.3
79.7
72.7
69.6
67.7
65.7
64.8
62.0
60.1
60.3
59.3

mm

34.9
35.8
36.2
36.3
36.3
39.4
40.6
44.2
48.8
50.1
50.3
50.3
50.7
51.3

158

(kN)
0.0
1.0
1.8
2.3
3.2
4.7
5.9
6.8
7.6
8.7
9.7

10.9

150

20.4

25.2

30.3

35.4

40.2

45.5

51.9

56.4

60.2

65.4

71.3

75.1

80.0

85.4

90.4

96.2

100.6

104.9

107.0

110.2

116.0

112.9

116.1

116.9

117.3

1181

118.0

118.0

116.7

118.9

119.9

118.4

F2-0.75%HP-20%coarse

mm
0.0
0.0
0.1
0.1
0.1
0.1
0.1
0.2
0.2
0.2
0.3
0.3
0.5
0.8
11
14
1.7
2.0
2.4
3.0
3.3
3.6
4.0
4.4
4.8
5.2
5.8
6.3
6.9
7.7
8.4
8.7
9.7

16.6

17.3

17.6

17.8

18.1

18.3

18.7

18.8

18.9

20.1

22.2

22.3

P
(kN)
116.0
117.5
116.5
117.9
119.4
118.1
117.6
118.1
115.8
116.7
116.2
117.0
116.3
116.5
115.9
116.8
115.6
114.4
113.7
112.3
110.2
108.9
110.3
109.4
109.0
107.8
107.0
105.9
105.0
103.2
102.4
101.7
100.8
99.8
97.8
96.7
97.1
95.6
93.9
92.0
90.3
89.1
88.0
87.3
85.9

mm

224
22.6
22.7
22.9
23.3
23.9
24.0
24.4
24.4
24.7
24.7
24.9
25.3
25.5
25.8
26.1
27.1
27.3
28.1
29.0
29.3
29.4
29.7
29.9
30.2
30.4
30.7
31.2
31.7
32.5
32.5
32.6
34.0
34.2
34.3
34.4
34.9
35.1
35.3
35.6
35.8
35.9
36.1
36.3
36.4

P
(kN)
84.5
82.8
81.9
80.7
79.0
77.3
76.0
75.1
74.2
72.5
70.9
69.1
67.2
65.4
63.8
61.8
58.2
58.2
56.3

mm

36.6
36.7
36.8
37.0
37.2
37.4
37.5
37.7
37.8
38.0
38.1
38.4
38.6
38.7
38.8
39.0
40.2
40.2
40.3



Table A2.27. Shear Tests Data for Phase 2: 0.75% Hemp, at 28 Days.

S1-0.75%HP-20%coarse S2-0.75%HP-20%coarse

P P P P P P

(kN) mm (kN) mm (kN) mm (kN) mm (kN) mm (kN) mm
00 00 838 135 408 30.0 00 0.0 820 16.2 28.8 27.3
08 00 841 136 396 304 05 00 816 163 279 27.3
1.4 01 840 13.6 38.3 30.8 19 01 808 164 275 274
23 03 841 137 374 311 23 0.1 818 16.7

47 0.7 838 139 368 314 37 0.1 815 16.9

57 08 835 142 36.1 31.8 46 0.1 812 17.2

66 08 828 144 349 322 57 02 809 174

75 08 815 145 340 325 6.4 0.2 805 17.9

85 09 812 149 332 329 76 03 798 18.1

99 09 80.2 151 323 33.2 92 03 79.0 18.7

114 10 796 152 31.8 335 104 0.4 78.1 18.9

157 12 785 159 312 338 154 0.6 76.7 19.0

203 15 778 164 304 34.1 208 09 754 19.0

256 18 769 16.7 30.1 34.3 250 1.2 763 19.2

309 21 754 174 29.8 3438 309 16 76.0 19.3

359 25 744 178 29.0 353 359 20 753 195

404 28 736 18.1 28.3 358 408 2.3 745 19.6

458 3.2 728 184 279 36.2 453 2.7 726 19.7

508 3.6 712 191 273 36.4 509 3.1 739 199

552 39 69.7 19.8 27.0 36.6 57.0 35 70.1 20.3

60.5 43 694 205 26.6 36.6 62.8 4.0 642 207

616 4.6 69.3 209 26.7 36.7 66.9 45 588 213

63.6 4.7 687 219 265 36.8 702 4.7 573 218

642 4.7 685 222 251 36.8 716 48 569 226

65.6 4.8 679 227 249 36.9 73.0 51 57.1 238

66.4 51 675 229 237 36.9 757 52 568 24.1

679 51 669 231 777 54 557 244
69.8 53 671 233 79.6 5.7 543 247
716 53 67.2 235 823 6.0 519 248
732 6.3 669 238 826 6.3 497 250
76.0 6.4 ©66.6 24.1 83.3 64 450 251
799 6.7 646 249 83.1 6.5 37.1 253
822 69 644 257 834 9.6 341 255
839 7.2 631 26.1 83.7 9.7 331 257
845 74 621 263 83.8 101 325 259
855 103 614 26.7 84.1 13.7 318 26.1
85.1 104 59.6 27.0 83.8 139 323 26.2
857 10.5 583 273 82.8 140 323 265
85.1 10.7 541 27.7 83.3 144 31.7 26.9
86.7 11.1 495 28.1 83.3 146 312 27.0
88.3 114 477 284 83.6 149 30.7 27.1
86.1 11.6 458 28.7 83.5 151 30.3 27.2
84.8 11.7 442 29.0 83.7 153 299 273
84.8 127 428 293 829 157 296 273
843 132 419 296 82.8 159 29.2 273

159



Table A2.28. Bond Tests Data for Phase 2: 0.75% Hemp, a8 Days.

(kN)
0.0
0.6
0.9
1.7
2.8
3.9
4.4
51

10.4

16.7

20.7

25.6

31.0

36.6

40.5

454

50.0

55.3

60.8

61.9

62.2

63.6

63.8

63.1

62.0

59.4

53.3

46.9

44.5

41.8

40.4

38.9

39.5
36.7
35.5
36.4
36.0
34.7
35.1
34.6
30.4
29.7
28.9
27.2
27.7

B1-0.75%HP-20%coarse

mm
0.0
0.0
0.0
0.1
0.2
0.3
0.3
0.4
0.7
1.0
1.4
1.6
2.0
24
2.7
3.1
3.4
3.8
4.4
4.5
4.5
5.0
51
5.2
5.3
54
5.6
5.7
5.8
5.9
59
59
6.0
6.0
6.0
6.0
6.1
6.1
6.1
6.1
7.3
7.4
7.4
7.5
7.5

P
(kN)

28.2
27.8
27.8
28.4
28.3
27.5
26.6
257

24.4
23.5
22.3
22.3
22.0
21.9
21.5
20.9
20.5
20.0
195
18.6
18.1
17.9
17.6
17.0
16.3
15.7
15.0
14.6
145
14.0
13.8
13.6
13.3
12.9
12.4
12.3
12.1
11.8
115
11.4
11.2
10.9
10.7
10.6
10.3

mm
7.5
7.5
7.6
7.6
7.8
8.0
8.2
8.4
8.7
8.8
8.9
9.0
9.1
9.2
9.4
9.5
9.6
9.7
9.9

10.0

10.0

10.2

10.3

10.5

10.8

11.0

11.3

11.3

115

11.7

11.9

12.0

12.3

12.6

12.9

131

134

13.7

13.9

14.2

145

14.9

151

15.3

15.7

P

(kN)
10.1
9.9
9.8
9.7
9.5
8.9
8.6
8.5
8.4
8.1
7.6
8.1
8.0
7.9
8.0
8.2
8.1
7.8
7.6
7.5
7.3
7.2
7.0
7.0
6.9
6.8
6.7
6.7
6.6
6.6
6.5
5.6
54
55
4.3
4.2
3.6
3.5
3.5
3.6
3.5

mm

15.9
16.1
16.2
16.4
16.7
17.0
17.0
17.0
17.0
17.0
17.0
17.1
17.1
17.1
17.1
17.1
17.1
17.1
17.1
17.1
195
19.7
19.9
20.1
20.4
20.6
20.7
20.9
21.1
213
21.7
24.1
24.3
24.5
31.0
31.0
31.0
31.0
31.0
31.0
31.1

160

P
(kN)
0.0
0.5
10
1.6
2.6
3.6
4.2
5.2
6.5
7.8
8.8
9.4
10.6
12.0
12.3
135
14.3
15.7
16.6
17.4
19.0
21.0
21.8
22.2
23.4
24.6
25.4
27.0
27.7
29.9
31.4
32.5
34.5
36.5
38.3
39.9
41.7
42.9
43.8
45.0
46.5
47.9
50.2
52.0
54.5

B2-0.75%HP-20%coarse

mm
0.0
0.0
0.0
0.2
0.4
0.5
0.6
0.6
0.6
0.7
0.7
0.7
0.8
0.8
0.9
0.9
1.0
1.0
1.1
1.1
1.2
1.2
1.3
1.3
1.4
15
15
1.6
1.7
1.8
1.8
1.9
2.0
2.2
2.3
24
25
2.6
2.7
2.7
2.8
3.0
3.1
3.2
3.7

P
(kN)

55.0
53.9
54.3
55.1
57.7
59.6
62.3
63.1
59.6
56.7
55.2
50.7
54.0
52.7
58.8
60.1
63.6
64.0
64.6
64.3
64.8
66.1
66.1
62.7
51.4
43.3
38.9
37.6
38.7
39.7
36.6
35.8
33.4
30.5
28.0
26.1
24.9
23.6
20.6
20.4
19.4
18.7
18.2
18.1
17.8

mm
3.7
3.7
3.7
3.8
3.9
4.1
4.1
4.2
4.2
4.2
4.3
4.3
4.3
4.3
4.4
4.4
4.5
4.6
4.6
4.6
4.7
4.8
4.9
51
5.6
59
6.0
6.0
6.1
6.1
6.1
7.2
7.6
8.1
8.5
8.9
9.3
9.6

10.6

10.9

11.3

11.6

11.7

11.8

12.0

P
(kN)

171
16.3
15.7
15.2
15.0
14.5
14.0
13.9
13.6
13.4
13.2
13.0
12.9
12.6
12.5
12.2
12.2
11.7
11.9
11.7
114
10.8
10.7
10.2
10.5

9.9

mm

125
12.9
13.2
13.5
13.9
14.2
145
14.8
15.2
155
15.8
16.0
16.4
16.9
17.3
17.8
18.1
18.5
18.8
19.4
19.9
22.9
23.5
23.6
24.9
28.5



P (kN)
0.0
0.5
1.6
2.7
3.2
8.8
10.3
16.0
21.1
27.9
32.7
36.7
37.2
425
48.8
53.9
59.1
65.6
70.0
75.8
81.5
86.9
90.3
95.7
100.0
105.3
111.0
115.2
121.1
127.7
131.9
136.2
138.0
138.4
139.2
140.4
140.0
140.4
138.0
135.4
133.4
131.4
130.0
1325
133.0

Table A2.29. Flexure Tests Data for Phase 2: 1% Hemp, at 28 Days.

F1-1%HP-20%coarse

mm
0.0
0.0
0.1
0.2
0.4
1.0
11
15
1.7
2.1
2.4
2.7
2.8
3.0
3.4
4.0
4.2
4.6
5.2
5.4
5.8
6.2
6.6
7.1
7.5
8.5
8.9
9.7

10.8

12.1

13.3

15.5

15.8

15.9

16.1

16.4

16.6

17.0

17.2

17.2

17.2

17.9

18.0

18.1

18.3

P (kN)
132.3
130.0
128.0
124.0
118.7
116.3
115.1
115.2
113.5
111.7
111.2
111.9
109.2
108.4
106.4
105.2
100.3
99.8
98.8
97.8
96.4
95.1
94.9
93.1
92.8
91.7
91.5
90.9
90.1
90.0
88.5
87.5
86.8
88.3
89.4
90.8
91.8
923
94.3
95.2
97.6
99.0
100.2
102.3
102.9

mm P (kN)

191
19.4
19.7
20.1
20.2
20.2
20.2
20.5
20.5
20.6
20.6
20.8
21.1
21.2
213
21.4
22.4
22.8
23.1
23.4
23.6
24.0
24.3
24.6
24.8
25.3
255
25.6
26.1
26.4
27.1
27.3
27.5
28.1
28.3
28.7
29.0
29.2
29.8
30.1
30.9
31.5
32.2
34.2
36.1

103.0
100.7
98.3
98.4
97.3
96.4
95.7
94.9
93.9
89.2
86.8
87.2

mm

36.7
39.9
39.9
40.2
41.1
41.3
41.5
41.6
41.9
41.9
42.0
42.0

(kN)
0.0
0.5
1.0
2.9
4.8
7.2
9.6

10.9

154

21.1

26.8

32.1

37.5

42.1

48.4

53.3

58.9

64.3

71.4

78.0

85.9

90.5

95.8

100.9

106.4

111.7

117.0

118.5

119.0

121.2

122.7

124.4

125.9

126.7

128.8

130.2

131.4

132.4

134.7

134.9

136.5

138.4

139.4

140.2

141.0

161

F2-1%HP-20%coarse

mm
0.0
0.0
0.1
0.1
0.2
0.4
0.5
0.6
0.8
11
15
1.9
2.2
2.5
3.0
3.3
4.0
4.2
4.7
5.4
6.0
6.5
7.0
7.6
8.3
9.0
9.7
9.9

10.4

10.6

11.3

11.4

115

11.7

12.2

12.4

125

13.2

13.5

13.7

14.9

15.2

154

15.6

15.8

P
(kN)
141.2
1397
137.5
138.5
139.8
140.4
142.0
143.0
143.5
144.4
144.5
143.7
142.4
139.5
139.1
137.8
137.5
136.4
137.1
136.5
135.2
135.8
136.2
135.7
134.7
133.8
132.4
131.4
130.7
130.0
130.5
128.7
125.3
127.8
126.9
126.2
1255
1251
125.6
125.6
124.8
123.7
119.0
123.0
121.4

mm

16.1
16.2
16.9
17.0
17.1
17.3
17.6
17.8
18.1
18.7
19.0
19.3
19.9
19.9
20.3
20.3
20.5
20.6
20.7
20.7
20.8
21.0
21.2
213
21.4
21.4
215
215
215
215
21.8
21.8
21.8
21.9
21.9
21.9
21.9
22.0
22.1
22.1
22.2
22.2
22.2
22.3
22.4

P
(kN)
121.0
120.5
120.3
119.5
117.5
1120
114.9
118.0
116.9
117.3
117.8
118.4
118.1
116.8
116.3
115.7
114.4
111.8
1154
111.8
114.4
112.9
1151
113.9
112.2
112.3
111.0
110.7
105.7
101.5
100.7
95.1
91.7
88.8
84.0
78.4
70.3
65.2
62.4
50.3

mm

22.5
22.5
22.6
22.6
22.6
22.6
22.6
22.6
22.6
227

22.7
22.8
22.9
22.9
22.9
23.0
23.0
23.0
23.1
23.1
23.2
23.2
23.3
23.4
23.4
23.6
23.6
23.6
24.1
24.5
24.7
25.3
26.4
27.5
28.8
30.7
31.8
32.5
34.0
34.4



Table A2.30. Shear Tests Data for Phase 2: 1% Hemp, at 28 Days.

(kN)
0.0
0.7
2.0
3.1
4.7
5.6
6.6
7.8
8.3
9.9

155

20.8

26.7

32.9

36.3

38.0

42.7

46.6

52.6

56.3

62.6

68.6

71.9

73.6

74.0

74.8

75.6

77.9

79.7

81l.1

82.1

82.3

83.5
84.9
85.8
86.2
84.5
84.8
85.0
84.5
81.8
77.6
76.0
76.1
75.1

S1-1%HP-20%coarse

mm
0.0
0.0
0.4
0.7
0.8
1.0
1.0
11
11
1.2
15
1.7
2.1
2.5
2.8
2.9
3.3
3.6
4.2
4.4
5.0
5.5
5.6
6.2
6.3
6.4
8.5
8.6
8.8
8.9
9.1
9.2
9.3
9.6
9.9

10.2

10.3

11.0

111

11.3

11.4

11.7

125

131

135

P
(kN)

75.0
73.9
73.5
73.1
73.6
73.4
72.6
73.5
73.2
72.5
72.0
71.7
72.0
71.0
71.2
70.4
71.9
71.6
72.1
72.6
71.8
72.7
73.1
73.3
74.2
75.3
75.0
75.0
74.8
75.8
75.6
74.9
74.1
73.6
72.9
71.7
72.2
71.7
71.7
71.0
71.3
70.8
70.4
70.5
71.0

mm

13.7
14.0
14.8
17.8
19.1
19.5
19.6
19.7
19.7
19.8
20.1
20.2
20.4
20.5
21.0
21.1
21.7
21.8
22.0
22.2
22.3
22.6
22.7
23.0
23.2
23.9
24.2
24.6
24.8
253
25.6
25.9
26.1
26.4
26.7
26.9
27.1
27.6
27.9
28.6
28.9
29.1
29.7
29.9
30.3

P
(kN)

71.0
70.9
71.2
72.4
71.9
72.5
73.3
75.7
74.7
72.9
73.6
74.8
73.9
73.1
72.1
71.7
70.6
71.5
72.5
73.1
72.6
71.7
70.7
71.3
72.1
73.1
74.5
75.1
76.9
77.2
76.3
77.8
70.4
67.7
69.3

mm

31.1
31.4
32.4
33.2
33.5
33.7
33.8
34.5
34.8
34.8
35.0
35.2
35.6
36.3
36.4
36.6
37.0
37.3
37.5
37.9
38.2
38.4
38.5
38.5
38.6
38.7
39.0
39.7
40.4
40.5
40.8
41.1
41.3
41.4
41.4

162

(kN)
0.0
0.6
1.6
3.7
4.8
4.9
5.8
6.3
7.6
8.5
9.2
10.7
15.7

215

27.6

34.2

41.3

48.1

50.9

55.1

61.1

67.9

74.9

79.1

81.3

82.2

84.4

85.1

84.9

85.0

83.7

82.5

82.0
80.9
84.5
86.8
87.0
84.1
83.9
83.5
82.2
80.3
78.2
77.4
76.2

S2-1%HP-20%coarse

mm
0.0
0.0
0.1
0.2
0.3
0.3
0.3
0.3
0.4
0.4
0.5
0.5
0.8
1.1
1.4
2.0
2.3
2.8
3.1
3.3
3.8
4.3
51
5.5
5.6
6.1
6.3
6.5
6.5
6.6
6.6
6.6
6.6
6.6
7.0
7.2
7.4
8.5
8.7
8.8
9.2
9.4
9.5
9.6
9.7

P
(kN)

75.3
74.7
73.4
72.8
71.0
70.8
71.3
70.3
69.6
68.8
68.4
67.5
66.5
67.3
66.8
67.2
66.4
67.1
66.3
65.9
65.7
64.6
65.1
66.0
64.6
65.0
64.6
63.6
62.6
63.3
62.7
61.6
60.4
58.7
54.2
49.5
48.9
47.9
47.7
47.9
48.2
47.8
47.9
48.3
48.0

mm
9.8
10.0
10.2
10.3
11.0
111
11.4
115
11.6
12.3
12.3
12.4
13.0
131
13.2
13.2
13.3
13.4
141
141
14.5
14.5
14.6
15.4
15.6
15.8
15.9
16.3
16.3
16.9
175
17.7
18.3
18.7
19.0
19.3
20.6
221
224
229
24.7
25.0
25.3
25.5
25.6

P
(kN)
48.3
49.4
49.3
48.9
49.0
49.0
48.2
46.5
43.2
43.8
44.5
44.7

mm

26.2
26.6
27.1
27.4
28.4
28.8
28.9
29.0
29.0
29.0
29.0
29.0



Table A231. Bond Tests Data for Phase 2: 1% Hemp, at 28 Days.

(kN)
0.0
0.4
0.7
0.9
2.0
3.0
3.6
4.8
54
6.8
7.9
8.7
9.9

10.7

15.0

20.4

25.0

31.3

37.6

43.6

48.8

50.7

52.5

53.9

55.8

59.0

60.2

62.6

63.4

64.7

66.1

68.2

67.0

66.4

64.8

63.1

62.9

63.1

61.6

62.3

60.5

59.2

58.8

59.4

60.4

B1-1%HP-20%coarse

mm
0.0
0.1
0.1
0.2
0.5
0.8
0.9
11
11
1.2
1.3
1.3
1.4
1.4
1.6
1.8
2.0
2.4
2.7
3.1
3.8
3.8
4.0
4.1
4.1
4.5
4.6
4.7
5.0
5.0
51
5.2
5.3
5.3
5.3
5.3
5.3
54
55
5.6
5.6
6.3
6.3
6.9
7.0

P
(kN)
62.0
61.2
63.1
64.8
67.5
68.6
69.1
68.2
65.0
58.5
49.7
41.7
42.1
39.0
37.4
32.8
29.0
26.8
25.7
24.9
23.1
22.7
21.6
20.6
19.1
18.6
18.0
17.8
18.0
17.2
17.3
16.8
16.6
151
14.7
13.8
13.7
12.8
12.9
13.0
13.0
14.0
14.0
14.7
14.9

mm
7.0
7.0
7.0
7.1
7.2
7.3
7.4
7.6
7.8
8.1
8.3
8.5
8.5
8.8
8.9
9.7

10.1

10.3

10.6

10.8

10.9

10.9

11.9

12.4

13.0

13.2

13.3

134

135

13.9

141

14.4

14.6

15.9

16.3

17.3

17.6

18.9

191

21.0

21.4

23.5

23.7

24.8

2511

P
(kN)
15.0
15.9
16.1
15.3
151
14.8
14.6
14.0
13.4
13.0
12.0
115
10.4
9.8
10.3
9.7
10.0
9.0
64

mm

25.5
27.2
27.6
29.5
29.8
30.1
30.5
31.0
31.3
31.5
31.7
32.0
32.0
32.0
32.0
32.1
32.1
32.2
32.4

163

(kN)
0.0
0.6
2.9
4.0
4.0
5.3
7.5
8.2
9.0

10.9

15.6

20.3

26.7

31.8

35.6

36.3

37.6

39.4

40.6

41.8

43.7

45.1

46.4

47.9

49.5

50.4

52.1

53.4

54.6

55.9

57.8

59.5

60.9

62.3

63.3

64.0

65.7

67.6

66.5

69.1

68.1

69.3

71.7

72.5

71.4

B2-1%HP-20%coarse

mm
0.0
0.0
0.1
0.1
0.1
0.2
0.2
0.3
0.3
0.4
0.6
0.8
1.1
1.4
1.6
1.8
1.8
1.9
1.9
2.0
2.2
2.3
2.3
2.5
2.6
2.6
2.7
2.9
3.0
3.1
3.3
3.4
3.5
3.5
3.8
3.8
3.9
4.1
6.4
8.2
9.2
9.2
9.3
9.3
9.4

P
(kN)
74.8
75.6
76.6
77.0
76.9
75.6
71.8
65.1
48.2
40.5
36.6
35.6
33.1
29.9
27.5
26.0
24.9
24.4
23.8
23.5
23.1
22.5
21.8
21.0
20.4
20.2
18.1
16.4
15.2
14.8
13.0
12.2
11.0
11.3
10.3
9.9
9.7
10.0
9.3
8.8
8.9
8.9
8.6
8.5
8.3

mm
9.5
9.6
9.9

10.1

10.3

10.4

10.6

10.9

11.6

12.0

12.2

12.4

12.6

12.9

13.2

13.4

13.6

13.8

14.0

14.2

14.4

14.7

15.0

15.3

15.3

15.4

15.9

175

18.9

19.2

204

21.2

21.9

22.5

23.5

23.5

23.9

24.2

25.2

25.5

25.7

26.1

31.4

31.8

35.0

P
(kN)
8.3
8.2
7.4
7.3
7.2
6.6

mm

35.6
35.9
36.9
37.0
37.0
37.1



APPENDIX 3

PHOTOS OF TESTED SREAMENS OF ALL PHASESAND
MISCELLANEOUS PHOTOS

NOTES

For Phase Beans photos(Figures A3.1 to A3.18)ll cracks without numbers

weremarkedafter failure
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Figure A3.1. Phase 2, Flexure Beam, Control, FCL.

Figure A3.2. Phase 2, Flexure Beam, Control, FEL.
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F1-0:75ER
-20

Figure A3.3. Phase 2, Flexure Beam, 0.75%Hemp0%coarse, F10.75%HP-20%c.

Figure A3.4. Phase 2, Flexure Beam, 0.75%Hemp0%coarse, F20.75%HP-20%c.
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Figure A3.5. Phase 2, Flexure Beam, 1%Hem@0%coarse, F11%HP-20%c.

F2-1.0HP
2008

Figure A3.6. Phase 2, Flexure Beam, 1%Hem@0%coarse, F21%HP-20%c.
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Figure A3.8. Phase 2, Shear Beam, Control, S2L.
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Figure A3.9. Phase 2, Shear Beam, 0.75%Henr0%coarse, S10.75%HP-20%c.

S2-0.75HP
-20c

Figure A3.10. Phase 2, Shear Beam, 0.75%Herf0%coarse, S20.75%HP-20%:c.
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Figure A3.11. Phase 2, Shear Beam, 1%Hemp0%coarse, S11%HP-20%c.

S$2-1.0HP

Figure A3.12. Phase 2, Shear Beam, 1%Hemp0%coarse, S2Z1%HP-20%c.
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Figure A3.13. Phase 2, Bond Beam, Control, BCL.

Figure A3.14. Phase 2, Bond Beam, Control, BEL.
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Figure A3.15. Phase 2, Bond Beam, 0.75%Hermp0%coarse, B10.75%HP-20%c.

B2-0.756
—)0le

Figure A3.16. Phase 2, Bond Beam, 0.75%Hermp0%coarse, B20.75%HP-20%c.
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Figure A3.17. Phase 2, Bond Beam, 1%Hemg0%coarse, B11%HP-20%c.

Figure A3.18. Phase 2, Bond Bea, 1%Hemp-20%coarse, B21%HP-20%c.
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Figure A3.20. Phase 1, Flexure Tested Sample.
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Figure A3.22. Phase 1, Thermal Test Block Sample.
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Figure A3.24. Treated Palm Fibers Ready for Mixing.
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Figure A3.25. Trial Phase Mixing, Adding Palm Fibers (Wet Mix).

Figure A3.26. Phase IMixing, Hemp Fibers Added on Wet Mix.
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Figure A3.27. Phase 2 Mixing, Hemp Fibers Added with Aggregates (Dry Mix) in
Ready Mix Plant.

Figure A3.28. Hemp Fibers Preparation, Soaking Panel and Spreading Machine
Used After Drying.
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d-kd

F1-CL Beam Calculations (Assumed Elastic Strain)

My = P*L/3 with P = 142 kN and L = 1.8 m,
f & 270 kg/cri andE, = 15,115 sqrt(f,) = 248,365 kg/ch

Es = 2100000kg/cnt and A = 6.28 cm,

n=E/E.= 8 and k?+£2)sqi(th[*(¢}))* n)= 0. 37,
ler= (b*(kd)?)/12 + b*(kd)*(kd/2F + n*Ag*(d-kd)? = 18446.8 crfy

E fs=n*My*(d-kd)/l., = 6,178 kg/crh

Figure A3.29. Phase 2 Beams Cracked Section Analysis Sample Calculation; F1
CL Beam.
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APPENDIX 4

PHASE ONE STATISTICA ANALYSIS TABLES FOR ONE
WAY AND TWO-WAY ANOVA

NOTES

The units for the tests raw data in theistaial tables are as follows:
Compression Tests: COMP3, COMP7, and COMP28 in kg/cm
Modulus of Rupture Tests: MOR7 and MOR28 Tests in MPa.
Splitting Tensile Test: SPLIT28 in kPa.

Modulus of Elasticity Test: E28 in kg/ém

CR: Coarse Reduction in %.
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Table A41. OneWay ANOVA Analysis Data Sheet 1.

115.9
122.0
118.1
115.9
114.2
115.0
129.2
134.2
122.0
93.1
103.7
98.3
88.7
90.4
89.4
85.4
815
83.4
101.5
102.0
101.6
90.4
90.9
80.4
77.6
74.3
76.0
84.8
93.7
94.3
94.8
93.7

98.7
92.0

184.6
189.6
208.5
163.0
170.8
149.1
151.9
162.5
153.6
139.7
146.9
143.2
125.9
126.4
126.0
115.3
112.6
113.8
112.6
131.4
138.6
119.8
124.2
1221
124.2
109.2
12
133.6
123.6

127.5
138.1

94.4
135.8
150.3

The SAS System

16:03 Monday, June 28, 2010 90

TRT COMP3 COMP7 COMP28 MOR7 MOR28 Split28 E28
2573 26 33 2198 231019
2096 25 35 2302 244053
2345 26 34 2250 237535
2018 27 27 1815 214590
2057 25 24 1743 221778
2038 26 26 1779 218183
170.2 23 26 2344 225447
2140 24 21 2133 214624
1841 23 23 2234 220035
1741 23 28 1969 184628
1752 2.0 3.0 2010 194071
1745 22 3.0 1809 189351
166.3 2.2 28 1560 188083
1674 20 27 1672 157998
166.8 2. 1 27 1715 173039
1824 22 27 1601 225042
173.0 23 3.0 1578 205810
177.8 22 23 1588 215425
2079 23 33 1815 144338
1941 27 30 1794 154054
20 11 28 3.0 1805 149197
1713 22 24 2269 220998
170.2 23 3.0 2144 192577
1709 23 23 2107 206787
169.7 24 28 2163 163266
189.6 23 22 2062 159417
25 1774 24 24 2167 161340
1918 26 21 2246 189997
1857 22 23 2230 189327
122.0 188.7 20 22 2237 189661
1647 24 28 2131 175178
1796 23 29 2195 164017
136.4 2002 24 28 2162 169599
1669 29 31 2298 162686
168.6 29 27 2268 179080
1336 167.7 29 3.2 2282 170884

FrFTCRXXRAXXRXCCOG T T T TIIIOOOTMTMTIMMMOUOO0O0O0OT®WI> > >

97.0
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Table A42. OneWay ANOVA Analysis Data Sheet 2.

The SAS System 16:03 Monday, June 28, 2010 91

TRT=A

The MEANS Procedure
Variable Mean Std Dev Minimum Maximum Std Error

daasaasadaddanaaaaaaaaaaasaaasaasaaaaaaaaasaasaaasaaaaaaaaaaaaaaaaaaaa
COMP3 118.6666667 3.0892286 115.9000000 122.0000000 1.7835670

COMP7 194.2333333  12.6056865 184.6000000 208.5000000 7.27 78965
COMP28 233.8000000  23.8577032 209.6000000 257.3000000  13.7742513

MOR7 2.5666667 0.0577350 2.5000000 2.6000000 0.0333333

MOR28 3.4000000 0.1000000 3.3000000 3.5000000 0.0577350

Split28 2250.00  52.0000000 2198.00 2302.00  30.0222140

E28 237535.67 6517.00 231019.00 244053.00 3762.59

daddaaaadaaaaaadadaadaaadadaaadannnnnnnannnnmaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

TRT=B

Variable Mean Std Dev Minimum Maximum Std Error
addaaddaaaaaaaaaaaaaaaaaaaaaaasaasaaaaaaaaaasaaasaaaasaaaaaaaaaaaaaaaaaac
COMP3 115.0333333 0.8504901 114.2000000 115.9000000 0.4910307

COMP7 160.9666667  10.9919668 149.1000000 170.8000000 6.3462150
COMP28 203.7666667 1.9502137 201.8000000 205.7000000 1.1259564

MOR7 2.6000000 0.1000000 2.5000000 2.7000000 0.0577350

MOR28 2.5666667 0.1527525 2.40000 00 2.7000000 0.0881917

Split28 1779.00  36.0000000 1743.00 1815.00  20.7846097

E28 218183.67 3594.00 214590.00 221778.00 2075.00

ddadaasaadaadaasadadasanaanananamnnaaasoaaaasaaasaaaasaaaaaaaaasaaaaaaaaaaaa

TRT=C

Variable Mean Std Dev Minimum Maximum Std Error
aaasaasaasasaasaaaaaaaaasaaaasaasaasaasaaasaasaaasaaaaaasaaaaaaaaaaaaaaa
COMP3 128.4666667 6.1329710 122.0000000 134.2000000 3.5408725

COMP7 156.0000000 5.6929781 151.9000000 162.500000 0 3.2868425
COMP28 189.4333333  22.3817634 170.2000000 214.0000000  12.9221171

MOR7 2.3333333 0.0577350 2.3000000 2.4000000 0.0333333

MOR28 2.3333333 0.2516611 2 .1000000 2.6000000 0.1452966

Split28 2237.00 105.5319857 2133.00 2344.00  60.9289203

E28 220035.33 5411.50 214624.00 225447.00 3124.33

da88daaaasaaaaaanaaanaaaaaacaaaaaaaaasaaassasaaaasaasaaaaaaaaaaaaaaaaaaaaaaa
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Table A43. OneWay ANOVA Analysis Data Sheet 3.

The SAS System 16:03 Monday, June 28, 2010 92

TRT=D

The MEANS Procedure
Variable Mean Std Dev Minimum Maximum Std Error
daddaddsanaadaasnsaasaaasaasaasaaaaaaaaaasaaasaaaasaasaassaaaaaaaaaaaaasaaaaaaaa
COMP3 98.3666667 5.3003145  93.1000000 103.7000000 3.0601380

COMP7 143.2666667 3.6004629 139.7000000 146.9000000 2.07 87282
COMP28 174.6000000 0.5567764 174.1000000 175.2000000 0.3214550

MOR7 2.1666667 0.1527525 2.0000000 2.3000000 0.0881917

MOR28 2.9333333 0.1154701 2.8000000 3.0000000 0.0666667

Split28 1929.33  106.2089136 1809.00 2010.00  61.3197449

E28 189350.00 4721.50 184628.00 194071.00 2725.96

daddaaaadaaaaaadadaadaaadadaaadannnnnnnannnnmaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

TRT=E

Variable Mean Std Dev Minimum Maximum Std Error
addaaddaaaaaaaaaaaaaaaaaaaaaaasaasaaaaaaaaaasaaasaaaasaaaaaaaaaaaaaaaaaac
COMP3 89.5000000 0.8544004  88.7000000  90.4000000 0.4932883

COMP7 126.1000000 0.2645751  125.9000000 126.4000000 0.1527525
COMP28 166.8333333 0.5507571  166.3000000 167.4000000 0.3179797

MOR7 2.1000000 0.1000000 2.0000000 2.2000000 0.0577350

MOR28 2.7333333 0.0577350 2.70000 00 2.8000000 0.0333333

Split28 1649.00  80.0187478 1560.00 1715.00  46.1988456

E28 173040.00 15042.50 157998.00 188083.00 8684.79

ddadaasaadaadaasadadasanaanananamnnaaasoaaaasaaasaaaasaaaaaaaaasaaaaaaaaaaaa

TRT=F

Variable Mean Std Dev Minimum Maximum Std Error
aaasaasaasasaasaaaaaaaaasaaaasaasaasaasaaasaasaaasaaaaaasaaaaaaaaaaaaaaa
COMP3 83.4333333 1.9502137  81.5000000  85.4000000 1.1259564

COMP7 113.9000000 1.3527749  112.6000000 115.300000 0 0.7810250
COMP28 177.7333333 4.7003546 173.0000000 182.4000000 2.7137510

MOR7 2.2333333 0.0577350 2.2000000 2.3000000 0.0333333

MOR28 2.6666667 0.3511885 2 .3000000 3.0000000 0.2027588

Split28 1589.00 11.5325626 1578.00 1601.00 6.6583281

E28 215425.67 9616.00 205810.00 225042.00 5551.80

da88daaaasaaaaaanaaanaaaaaacaaaaaaaaasaaassasaaaasaasaaaaaaaaaaaaaaaaaaaaaaa
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Table A44. OneWay ANOVA Analysis Data Sheet 4.

The SAS System 16:03 Monday, June 28, 2010 93

TRT=G

The MEANS Procedure
Variable Mean Std Dev Minimum Maximum Std Error
daddaddsanaadaasnsaasaaasaasaasaaaaaaaaaasaaasaaaasaasaassaaaaaaaaaaaaasaaaaaaaa
COMP3 101.7000000 0.2645751  101.5000000 102.0000000 0.1527525

COMP7 127.5333333  13.4243560 112.6000000 138.6000000 7.75 05555
COMP28 201.0333333 6.9002415 194.1000000 207.9000000 3.9838563

MOR7 2.6000000 0.2645751 2.3000000 2.8000000 0.1527525

MOR28 3.1000000 0.1732051 3.0000000 3.3000000 0.1000000
Split28 1804.67  10.5039675 1794.00 1815.00 6.0644685

E28 149196.33 4858.00 144338.00 154054.00 2804.77

daddaaaadaaaaaadadaadaaadadaaadannnnnnnannnnmaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

TRT=H

Variable Mean Std Dev Minimum Maximum Std Error
addaaddaaaaaaaaaaaaaaaaaaaaaaasaasaaaaaaaaaasaaasaaaasaaaaaaaaaaaaaaaaaac
COMP3 87.2333333 5.9231185  80.4000000  90.9000000 3.4197141

COMP7 122.0333333 2.2007574  119.8000000 124.2000000 1.2706079
COMP28 170.8000000 0.5567764  170.2000000 171.3000000 0.3214550

MOR7 2.2666667 0.0577350 2.2000000 2.3000000 0.0333333

MOR28 2.5666667 0.3785939 2.30000 00 3.0000000 0.2185813

Split28 2173.33  84.8901251 2107.00 2269.00 49.0113366

E28 206787.33 14210.50 192577.00 220998.00 8204.44

ddadaasaadaadaasadadasanaanananamnnaaasoaaaasaaasaaaasaaaaaaaaasaaaaaaaaaaaa

TRT=I

Variable Mean Std Dev Minimum Maximum Std Error
aaasaasaasasaasaaaaaaaaasaaaasaasaasaasaaasaasaaasaaaaaasaaaaaaaaaaaaaaa
COMP3 75.9666667 1.6502525  74.3000000  77.6000000 0.9527737

COMP7 118.6333333 8.2136066  109.2000000  124.200000 0 4.7421280
COMP28 178.9000000  10.0344407 169.7000000 189.6000000 5.7933870

MOR7 2.3666667 0.0577350 2.3000000 2.4000000 0.0333333

MOR28 2.4666667 0.3055050 2 .2000000 2.8000000 0.1763834

Split28 2130.67  59.5007003 2062.00 2167.00  34.3527453

E28 161341.00 1924.50 159417.00 163266.00 111111

da88daaaasaaaaaanaaanaaaaaacaaaaaaaaasaaassasaaaasaasaaaaaaaaaaaaaaaaaaaaaaa
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Table A45. OneWay ANOVA Analysis Data Sheet 5.

The SAS System 16:03 Monday, June 28, 2010 94

TRT=J

The MEANS Procedure
Variable Mean Std Dev Minimum Maximum Std Error
daddaddsanaadaasnsaasaaasaasaasaaaaaaaaaasaaasaaaasaasaassaaaaaaaaaaaaasaaaaaaaa
COMP3 90.9333333 5.3200877  84.8000000  94.3000000 3.0715541

COMP7 126.4000000 6.2864935 122.0000000 133.6000000 3.62 95087
COMP28 188.7333333 3.0501366 185.7000000 191.8000000 1.7609972

MOR7 2.2666667 0.3055050 2.0000000 2.6000000 0.1763834

MOR28 2.2000000 0.1000000 2.1000000 2.3000000 0.0577350
Split28 2237.67 8.0208063 2230.00 2246.00 4.6308147

E28 189661.67 335.0004975 189327.00 189997.00 193.4126274

daddaaaadaaaaaadadaadaaadadaaadannnnnnnannnnmaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

TRT=K

Variable Mean Std Dev Minimum Maximum Std Error
addaaddaaaaaaaaaaaaaaaaaaaaaaasaasaaaaaaaaaasaaasaaaasaaaaaaaaaaaaaaaaaac
COMP3 94.3000000 0.5567764  93.7000000  94.8000000 0.3214550

COMP7 134.0000000 5.6929781 127.5000000 138.1000000 3.2868425
COMP28 181.5000000  17.8261045 164.7000000 200.2000000  10.2919062

MOR7 2.3666667 0.0577350 2.3000000 2.4000000 0.0333333

MOR28 2.8333333 0.0577350 2.80000 00 2.9000000 0.0333333

Split28 2162.67  32.0052079 2131.00 2195.00 18.4782154

E28 169598.00 5580.50 164017.00 175178.00 3221.90

ddadaasaadaadaasadadasanaanananamnnaaasoaaaasaaasaaaasaaaaaaaaasaaaaaaaaaaaa

TRT=L

Variable Mean Std Dev Minimum Maximum Std Error
aaasaasaasasaasaaaaaaaaasaaaasaasaasaasaaasaasaaasaaaaaasaaaaaaaaaaaaaaa
COMP3 95.9000000 3.4828150  92.0000000  98.7000000 2.0108042

COMP7 139.9000000 9.0735880 133.6000000 150.300000 0 5.2386385
COMP28 167.7333333 0.8504901 166.9000000 168.6000000 0.4910307

MOR7 2.9000000 0 2.9000000 2.9000000 0

MOR28 3.0000000 0.2645751 2 .7000000 3.2000000 0.1527525

Split28 2282.67  15.0111070 2268.00 2298.00 8.6666667

E28 170883.33 8197.00 162686.00 179080.00 4732.54

da88daaaasaaaaaanaaanaaaaaacaaaaaaaaasaaassasaaaasaasaaaaaaaaaaaaaaaaaaaaaaa

The SAS System 16:03 Monday, June 28, 2010 95
The GLM Procedure

Class Level Information

Class Levels Values

TRT 12 ABCDEFGHIJKL
Number of Observations Read 36
Number of Observations Used 36
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Table A46. OneWay ANOVA Analysis Data Sheet 6.
The SAS System 16:03 Monday, June 28, 2010 96
The GLM Procedure

Dependent Variable: COMP3

Sum of
Source DF Squares Mean Square F Value Pr>F
Model 11 7836.394167  712.39 9470 53.72 <.0001
Error 24 318.253333 13.260556
Corrected Total 35 8154.647500

R- Square Coeff Var Root MSE COMP3 Mean

0.9609 73  3.704795  3.641505 98.29167

Source DF Type | SS Mean Square FValue Pr>F
TRT 11 7836.394167  712.399470 53.72 <.0001
Source DF Typelll SS Mean Square F Value Pr>F
TRT 11 7836.394167  712.399470 53.72 <.0001
The SAS System 16:03 Monday, June 28, 2010 97

The GLM Procedure

Dependent Variable: COMP7

Sum of
Source DF Squares Mean Square F Value Pr>F
Model 11 16960.47639 1541.86149 25.22 <.0001
Error 24 1467.56000 61.14833
Corrected Total 35 18428.03639
R- Square Coeff Var Root MSE COM P7 Mean

0.920363  5.642740  7.819740  138.5806

Source DF Type | SS Mean Square FValue Pr>F
TRT 11 16960.47639  1541.86149  25.22 <.0001
Source DF Typelll SS Mean Square FValue Pr>F
TRT 11 16960.47639  1541.86149 25.22 <.0001
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Table A47. OneWay ANOVA Analysis Data Sheet 7.

The SAS System 16:03 Monday, June 28, 2010 98

The GLM Procedure

Dependent Variable: COMP28

Source

Model

Error

Corrected Total

Source

TRT

Source

TRT

Sum of
DF Squares Mean Square F Value Pr>F

11 12138.29889  1103.48172 8.42 <.0001
24 3146.10667 131.08778

35 15284.40556

R- Square Coeff Var Root MSE COMP28 Mean

0.794162  6.147673  11.44936 186.2389

DF Type | SS Mean Square FValue Pr>F

11 12138.29889  1103.48172 8.42 <.0001

DF Typelll SS Mean Square FValue Pr>F

11 12138.29889  1103.48172 8.42 <.0001

The SAS System 16:03 Monday, June 28, 2010 99

The GLM Procedure

Dependent Variable: MOR7

Source

Model

Error

Corrected Total

Source

TRT

Source

TRT

Sum of
DF Squares Mean Square F Value Pr>F

11  1.71638889  0.15603535 8.26 <.0001
24 0.45333333  0.01888889

35  2.16972222

R- Square Coeff Var Root MSE MOR7 Mean

0.791064  5.733171  0.137437  2.397222

DF Type | SS Mean Square F Value Pr>F

11 1.71638889  0.15603535 8.26 <.0001

DF Typelll SS Mean Square FValue Pr>F

11 1.71638889  0.15603535 8.26 <.0001
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Table A48. OneWay ANOVA Analysis Data Sheet 8.

The SAS System
The GLM Procedure

Dependent Variable: MOR28

0.34787879

193234.553

16:03 Monday, June 28, 2010 100

FValue Pr>F

7.12 <.0001

SE MOR28 Mean

2.733333

7.12 <.0001

7.12 <.0001

16:03 Monday, June 28, 2010 101

FValue Pr>F

51.39 <.0001

2018.750

51.39 <.0001

Sum of
Source DF Squares Mean Square
Model 11  3.82666667
Error 24  1.17333333  0.04888889
Corrected Total 35 5.00000000
R- Square Coeff Var  RootM
0.765333  8.089329  0.221108
Source DF Type | SS Mean Square FValue Pr>F
TRT 11  3.82666667  0.34787879
Source DF Typelll SS Mean Square FValue Pr>F
TRT 11  3.82666667  0.34787879
The SAS Sys tem
The GLM Procedure
Dependent Variable: Split28
Sum of

Source DF Squares Mean Square
Model 11 2125580.083  193234.553
Error 24 90248.667 3760.361
Corrected Total 35 2215828.750

R- Square Coeff Var  Root MSE  Split28 Mean

0.959271 3.037612 61.32178
Source DF Type | SS Mean Square FValue Pr>F
TRT 11 2125580.083
Source DF Typelll SS Mean Square FValue Pr>F

TRT 11  2125580.083  193234.553
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Table A49. OneWay ANOVA Analysis Data Sheet 9.

16:03 Monday, June 28, 2010 102

Dependent Variable: E28

Source
Model
Error

Corrected Total

Source

TRT

Source

TRT

The SAS System

The GLM Procedure

Sum of

DF Squares Mean Square F Value Pr>F

11 25210861496 2291896500  36.51

<.0001

24 1506792951 62783040

35 26717654447

R- Square Coeff Var Root MSE  E28

Mean

0.943603  4.132174  7923.575  191753.2

DF Type | SS Mean Square F Value

11 25210861496 2291896500  36.51

DF Typelll SS Mean Square F Value

11 25210861496 2291896500  36.51

The SAS System
The GLM Procedur e

Dunnett's t Tests for COMP3

Pr>F

<.0001

<.0001

Pr>F

16:03 Monday, June 28, 2010 117

NOTE: This test controls the Type | experimentwise error for comparisons of all treatments

against a control.

Alpha 0.05

Error Degrees of Freedom 24

Error Mean Square 13.26056

Critical Value of Dunnett'st 2.96778

Minimum Significant Difference  8.824

Comparisons significant at the 0.05 level are indicated by ***.
Difference
TRT Between Simultaneous 95%
Comparison Means Confidence Limits

C- A 9.800 0.976 18.624 ***
B- A -3.633 -12.457 5.191
G- A - 16.967 -25.791 -8.143
D- A -20.300 -29.124 -11.476
L- A -22.767 -31.591 -13.943
K- A - 24.367 -33.191 -15.543
J- A -27.733 - 36.557 -18.909
E- A -29.167 -37.991 -20.343
H- A -31.433 - 40.257 - 22.609
F- A -35. 233 - 44.057 - 26.409
I - A -42.700 -51.524 - 33.876
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Table A4.10. OneWay ANOVA Analysis Data Sheet 10.

The SAS System 16:03 Monday, June 28, 2010 118
The GLM Procedure
Dunnett's t Tests for COMP7

NOTE: This test controls the Type | experimentwise error for comparisons of all treatments
against a control.

Alpha 0.05
Error Degrees of Freedom 24
Error Mean Square 61.14833

Critical Value of Dunnett'st 2.96778
Minimum Significant Difference 18.949

Comparisons significant at the 0.05 level are indicated by ***.

Diff erence
TRT Between Simultaneous 95%
Comparison Means Confidence Limits
B- A - 33.267 -52.215 -14.318 ***
C- A -38.233 -57.182 -19.285 ***
D- A - 50.967 -69.915  -32.018 ***
L- A -54.333 -73.282  -35.385 ***
K- A -60.233 -79.182 -41.285 Hokk
G- A - 66.700 - 85.649 - 47.751 ***
J- A -67.833 -86.782  -48.885 ***
E- A - 68.133 -87.082  -49.185 ***
H- A -72.200 -91.149 - 53.251 ***
I - A - 75.600 -94.549 -56.651 ***
F- A -80.333 -99.282  -61.385 ***
The SAS System 16:03 Monday, June 28, 2010 119

The GLM Procedure
Dunnett's t Tests for COMP28

NOTE: This test controls the Type | experimentwise error for comparisons of all treatments
against a control.

Alpha 0.05
Error Degrees of Freedom 24
Error Mean Square 131.08 78

Critical Value of Dunnett'st 2.96778
Minimum Significant Difference 27.744

Comparisons significant at the 0.05 level are indicated by ***.

Difference

TRT Between Simultaneous 95%

Comparison Means Confidence Limits
B- A -30.033 -57.777 -2.289 **
G- A - 32.767 -60.511 -5.023 ***
C- A - 44.367 -72.111 - 16.623 ***
J- A - 45.067 -72.811  -17.323 ***
K- A -52.300 -80.044  -24.556 ***
1 - A -54.900 -82.644  -27.156 ***
F- A - 56.067 -83.811  -28.323 ***
D- A -59.200 -86.944  -31.456 ***
H- A - 63.000 -90.744  -35.256 ***
L- A - 66.067 -93.811  -38.323 ***
E- A - 66.967 -94.711 - 39.223 ***
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Table A411. OneWay ANOVA Analysis Data Sheet 11.

The SAS System 16:03 Monday, June 28, 2010 120
The GLM Procedure
Dunnett's t Tests for MOR7

NOTE: Th is test controls the Type | experimentwise error for comparisons of all treatments
against a control.

Alpha 0.05
Error Degrees of Freedom 24
Error Mean Square 0.018889

Critical Value of Dunnett'st 2.96778
Minimum Significant Difference  0.333

Comparison s significant at the 0.05 level are indicated by ***.

Difference  Simultaneous

TRT Between 95% Confidence
Comparison Means Limits
L- A 0.3333 0.0003 0.6664 ***
G- A 0.0333 -0.2997 0.3664
B- A 0.0333 -0.2997 0.3664
- A -0.200 0 -0.5330 0.1330
K- A - 0.2000 -0.5330 0.1330
CcC- A -0.2333 -0.5664 0.0997
J- A - 0.3000 -0.6330 0.0330
H- A - 0.3000 -0.6330 0.0330
F- A -0.3333 -0.6664 -0.0003 ***
D- A - 0.4000 -0.7330 -0.0670 ***
E- A - 0.4667 -0.7997 -0.1336 ***
The SAS System 16:03 Monday, June 28, 2010 121

The GLM Procedure
Dunnett's t Tests for MOR28

NOTE: This test controls the Type | experimentwise error for comparisons of all treatments
against a control.

Alpha 0.05
Error Degrees of Freedom 24
Error Mean Square 0.048889

Critical Value of Dunnett'st 2.96778
Minimum Significant Difference 0.5358

Comparisons significant at the 0.05 level are indicated by ***.
Difference
TRT Between Simultaneous 95%
Comparison Means Confidence Limits
G- A - 0.3000 -0.8358 0.2358
L- A - 0.4000 -0.9358 0.1358
D- A - 0.4667 -1.0025 0.0691
K- A - 0.5667 -1.1025 -0.0309 ***
E- A - 0.6667 -1.2025 -0.1309 ***
F- A -0.7333 -1.2691 -0.1975 ***
H- A -0.8333 -1.3691 -0.2975 ***
B- A -0.8333 -1.3691 -0.2975 ***
I - A -0.9333 -1.4691 -0.3975 ***
C- A -1.0667 -1.6025 -0.5309 ***
J- A -1.2000 -1.7358 -0.6642 ***
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Table A4.12. OneWay ANOVA Analysis Data Sheet 12.

The SAS System 16:03 Monday, June 28, 2010 122
The GLM Procedure
Dunnett's t Tests for Split28
NOTE: This test controls the Type | experimentwise error for comparisons of all treatments

against a control.

Alpha 0.05
Error Degrees of Freedom 24

Error Mean Square 3760.361

Critical Value of Dunnett'st 2.96778

Minimum Significant Difference 148.59

Comparisons significant at the 0.05 level are indicated by ***.

Difference
TRT Between Simultaneous 95%
Comparison Means Confidence Limits
L- A 32.67 -115.93 181.26
J- A -12.33 -160.93 136.26
C- A -13.00 -161.59 135.59
H- A -76.67 -225.26 71.93
K- A -87.33 -235.93 61.26
I - A -119.33 -267.93 29.26
D- A - 320.67 - 469.26 -172.07 ***
G- A - 445.33 -593.93  -296.74 ***
B- A -471.00 - 619.59 -322.41 ***
E- A - 601.00 - 749.59 -452.41 ***
F- A - 661.00 -809.59  -512.41 ***
The SAS System 16:03 Monday, June 28, 2010 123

The GLM Procedure
Dunnett's t Tests for E28

NOTE: This test controls the Type | experimentwise error for comparisons of all treatments
against a control.

Alpha 0.05
Error Degrees of Freedom 24
Error Mean Square 62783040

Critical Value of Dunnett'st 2.96778
Minimum Significant Difference 19200

Comparisons significant at the 0.05 level are indicated by ***.

Difference  Simultaneous

TRT Between 95% Confidence
Comparison Means Limits
c- A - 17500 -36701 1700
B- A - 19352 - 38552 - 152 *xx
F- A - 22110 - 41310 - 2910 ***
H- A - 30748 -49949 - 11548 ***
J- A - 47874 -67074 -28674 ***
D- A - 48186 -67386 -28985 ***
E- A - 64496 -83696 - 45295 ***
L- A - 66652 - 85853 - 47452 ***
K- A - 67938 - 87138  -48737 ***
- A - 76195 -95395 -56994 ***
G- A - 88339 -107540 - 69139 ***
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Table A4.13. OneWay ANOVA Analysis Data Sheet 13.

The SAS System 16:03 Monday, June 28, 2010 124

The GLM Procedure
Least Squares Means

Standard LSMEAN
TRT COMP3LSMEAN Error Pr>|t|  Number
A 118.666667 2.102424  <.0001 1
B 115.033333 2.102424  <.0001 2
C 128.466667 2.102424  <.0001 3
D 98.366667 2.102424  <.0001 4
E 89.500000 2.102424  <.0001 5
F 83.433333 2.102424  <.0001 6
G 101.700000 2 1102424  <.0001 7
H 87.233333 2.102424  <.0001 8
| 75.966667 2.102424  <.0001 9
J 90.933333 2.102424  <.0001 10
K 94.300000 2.102424  <.0001 11
L 95.900000 2.102424 <.0001 12
Least Squares Means for effect TRT
Pr > |t| for HO: LSMean(i)=LSMean(j)
Dependent Variable: COMP3
1 2 4 5 6
0.2336 0.0030 <.0001 <.0001 <.0001
0.2336 0.0001 <.0001 <.0001 <.0001
0.0030 0.0001 <.0001 <.0001 <.0001
<.0001 < .0001 <.0001 0.0065 <.0001
<.0001 <.0001 <.0001 0.0065 0.0525
<.0001 <.0001 <.0001 <.0001 0.0525
<.0001 0.0002 <.0001 0.2733 0.0004 <.0001
<.0001 <.0001 <.0001 0.0010 0.4533 0.2135
<.0001 <.0001 <.0001 <.0001 0.0001 0.0192
<.0001 <.0001 <.0001 0.0197 0.6341 0.0187
<.0001 <.0001 <.0001 0.1841 0.1195 0.0013
<.0001 <.0001 <.0001 0.4149 0.0416 0.0003
Least Squares Means for effect TRT
Pr > |t| for HO: LSMean(i)=LSMean(j)
Dependent Variable: COMP3
7 8 9 10 11 12
<.0001 <.0001 <.0001 <.0001 <.0001 <.0001
0.0002 <.0001 <.0001 <.0001 <.0001 <.0001
<.0001 <.0001 <.0001 <.0001 <.0001 <.0001
0.2733 0.0010 <.0001 0.0197 0.1841 0.4149
0.0004 0.4533 0.0001 0.6341 0.1195
<.0001 0.2135 0.0192 0.0187 0.0013 0.0003
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Table A4.14. OneWay ANOVA Analysis Data Sheet 14.

<.0001
<.0001
0.0014
0.0201
0.0629

<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001

The SAS System 16:

The GLM Procedure
Least Squares Means

Least Squares Means for effect TRT
Pr > |t| for H 0: LSMean(i)=LSMean(j)

Dependent Variable: COMP3

8 10 11 12
<.0001 <.0001 0.0014 0.02 01
0.0009 0.2254 0.0258 0.0076
0.0009 <.0001 <.0001 <.0001
0.2254 <.0001 0.2687
0.0258 <.0001 0.2687 0.5954
0.0076 <.0001 0.1078 0.5954
Standard LSMEAN
TRT COMP7 LSMEAN Error Pr>|tf  Number
A 194.233333 4514729  <.0001 1
B 160.966667 4514729  <.00 01 2
C 156.000000 4514729  <.0001 3
D 143.266667 4514729  <.0001 4
E 126.100000 4514729  <.0001 5
F 113.900000 4514729  <.0001 6
G 127.533333 4514729  <.0001 7
H 122.033333 4514729  <.0001 8
| 11 8.633333 4514729  <.0001 9
J 126.400000 4514729  <.0001 10
K 134.000000 4514729  <.0001 11
L 139.900000 4.5147 29  <.0001 12
Least Squares Means for effect TRT
Pr > |t| for HO: LSMean(i)=LSMean(j)
Dependent Variable: COMP7
2 3 4 5 6
<.0001 <.0001 <.0001 <.0001 <.0001
0.4442 0.0106 <.0001 <.0001
0.4442 0.0576 <.0001 <.0001
0.0106 0.0576 0.0128 0.0001
<.0001 <.0001 0.0128
<.0001 <.0001 0.0001 0.0680
<.0001 0.0002 0.0213 0.8243 0.0431
<.0001 <.0001 0.0028 0.5302
<.0001 <.0001 0.0008 0.2537 0.4657
<.0001 0.0001 0.0143 0.9629 0.0620
0.0003 0 .0021 0.1596 0.2279 0.0044
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0.0629

0.1078

0.2149

0.0680
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Table A4.15. OneWay ANOVA Analysis Data Sheet 15.

16:03 Monday, June 28, 2010 126

<.0001

<.0001
<.0001
0.0002
0.0213
0.8243
0.0431

0.3975
0.1761
0.8606
0.3212
0.0646

The SAS System

The GLM Procedure
Least Squares Means

Least Squares Means for effect TRT
Pr > |t| for HO: LSMean(i)=LSMean(j)

Dependent Variable: COMP7

2 3 4 5 6
0.0030 0.0187 0.6028 0.0409 0.0004
Least Squ ares Means for effect TRT
Pr > |t| for HO: LSMean(i)=LSMean(j)
Dependent Variable: COMP7
8 10 11 12
<.0001 <.0001 <.0001 <.0001 <.0001
<.0001 <.0001 <.0001 0.0003 0.0030
<.0001 <.0001 0.0001 0.00
0.0028 0.0008 0.0143 0.1596 0.6028
0.5302 0.2537 0.9629 0.2279 0.0409
0.2149 0.4657 0.0620 0.0044
0.3975 0.1761 0.8606 0.3212 0.0646
0.5993 0.5006 0.0731 0.0100
0.5993 0.2356 0.0241 0.0028
0.5006 0.2356 0.2456 0.0451
0.0731 0.0241 0.2456 0.3646
0.0100 0.0028 0.0451 0.3646
COMP28 Standard LSMEAN
TRT LSMEAN Error Pr>|t|  Number
A 233.800000 6.610289  <.0001 1
B 203.766667 6.610289  <.0001 2
C 189.433333 6.610289  <.0001 3
D 174.600000 6. 610289  <.0001 4
E 166.833333 6.610289  <.0001 5
F 177.733333 6.610289  <.0001 6
G 201.033333 6.610289  <.0001
H 170.800000 6.610289  <.0001 8
| 178.900000 6.610289  <.0001 9
J 188.733333 6.610289  <.0001 10
K 181.500000 6.610289  <.0001 11
L 167.733333 6.610289  <.0001 12
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Table A4.16. OneWay ANOVA Analysis Data Sheet 16.

The SAS System

The GLM Procedure
Least Squares Means

Least Squares Means for effect TRT
Pr > |t| for HO: LSMean(i)=LSMean(j)

Dependent Variable: COMP28

16:03 Monday, June 28, 2010 127

1 2 4 5 6
0.0037 <.0001 <.0001 <.0001 <.0001
0.0037 0.1383 0.0047 0.0006 0.0103
<.0001 0.1383 0.1257 0.0236 0.2228
<.0001 0.0047 0.1257 0.4143 0.7404
<.0001 0.0006 0.0236 0.4143 0.2551
<.0001 0.0103 0.2228 0.7404 0.2551
0.0018 0.7725 0.2267 0.0093 0.0012 0.0200
<.0001 0.0017 0.0577 0.6880 0.6751 0.4655
<.0001 0.0137 0.2710 0.6497 0.2 091 0.9017
<.0001 0.1209 0.9409 0.1436 0.0278 0.2509
<.0001 0.0255 0.4045 0.4676 0.1298 0.6906
<.0001 0.0008 0.0291 0.4697 0.9241 0.2954
Least Squares Means for effect TRT
Pr > |t| for HO: LSMean(i)=LSMean(j)
Dependent Variable: COMP28
7 8 9 10 11 12
0.0018 <.0001 <.0001 <.0001 <.0001 <.0001
0.7725 0.0017 0.0137 0.1209 0.0255 0.0008
0.2267 0.0577 0.2710 0.9409 0.4045 0.0291
0.0093 0.6880 0.6497 0.1436 0.4676 0.4697
0.0012 0.6751 0.2091 0.027 8 0.1298 0.9241
0.0200 0.4655 0.9017 0.2509 0.6906 0.2954
0.0035 0.0263 0.2007 0.0474 0.0016
0.0035 0.3948 0.0670 0.2637 0.7457
0.0263 0.3948 0.3033 0.7833 0.2440
0.2007 0.0670 0.3033 0.4466 0.0342
0 .0474 0.2637 0.7833 0.4466 0.1538
0.0016 0.7457 0.2440 0.0342 0.1538
Standard LSMEAN
TRT MOR7 LSMEAN Error Pr>|tf  Number
A 2.56666667  0.07934920  <.0001 1
B 2.60000000 0.07934920  <.0001 2
C 2.33333333 0.07934920  <.0001 3
D 2.16666667  0.07934920 <.0001 4
E 2.10000000 0.07934920  <.0001 5
F 2.23333333  0.07934920  <.000 1 6
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Table A4.17. OneWay ANOVA Analysis Data Sheet 17.

The SAS System

The GLM Procedure
Least Squares Means

Standard LSMEAN
TRT MOR7 LSMEAN Error Pr>|t|  Number
G 2.60000000 0. 07934920  <.0001 7
H 2.26666667  0.07934920  <.0001 8
| 2.36666667  0.07934920  <.0001 9
J 2.26666667  0.07934920  <.0001
K 2.36666667  0.07934920  <.0001 11
L 2.90000000 0.07934920  <.0001 12
Least Squares Means for effect TRT
Pr > |t| for HO: LSMean(i)=LSMean(j)
Dependent Variable: MOR7
1 2 4 5 6
0.7690 0.0484 0.0016 0.0004
0.7690 0.0258 0.0007 0.0002 0.0033
0.0484 0.0258 0.1505 0.0484 0.3817
0.0016 0.0007 0.1505 0.5580 0.5580
0.0004 0.0002 0.0484 0.5580 0.2464
0.0067 0.0033 0.3817 0.5580 0.2464
0.769 0 1.0000 0.0258 0.0007 0.0002 0.0033
0.0133 0.0067 0.5580 0.3817 0.1505 0.7690
0.0874 0.0484 0.7690 0.0874 0.0258 0.246
0.0133 0.0067 0.5580 0.3817 0.1505 0.7690
0.0874 0.0484 0.7690 0.0874 0.0258 0.2464
Least Squares Means for effect TRT
Pr > |t| for HO: LSMean(i)=LSMean(j)
Dependent Variable: MOR7
7 8 10 11 12
0.7690 0.0 133 0.0874 0.0133 0.0874 0.0067
1.0000 0.0067 0.0484 0.0067 0.0484 0.0133
0.0258 0.5580 0.7690 0.5580 0.7690 <.0001
0.0007 0.3817 0.0874 0.3817 0.0874 <.0001
0.0002 0.1505 0.0258 0.1505 0.0258 <.0001
0.0033 0.7690 0.2464 0.7690 0.2464
0.0067 0.0484 0.0067 0.0484 0.0133
0.0067 0.3817 1.0000 0.3817 <.0001
0.0484 0.3817 0.3817 1.0000
0.0067 1.0000 0.3817 0.3817 <.0001
0.0484 0.3817 1.0000 0.3817 <.0001

197

16:03 Monday, June 28, 2010 128

10

0.0067

<.0001

<.0001



Table A4.18. OneWay ANOVA Analysis Data Sheet 18.
The SAS System 16:03 Monday, June 28, 2010 129

The GLM Procedure
Least Squares M eans

Least Squares Means for effect TRT
Pr > |t| for HO: LSMean(i)=LSMean(j)

Dependent Variable: MOR7
1 2 3 4 5 6
12 0.0067 0.0133 <.0001 <.0001 <.0001 <.0001

Least Squares Means for effect TRT
Pr > |t| for HO: LSMean(i) =LSMean(j)

Dependent Variable: MOR7
7 8 9 10 11 12

12 0.0133 <.0001 <.0001 <.0001 <.0001

Standard LSMEAN
TRT MOR28 LSMEAN Error Pr>|t|  Number
A 3.40000000 0.12765695  <.0001 1
B 2 .56666667 0.12765695 <.0001 2
C 2.33333333  0.12765695  <.0001 3
D 2.93333333  0.12765695  <.0001 4
E 2.73333333  0.12765 695  <.0001 5
F 2.66666667  0.12765695  <.0001 6
G 3.10000000 0.12765695  <.0001 7
H 2.56666667  0.12765695  <.0001 8
| 2.46666667  0.12765695  <.0001 9
J 2.20000000 0.12765695  <.0001 10
K 2.83333333  0.12765695  <.0001 11
L 3.00000000 0.12765695  <.0001 12
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Table A4.19. OneWay ANOVA Analysis Data Sheet 19.

16:03 Monday, June 28, 2010 130

0.0001
<.0001
0.0162
0.0011
0.0005
0.1096
0.0001
<.0001
<.0001
0.0045
0.0365

7

0.1096
0.0069
0.0003
0.3651
0.0535
0.0245

0.0069
0.0018
<.0001
0.1527
0.5848

The SAS System

The GLM Procedure
Least Squares Means

Least Squares Means for effect TRT
Pr > |t| for HO: LSMean(i)=LSMean(j)

Dependent Variable: MOR28

0.0162

.0107

0.0772

2 4 5 6
0.0001 <.0001 0.0162 0.0011 0.0005
0.2085 0.0535 0.3651 0.5848
0.2085 0.0028 0.0365 0.0772
0.0535 0.0028 0.2789 0.1527
0.3651 0.0365 0.2789 0.7152
0.5848 0.0772 0.1527 0.7152
0.0069 0.0003 0.3651 0.0535
1.0000 0.2085 0.0535 0.3651 0.5848
0.5848 0.4673 0.0162 0.1527 0.2789
0.0535 0.4673 0.0 005 0.0069
0.1527 0.0107 0.5848 0.5848 0.3651
0.0245 0.0011 0.7152 0.1527 0.0772
Least Squares Means for effect TRT
Pr > |t| for HO: LSMean(i)=LSMean(j)
Dependent Variable: MOR28
8 10 11 12
0.0001 <.0001 <.0001 0.0045 0.0365
1.0000 0.5848 0.0535 0.1527 0.0245
0.2085 0.4673 0.4673 0
0.0535 0.0162 0.0005 0.5848 0.7152
0.3651 0.1527 0.0069 0.5848 0.1527
0.5848 0.2789 0.0162 0.3651
0.0069 0.0018 <.0001 0.1527 0.5848
0.5848 0.0535 0.1527 0.0245
0.5848 0.1527 0.0535 0.0069
0.0535 0.1527 0.0018 0.0002
0.1527 0.0535 0.0018 0.3651
0.0245 0.0069 0.0002 0.3651
Split28 Standard LSMEAN
TRT LSMEAN Error Pr>|t|  Number
A 2250.00000 35.40415  <.0001 1
B 1779.00000 35.40415 <.0001 2
C 2237.00000 35.40415  <.0001 3
D 1929.33333 35.40415  <.0001 4
E 1649.00000 35.40415  <.0001 5
F 1589.00000 35.40415  <.0001 6
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Table A420. OneWay ANOVA Analysis Data Sheet 20.

16:03 Monday, June 28, 2010 131

Split28 Standard LSMEAN
TRT LSMEAN Error Pr>|t|  Number
G 1804.66667 35.40415  <.0001 7
H 2173.33333 35 140415  <.0001 8
| 2130.66667 35.40415  <.0001 9
J 2237.66667 35.40415  <.0001 10
K 2162.66667 35.40415  <.0001
L 2282.66667 35.40415  <.0001 12
Least Squares Means for effect TRT
Pr > |t| for HO: LSMean(i)=LSMean(j)
Dependent Variable: Split28
1 2 3 4 5 6
<.0001 0.7974 <.0001 <.0001 <.0001
<.0001 <.0001 0.0062 0.0158
0.7974 <.0001 <.0001 <.0001 <.0001
<.0001 0.0062 <.0001 <.0001 <.0001
<.0001 0.0158 <.0001 <.0001 0.2425
<.0001 0.0009 <.0001 <.0001 0.2425
<.0001 0.6129 <.0001 0.0201 0.0048 0.0002
0.1388 <.0001 0.2157 <.0001 <.0001 <.0001
0.0254 <.0001 0.0442 0.0005 <.0001 <.0001
0.8075 <.0001 0.9895 <.0001 <.000
0.0939 <.0001 0.1507 <.0001 <.0001 <.0001
Least Squares Means for effect TRT
Pr > |t| for HO: LSMean(i)=LSMean(j)
Dependent Variable: Split28
7 8 10 11 12
<.0001 0.1388 0.0254 0.8075 0.0939 0.5203
0. 6129 <.0001 <.0001 <.0001 <.0001 <.0001
<.0001 0.2157 0.0442 0.9895 0.1507 0.3708
0.0201 <.0001 0.0005 <.0001 <.0001 <.
0.0048 <.0001 <.0001 <.0001 <.0001 <.0001
0.0002 <.0001 <.0001 <.0001 <.0001 <.0001
<.0001 <.0001 <.0001
<.0001 0.4026 0.2111 0.8331 0.0390
<.0001 0.4026 0.0430 0.5288 0.0057
<.0001 0.2111 0.0430 0.1472
<.0001 0.8331 0.5288 0.1472 0.0247

The SAS System

The GLM Procedure
Least Squares Means
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Table A421. OneWay ANOVA Analysis Data Sheet 21.

The SAS System 16:03 Monday, June 28, 2010 132

The GLM Procedure
Least Squares Means

Least Squares Means for effect TRT
Pr > |t| for HO: LSMean(i)=LSMean(j)

Dependent Variable: Split28

201

1 2 3 4 5 6
12 0.5203 <.0001 0.3708 <.0001 <.0001 <.0001
Least Squares Means for effect TRT
Pr > |t| for HO: LSMean(i)=LSMean(j)
Dependent Variable: Split28
7 8 9 10 11 12
12 <.0001 0.0390 0.0057 0.3777 0.0247
Standard LSMEAN

TRT E28 LSMEAN Error Pr>|t|  Number
A 237535.667 4574.678  <.0001 1
B 218183.667 4574.678  <.0001 2
C 220035.333 4574.678  <.0001 3
D 189350.000 4574.678  <.0001 4
E 173040.000 4574.678  <.0001 5
F 215425.667 45 74.678  <.0001 6
G 149196.333 4574.678  <.0001 7
H 206787.333 4574.678  <.0001 8
| 161341.000 4574.678  <.0001
J 189661.667 4574.678  <.0001 10
K 169598.000 4574.678  <.0001 11
L 170883.333 4574.678  <.0001 12



Table A422. OneWay ANOVA Analysis Data Sheet 22.

The SAS System 16:03 Monday, June 28, 2010 133

The GLM Procedure
Least Squares Means

Least Squares Means for effect TRT
Pr > |t| for HO: LSMean(i)=LSMean(j)

Dependent Variable: E28

i 1 2 3 4 5 6
1 0.0063 00124 <0001 <0001  0.0023
2 0.0063 07772  0.0002 <0001  0.6737
3 00124 07772 <0001  <.0001  0.4830
4 <0001 00002  <.0001 0.0188  0.0005
5 <0001 <0001 <0001  0.0188 <.0001
6 00023 06737 04830 00005  <.0001
7 <0001  <.0001 <0001 <0001  0.0012  <.0001
8 <0001  0.0909 00517  0.0126 <0001  0.1943
9 <0001 <.0001 <0001  0.0002 00831  <.0001

10 <.0001 0.0002 <.0001 0.9620 0.0168 0.0006
11 <.0001 <.0001 < .0001 0.0055 0.5996 <.0001
12 <.0001 <.0001 <.0001 0.0087 0.7418 <.0001

Least Squares Means for effect TRT
Pr > |t| for HO: L SMean(i)=LSMean(j)

Dependent Variable: E28

ilj 7 8 9 10 11 12
1 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
2 <.0001 0.0909 <.0001 0.0002 <.0001 <.0001
3 <.0001 0.0517 <.0001 <.0001 <.0001 <.0001
4 <.0001 0.0126 0.0002 0.9620 0.0055 0.0087
5 0.0012 <.0001 0.0831 0.0168 0.5996 0.7418
6 <.0001 0.1943 <.0001 0.0006 <.0001 <.0001
7 <.000 1 0.0727 <.0001 0.0043 0.0027
8 <.0001 <.0001 0.0141 <.0001 <.0001
9 0.0727 <.0001 0.0002 0.2141 0.1532
10 <.0001 0.0141 0.0002 0.0049 0.0078
11 0.0043 <.0001 0.2141 0.0049 0.8442

12 0.0027 <.0001 0.1532 0.0078 0.8442

NOTE: To ensure overall protection level, only probabilities associated with pre - planned
comparisons should be used.
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Table A423. Two-Way ANOVA Analysis Data Sheet 1.

TRT Hemp CR COMP3 COMP7 COMP28

TTTIIIOOOTTTMMMOUUUTUO0O00mTmT>>>

0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.75
0.75
0.75

0.75
0.75
0.75
0.75
0.75
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

10 931
10 983
20 88.7
20 90.4
20 894
30 854
30 815
30 834
10 1015
10 102.0
10 1016
0.75 20
20 90.9
20 80.4
30 77.6
30 743
30 76.0
10 8438
10 937
10
20 9438
20 937
20 944
30 987
30 920
30 97.0

The SAS Syst em 16:03 Monday, June 28, 2010 238
MOR7 MOR28 SPLIT28 E28
139.7 1741 23 238 1969 184628
10 103.7 1469 1752 20 3.0 2010 194071
1432 1745 22 3.0 1809 189351
1259 1663 22 238 1560 1880
126.4 1674 20 27 1672 157998
126.0 1668 21 27 1715 173039
1153 1824 2.2 2.7 1601 225042
1126 1730 23 3.0 1578 205810
1138 1778 22 23 1588 215425
1126 2079 23 33 1815 144338
1314 1941 2.7 3.0 1794 154054
138.6 2011 238 3.0 1805 149197
90.4 1198 1713 22 24 2269 220998
1242 1702 23 3.0 2144 192577
122.1 1709 23 23 210 7 206787
1242 169.7 24 238 2163 163266
109.2 1896 23 22 2062 159417
1225 1774 24 24 2167 161340
133.6 191.8 26 21 2246 189997
123.6 1857 22 23 2230 189327
94.3 122.0 188.7 2.0 22 2237 189661
1275 1647 24 28 2131 175178
138.1 1796 23 29 2195 164017
136.4 200.2 24 28 2162 169599
1358 1669 29 3.1 2298 162686
150.3 168.6 29 2.7 2268 179080
133.6 167.7 29 3.2 2282 170884
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Table A424. Two-Way ANOVA Analysis Data Sheet 2.

The SAS System 16:03 Monday, June 28, 2010 239

TRT=A

The MEANS Procedure

Variable Mean Std Dev Minim um Maximum Std Error
aaddaaddsaaaaaaaaasasaaasaasaaaasaaaasaasasaaasaaasaaaasaaasaaaaaaasaaaaaaaaaaaaaaaa
Hemp 0.5000000 0 0.5000000 0.5000000 0

CR 10.0000000 0  10.0000000  10.0000000 0

COMP3 98.3666667 5.3003145  93.1000000 103.7000000 3.0601380
COMP7 143.2666667 3.6004629 139.7000000 146.9000000 2.0787282

COMP28 174.6000000 0.5567764  174.1000000 175.2000000 0.3214550

MOR7 2.1666667 0.1527525 2.0000000 2.3000000 0.0881917

MOR28 2.9333333 0.1154701 2.8000000 3.0000000 0.0666667
SPLIT28 1929.33  106.2089136 1809.00 2010.00 61.3197449

E28 189350.00 4721.50 184628.00 194071.00 2725.96

daaasaasaaasaaasaasaaaaaasaaaasadaasaasdansddidaadanssaaaaasdaaaaaasaaaaaa

TRT=B
Variable Mean Std Dev Minimum Maximum Std Error
addsa4asaaaaa8a0adaaaaaaaaasaaasaaaaaaasaaasaaasasaaaaaaaaaaaaaaaaaaaaaaaaaas;
Hemp 0.5000000 0 0.5000000 0.5000000 0
CR 20.0000000 0  20.0000000 20.0000000 0

CavP3 89.5000000 0.8544004  88.7000000  90.4000000 0.4932883
COMP7 126.1000000 0.2645751  125.9000000 126.4000000 0.1527525

COMP28 166.8333333 0.5507571  166.3000000 167.4000000 0.3179797
MOR7 2.1000000 0.1000000 2.0000000 2.2000000 0.0577350

MOR28 2.7333333 0.0577350 2.7000000 2.8000000 0.0333333

SPLIT28 1649.00 80.0187478 1560.00 1715.00  46.1988456

E28 173040.00 15042.50 157998.00 188083.00 8684.79

daaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaasaaaaaasaasaaaaaaasaaaaaaaaaaaaaaaaaaa

-------------------------------------------- TRT=C
Variable Mean Std Dev Minimum Maximum Std Error
aaddaaasaaasaasaaaasaaasaasaaaaaaaasaasaaasaasaaaasaaasaaaaaasaaaaaaaaaasaaaaaa
Hemp 0.5000000 0 0.5000000 0.5000000 0
CR 30.0000000 0  30.0000000 30.0000000 0
COMP3 83.4333333 1.9502137  81.5000000 85.4 000000 1.1259564

COMP7 113.9000000 1.3527749 112.6000000 115.3000000 0.7810250
COMP28 177.7333333 4.7003546 173.0000000 182.4000000 2.7137510

MOR7 2.2333333 0.0577350 2.2000000 2.3000000 0.0333333
MOR28 2.6666667 0.3511885 2.3000000 3.0000000 0.2027588

SPLIT28 1589.00  11.5325626 1578.00 1601.00 6.6583281

E28 21542 5.67 9616.00 205810.00 225042.00 5551.80

dadaaaaaaasaaasasaaaasaaaasaasasaasasaasasaaasaasaaasacaaaaaaaaaasaaaaaaaaaaaa
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Table A425. Two-Way ANOVA Analysis Data Sheet 3.

The SAS System 16:03 Monday, June 28, 2010 240

TRT=D

The MEANS Procedure

Variable Mean Std Dev Minimum Maximum Std Error
aaddaaddsaaaaaaaaasasaaasaasaaaasaaaasaasasaaasaaasaaaasaaasaaaaaaasaaaaaaaaaaaaaaaa
Hemp 0.7500000 0 0.7500000 0.7500000 0
CR 10.0000000 0  10.0000000  10.0000000 0

COMP3 101.7000000 0.2645751 101.5000000 102.0000000 0.1527525

COMP7 127.5333333  13.4243560 112.6000000 138.6000000 7.7505555
COMP28 201.0333333 6.9002415 194.1000000 207.9000000 3.9838563

MOR7 2.6000000 0.2645751 2.3000000 2.8000000 0.1527525

MOR28 3.1000000 0.1 732051 3.0000000 3.3000000 0.1000000

SPLIT28 1804.67  10.5039675 1794.00 1815.00 6.0644685

E28 149196.33 4858.00 144338.00 154054.00 2804.77

daddaaanmnmmaaaaaaaaaaaaasaasaasaaasaasaadaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

TRT=E
Variable Mean Std Dev Minimum Maximum Std Error
adadsa4aaaa8aaa8a8a8a8aa8a8a8a8a88808a8a4808a4a88a8a88a848488a84a8aa48aa8a8aa8a8aaa8a8a8aa8aaaaaaaaa
Hemp 0.7500000 0 0.7500000 0.7500000 0
CR 20.0000000 0 20.00 00000  20.0000000 0

COMP3 87.2333333 5.9231185  80.4000000  90.9000000 3.4197141

COMP7 122.0333333 2.2007574  119.8000000 124.2000000 1.2706079

COMP28 170.8000000 0.5567764  170.2000000 171.3000000 0.3214550
MOR7 2.2666667 0.0577350 2.2000000 2.3000000 0.0333333

MOR28 2.5666667 0.3785939 2.3000000 3.0000000 0.2185813

SPLIT 28 2173.33  84.8901251 2107.00 2269.00 49.0113366

E28 206787.33 14210.50 192577.00 220998.00 8204.44
daaasasaaaaaasaaaaaasasaaasaaaasasaaasaaasaaaas ananaans

aammsmaaaaaaaaaaa

TRT=F
Variable Mean Std Dev Minimum Maximum Std Error
addadasaasaasaaasaaasaasaaassaadsdadaassdasadaasnsaaaaaaaaaasaaaaaaaaaaaaa
Hemp 0.7500000 0 0.7500000 0.7500000 0
CR 30.0000000 0  30.0000000 30.0000000 0
COMP3 75.96666 67 1.6502525  74.3000000  77.6000000 0.9527737

COMP7 118.6333333 8.2136066 109.2000000 124.2000000 4.7421280
COMP28 178.9000000  10.0344407 169.7000000 189.6000000 5.7933870

MOR7 2.3666667 0.0577350 2.3000000 2.4000000 0.0333333

MOR28 2.4666667 0.3055050 2.2000000 2.8000000 0.1763834

SPLIT28 2130.67  59.5007003 2062.00 2167 .00  34.3527453
E28 161341.00 1924.50 159417.00 163266.00 1111.11

dadaaaaaaasaaasasaaaasaaaasaasasaasasaasasaaasaasaaasacaaaaaaaaaasaaaaaaaaaaaa
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TRT=G

The MEANS Procedure

Variable Mean Std Dev Minimum Maximum Std Error
aaddaaddsaaaaaaaaasasaaasaasaaaasaaaasaasasaaasaaasaaaasaaasaaaaaaasaaaaaaaaaaaaaaaa
Hemp 1.0000000 0 1.0000000 1.0000000 0

CR 10.0000000 0  10.0000000  10.0000000 0

COMP3 90.9333333 5.3200877  84.8000000  94.3000000 3.0715541

COMP7 126.4000000 6.2864935 122.0000000 133.6000000 3.6295087

COMP28 188.7333333 3.0501366 185.7000000 191.8000000 1.7609972

MOR7 2.2666667 0.3055050 2.0000000 2.6000000 0.17 63834
MOR28 2.2000000 0.1000000 2.1000000 2.3000000 0.0577350

SPLIT28 2237.67 8.0208063 2230.00 2246.00 4.6308147

E28 189661.67 335.0004975 189327.00 189997.00 193.4126274

daadaaaaaaaaaasaaaaaaaaaaaaaaaaaaaaaaaasaaaaaasaasaaaaaasaaaaaaaaaaaaaaaaaaa

TRT=H
Variable Mean Std Dev Minimum Maximum Std Error
adadsa4aaaa8aaa8a8a8a8aa8a8a8a8a88808a8a4808a4a88a8a88a848488a84a8aa48aa8a8aa8a8aaa8a8a8aa8aaaaaaaaa
Hemp 1.0000000 0 1.0000000 1.0000000 0
CR 20.0000000 0  20.0000000  20.0000000 0
COMP3 94.3000000 0.5567764  93.7000000  94.8000000 0.3214550
COMP7 134.0000000 5.6929781 127.5000000 138.1000000 3.2868425
COMP28 181.5000000 17.8261045 164.7000000 200.2000000  10.2919062
MOR7 2.3666667 0.0577350 2.3000000 2.4000000 0.0333333
MOR28 2.8333333 0.0577350 2.80000 00 2.9000000 0.0333333
SPLIT28 2162.67  32.0052079 2131.00 2195.00 18.4782154

E28 169598.00 5580.50 164017.00 175178.00 3221.90
dadddaaassaaddddaaanmanaaanaaammaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

TRT=I
Variable Mean Std Dev Minimum Maximum Std Error
daasaasaaaasaasaaaaasaaaasaaaasaaasaasaasaaasaasaaasaaaaaasaaaaaaaaaaaaaaaa
Hemp 1.0000000 0 1.0000000 1.0000000 0
CR 30.0000000 0  30.0000000 30.000000 0 0

COMP3 95.9000000 3.4828150  92.0000000  98.7000000 2.0108042
COMP7 139.9000000 9.0735880 133.6000000 150.3000000 5.2386385

COMP28 167.7333333 0.8504901 166 .9000000 168.6000000 0.4910307
MOR7 2.9000000 0 2.9000000 2.9000000 0

MOR28 3.0000000 0.2645751 2.7000000 3.2000000 0.1527525

SPLIT28 2282.67 15.0111070 2268.00 2298.00 8.6666667

E28 170883.33 8197.00 162686.00 179080.00 4732.54

dadaaaaaaasaaasasaaaasaaaasaasasaasasaasasaaasaasaaasacaaaaaaaaaasaaaaaaaaaaaa
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The GLM Procedure

Class Level Information

Class Levels Values

TRT 9 ABCDEFGHI
Number of Observations Read 27
Number of Observations Used 27
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Table A427. Two-Way ANOVA Analysis Data Sheet 5.
The SAS System 16:03 Monday, June 28, 2010 243
The GLM Procedure

Dependent Variable: COMP3

Sum of
Source DF Squares Mean Square F Value Pr>F
Model 8 1509.140741  188.642593 15.26 <.0001
Error 18 2 22.493333 12.360741

Corrected Total 26 1731.634074

R- Square Coeff Var Root MSE COMP3 Mean

0.871512  3.871378 3.515785  90.81481

Source DF Typelll SS Mean Square F Value Pr>F
TRT 8 1509.140741 188.642593 15.26 <.0001
The SAS System 16:03 Monday, June 28, 2010 244

The GLM Procedure

Dependent Variable: COMP7

Sum of
Source DF Squares Mean Square F Value Pr>F
Model 8 2217.625185  277.203148  5.92 0.0009
Error 18  843.286667  46.849259
Corrected Total 26  3060.911852
R- Square Coeff Var  Root MSE COMP7 Mean

0.724498  5.348468  6.844652  127.9741

Source DF Typelll SS Mean Square FValue Pr>F

TRT 8 2217.625185  277.203148 5 .92 0.0009
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Table A428. Two-Way ANOVA Analysis Data Sheet 6.

The SAS System 16:03 Monday, June 28, 2010 245

The GLM Procedure

Dependent Variable: COMP28

Sum of
Source DF Squares Mean Square F Value Pr>F
Model 8 2845.634074  355.704259 6.41 0.000
Error 18  998.233333 55.457407

Corrected Total 26  3843.867407

R- Square Coeff Var Root MSE COMP28 Mean

0.740305 4.168428 7.4 46973 178.6519

Source DF Typelll SS Mean Square FValue Pr>F
355.704259 6.41 0.0005

TRT 8 2845.634074

The SA S System 16:03 Monday, June 28, 2010 246

The GLM Procedure

Dependent Variable: MOR7

Sum of
Source DF Squares Mean Square FValue Pr>F
Model 8 1.46296296  0.18287037 7.84 0.0002
Error 18  0.42000000  0.02333333

Corrected Total 26  1.88296296

R- Square Coeff Var Root MSE MOR7 Mean

0.776947  6.464448  0.152753  2.362963

Source DF Typelll SS Mean Square FValue Pr>F
8 1.46296296  0.18287037 7.84 0.0002

TRT

208



Table A429. Two-Way ANOVA Analysis Data Sheet 7.

The SAS System 16:03 Monday, June 28, 2010 247

The GLM Procedure

Dependent Variable: MOR28

Sum of
Source DF Squares Mean Square F Value Pr>F
Model 8 19 2666667  0.24083333 4.42 0.0042
Error 18  0.98000000  0.05444444

Corrected Total 26 2.90666667

R- Square Coeff Var Root MSE MOR28 Mean

0.662844  8.571429  0.233333  2.722222

Source DF Typelll SS Mean Square FValue Pr>F
0.24083333 4.42 0.0042

TRT 8  1.92666667

The SAS System 16:03 Monday, June 28, 2010 248

The GLM Procedure

Dependent Variable: SPLIT28

Sum of
DF Squares Mean Square F Value Pr>F

Source
Model 8 1635146.000 204393.250 61.34 <.0001
Error 18 59974.667 3331.926

Corrected Total 26 1695120.667

R- Square Coeff Var  Root MSE SPLIT28 Mean

0.964619  2.892731  57.72284 1995.444

Source DF TypelllSS Mean Square F Value Pr>F
204393.250 61.34 <.0001

TRT 8 1635146.000
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Table A430. Two-Way ANOVA Analysis Data Sheet 8.
The SAS System 16: 03 Monday, June 28, 2010 249
The GLM Procedure

Dependent Variable: E28

Sum of
Source DF Squares Mean Square F Value Pr>F
Model 8 11060966558 1382620820 18.61 <.0001
Error 18 1337448035 74302669
Corrected Total 26 12398414593

R- Square  Coe ffvar Root MSE  E28 Mean

0.892127 4.773266  8619.900  180587.0

Source DF Typelll SS Mean Square FValue Pr>F
TRT 8 11060966558 1382620820 18.61 <.0001
The SAS System 16:03 Monday, June 28, 2010 250

The GLM Procedure
Duncan's Multiple Range Test for COMP3
NOTE: This test controls the Type | comparisonwise error rate, not the experimentwise error

rate.

Alpha 0.05
Er ror Degrees of Freedom 18
Error Mean Square 12.36074

Number of Means 2 3 4 5 6 7 8 9
Critical Range  6.031 6.328 6.515 6.645 6 740 6.811 6.867 6.910

Means with the same letter are not significantly different.

Duncan Grouping Mean N TRT
A 101.700 3 D
A
B A 98.367 3 A
B A
B A C 95900 3 |
B C
B c 94300 3 H
Cc
D C 90933 3 G
D C
E D C 89.500 3 B
E D
E D 87.233 3 E
E
E 83433 3 C
F 75.967 3 F
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Table A431. Two-Way ANOVA Analysis Data Sheet 9.
The SAS System 16:03 Monday, June 28, 2010 252
The GLM Procedure
Duncan's Multiple Range Test for COMP7
NOTE: This test controls the Type | comparisonwise error rate, not the experimentwise error

rate.

Alpha 0.05
Error Degrees of Freedom 18
Error Mean Square 46.84926

Number of Means 2 3 4 5 6 7 8 9
Critical R ange 11.74 1232 12.68 1294 13.12 13.26 13.37 13.45

Means with the same letter are not significantly different.

Duncan Grouping Mean N TRT
A 143.267 3 A
A
A 139.900 3 |
A
B A 134.000 3 H
B
B C 127533 3 D
B C
B C D 126.400 3 G
B C D
B C D 126.100 3 B
B C D
B C D 122.033 3 E
C D
C D 118.633 3 F
D

D 113900 3 C
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Table A4.32. Two-Way ANOVA Analysis Data Sheet 10.

The SAS System 16:03 M onday, June 28, 2010 254
The GLM Procedure
Duncan's Multiple Range Test for COMP28
NOTE: This test controls the Type | comparisonwise error rate, not the experimentwise error

rate.

Alpha 0.05
Error Degrees of Freedom 18
Error Mean Square 55.45741

Number of Means 2 3 4 5 6 7 8 9
Critical Range  12.77 13.40 13.80 14.07 14.28 14.43 1454 14.64

Means with the same letter are not significantly different.

Duncan Grouping Mean N TRT
A 201.033 3 D
A
B A 188.733 3 G
B
B C 181500 3 H
B C
B C D 178900 3 F
B C D
B C D 177733 3 C
C D
C D 174600 3 A
C D
C D 170.800 3 E
C D
C D 167.733 3 |
D

D 166.833 3 B
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Table A433. Two-Way ANOVA Analysis Data Sheet 11.

The SAS System 16:03 Monday, June 28, 2010 256
The GLM Procedure
Duncan's Multiple Range Test for MOR7
NOTE: This test controls the Type | comparisonwise error rate, not the experimentwise error

rate.

Alpha 0.05
Error Degrees of Fre edom 18
Error Mean Square 0.023333

Number of Means 2 3 4 5 6 7 8 9
Critical Range  .2620 .2749 .2831 .2887 .2928 .2959 .2983  .3002

Means with the same letter are not significantly different.

Duncan Grouping Mean N TRT
A 29000 3 |

B 26000 3 D
B

C B 23667 3 F
C B

C B 23667 3 H
C

C 22667 3 G
C

C 22667 3 E
C

C 22333 3 C
C

C 21667 3 A
C

C 21000 3 B

213



Table A4.34. Two-Way ANOVA Analysis Data Sheet 12.

The SAS System 16:03 Monday, June 28, 2010 258
The GLM Procedure
Duncan's Multiple Range Tes t for MOR28
NOTE: This test controls the Type | comparisonwise error rate, not the experimentwise error

rate.

Alpha 0.05
Error Degrees of Freedom 18
Error Mean Square 0.054444

Number of Means 2 3 4 5 6 7 8 9
Critical Range  .4003 .4200 .4324 .4410 4473 4521 4557 4586

Means with the same letter are not significantly different.

Duncan Grouping Mean N TRT

A 31000 3 D
A

B A 3.0000 3 |

B A

B A 29333 3 A

B A

B A C 28333 3 H

B A C

B A C 27333 3 B

B A C

B A C 26667 3 C

B Cc

B D C 25667 3 E
D C
D C 24667 3 F
D
D 22000 3 G
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Table A4.35. Two-Way ANOVA Analysis Data Sheet 13.

The SAS System 16:03 Monday, June 28, 2010 260
The GLM Procedure
Duncan's Multiple Range Test for SPLIT28
NOTE: This test controls the Type | comparisonwise error rate, not the experimentwise error

rate.

Alpha 0.05
Error Degrees of Freedom 18
Error Mean Square 3331.926

Number of Means 2 3 4 5 6 7 8 9
Critical Range 99.0 1039 107.0 109.1 110.7 111.8 1127 1135

Means with the same letter are not significantly different.

Duncan Grouping Mean N TRT

A 2282.67 3 |

B A 223767 3 G

B

B C 217333 3 E

B C

B C 2162.67 3 H
C

C 2130.67 3 F

D 1929.33 3 A

E 180467 3 D

F 1649.00 3 B

mm

1589.00 3 C
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Table A4.36. Two-Way ANOVA Analysis Data Sheet 14.

The SAS System 16:03 Monday, June 28, 2010 262
The GLM Pro cedure
Duncan's Multiple Range Test for E28
NOTE: This test controls the Type | comparisonwise error rate, not the experimentwise error

rate.

Al pha 0.05
Error Degrees of Freedom 18
Error Mean Square 74302669

Number of Means 2 3 4 5 6 7 8
Critical Range 14787 15514 15974 16292 16524 16700 16836 16942

Means with the same letter are not significantly different.

Duncan Grouping Mean N TRT
A 215426 3 C
A
A 206787 3 E
B 189662 3 G
B
B 189350 3 A
Cc 173040 3 B
Cc
C 170883 3 |
Cc
Cc 169598 3 H
Cc

C 161341 3 F

149196 3 D
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Table A4.37. Two-Way ANOVA Analysis Data Sheet 15.

The SAS System 16:03 Monday, June 28, 2010 264

The GLM P rocedure
Least Squares Means

Standard LSMEAN
TRT COMP3LSMEAN Error Pr>|t|  Number
A 98 .366667 2.029839  <.0001 1
B 89.500000 2.029839  <.0001 2
C 83.433333 2.029839  <.0001 3
D 101.700000 2.02983 9 <.0001 4
E 87.233333 2.029839  <.0001 5
F 75.966667 2.029839  <.0001 6
G 90.933333 2.029839  <.0001 7
H 94.300000 2.029839  <.0001 8
| 95.900000 2.029839  <.0001 9
Least Squares Means for effect TRT
Pr > |t| for HO: LSMean(i)=LSMean(j)
Dependent Variable: COMP3
1 2 3 4 5 6 7 8 9
0.0063 <.0001 0.2607 0.0011 <.0001 0.0185 0.1737
0.0063 0.0488 0.0005 0.4400 0.0002 0.6236 0.1118 0.0388
<.0001 0.0488 <.0001 0.2022 0.0181 0.0176 0.0014 0.0004
0.2607 0.0005 <.0001 <.0001 <.0001 0.0015 0.0190 0.0585
0.0011 0.4400 0.2022 <.0001 0.0010 0.2137 0.0242 0.0074
<.0001 0.0002 0.0181 <.0001 0.0010 <.0001 <.0001
0.0185 0.6236 0.0176 0.0015 0.2137 <.0001 0.2562 0.1007
0.1737 0.1118 0.0014 0.0190 0.0242 <.0001 0.2562 0.5841
0.4015 0.0388 0.0004 0.0585 0.0074 <.0001 0.1007 0.5841
Standard LSMEAN
TRT COMP7 LSMEAN Error Pr>|t|  Number
A 143.266667 3.951762  <.0001 1
B 126.100000 3.951762  <.0001 2
C 113.900000 3.951762  <.0001 3
D 127.533333 3.951762  <.0001 4
E 122.033333 3.951762  <.0001 5
F 118.633333 3.951762  <.0001 6
G 126.400000 3.951762  <.0001 7
H 134.000 000 3.951762  <.0001 8
| 139.900000 3.951762  <.0001 9
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0.0066

0.0066
<.0001
0.0115
0.0013
0.0003
0.0074
0.1146
0.5544

Table A4.38. Two-Way ANOVA Analysis Data Sheet 16.

2 3

0.0425
0.8005
0.4762
0.1982
0.9578
0.1745
0.0238

2 3

4

0.1628
0.4081
0.0382
0.0021
0.0002

174.600000
166.833333
177.733333
201.033333
170.800000
178.900000
188.733333

The SAS Sys tem

The GLM Procedure
Least Squares Means

Least Squares Means for effect TRT
Pr > |t| for HO: LSMean(i)=LSMean(j)

Dependent Variable: COMP7

5 6

<.0001 0.0115 0.0013

0.0253
0.3381

COMP28
LSMEAN

181.500 000

167.733333

4

7 8

9

0.1816

Standard

Error Pr> |t

4.299512
4.299512
4.299512
4.299512
4.299512
4.299512
4.299512
4.299512

4.299512  <.0001

<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001

0.0132
0.1907

16:03 Monday, June 28, 2010 265

0.0003 0.0074 0.1146 0.5544
0.0425 0.8005 0.4762 0.1982 0.9578 0.1745 0.0238
0.0253 0.1628 0.4081 0.0382 0.0021 0.0002
0.3381 0.1287 0.8416 0.2624 0.0401
0.5505 0.4448 0.0462 0.0050
0.1287 0.5505
0.8416 0.4448 0.1816
0.2624 0.0462 0.0132 0.1907
0.0401 0.0050

0.0266
0.3051
0.0013 0.0266 0.3051

LSMEAN

Number

N N wN

<.0001

9

Least Squares Means for effect TRT
Pr > |t| for HO: LSMean(i)=LSMean(j)

Dependent Variable: COMP28

5 6

0.2177 0.6126 0.0004 0.5398

0.2177
0.6126
0.0004
0.5398
0.4885
0.0320
0.2714
0.2736

0.0899

0.0899
<.0001
0.5224
0.0627
0.0020
0.0268
0.8840

<.0001 0.5224

0.0012 0.2691

0.0012
0.2691
0.8500
0

0.5434
0.1174

<.0001
<.0001

7 8

0.4885
0.0627
0.8500
0.0

0.1994

0.0019 0.1994
.0872 0.0582 0.0086 0.1232

0.0048 0.0954 0.6740 0.2497

<.0001 0.6201 0.0829 0.0028 0.0362

9

0.0320
0.0020
0.0872

0.0086
0.1232

218

0.2714
0.0268
0.5434

0.0954
0.6740

8

0.273

0.8840

0.1174

019 0.0582 0.0048
0.6201

0.0829

0.2497 0.0028
0.0362

<.0001

0.0013
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Table A4.39. Two-Way ANOVA Analysis Data Sheet 17.

The SAS System

The GLM Procedure
Least Squares Means

16:03 Monday, June 28, 2010 266

Standard LSMEAN
TRT MOR7 LSMEAN Error Pr>|t|  Number
A 2.16666667  0.08819171  <.0001 1
B 2.10000000 0.08819171  <.0001 2
C 2.23333333  0.08819171  <.0001 3
D 2.60000000 0.08819171  <.0001 4
E 2.26666667  0.08819171  <.0001 5
F 2.36666667  0.08819171  <.0001 6
G 2.26666667  0.08819171  <.0001 7
H 2.36 666667  0.08819171  <.0001 8
| 2.90000000 0.08819171  <.0001 9
Least Squares Means for effect TRT
Pr > |t| for HO: LSMean(i)=LSMean 0)
Dependent Variable: MOR7
1 2 3 4 5 6 7 8 9
0.5995 0.5995 0.0027 0.4331 0.1262 0.4331 0.1262 <.0
0.5995 0.2992 0.0008 0.1981 0.0465 0.1981 0.0465 <.0001
0.5995 0.2992 0.0088 0.7923 0.2992 0.7923 0.2992 <.0001
0.0027 0.0008 0.0088 0.0155 0 .0777 0.0155 0.0777
0.4331 0.1981 0.7923 0.0155 0.4331 1.0000 0.4331 <.0001
0.1262 0.0465 0.2992 0.0777 0.4331 0.4331 1.0000 0.0005
0.4331 0.1981 0.7923 0.0155 1.0000 0.4331 0.4331 <.0001
0.1262 0.0465 0.2992 0.0777 0.4331 1.0000 0.4331 0.0005
<.0001 <.0001 <.0001 0.0271 <.0001 0.0005 <.0001 0.0005
Standard LSMEAN
TRT MOR28 LSMEAN Error Pr>|t|  Number
A 2.93333333  0.13471506  <.0001 1
B 2.73333333  0.13471506  <.0001 2
C 2.66666667  0.13471506  <.0001 3
D 3.10000000  0.13471506  <.0001 4
E 2.56666667  0.13 471506  <.0001 5
F 2.46666667  0.13471506  <.0001 6
G 2.20000000 0.13471506  <.0001 7
H 2.83333333  0.13471506  <.0001 8
| 3.00000000 0.13471506  <.0001 9
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Table A440. Two-Way ANOVA Analysis Data Sheet 18.

2 3

4

The SAS System

16:03 Monday, June 28

The GLM Procedure
Least Squares Means

Least Squares Means for effect TRT
Pr > |t| for HO: LSMean(i)=LSMea n(j)

Dependent Variable: MOR28

5 6

0.3077 0.1786 0.3932 0.0702
0.7305 0.0702 0.3932
0.0354 0.6061

0.3077
0.1786
0.3932
0.0702
0.0248
0.0012
0.6061
0.7305

<.0001

<.0001
<.0001
0.0165
<.0001
0.0005
<.0001
0.0001
<.0001

0.7305
0.0702
0.3932
0.1786
0.0119
0.6061
0.1786

2 3

0.0354
0.6061
0.3077

0.3932
0.0972

1929.33333

1649.00000
1589.00000
1804.66667

0.0119
0.0119

7 8
0.0248
0.1786
0.3077

0.6061

0.0038 0.6061

0.0248 0.0002 0.0702 0.1786

9

0.0012
0.0119
0.0248

0.0702
0.1786

0.6061 0.
0.6061 0.1786
0.3932 0.0972
0.0038 0.0002 0.1786 0.6061
0.1786 0.0354
0.0702 0.0119
0.0038 0.0005

0.1786 0.1786 0.0702 0.0038 0.3932
0.6061 0.0354 0.0119 0.0005 0.3932

SPLIT28

LSMEAN

2173.33333 3

2130.66667

2237.66667 33

2162.66667
2282.66667

4

0.2

0.2192
0.0040
<.0001
<.0001
<.0001
<.0001
<.0001

0.0002

0.0002
<.0001
<.0001
<.0001
<.0001
<.0001

33.

33.
33.

33.

33.
33.32630

Standard
Error Pr>|tf Nu

32630

33.32630

32630
32630

32630

.32630

32630

<.0001

<.0001
<.0001
3.32630
<.0001
<.0001
<.0001
<.0001

LSMEAN
mber

1

<.0001 2

3
4
<.0001 5
6
7

9

Least Squares Means for effect TRT
Pr > |t| for HO: LSMean(i)=LSMean(j)

Dependent Variable: SPLIT28

5 6

192 0.0040
<.0001

<.0001
<.0001

7 8

<.0001

9

<.0001 <.0001
<.0001 <.0001
0.3773 0.1891
<.0001 0.3773
<.0001 0.1891 0.035
<.0001 0.8235 0.5058 0.1289 0.0203
<.0001 0.0323 0.0047 0.3523 0.0203

0.0357

220

<.0001 0.0165 <.0001 0.0005 <.0001 0.0001 <.0001
<.0001 <.0001 <.0001 <.0001

<.0001 <.0001
<.0001 <.0001
0.8235 0.0323
0.5058 0.0047
7 0.1289 0.3523
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Table A441. Two-Way ANOVA Analysis Data Sheet 19.

The SAS System

The GLM Procedure
Least Squares Means

16:03 Monday, June 28, 2010 268

0.0106 0.0157

Standard LSMEAN
TRT  E28 LSMEAN Error Pr>|]t|  Number
A 189350.000 4976.701  <.0001 1
B 173040.000 4976.701  <.0001 2
C 215425.667 4976.701  <.0001 3
D 149196.333 4976.701  <.0001 4
E 206787.333 4976.701  <.0001 5
F 161341.000 4976.701  <.0001 6
G 189661.667 4976.701  <.0001 7
H 169598.000 4976.701  <.0001
| 170883.333 4976.701  <.0001 9
Least Squares Means for effect TRT
Pr > |t| for HO: LSMean(i)=LSMean(j)
Dependent Variable: E28
ilj 1 2 3 4 5 6 7 8 9
1 0.0325 0.0016 <.0001 0.0234 0.0009 0.9652 0.0117 0.0172
2 0.0325 <.0 001 0.0033 0.0001 0.1138 0.0297 0.6307 0.7628
3 0.0016 <.0001 <.0001 0.2355 <.0001 0.0018 <.0001 <.0001
4 <.0001 0.0033 <.0001 <.0001 0.1016 <.0001 0.0096 0.0064
5 0.0234 0.0001 0.2355 <.0001 <.0001 0.0256 <.0001 <.0001
6 0.0009 0.1138 <.0001 0.1016 <.0001 0.0008 0.2560 0.1919
7 0.9652 0.0297 0.0018 <.0001 0.0256 0.000 8
8 0.0117 0.6307 <.0001 0.0096 <.0001 0.2560 0.0106 0.8571
9 0.0172 0.7628 <.0001 0.0064 <.0001 0.1919 0.0157 0.8571

NOTE: To ensure overall protection level
comparisons should be used.

, only probabilities associated with pre
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Table A5.1. Data for the Compressive Strength Linear Model with YOnly.

Mix vy (%) CR (%) Cor?l\r;l.Pl\;)eas Co;rlc/pl)l.bz)red. .

0.5% Hemp - 10% coarse 0.5 NA 17.5 17.6 0.008
0.5% Hemp - 20% coarse 0.5 NA 16.7 17.6 0.746
0.5% Hemp - 30% coarse 0.5 NA 17.8 17.6 0.047
0.75% Hemp - 10% coarge 0.75 NA 20.1 17.9 4.962
0.75% Hemp - 20% coarge 0.75 NA 17.1 17.9 0.631
0.75% Hemp - 30% coarge 0.75 NA 17.9 17.9 0.000
1% Hemp - 10% coarse 1.0 NA 18.9 18.2 0.475
1% Hemp - 20% coarse 1.0 NA 18.2 18.2 0.000
1% Hemp - 30% coarse 1.0 NA 16.8 18.2 2.010

8.879

Table A5.2. Data for the Compressive Strength Linear Model with Yand AR.

Mix v, (%) CR (%) COT&.PI\g)eas Co;rls/pl)l.:):)red. -

0.5% Hemp - 10% coarse 0.5 NA 17.5 17.5 0.007
0.5% Hemp - 20% coarse 0.5 NA 16.7 17.5 0.742
0.5% Hemp - 30% coarse 0.5 NA 17.8 17.5 0.048
0.75% Hemp - 10% coarge 0.75 NA 20.1 17.9 4.962
0.75% Hemp - 20% coarge 0.75 NA 17.1 17.9 0.631
0.75% Hemp - 30% coarse 0.75 NA 17.9 17.9 0.000
1% Hemp - 10% coarse 1.0 NA 18.9 18.2 0.471
1% Hemp - 20% coarse 1.0 NA 18.2 18.2 0.000
1% Hemp - 30% coarse 1.0 NA 16.8 18.2 2.017

8.879

Table A5.3. Data for the Compressive Strength Linear Model with CR Only.

Mix v, (%) CR (%) COT&.PI\g)eas Co;rls/pl)l.:):)red. -

0.5% Hemp - 10% coarse NA 10 17.5 18.5 1.155
0.5% Hemp - 20% coarse NA 20 16.7 17.9 1.398
0.5% Hemp - 30% coarse NA 30 17.8 17.2 0.322
0.75% Hemp - 10% coarse NA 10 20.1 18.5 2.431
0.75% Hemp - 20% coarse NA 20 17.1 17.9 0.631
0.75% Hemp - 30% coarse NA 30 17.9 17.2 0.473
1% Hemp - 10% coarse NA 10 18.9 18.5 0.115
1% Hemp - 20% coarse NA 20 18.2 17.9 0.108
1% Hemp - 30% coarse NA 30 16.8 17.2 0.186

6.817
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Table A54. Data for the Compressive Strength Linear Model with CR and V.

. Comp. Meas| Comp. Pred.
Mix Vi (%) | CR (%) (|\F/)| pa) (I\;’Pa) -

0.5% Hemp - 10% coarse 0.5 10 17.5 18.5 1.170
0.5% Hemp - 20% coarse 0.5 20 16.7 17.9 1.430
0.5% Hemp - 30% coarse 0.5 30 17.8 17.2 0.300
0.75% Hemp - 10% coarge 0.75 10 20.1 18.5 2.455
0.75% Hemp - 20% coarse 0.75 20 17.1 17.9 0.631
0.75% Hemp - 30% coarse 0.75 30 17.9 17.2 0.462
1% Hemp - 10% coarse 1.0 10 18.9 18.5 0.131
1% Hemp - 20% coarse 1.0 20 18.2 17.9 0.117
1% Hemp - 30% coarse 1.0 30 16.8 17.2 0.182

6.878

Table A55. Data for the Compressive Strength Linear Model with CR , ¥, and

AR.

Mix v, (%) CR (%) COT&.PI\g)eas Co;rls/pl)l.::)red. -
0.5% Hemp - 10% coarse 0.5 10 17.5 18.2 0.569
0.5% Hemp - 20% coarse¢ 0.5 20 16.7 17.5 0.742
0.5% Hemp - 30% coarse 0.5 30 17.8 16.9 0.791
0.75% Hemp - 10% coarge 0.75 10 20.1 18.5 2.434
0.75% Hemp - 20% coarge 0.75 20 17.1 17.9 0.631
0.75% Hemp - 30% coarge 0.75 30 17.9 17.2 0.471
1% Hemp - 10% coarse 1.0 10 18.9 18.9 0.000
1% Hemp - 20% coarse 1.0 20 18.2 18.2 0.000
1% Hemp - 30% coarse 1.0 30 16.8 17.5 0.569
6.206

Table A5.6. Data for the Modulus Linear Model with V; Only.
i Eavg.meas. Epred.

Mix V¢ (%) CR (%) (I\/IgPa) (I\/?Pa) £2 T 06)
0.5% Hemp - 10% coars¢ 0.5 NA 18,935 | 18,107.8 0.684
0.5% Hemp - 20% coars¢ 0.5 NA 17,304 | 18,107.8 0.646
0.5% Hemp - 30% coars¢ 0.5 NA 21,543 | 18,107.8| 11.798
0.75% Hemp - 10% coarse 0.75 NA 14,920 | 18,059.9 9.862
0.75% Hemp - 20% coarse 0.75 NA 20,679 | 18,059.9 6.858
0.75% Hemp - 30% coarse 0.75 NA 16,134 | 18,059.9 3.709
1% Hemp - 10% coarse 1.0 NA 18,966 | 18,012.1 0.910
1% Hemp - 20% coarse 1.0 NA 16,960 | 18,012.1 1.107
1% Hemp - 30% coarse 1.0 NA 17,088 | 18,012.1 0.853
36.428
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Table A5.7. Data for the Modulus Linear Model with V; and AR.

H (V) (1) Eav .meas. E red.
Mix Vi (%) CR (%) (I\/IgPa) (I\/FI)Pa) E2(10%)
0.5% Hemp - 10% coars¢ 0.5 NA 18,935 | 11,506.9| 55.176
0.5% Hemp - 20% coars¢ 0.5 NA 17,304 | 11,506.9| 33.607
0.5% Hemp - 30% coars¢ 0.5 NA 21,543 | 11,506.9| 100.715
0.75% Hemp - 10% coarge 0.75 NA 14,920 | 16,723.0 3.252
0.75% Hemp - 20% coarge 0.75 NA 20,679 | 16,723.0| 15.648
0.75% Hemp - 30% coarse 0.75 NA 16,134 | 16,723.0 0.347
1% Hemp - 10% coarse 1.0 NA 18,966 | 21,939.1 8.838
1% Hemp - 20% coarse 1.0 NA 16,960 | 21,939.1| 24.794
1% Hemp - 30% coarse 1.0 NA 17,088 | 21,939.1| 23.530
265.906
Table A5.8. Data for the Modulus Linear Model with CR Only.
i Eav .meas. E red.
Mix V¢ (%) CR (%) (I\/IgPa) (I\/?Pa) £2 T 06)
0.5% Hemp - 10% coars¢  NA 10 18,935 | 17,734.8 1.441
0.5% Hemp - 20% coars¢  NA 20 17,304 | 18,058.7 0.570
0.5% Hemp - 30% coars¢ NA 30 21,543 | 18,382.6 9.985
0.75% Hemp - 10% coarse NA 10 14,920 | 17,734.8 7.925
0.75% Hemp - 20% coarse NA 20 20,679 | 18,058.7 6.865
0.75% Hemp - 30% coarse NA 30 16,134 | 18,382.6 5.056
1% Hemp - 10% coarse NA 10 18,966 | 17,734.8 1.517
1% Hemp - 20% coarse NA 20 16,960 | 18,058.7 1.208
1% Hemp - 30% coarse NA 30 17,088 | 18,382.6 1.675
36.241
Table A59. Data for the Modulus Linea Model with CR and V.
H (1) (V) Eav .meas. E red.
Mix V¢ (%) CR (%) (IVIgPa) (I\/FI)Pa) E2(10%)
0.5% Hemp - 10% coars¢ 0.5 10 18,935 | 17,742.0 1.423
0.5% Hemp - 20% coars¢ 0.5 20 17,304 | 18,052.5 0.560
0.5% Hemp - 30% coars¢ 0.5 30 21,543 | 18,362.9| 10.110
0.75% Hemp - 10% coarge 0.75 10 14,920 | 17,749.0 8.006
0.75% Hemp - 20% coarge 0.75 20 20,679 | 18,058.7 6.865
0.75% Hemp - 30% coargse 0.75 30 16,134 | 18,368.4 4.992
1% Hemp - 10% coarse 1.0 10 18,966 | 17,756.0 1.465
1% Hemp - 20% coarse 1.0 20 16,960 | 18,064.9 1.221
1% Hemp - 30% coarse 1.0 30 17,088 | 18,373.8 1.653
36.295
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Table A5.10. Data for the Modulus Linear Model with CR , V;, and AR.

H (V) (1) Eav .meas. E red.

Mix Vi (%) CR (%) (I\/IgPa) (I\/FI)Pa) E2(10%)

0.5% Hemp - 10% coars¢ 0.5 10 18,935 | 18,526.6 0.167
0.5% Hemp - 20% coars¢ 0.5 20 17,304 | 18,853.2 2.400
0.5% Hemp - 30% coars¢ 0.5 30 21,543 | 19,179.9 5.582
0.75% Hemp - 10% coargse 0.75 10 14,920 | 17,732.8 7.914
0.75% Hemp - 20% coargse 0.75 20 20,679 | 18,058.7 6.865
0.75% Hemp - 30% coarge 0.75 30 16,134 | 18,384.6 5.064
1% Hemp - 10% coarse 1.0 10 18,966 | 16,939.1 4.109
1% Hemp - 20% coarse 1.0 20 16,960 | 17,264.2 0.093
1% Hemp - 30% coarse 1.0 30 17,088 | 17,589.2 0.251
32.445

Table A5.11. Data for the Modulus Linear Model with CR , V4, and AR (Two
Outliers Removed)

i Eav .meas. E red.
Mix V¢ (%) CR (%) (IVIgPa) (I\/FI)Pa) E2(10%)
0.5% Hemp - 10% coars¢ 0.5 10 18,935 | 19,194.2 0.067
0.5% Hemp - 20% coars¢ 0.5 20 17,304 | 18,024.0 0.518
0.5% Hemp - 30% coars¢ 0.5 30 21,543
0.75% Hemp - 10% coarse 0.75 10 14,920
0.75% Hemp - 20% coarse 0.75 20 20,679 | 18,010.9 7.118
0.75% Hemp - 30% coarse 0.75 30 16,134 | 16,843.6 0.503
1% Hemp - 10% coarse 1.0 10 18,966 | 19,162.2 0.038
1% Hemp - 20% coarse 1.0 20 16,960 | 17,997.8 1.078
1% Hemp - 30% coarse 1.0 30 17,088 | 16,833.5 0.065
9.387
Table A5.12. Data for the Flexure Linear Model with Vs Only.
; I:)max.meas. I:)max. red.
Mix Vi (%) | CR (%) (M) (kl\?) £2
0.5% Hemp - 10% coarse 0.5 NA 21.88 20.5 8.867
0.5% Hemp - 20% coarse 0.5 NA 20.52 20.5 1.826
0.5% Hemp - 30% coarse 0.5 NA 19.96 20.5 0.000
0.75% Hemp - 10% coarse 0.75 NA 23.51 19.9 0.011
0.75% Hemp - 20% coarsge 0.75 NA 19.38 19.9 13.370
0.75% Hemp - 30% coarse 0.75 NA 18.39 19.9 0.219
1% Hemp - 10% coarse 1.0 NA 16.39 19.2 0.617
1% Hemp - 20% coarse 1.0 NA 21.07 19.2 7.718
1% Hemp - 30% coarse 1.0 NA 2251 19.2 3.600
36.229
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Table A5.13. Data for the Flexure Linear Model with V; and AR.

Mix Vi (06) | CR () | e | Fracrea |
0.5% Hemp - 10% coarse 0.5 NA 21.88 20.8 1.169
0.5% Hemp - 20% coarse 0.5 NA 20.52 20.8 0.075
0.5% Hemp - 30% coarse 0.5 NA 19.96 20.8 0.710
0.75% Hemp - 10% coarsg¢ 0.75 NA 23.51 20.4 9.647
0.75% Hemp - 20% coarse 0.75 NA 19.38 20.4 1.038
0.75% Hemp - 30% coarsg 0.75 NA 18.39 20.4 4.059
1% Hemp - 10% coarse 1.0 NA 16.39 20.0 13.027
1% Hemp - 20% coarse 1.0 NA 21.07 20.0 1.137
1% Hemp - 30% coarse 1.0 NA 22.51 20.0 6.285
37.148

Table A5.14. Data for the Flexure Linear Model with CR Only.
i 0, 0 I:)max.meas. I:)max. red.

Mix Vi (%) | CR (%) (M) (kl\?) £2
0.5% Hemp - 10% coarse NA 10 21.88 20.6 1.754
0.5% Hemp - 20% coarse NA 20 20.52 20.4 0.015
0.5% Hemp - 30% coarse NA 30 19.96 20.2 0.084
0.75% Hemp - 10% coarse NA 10 23.51 20.6 8.710
0.75% Hemp - 20% coarsg NA 20 19.38 20.4 1.038
0.75% Hemp - 30% coarse NA 30 18.39 20.2 3.459
1% Hemp - 10% coarse NA 10 16.39 20.6 17.320
1% Hemp - 20% coarse NA 20 21.07 20.4 0.447
1% Hemp - 30% coarse NA 30 22.51 20.2 5.126
37.954

Table A5.15. Data for the Flexure Linear Model with CR and \.
; 0 0 IDmax.meas. I:)max. red.

Mix Vi (%) | CR (%) (kN) (kl\?) £2
0.5% Hemp - 10% coarse 0.5 10 21.88 20.6 1.714
0.5% Hemp - 20% coarse 0.5 20 20.52 20.4 0.014
0.5% Hemp - 30% coarse 0.5 30 19.96 20.2 0.079
0.75% Hemp - 10% coarsg 0.75 10 23.51 20.6 8.643
0.75% Hemp - 20% coarse 0.75 20 19.38 20.4 1.038
0.75% Hemp - 30% coarsg 0.75 30 18.39 20.2 3.417
1% Hemp - 10% coarse 1.0 10 16.39 20.6 17.383
1% Hemp - 20% coarse 1.0 20 21.07 20.4 0.451
1% Hemp - 30% coarse 1.0 30 22.51 20.2 5.191
37.932
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Table A5.16. Data for the Flexure Linear Model with CR , \%, and AR.

Mix Vi (06) | CR () | e | Fracrea |

0.5% Hemp - 10% coarse 0.5 10 21.88 21.0 0.852
0.5% Hemp - 20% coarse 0.5 20 20.52 20.8 0.075
0.5% Hemp - 30% coarse 0.5 30 19.96 20.6 0.468
0.75% Hemp - 10% coarsg 0.75 10 23.51 20.6 8.690
0.75% Hemp - 20% coarse 0.75 20 19.38 20.4 1.038
0.75% Hemp - 30% coarse¢ 0.75 30 18.39 20.2 3.447
1% Hemp - 10% coarse 1.0 10 16.39 20.2 14.190
1% Hemp - 20% coarse 1.0 20 21.07 20.0 1.137
1% Hemp - 30% coarse 1.0 30 22.51 19.8 7.101

36.998

Table A5.17. Data for the Flexure Linear Model with CR , V;, and AR (One
Outlier Removed).

1 Pmax.meas. Pmax. red.
Mix Vi (%) | CR (%) (kN) (kI\FI)) £2

0.5% Hemp - 10% coarse 0.5 10 21.88 21.7 0.029

0.5% Hemp - 20% coarse 0.5 20 20.52 20.4 0.010

0.5% Hemp - 30% coarse 0.5 30 19.96 19.1 0.673

0.75% Hemp - 10% coarse 0.75 10 23.51 22.4 1.145

0.75% Hemp - 20% coarse 0.75 20 19.38 21.2 3.137

0.75% Hemp - 30% coarse 0.75 30 18.39 19.9 2.200

1% Hemp - 10% coarse 1.0 10 16.39

1% Hemp - 20% coarse 1.0 20 21.07 21.9 0.663

1% Hemp - 30% coarse 1.0 30 22.51 20.6 3.636
11.494
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