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Abstract

Roads have developed from ordinary gravel roads to asphalt roads to
concrete roads, each with increasing improvement in structural properties. Most
of the time the natural subgrade is not strong enough to carry or support loads
from vehicles and other traffic, so it is normally required to build a pavement on
top of the subgrade (the in-situ soil). Instead of building a road exclusively made
of concrete, which can be very expensive, pavement layers can be reinforced or
stabilized. Reinforcement or stabilization is aimed at improving the engineering
properties of the soil and subsequently that of the pavement. Reinforcement or
stabilization can be in the form of geosynthetics (geotextiles or geogrids),
mechanical (compaction) or chemical (addition of certain chemicals or additives).
This research concentrates mainly on chemical stabilization, specifically cement
and fly ash stabilization of pavement layers of a road. Cement stabilization of
bases and subbases is the most common form of chemical stabilization; this is
because cement when compared to other additives provides considerable strength
to the mixture and has excellent engineering properties. However cement treated
bases have shown poor performances in the past. Cement treated bases and
subbases exhibit excessive pumping, faulting, and shrinkage cracking. These are
thought to be more pronounced as the cement content is increased. A lot of
research has been done over the years to help combat these problems.
Supplementary cementitious materials (SCM’s) like lime, granulated blast
furnace slag (BFS), flyash (FA), and amorphous silica (AS) have been added to
soil-cement mixtures to help reduce or eliminate the above mentioned
undesirable effects on soil - cement mixes. In addition to reducing and
eliminating such undesirable effects, addition of SCM’s improves the
mechanical and structural properties of the concrete and subsequently cut
material costs (as some cement is replaced by SCM’s, which are cheaper than
cement). These supplementary cementitious materials however perform
differently with different soils or rocks and also under different curing conditions
and durations, so the type and amount of supplementary cementitious material
used, type of soil or rock used, conditions under which the road (insitu) or the
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sample (laboratory) is cured and duration of curing are thought to grossly affect
strength, structural and mechanical properties of the road or laboratory sample.

This thesis presents research on the benefits of adding flyash to cement mixes
for stabilizing or reinforcing pavement layers and how factors like mix design,
temperature, humidity and time affect the structural and mechanical properties of
stabilized pavement layers. A cohesionless-frictional soil, ordinary Portland
cement and Class F flyash was used. Soil classification, density and compaction
and unconfined compressive strength tests were performed as these properties
identify or relate to other engineering properties such as stiffness, durability etc.
Samples were fabricated in the laboratory to simulate insitu stabilization process.
Samples made of different proportions of cement and flyash where made,
compacted and cured at different curing conditions and durations. Fourteen
different mixes were used and cementitious material content was between 0%
and 20% of dry weight of gravel. Curing conditions were 20°c and 100%
humidity, room temperature and humidity and 60°c and 100% humidity. Curing
durations were 7 days and 28 days. For each mix, six samples were made and
cured at the three different curing conditions and the two different curing
durations. After the specified curing durations, unconfined compressive tests
(UCS) were done on the cured samples and strength results in Psi (pounds per
square inch) were recorded for subsequent analysis, to see which one is the most
economic (in terms of least cement or flyash content) but with good mechanical
and structural properties.

The strength results got were analyzed theoretically and numerically (using
Statistical Package for Social Scientists, SPSS). In the theoretical analysis,
simple excel plots were drawn in the form of histograms to show how strength
varies with respect to mix, temperature, humidity and number of days. In the
numerical analyses, linear regression analyses were done using SPSS software.
The statistical outputs showed how strength, mix, temperature, humidity and
number of days are correlated and the extent of their correlation. The theoretical
and numerical analyses agree with each other in every way.

From the two analyses, it was concluded that flyash enhances the mechanical
and structural properties of cement mixes used in stabilizing or reinforcing
pavement layers. For the different mixes, cement samples with flyash
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incorporated in them were less brittle and showed an increase in strength than
their cement only counterparts. Also it can be concluded that factors like, mix
design, temperature, humidity and time affect the structural and mechanical
properties of cement-flyash-gravel (CFG) stabilized pavement layers greatly. For
both cement and flyash, as cement and flyash content is increased, strength
increases, but starts to decrease afier a certain percentage is exceeded. Within the
specified curing conditions and durations, as temperature, humidity and number
of days increases, strength of samples increased. Cement only and more cement
than flyash samples gain strength at a faster rate within the first 7 days but
continue to gain strength at a slower rate afterwards. It is the opposite for flyash
only and more flyash than cement samples, their rate of strength gain is slow
within the first 7 days but increases afterwards.

Keywords: Pavement Layers, Cement-Flyash Stabilization, Unconfined
Compressive Strength, Linear Regression Analysis.
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List of Abbreviations

1-0-19: 5% by weight of cement, 0% by weight of flyash and 95% by weight of
gravel, this holds for all the others. The ratios are got by dividing each
part of the mix design by 5.

100%H: 100% Humidity.

RT & H: Room Temperature and Humidity.

C-F-G: Cement-Flyash-Gravel.

deg:

means °c or degrees centigrade
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Chapter 1 Introduction

1.1 Background/Problem statement

Roads have developed from ordinary gravel roads to asphalt roads to concrete
roads, each with increasing improvement in structural properties. With the growth of
traffic volume and axial load, the requirements for pavement performances are higher
each day.

Most of the time the natural subgrade is not strong enough to carry or support
loads from vehicles and other traffic, so it is normally required to build a pavement on
top of the subgrade (the in-situ soil), this should be strong enough to support vehicular
and any other traffic using the road as well as adequately distribute these loads to the
underlying subgrade, so as to not to cause any permanent distress or deformation of the
subgrade!" 2. A typical urban road pavement is made up of the natural subgrade,
subbase, base course and then the wearing course (which is in direct contact with
vehicles and other traffic)® *. Depending on the type of wearing course, roads can be
classified as rigid (normally made of Portland cement concrete) pavement or flexible
(normally made of asphaltic concrete) pavement[5 " 81 Both types of pavements
distribute loads and stresses differently to the underlying subgrade!” . Whether a
pavement is rigid or flexible it is often necessary to reinforce or stabilize the
underlying soil, be it subgrade, subbase or base course. Loose sand, soft clays, and
organic deposits are often unsuitable for use in construction due to their less-than-
desirable engineering properties'™ '%. Construction of any infrastructure over a weak or
a soft soil is highly typical on geo-technical grounds as the soil undergoes differential
settlements, poor shear strength and high compressibility!'" ', Normally, the type of
design varies depending upon the availability of soil strata as well as cost involvement.
When faced with such soil conditions, improvement of load bearing capacity of soil is
very much essential!'"]. In these aspects, improvement of load bearing capacity of soil
has been improved by adopting various techniques like soil stabilization, adoption of
reinforcement etc. Traditional methods of stabilizing these soils through in-situ ground

improvement or replacement techniques are costly. Instead of building a road
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exclusively made of concrete, which can be very expensive, pavement layers can be
reinforced or stabilized. Reinforcing or stabilizing is aimed at improving the
engineering properties of the soil and subsequently that of the pavement. This directly
translates to a better, long lasting and relatively low cost road pavement.
Reinforcement or stabilization can be in the form of geosynthetics (geotextiles or
geogrids), mechanical (compaction) or chemical (addition of certain chemicals or
additives)l'> " This research will concentrate mainly on chemical stabilization,
specifically cement and fly ash stabilization of subbases and bases of road pavements.
Nevertheless some literature will also be reviewed on the other forms and types of
reinforcement or stabilization. Cement stabilization of bases and subbases is the most
common form of chemical stabilization; this is because cement when compared to
other additives provides considerable strength to the mixture and has excellent
engineering properties. Cement stabilization of subbases and bases started around
1945'> 161, However cement treated bases have shown poor performance under both
flexible and rigid pavements in the past. Cement treated bases and subbases exhibit
excessive pumping, faulting, and shrinkage cracking!'”). This is most likely due to the
impervious nature of the base, which traps moisture and yet can break down and
contribute to the movement of fines beneath the slab. These are thought to be more
pronounced as cement content is increased!'® '°). Erosion and stripping (water washing
away cement paste, binders, and fines) can also be an issue for cement treated bases
and subbases!'”. A lot of research has been done over the years to help combat these
problems. Supplementary cementitious materials (SCM’s) like lime, granulated blast
furnace slag (BFS), flyash (FA), and amorphous silica (AS) have been added to soil-
cement mixtures to help reduce or eliminate the above mentioned undesirable effects
on soil - cement mixes*”?"), In addition to reducing and eliminating such undesirable
effects, addition of SCM’s improves the mechanical and structural properties of the
concrete and subsequently cut material costs (as some cement is replaced by SCM’s,

(201 These supplementary cementitious materials

which are cheaper than cement)
however perform differently with different soils or rocks and also under different
curing conditions and durations, so the type and amount of supplementary cementitious
material used, type of soil or rock used, conditions under which the road (insitu) or the
sample (laboratory) is cured and duration of curing are thought to grossly affect

strength, structural and mechanical properties of the road or laboratory sample. Of the
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most popular SCM’s flyash is one of the most recently used (around 1975)"*% and
research on it is relatively small as compared to the others (lime and BFS). This
research will look into various mix designs of a particular gravel mixed with cement
and a Class F flyash(cured under different conditions and durations) and see which one
is the most economic (in terms of least cement or flyash content) but with relatively
high unconfined compressive strength. Also, careful attention would be given to the
cured samples to see which one had fewer cracks and shrank less. This will help
highway engineers to select optimum mix designs that will be economical and meet
strength criteria at the same time.

1.2 Objectives

1.2.1 Gel_leral

To evaluate the usefulness of flyash in concrete mixtures used for reinforcing
pavement sections.

1.2.2  Specific
The objectives of this investigation were to conduct series of comprehensive
laboratory tests on soil samples

1) To assess the usefulness of flyash as an admixture in concrete inixtures for

pavement construction and focus on how it affects the mechanical properties of
the pavement.

2) To determine to what extent (greater or lesser) does CFG affect the mechanical
properties of pavement sections when compared to ordinary cement reinforced
pavement sections.

The study was aimed at evaluating the mechanical and engineering properties of
cement reinforced and CFG reinforced soil samples, thereby determining how and to
what extent these two different reinforcement techniques affect and improve soil

engineering properties.
1.3 Research Scope

The geotechnical characteristics of ordinary cement samples and cement-flyash
samples were investigated. The investigation described the behavioral aspect of

samples reinforced with cement only and cement-flyash to improve the load bearing
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capacity of the pavement. A cohesionless-frictional soil was used for the laboratory

tests.

1.3.1 Literature Review

Literature from previous publications and books on pavements, soil reinforcement
or stabilization, cement stabilization, flyash stabilization, cement-flyash stabilization
and factors influencing the strength, mechanical and structural properties of cement-
flyash mixes is reviewed inorder to understand the effects each of the above mentioned

have had on pavement engineering.

1.3.2 Testing

Laboratory sieve analysis, density and compaction and unconfined compressive
strength (UCS) tests were conducted to establish the feasibility of reinforcing
inadequate soils with a mixture of cement and flyash as to the conventional cement
only method to support traditional pavement systems.
For the UCS tests, soil samples were prepared with different proportions of cement and
flyash and cured under different conditions and durations. These soil samples were
then tested after different durations. Also plain soil samples were fabricated, cured and
tested the same way as for the cement only and cement-{lyash samples, for comparison
purposes.
Brief but well detailed explanations of how the tests were carried out in the laboratory

are given.

1.3.3 Data Collection
Data was collected from the laboratory tests performed. They were recorded in

an orderly manner in charts for analysis.

1.3.4 Data Analysis

Based on the test results, strength properties of the two kinds of reinforced soil
samples were studied to get the relation between the strength index of the cement
reinforced samples and that of the corresponding cement-flyash reinforced samples.
The influences of the mixture variables viz. proportions of cement and flyash in the
mixtures and the different curing conditions and durations of soil samples on the bulk
mechanical characteristics of the samples were analyzed theoretically and also

numerically(using the statistical package for social scientists software, SPSS).
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1.3.5 Conclusions and Recommendations
After analyzing the data collected, theoretically as well as numerically, a small
comparison of the two analyses was done and subsequent conclusions and

recommendations are made.
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Chapter 2 Literature Review

2.1 Background

Construction of any infrastructure over a weak or a soft soil is highly typical on
geo-technical grounds as the soil undergoes differential settlements, poor shear strength
and high compressibility. Normally, the type of foundations varies depending upon the
availability of soil strata as well as cost involvement. Sometimes, it is essential to have
a high rise building over a weak soil or a road on impossible soils, in such conditions,
improvement of load bearing capacity of soil is very much essential. In these aspects,
improvement of the load bearing capacity of soil has been done by adopting various
techniques like soil stabilization, adoption of reinforcement etc. Generally, admixing
technique in soil is an effective ground improvement because of its easy adaptability!"").

Soil reinforcement is a special and recent field of soil improvement. It covers a
range of techniques which consist of placing resisting inclusions in the soil. Depending
on the type of the inclusion two extreme cases can be considered: a 'uniform inclusion’
where the soil-reinforcement interaction can develop in any point along the inclusion; a
'‘composite inclusion' which consists of an inclusion reinforced at some particular
points where the soil-reinforcement interaction is concentrated. In the case of a
‘uniform inclusion' a relatively high and uniform density of the reinforcements will
result in a new composite material called the 'Reinforced Soil'. The behavior of the
‘reinforced soil' mass can be investigated considering a representative sample of the
new composite material. Reinforced soil is a soil strengthened by a material capable of
resisting tensile stresses and interacting with the soil through friction and/or adhesion.
The effect of the reinforcement can be interpreted as a restraint against expansion in
the form of induced normal or shear stresses!*?),

In the constant search for low-cost solutions to road construction and maintenance
problems, one area of new technology which has already shown major cost savings is
the use of geosynthetics or geotextiles especially in the reinforcement of roads,
embankments and reinforced soil retaining walls™®).

About 35 years ago, the first generation of geosynthetics took its place in
geotechnical engineering. Initial refusal to accept geosynthetics as a building material
has ceased. Today, geosynthetics are classified as an independent building material
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because of their diversity and specific attributes. Existing as geotextiles, geogrids,
geomembranes and related products, they enable technically simple, low-priced and
alternative solutions. Many geotechnical applications nowadays cannot be imagined
without geosynthetics™!.

Applications of geotextiles in civil engineering have been successfully developed
and also offer other benefits in terms of durability and performance. Geotextiles also
play an important role in geotechnical engineering works, like railroads, reinforced soil,
and stabilization of soil or rock slopes, drainage control, dams, tunnel constructions,
reservoirs, coastal engineering and canals'®!,

Geosynthetic materials have found useful applications when unbound aggregates
have been placed on cohesive soil with very weak subgrade. They have also been
successfully used in retarding reflective cracking in both flexible and rigid pavements.
There are many applicétions of geosynthetics in pavement engineering yet there is
considerable lack of understanding in the behavior of the material. Geosynthetic
materials exhibit very peculiar properties in the area of tensile strength and
reinforcement'®-27),

In road construction, substitution of conventional steel reinforcing bars with
geosynthetics or geotextiles in Continuously Reinforced Concrete Pavement (CRCP)
also gives solutions to the problems caused by corrosion of reinforcement. Concrete
volume change is known to cause crack development in CRCP in the early age,
afterwards, wheel load will be the governing factor for the development and the
propagation of further cracks. Fabrics have been successfully used for roads on very
soft subgrade for some time, usually fulfilling one or more of the basic functions of
separation, filtration, drainage and reinforcement. By providing reinforcement,
geotextiles improve the performance of unpaved or paved roads, and for a given traffic,
the thickness of the aggregate layer can also be reduced?®?),

Also, recycled materials such as scrap tires, plastics, ash, slag, and construction
debris provide a viable alternative both for their relatively lower cost and desirable
engineering properties. Furthermore, use of recycled materials prevents their disposal
into landfills, which are approaching capacity in many parts of the world. Generally,
admixing technique in soil is an effective ground improvement because of its easy
adaptability?®* %),
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In recent years, with the extensive application of deep mixing method in
reinforcing soft clay, studies on the basic properties of cement-soil had been conducted
deeply. In-place cement-stabilized soils have served as the primary base material for
the majority of pavements worldwide for many years. These materials are economical
and can be easily constructed and provide outstanding structural characteristics for
pavements. However, these cement-treated materials crack due to shrinkage, with the
cracks reflecting from the base to the surface. In order to improve the economic and
social benefits of the deep mixing method, fly-ash is normally incorporated in cement-
soil mixes",

Fly ash is a waste produced from burning of coal in thermal power stations. The
staggering increase in the production of fly ash and its disposal in an environmentally
friendly manner is increasingly becoming a matter of global concern. Efforts are
underway to improve the use of fly ash in several ways, with the geotechnical
utilization also forming an important aspect of these efforts. It is currently used in
various areas of Civil Engineering namely: load bearing fills, soil stabilization,
concrete and in a variety of grouting applications. A better understanding of flyash can
help in providing geotechnical engineers a lot of information on how and to what

extent it can be incorporated in engineering practices inorder to maxiiaise its usel®> >,

2.2 Roads and Pavements

Roads and highways are broadly classified as permanent and temporary. Permanent
Roads — paved and unpaved systems usually remaining in service for ten years or
more. Temporary Roads — unpaved or paved (e.g., construction bypass) systems with
a short service life, usually less than one year® !,

Pavements are also classified as flexible or rigid

Flexible pavement---the wearing course is made of asphaltic concrete (most popular).
Rigid pavement----the wearing course is normally made of ordinary Portland cement
concrete!),

For permanent roads, a roadway section consists of a complete pavement system,
including its associated base course, subbase course, subgrade, and required drainage
system components. A pavement system consists of one or more layers of flexible

asphalts together with their associated seal, tack and prime coats!'> %),
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Referring to figure 2.1, the following general terminology is typically used in the
pavement and stabilization industries. The subgrade refers to the insitu soils on which
the stresses from the overlying roadway will be distributed. The subbase or subbase
course and the base or base course materials are stress distributing layer components

of a pavement structure. The subbase and base materials must be able to provide

drainage in the pavement structure!'> 3,
Binder Surface i '/Seal coat
cour .
course se\ 1 [Txk coat/ Prime
— : 4 yams
Base |course
t
Subbase course
L Compacted subgrade 3
D S N N G . S — —— w— —ﬂ ———————————— —

Natural subgrade

Figure 2.1 Pavement Structure Terminology!*®!

2.3 Soil stabilization

Construction of long lasting, economical flexible pavement structures requires
subgrade materials with good engineering properties. Desirable properties that the
subgrade should possess to maximize the service life of the roadway section and to
minimize the required thickness of the flexible pavement structure include strength,
drainage, ease and permanency of compaction, and permanency of strength® **, In
many locations, the insitu soils are high plasticity clays or other types of fine-grained
soils, which are not satisfactory materials for use as subgrade in a pavement structure.
These subgrade soils exhibit poor strength, shrink/swell, freeze/thaw, and load
deformation properties and must be replaced or stabilized in some manner. Bases and
subbases needs to be stabilized at times, especially when they do not meet the
desired physical, mechanical and structural specification for an intended pavement
design">*. Soil stabilization techniques include physical, mechanical and chemical
(physicochemical).
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2.3.1 Physical

Compaction-compaction has the following effect on the soil, increases density,
increases strength and reduces permeability. Compaction is aided by the addition of
water.

Altering size distribution- as in concrete, having particles of varying sizes will improve
packing density and reduce the risk of segregation.
Drying-performance of soil can be greatly improved by drying in the sun or oven.

2.3.2 Mechanical

Mechanical stabilization normally refers to the use of geosynthetics and addition
of inert materials such as surge stone to increase the effective bearing capacity of soft
subgrade soils while reinforcing the overlying subbase or base course. Geosynthetics
used in pavement systems include woven and nonwoven geotextiles, geogrids, and
Geogrid-Geotextile composites. Work performed to examine the use of geosynthetics
as reinforcement in unpaved roads began in the mid-1970s. Geotextiles were examined
first, since geogrids were not readily available until the mid-1980s*,

Mechanical stabilization does not affect the other engineering properties of the
subgrade soils. Base course reinforcement is applicable to subgrades with a CBR
(Cali ornia Bearing Ratio) greater than or equal to 3. Potential benefits of base course
reinforcement include: reduced surface rutting due to lateral movement of the base
course aggregate; increased performance periods; decreased life-cycle costs; reduced

maintenance; and a reduced base course thickness!'”.

233 Chemical (physicochemical)

Combinations of chemical and/or physical reactions. Materials known as stabilizers
or additives are normally added to the soil. Additives refer to manufactured commercial
products that, when added to the soil in proper quantities and thoroughly mixed, will
improve the quality of the soil layer. Examples of admixtures include Portland cement,
lime, fly ash, bitumen, and any combination of the cement, lime, and fly ash materials.
The two most commonly used chemical stabilization methods are cement and lime
stabilization. Chemical stabilization of soils can increase their strength and bearing
capacity, and improve their shrink/swell and freeze/thaw characteristics!*'.

Because of the significant improvement in soil properties, cementitious stabilized

soil has been used as base underlying asphalt or concrete pavement surfaces on an
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even-increasing scale during the last fifty years. Other benefits of cementitious
stabilization include possibly using borderline base materials and avoiding the

generally more expensive process of transporting large quantities of granular fill*?],

2.3.4 Materials

1) Soil materials

Almost all types of soils can be stabilized. Some exceptions include organic soils,
highly plastic clays, and poorly reacting sandy soils. Typically, soils containing
between 5% and 35% passing a No. 200 sieve produce the most economical stabilized
soil. Types of soil used include silty sand, processed crushed or uncrushed sand and
gravel, and crushed stone.

Soils containing more than two percent organic material are usually considered
unacceptable for cement treatment. Fine-grained soils generally require more cement or
supplementary cementing materials (SCM) for satisfactory hardening and, in the case
of clays, are usually more difficult to pulverize for proper mixing!*®.

2) Cementitious materials

For most applications, Type I or Type II Portland cement is normally used. Cement
requirements vary depending on desired properties and type of soils. Cement contents
may range from as low as 4% to a high of 16% by dry weight of soil. Generally, as the
clayey portion of the soil increases, the quantity of cement required also increases. The
strength of concrete is directly influenced by the quantity of cement and the water
cement ratio®”). Increasing the quantity of cement and lowering the water cement ratio
generally helps produce a denser and more durable mixture with higher early strength,
but it may also contribute to a higher potential for uncontrolled cracking. Mixtures with
higher quantities of portland cement require more mixing water and consequently
shrink more. Even if the water to cementitious materials ratio is minimized, the actual
volume of water increases with higher cementitious material content!*",

Conversely, mixtures containing certain fly ashes or ground-granulated blast
furnace slag (GGBFS) may experience a retarded early-age strength development,
particularly in cooler weather. Depending upon the ambient air, subbase, and concrete
temperature, this could delay the concrete set time. This could result in severe strength
differences when there is a sudden temperature drop and the subbase remains warm.

This may not only delay the time until sawing begins but it increases the risk of
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uncontrolled cracking in cooler weather because of strength and shrinkage gradients in
the pavement[43]. Fly ash with high calcium oxide content or that is mixed with lime
has also been used for soil stabilization!*,

3) Water

Water is necessary in a stabilized soil to help obtain maximum compaction and for
the hydration of Portland cement or SCM’s. Moisture contents of soil with cement or
SCM'’s treated are usually in the range of 10% to 20% by weight of dry soil/stabilizer

mixturel”),

2.4 Cement stabilization

24.1 Cement- soil stabilization

The use of cement for soil stabilization is over 65 years old. The methods and
materials are proven and well established. Portland cement stabilization is commonly
referred to as soil cement. Soil cement is a mixture of Portland cement, water and soil
compacted to a high density. When cured, the soil cement mixture becomes a hard,
rigid base material. A flexible or rigid pavement surface is placed on top of the soil
cement to complete the pavement structure!'> #5461,

Portland cement is one of the oldest materials used for stabilization. Soil czment
is used as a base course, a subbase course and a subgrade treatment for flexible and
rigid pavements. Other uses include slope protection for dams and embankments,
liners for channels and reservoirs, and mass soil cement placements for dikes and
foundation stabilization. Almost all types of soils can be used for cement stabilization
except highly organic soils and heavy clay soils. Granular soils with high sand or silt
content can be stabilized very well. Stabilized soils must be compacted, cured and
protected (as with concrete) after compaction“s].

The four fundamental control factors for the design and construction of soil cement
are moisture content, curing procedure and duration, compaction, and cement content.
These factors are determined before construction by laboratory testing of
representative soil samples using ASTM, AASHTO or any appropriate standard testing
procedure. Other test methods developed for local climatic and soil conditions have
proven satisfactory in some cases!*’),

Soil cement construction follows a prescribed procedure. The objective of the

construction procedure is to mix pulverized soil with the correct amount of Portland
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cement and enough water to permit maximum compaction. The construction
procedure entails spreading the prescribed amount of Portland cement, mixing of the
soil and cement with sufficient water to bring the soil cement mixture to the optimum
moisture content, compacting of the soil cement, finishing the soil cement mixture to
grade and curing!"*],

The objectives of cement stabilization is firstly to improve the engineering
characteristics of the subgrade soils, including reduction of the PI of the soil, strength
increase, reducing volume change -characteristics (shrink/swell), and reducing
permeabilities. This is attained primarily through hydration of the cement added to the
soil. In addition to the cementing reaction, the surface chemistry of any clay particles
is improved by the cation exchange phenomenon. Cement stabilization is generally
considered to be too expensive for workability improvement alone. The second
objective is to increase the strength of the soil cement mixture over the long term. This
objective is attained through continued hydration of the cement with time. A minor
strength increase may be attributed to any pozzolanic materials used in the soil cement
mixturel!49),

2.4.2 Mechanism of Cement Stabilization

The improvement of the enginecring properties of soil cement is often attributed
solely to the hydration of the Portland cement added to the soil material to be
stabilized. This concept assumes that the soil is inert, similar to an aggregate in
Portland cement concrete. In reality, the soil is not inert and certain physico-chemical
reactions take place between the cement, water, and soil ['> 3% 3" 52 331 The four
mechanisms contributing to the cement stabilization of soil materials are summarized
in Table 2.11".
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Table 2.1  Mechanisms Contributing To Cement Stabilization of Soil Materials

Mechanism

Strong linkages develop between the soil particles.

Continuous skeleton of hard, strong material forms and
. encloses a matrix of unaltered soil, strengthening the .
Hydration of Cement | (reated material and filling some of the voids. Highest

Permeability and shrink/swell tendencies reduced,
Resistance to changes in moisture content increased.

Cation exchange alters electric charge, reducing
Cation Exchange plasticity and resulting in flocculation and aggregation High
of soil particles.

. Lime generated during hydration of cement reacts .
Carbonation with carbon dioxide in air to form cementing agents. Minor

. ) Free lime liberated during hydration and from silica or .
Pozzolanic Reactions | alumina from clay particles react in the presence of Minor
moisture to form cementing agents.

2.5 Flyash stabilization

Fly ash is a pozzolan, which in the presence of lime [CaO or Ca(OH),]; fly ash
hardens when in contact with water.

Fly ash has been successfully used with granular and fine-grained materials to
improve soil characteristics, providing adequate support for pavements and improving
working conditions where undesirable soils are encountered!'™ *4. Stabilization of soils
with fly ash alone has been limited in the U.S, China and other industrialized nations
in the world. Fly ash and other ash, such as bottom ash and boiler slag, have been
widely used in applications with cement, lime, and/or bituminous materials. Fly ash
bound mixtures (FABM) are mixtures of fly ash and other constituents that have a
water content compatible with compaction by rolling and a performance that relies on
the pozzolanic properties of the fly ash.

The quality and reactivity of fly ashes varies with source. In the U.S fly ashes from
bituminous coals found in the Appalachian region do not behave as true pozzolans,

with little or no cementing property except when a source of lime is added. Fly ashes
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produced from burning coal from the mid-continent have natural setting properties
because of the lime naturally available in these ashes. Fly ashes produced from the
subbituminous and lignite coals from the northern and western plains states have high
natural lime content and may be highly cementitious, even without any addition of
lime!!s: 551

The factors that most readily influence the quality and reactivity of fly ashes are
the source of coal, the degree of pulverization of the coal, the efficiency of the burning
operation, and the collection and storage methods of the ash. ASTM classifies fly
ashes as either Class C or Class F (ASTM Designation C 618). The basic difference is
the percent lime in the ash!'”),

A successful lime or lime-cement-fly ash (LCF) base or subbase is reflected in the
magnitude of deflections in the final product, the unconfined compressive strength,
shear strength, and bearing strength. Durability is often measured in terms of weight
loss, strength reduction, absorption, or softening. Construction procedures are similar
to those discussed for cement stabilization. Cement-fly ash uses are the same as those
discussed for cement stabilization!'® %% 5758,

2.6 Factors influencing the strength, mechanical and structural

properties of cement-flyash mixes

The properties of stabilized soil are influenced by several factors, including the
type and proportion of soil, the type and proportion of cementitious materials, water
content, compaction, uniformity of mixing, curing conditions, and age of the
compacted mixture. Because of these factors, a wide range of values for specific
properties may exist. Important properties include density, compressive strength,
stiffness, durability, permeability, and volume stability!?°},

2.7 Effect of Soil Parameters on the Performance of the Pavement
Structure

Several aspects of basic soil mechanics influence the performance of the subgrade
and therefore the entire pavement structure. These are summarized in Table 2.2 for a
conventional flexible pavement structure. These parameters impact soil stabilization of

pavement layers!'> 9,
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Table 2.2 Soil Parameters Affecting the Performance of a Flexible Pavement

Structure
Parameter Discussion
Compaction increases density with a consequent lower in-
Compaction service moisture content, even in the event of subsequent
saturation.
Strength, Soaked CBR vs. moisture content curve will have a shape
Moisture-Density, similar to moisture-density curve. A higher density results in a
and CBR higher CBR, which is a measure of strength.
Subgrade soils with a high PI have a high potential for volume
change. An increase in moisture results in swelling and
. consequent heaving of the pavement structure. A loss of moisture
Shrink/Swell can result in shrinkage. Shrinkage cracking of the subgrade can
result in reflection cracking in flexible pavements and can create a
pathway for moisture to enter into the subgrade.
Improper drainage can allow an increase in moisture content.
Drainage Results are loss of subgrade strength, heaving of subgrade soils,

and more severe frost action.

Frost Action

Includes frost heave and loss of subgrade support during frost melt.

Seasonal Wetting
and Softening

Seasonal wetting leads to softening of the subgrade and loss of
subgrade support and consequent rutting and other pavement
distress. Freezing temperatures can worsen this problem.

Contamination
of Aggregate

Improper gradation differences between base course and subgrade
can result in migration of fines and contamination of base course
material with subgrade material. This impedes drainage, reduces
the strength of the base course and the subgrade, and results in
rutting and other pavement distress.

2.8 Engineering Properties and Characteristics of Soil-Cement Mixtures:

Laboratory Results

During construction, soil cement is compacted to a high density. As the cement

hydrates, the soil cement mixture hardens in this dense state and becomes a slab-like

structural material. Soil cement can bridge over small, local weak subgrade areas and

does not consolidate under traffic. If the appropriate freeze-thaw and wet-dry soil

cement design criteria have been satisfied, the soil cement will not rut or shove during

spring thaws and will be minimally affected by water or, freezing and thawing

[15]

Since soil cement is a structural material, it possess engineering properties and

characteristics such as maximum dry density, optimum moisture content, shrink/swell,
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unconfined compressive strength, CBR, and freeze-thaw resistance. The magnitude of
these properties and characteristics is dependent on several primary factors like the
ones mentioned earlier. Because of these factors, a wide range of values for specific

engineering properties and characteristics may exist.

2.8.1 Density and compaction

Density of treated soil is usually measured in terms of dry density. Adding
cementitious materials to a soil generally causes some change in both optimum
moisture content and maximum dry density for a given compaction effort. However,
the direction of this change is not usually predictable!®®). The flocculating action of the
cementitious materials tends to produce an increase in optimum moisture content and
decrease in maximum density. However, for cement, its high specific gravity relative to
the soil tends to produce a higher density. In general, for given cementitious material
content the higher the density, the higher the compressive strength of the stabilized soil

mixtures?%,

2.8.2 Compressive strength and stiffness

Unconfined compressive strength is the most widely referenced engineering
property of soil cement. Unconfined compressin ¢ strength is typically measured using
ASTM D 1633!"* % The unconfined compressive strength is an indicator of the
degree of reaction of the soil-cement (cementitious materials) - water mixture and of
the rate of hardening. The unconfined compressive strength serves as a criterion for
determining the minimum cement content requirements for proportioning soil cement
(cementitious) mixtures. Factors which can affect the unconfined compressive
strength of soil-cement mixtures include moisture density, cement content, soil type
and gradation, curing conditions and duration, compaction and compactive effort,
length of mixing, degree of pulverization, cement(cementitious) type, repeated loads,
and shrinkage!").

Typical ranges of 7 day and 28 day unconfined compressive strengths for soaked
soil-cement mixture specimens are presented in Table 2.3. Soaking specimens prior to
testing is recommended since most soil cement mixtures may become permanently or
intermittently saturated during the service life of the soil cement, and since soil cement
mixtures exhibit a lower unconfined compressive strengths under saturated conditions.

The data in Table 2.3 are grouped under broad textural soil groups; these textural
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groups include the range of soil types normally used in soil cement construction. The
ranges of values presented in Table 2.3 are representative of the majority of soils

normally used in soil-cement construction!'.

Table 2. 3 Ranges of Unconfined Compressive Strengths of Soil-Cement

(After ACI 230.1R-90)
Soil Type 7-Day Soaked Compressive| 28-Day Soaked Compressive
Strength, psi Strength, psi
Sandy and gravelly soils 300-600 400-1000
Silty soils 250-500 300-900
Clayey soils 200-400 250-600

The strength development of soil stabilized with most SCM’s also follows a
similar pattern as that with cement. The strength increases rapidly at first, generally
during the first 7 days of curing. Depending on the type of soil, the 28 day unconfined

compressive strength can reach up to 700 psi.
2.9 Mix Proportioning and Construction

The principal structural requirements of a hardened soil-stabilizer mixture are
based on adequate strength and du_rability'zo].

2.9.1 Proportioning

Various criteria are used by different organizations to determine acceptable mix
proportions. The durability and strength requirements developed by USACE for
Portland cement stabilization are given in Tables 2.4 and 2.5, respectively'®®).

In many cement stabilized soil applications, both strength and durability
requirements must be met to achieve satisfactory service life. It is common practice,

however, to use compressive strength to determine the minimum cement content!?%.
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Table 2. 4 USACE durability requirements

Maximum allowable weight loss after

Type of soil stabilized 12 wet-dry of freeze-thaw cycles,
percent of initial specimen weight

Granular PI <10 11

Granular PI1>10

Silt

Clays 6

Table 2. 5 USACE minimum unconfined compressive strength criteria

Minimum unconfined compressive

Stabilized soil layer strength at 7 days, psi

Flexible pavement | Rigid pavement

Base course 750 500

Subbase course, select material or
250 200

subgrade

2.10 Remarks

Pavement layers of roads (especially subgrades) often need to be reinforced or
stabilized, inorder to improve their engineering properties and to meet the required
design criteria and specifications.

Pavement layers can be stabilized physically (compaction), mechanically
(geosynthetics and other related products) and chemically (addition of stabilizers or
additives like cement to the soil).

Almost all types of soils can be stabilized, except organic soils, high plastic
clays and poorly reacting sandy soils.

Cement stabilization is the most common form of pavement stabilization,
because when compared to other forms of chemical stabilization, it has considerable
strength. However cement stabilization has its shortcomings, so it is often necessary to
add other kinds of cementitious materials (supplementary cementitious materials,
SCM’s) to make up for these shortcomings. Many SCM’s have being discovered and
used, with flyash being the most recent. Cement-flyash stabilization of soils occurs
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mainly through four processes, hydration of cement, cation exchange, carbonation and
pozzolanic reactions (mainly due to the added flyash). The properties of stabilized soil
are influenced by several factors, including the type and proportion of soil, the type and
proportion of cementitious materials, water content, compaction, uniformity of mixing,
curing conditions, and age of the compacted mixture. Because of these factors, a wide
range of values for specific properties may exist. Important properties include density,
compressive strength, stiffness, durability, permeability, and volume stability.
Cement and flyash added in right proportions to pavement layers and cured

properly give excellent results.
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Chapter 3 Experimental Program and Laboratory Testing

3.1 Experimental program

Based on the research objectives and scope as well as information from the literature
review, an experimental program was organized into the following components:
experimental studies of a cohesionless-frictionless soil stabilized using different kinds
and proportions of cementitious materials in order to develop cost effective methods to
reinforce or stabilize the soil; and a general experimental investigation of factors
influencing the mechanical properties of the soil reinforced with these cementitious
materials.

3.2 Laboratory Soil Testing

Lots of tests are available concerning the materials characterization of stabilized
soils. Among them soil classification, density and compaction and compressive
strength are the basic and most important. These identify or relate to other engineering
properties such as stiffness, durability etc., and lead to routinz laboratory soil testing
procedures for stabilized soils®® %), The present research wcik was focused on these
three basic tests.

Experiments comprising soil classification, compaction as well as unconfined
compressive strength testing were conducted according to TB 10102-2004, GB/T
50123-1999, GB 10102-2004 (specifications of railway and road construction in china),

respectively.

3.2.1 Soil Classification

Soil classification categorizes soils according to their probable engineering
behavior. By knowing the soil classification, a fairly good idea is obtained of the way
the soil will behave during construction and service. According to TB 10102-2004 or
GB/T 50123-1999 (specifications of railway and road construction in china), laboratory
tests for soil classification comprise grain size analysis and Atterberg limit tests. The
particle-size distribution involves two tests, which determine the percentages of
individual particle sizes present in a soil. These two methods are sieve analysis for

particle sizes larger than 0.075 mm in diameter, and hydrometer analysis for particle
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sizes smaller than 0.075 mm in diameter. If significant (quantities of both coarse- and
fine- grained particles are present in the given soil, the results of both tests may have to
be combined to give the particle-size distribution. The results of a particle-size analysis
are presented to make a plot of the sieve or particle size versus the percentage passing
the given sieve. The results of this test are of most value when used for soil
classification purposes. It is often found that the larger the particle size, the better will
be the engineering properties of the soil for pavement construction'®”.

By consistency is meant the property of a soil which is manifested by its resistance
to flow. As such it is a reflection of the cohesive resistance properties of the soil rather
than of the intergranular ones. These properties are considerably affected by the
moisture content of the soil. The behavior of soil can be divided into four basic states:
solid, semisolid, plastic, and liquid. The moisture contents defining the transition from
one state to another are defined by three limit values. Among them, two of these limits,
the liquid limit (LL) and the plastic limit (PL) are used in the engineering classification
systems'®’),

The liquid limit of a soil is the moisture content, expressed as a percentage by mass
of the oven-dry soil, at the boundary between the liquid and solid states. This boundary
was arbitrarily defined by Atterberg (1911) cs being the moisture content which caused
the soil to begin to flow when lightly jarred against the heel of the hand. The plastic
limit of a soil may be defined as the moisture content of the soil at the boundary
between the plastic and semi-solid states. This boundary was also defined by Atterberg
(1911) as the moisture content at which a sarhple soil begins to crumble when rolled
into a thread under the palm of the hand. A value usually used in conjunction with the
liquid and plastic limits is the plasticity index. The plasticity index (PI) of a soil is the

29 The most common

arithmetic difference between the liquid and plastic limits
application of the Atterberg limits test results is for the purpose of soil classification.
Both the liquid limit and the plasticity index can be used to a certain extent as a
quality-measuring device for pavement materials, in order to exclude soil materials

with too many fine-grained particles that have cohesive plastic qualities®®,

3.2.2 Density and Compaction

Density is an elementary soil property which characterizes the state of a soil. Soil

density can be altered by compaction to control and improve other engineering
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properties such as compressibility and strength®. The denser the soil, the higher it’s
strength. Wherever soil is used for pavement construction purposes, it is placed in a
loose state and then compacted by rolling or vibrating until the desired degree of
compaction is achieved.

Field moisture-density tests provide a means by which compaction of the soil is
controlled on site. The moisture-density test is designed specifically to aid in the field
compaction of soil. The assumption is that the stability of a given soil increases with
increasing dry density. It is therefore common practice to specify the compaction
required for a soil or soil-aggregate mixture as a percentage of that achieved in the
laboratory when compacted at the moisture content which produced the maximum
density for the applied effort. The most important factor to be noted about this test is
that the presence of a certain amount of water is needed in order to achieve the desired
dry densities. Water facilitates the compaction process. However, as the moisture
content is increased, a point is reached at which only a small amount of air remains
trapped in the soil; this is the point at which maximum density is achieved. Any
increase in moisture content above this level simply results in soil being replaced by
water, with a consequent reduction in dry density. Thus the laboratory test not only
defines the maximum dry density but also suggests how much water should be used
during tue compaction if this density is to be achieved. However, the laboratory
compaction method does not generally duplicate field compaction processeslzo].

The compaction test was used to determine proper moisture content and density to
wkich the soil mixture is compacted. The soil is mixed with varying amounts of water
and then compacted in molds with volume of 2650.7 cm®. For each test, the moisture
content is determined and the dry density calculated. The relationship between dry
density and moisture content reveals the maximum dry density and optimum moisture

content.

3.2.3 Strength

Unconfined compressive strength is one of the most widely referenced properties of
stabilized soils. Because strength is directly related to density, this property is affected
in the same manner as density by degree of compaction and water content®”), For
strength testing, specimens are generally tested at their maximum dry density and
optimum moisture content.
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The unconfined compressive strength test may be classed as a shear strength test,
since it is essentially a triaxial test with zero lateral pressure. For soil stabilization work,
the test serves much the same purpose as for concrete work. Particular uses of the test
are to determine the suitability of the soil for stabilization with a given stabilizer, to
compare different mixes, to specify the stabilizer content to be used in construction,
and to provide a standard by which the quality of the field processing can be
assessed”™. The procedure used for preparation of unconfined compressive strength
test was similar to that used for the compaction tests. However, the specimens for
strength testing were compacted at their corresponding maximum dry density and

optimum moisture content values.
3.3 Specimen Preparation and Laboratory testing

A cohesionless-frictional soil obtained from an empiy plot of land adjacent to the
east gate of the railway campus of Central South University, 32.5MPa ordinary
Portland cement and Class F flyash (obtained from Hunan Electric Power Development

Co. Ltd) was used for the cement-flyash-gravel (CFG) mixes.

3.3.1 Specimen preparation

All gravel particles with sizes greater than 20mm where removed before soil
classification tests and specimen preparation. Specimens where thoroughly mixed by
hand and compacted at their respective maximum dry densities and optimum moisture
contents before curing. 2650.7cm® molds were used for compaction and to prepare
specimens. The gravel was mixed with different proportions of cement and flyash.
Cementitious materials were between 5% and 20%. Compositions of the test specimens

are as listed in Table 3.1.
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Table 3.1  Specimen preparation matrix

COMPOSITION
(WEIGHT %)
Cement | Flyash | Gravel
Mix 1 5 0 95
Mix 2 0 5 95
Mix 3 10 0 90
Mix 4 0 10 90
Mix 5 5 5 90
Mix 6 15 0 85
Mix 7 0 15 85
Mix 8 10 5 85
Mix 9 5 10 85
Mix 10 |20 0 80
Mix 11 |0 20 80
Mix 12 |10 10 80
Mix 13 |15 5 80
Mix14 |5 15 80

About 6kg of CFG mix was needed to fill the compaction mold, so the weight of
cement, flyash and gravel needed for each mix was obtained by using their respective
percentages in the different mixes and multiplying by 6kg to get their respective
weights. Example, for mix 1, 5% cement by weight of total mix means 5% of 6kg that
is 0.3kg of cement.

The Zhejiang Luda JZ-2D Heavy Electronic compactor was used for compaction.

3.3.2 Curing

Specimens where cured at 20°c and 100% humidity, room temperature and
humidity, 60°c and 100% humidity for 7days and 28days respectively. That is each
design mix was cured at 20°c and 100%H for 7days and 28days, also at room
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temperature and humidity for 7days and 28days, and also at 60°c and 100%H for 7days
and 28days. This translates to six different curing conditions.

3.3.3 Unconfined Compressive Strength (UCS) Test

After curing under the different curing conditions and durations, each specimen
was tested for its UCS using the Lu Da TYA-2000 Hydraulic Pressure Machine.
Specimens were not soaked prior to testing as has been done in previous researches.

3.4 Remarks

Three tests, soil classification, density and compaction and unconfined
compressive strength tests where done. All three tests where done according to TB
10102-2004, GB/T 50123-1999, GB 10102-2004 (specifications of railway and road
construction in china), respectively.

A cohesionless-frictional soil, 32.5MPa ordinary Portland cement and Class F
flyash (got from Hunan Electric Power Development Co. Ltd) was used for the
cement-flyash-gravel (CFG) mixes. The gravel was mixed with different proportions of
cement and flyash. Cementitious materials were betwcen 5% and 20%, fourteen
different mixes were used. Specimens where compact=d and cured under different
curing conditions and durations. UCS tests were then performed after the specified

curing conditions and durations and the results recorded for subsequent analysis.
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Chapter 4 Results and Discussions

4.1 Results

The colour of the soil was in between light and dark brown (not light, not dark). It
was dense and homogeneous and a well graded sandy gravel. The fines were mostly
silt size (non-cohesive and non-plastic). 88.6% of the soil was made up of coarse
material. 65.1% gravel, 23.5% sand, 10.8% silt and 0.6% clay. According to AASHTO
specifications, the soil can be classified as A-1-a. The maximum dry density and
optimum moisture content of the natural gravel is 2.4g/cm® and 7.4% respectively.
Unconfined compressive strength of the natural specimen was 55psi.

Table 4. 1 Unconfined compressive strength in psi (same curing conditions together)
7dys,20c&100%H 28dys,20c&100%H 7dys,RT&H 28dys,RT&H  7dys,60c &100%H 28dys,60¢c &100%H

1-0-19 184 393 23 449 257 482
0-1-19 95 101 98 130 188 222
2-0-18 47 425 412 628 517 758
0-2-18 8 X} 83 111 165 218
1-1-18 170 19 187 207 404 553
3017 435 698 553 849 676 1006
0-3-17 n 75 73 80 97 152
2117 181 479 282 499 478 614
1-2-17 102 167 116 212 144 29
4-0-16 473 936 675 963 984 1097
0-4-16 74 84 79 88 155 158
2-2-16 179 327 38 460 505 582
3-1-16 326 517 496 678 633 788
1-3-16 108 178 128 250 206 381
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Graph 1:All(T&28)

| @ 7ays.20c8100%H |
B 28dys, 2008 100%H
O7dys.RTEH
028dys,RTAH
W 7elys 60 A100%H
1 28dys,60c 2100%H

1-0-19 0-1-19 2-0-18 0-2-18 1-1-18 3017 0-317 2-1-17 1-2-17 4-0-16 0-4-16 2-2-16 3-1-16 1-3-16
Design Mix

Figure 4.1 Unconfined compressive strength in psi (same curing conditions together)

Table 4. 2 Unconfined compressive strength in psi (same curing durations together)
7dys,20c8100%H 7dys,RT&H 7dys,60c &100%H 28dys,20c8100%H 28dys,RT&H 28dys,60c &100%H

1-0-19 184 23 257 393 449 482
0-1-19 95 98 188 101 130 222
2-0-18 347 412 517 425 628 758
0-2-18 78 83 165 93 11 215
1-1-18 170 187 404 191 297 553
3017 435 5563 676 698 849 1006
0-3-17 7 73 9 75 80 152
24117 181 282 478 479 499 614
1-2-17 102 116 144 167 212 296
4-0-16 473 675 984 936 963 1087
0-4-16 74 79 158 84 88 158
2-2-16 179 318 506 327 460 582
3-1-16 326 496 633 517 678 788
1-3-16 108 128 206 178 250 381
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Graph 2:All(777,282828)
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@ 70ys,20c8100%H
B 7dys RT&H
0 7dys,60c &100%H
O28dys 2068100%H
®28dys RT&H
828dys 60¢ &100%H

Unconfined Compressive Strength(psi)

Figure 4. 2 Unconfined compressive strength in psi (same curing durations together)

Room temperature was between 30°c and 40°c, therefore greater than 20°c, so the
strengths where greater than those cured at 20°¢c. Also the humidity was between 50%
and 80%.

4.2 Discussion of Results

4.2.1 Theoretical analysis of Data- Cross classification technique

In cross classification. two variables that are thought to be strongly associated with
unconfined compressive strength are selected. for example, design mix or curing
conditions or durations. That is design mix/curing conditions. design mix/ curing
durations. curing conditions/curing durations etc.

On the basis of the selected variables, groups are defined such that the samples

belonging to a particular group would have relatively similar strength characteristics.
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Same curing conditions but different curing durations

Horizontal differences in strength
(7dys & 28dys) 20°c &100% H, (7dys &28dys) RT & H, (7dys & 28dys) 60°c &100%
H

» For 20°c & 100% H, specimen strengths increases as number of days increases
» For the same room temperature and humidity, specimen strengths increases as
number of days increases

» For 60°c & 100% H, specimen strengths increase as number of days increases.

Output 4.1 Cement only

Tdys,20c8100%H  28dys,20c8100%H Tdys,RTSH  28dys,RT8H Tdys,50¢ 8100%H 28dys,60c &100%H

1-0-19 184 393 231 449 257 482
20-18 7 425 412 628 517 7958
3017 435 698 563 849 676 1006
40-16 473 936 675 93 984 1097
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Unconfined Compressive Strength(psi)

Unconfined Compressive Strength(psi)
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When comparing the strengths of the samples at the three different curing
conditions at 7days and 28days, we see that for 1-0-19, 2-0-18, 3-0-17, 60°c & 100% H
has the highest strengths followed by RT & H, followed by 20°c & 100% H, that is
60°c &100% H> RT & H> 20°c &100% H. Also the differences in strength for same
mixes under the same curing conditions but different number of days,1-0-19, 2-0-18, 3-
0-17, 60°c & 100% H has the highest difference in strength followed by RT & H,
followed by 20°c & 100% H, that is 60°c &100% H> RT & H> 20°¢c &100% H. This
means that strength increased as temperature and humidity increases, increase is very
rapid at high temperatures and humidities. Also as the number of days increases for
cement only specimens, strength increases. Cement needs a lot of water and high
temperature to harden and gain strength; it needs this for the complete chemical
process of hydration and cation exchange. Therefore, the higher the temperature and
humidity together with an increase in number of days, the strength increases rapidly.
Thus, the strength growth and high differences in strength growth from 20°c &100% H
to RT & H to 60°c &100% H at the two different time periods.

For 1-0-19, 2-0-18, 3-0-17, 20°c & 100% H has the lowest strengths and
differences in strengths between 7days & 28days because temperatures where
relatively low and strength gain was slow for the first 7days and continues at that rate
up to 28dys. Because o1 the low temperature, strength gain was gradual and slow, it
only increased as number of days increases, so the differences in strength is not as
much as the ones at higher temperatures.

For 4-0-16, 60°c & 100% H we see that strengths at the two time periods where
very high (highest) but differences in strengths is the lowest and 20°c & 100% H has
the lowest strengths but the highest differences in strength. That is for differences in
strength 60°c & 100% H< RT & H < 20°¢ & 100% H. Strength increased from 7days
to 28days for 60°c & 100% H but not as much as for the previous mixes (differences in
strength for 7days and 28days increased as mix proportion increases). This is because
after awhile, adding more cement to the mix would not cause any significant strength
gain. This is due mainly to shrinkage cracking, as the amount of cement in the
specimen is increased, it starts to shrink and then crack. Shrinkage cracking increases
as the amount of cement increases and is more pronounced at high temperatures, as
temperature increases the reaction process. So, more cement at high temperature

implies more shrinkage cracking which implies less strength (as these cracks are planes
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of weakness in the samples). Thus, even though for 60°c & 100% H strength of
specimen 4-0-16 increased as number of days increased, it did not increase as it should
because of shrinkage cracking which is due to the high cement content and high
temperature. Also for cement, strength gain at such high temperatures is rapid for the
first 7days and then continues at a slower rate up to 28days and beyond, so there is no
significant strength increase between 7days and 28days.

For 4-0-16, 20°c & 100% H has lowest strength but highest differences in strength.
This is because at this low temperature, strength gain is gradual (not rapid). Also even
though the cement content is high (implying more shrinkage) shrinkage was not
pronounced because of the relatively low temperature, the reaction process is slow and
not too pronounced. So specimens were able to develop more strength as number of
days increased, even at such high cement contents. More cement content implies more
shrinkage cracking which means less strength, but because temperature is relatively
low, less cracking occurred meaning more strength development as number of days .
increases. Strength increase for the first 7days is slow but as number of days increases
the rate of strength gain increased, even at such low temperatures.

Output 4. 2 Flyash Only

7dys,20c8100%H 28dys,20c&100%H 7dys,RT&H  28dys,RT&H  Tdys,60c &100%H 28dys,60¢ &100%H

0-1-19 9 101 98 130 188 22
0-2-18 78 9 8 11 165 215
0-3-17 n 75 3 80 97 152

04-16 14 84 It 8 155 158
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We see that for 0-1-19, 0-2-18, 0-3-17, 60°c & 100% H has the highest strengths
followed by RT & H, followed by 20c & 100% H, that is 60°c &100% H> RT & H>
20°c &100% H. Also the differences in strength for same mixes under the same curing
conditions but different number of days, 0-1-19, 0-2-18, 0-3-17, 60°c & 100% H has
the highest difference in strength followed by RT & H, followed by 20°c & 100% H,
that is 60°c &100% H> RT & H> 20°c &100% H. This means that strength increased
as temperature and humidity increases, increase is very rapid at high temperatures and
humidities. Also as the number of days increases for flyash only specimens, strength
increases. Flyash also needs a lot of water and high temperature to harden and gain
strength; it needs this for the complete chemical process of hydration and cation
exchange to occur. So the higher the temperature and humidity and as number of days
increases, strength increases rapidly. Thus, the strength growth and high differences in
strength growth from 20°c &100% H to RT & H to 60°c &100% H at the two different
time periods.

For 0-1-19, 0-2-18, 0-3-17, 20°c & 100% H has the lowest differences in strength
between 7days & 28days because temperature is low, strength gain was a little fast
within the first 7days and continues at a slower rate up to 28days and beyond.
Normally strength growth for flyash within the first 7days is normally low; it starts to
gain strength after 7days. But because of the low temperature the process was reversed.

For 0-4-16, 60°c & 100% H we see that strengths at two time periods where high
(highest) but differences in strengths is the lowest and 20°c & 100% H has the lowest
strengths but the highest differences in strength. That is for differences in strength 60°c
& 100% H<RT & H < 20° & 100% H. Strength increased from 7days to 28days for
60°c & 100% H but not as much as for the previous mixes (differences in strength for
7days and 28days increased as mix proportion increases). This is because after a while,
adding more flyash to the mix would not cause any significant strength gain. Flyash is
not a good stabilizer on its own as cement is. So even at 60°c & 100% H strength of
specimen 0-4-16 increased as number of days increased but not as much as compared
to cement, so as more flyash is added, it does not impact the strength properties of the
specimens positively. Also it did not increase as it should because for flyash strength
gain at such high temperatures is rapid for the first 7days and then continues at a
slower rate up to 28days and beyond, so there is no significant strength increase
between 7days and 28days.
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For 0-4-16, 20°c & 100% H has the lowest strengths but highest differences in
strength. This is because at this low temperature, strength gain is gradual (not rapid).
Also even though the flyash content is high (implying more strength difference
between 7days and 28days) strength gain was gradual as the temperature was relatively
low. The reaction process is slow but steady. So, specimens were able to develop more
strength as number of days increases even at such flyash contents. Strength increase for
the first 7days is fast even at such low temperatures, but as number of days increases
the rate of strength growth was much slower because of the relatively low temperature.
Normally flyash’s strength gain is a bit slow during the first 7days but gains
tremendous strength as the number of days increase after 7days (opposite of cement). It

did not increase much after the first 7days because of the low temperature.

Output 4.3 Cement > flyash

Tdys,20c8100%H 28dys,20&100%H 7dys,RT&H  28dys,RT&H Tdys,60c 8100%H 28dys,60c &100%H
2447 181 479 %82 49 418 614
3116 3% 57 4% 678 633 788
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For 2-1-17 and 3-1-16, 60°c & 100% H has the highest strengths followed by RT &
H, followed by 20°c & 100% H, that is 60°c &100% H> RT & H> 20°c &100% H.
Also the differences in strength for same mixes under the same curing conditions but
different number of days, 2-1-17 and 3-1-16 , 20°c & 100% H has the highest
difference in strength followed by RT & H, followed by 60°c & 100% H, that is 60°c
&100% H< RT & H< 20°c &100% H. This means that strength increase as
temperature and humidity increases, increase is very rapid at high temperatures and
humidities. Also as the number of days increases for more cement than flyash
specimens, strength increases. Also for more cement than flyash, specimen strength
gain at such high temperatures is rapid for the first 7days and then continues at a
slower rate up to 28days and beyond, so there is no significant strength increase
between 7days and 28days, thus the low difference in strength between the 7days and
28days strengths.

The 20°¢ & 100% H has lowest strength but highest differences in strength. This is
because at this low temperature, strength gain is gradual (not rapid). Specimens were
able to develop more strength as number of days increased. Strength increase for the .
first 7days is a bit slow but as number of days increases the rate of strength gain
increased, even at such low temperatures, hence the high difference in strength.

For 60°¢ & 100% H, strength gain was rapid for the first 7days (cement
characteristics) and then continued to increase gradually up to 28days, so the difference
was small. Whereas at low temperatures strength gain is small at first and continues to

increase as number of days increases, hence the high differences in strength.
Output 4. 4 Flyash > cement
Tdys,20c8100%H 28dys,20c8100%H 7dys,RT&H 28dys,RT&H  7dys,60c &100%H 268dys,60¢ &100%H

1247 102 167 116 AV 14 296
1-3-16 108 178 128 250 206 31
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For 1-2-17, 1-3-16, 60°c & 100% H has the highest strengths followed by RT & H,
followed by 20°c & 100% H, that is 60°c &100% H> RT & H> 20°c &100% H. Also
the differences in strength for same mixes under the same curing conditions but
different number of days, 1-2-17 and 1-3-16 , 60°c & 100% H has the highest
difference in strength followed by RT & H, followed by 20°c & 100% H. That is 60°c .
&100% H> RT & H> 20°c &100% H. This means that strength increase as
temperature and humidity increases. Strength is high and rate of increase fast at high
temperatures and humidities. Also as the number of days increases for more flyash than
cement specimens, strength increases. As temperature and humidity is increased,
difference in strength between 7days and 28days increases rapidly (high differences).
Strength gain for flyash is a bit slower than that for cement. For specimens with more
flyash, differences in strength at high temperatures are high.

For 20°c &100% H, they have lowest strengths and the lowest differences in
strength because of the low temperature. Strength increased from 7days to 28days but
not significantly. Meaning, high temperatures are needed for significant strength gain
for more flyash than cement specimens. Strength gain is gradual (not rapid) from Odays
to 7days to 28days. Specimen strengths increase more rapidly after the first 7days
(typical of flyash). Because flyash is more, and flyash gains strength at later time

periods, hence such differences in strength.

Output 4.5 Cement = flyash

7dys,20c8100%H 28dys,20c&100%H 7dys,RT&H 28dys,RT&H 7dys,60c &100%H 28dys,60c &100%H
1-1-18 170 191 187 297 404 553
2:2-18 179 37 318 460 505 582
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For 1-1-18, 60c & 100% H has the highest strengths followed by RT & H, followed
by 20°c & 100% H, that is 60°c &100% H> RT & H> 20°c &100% H. Also the
differences in strength for same mixes under the same curing conditions but different
number of days, 60°c & 100% H has the highest difference in strength followed by RT
& H, followed by 20°c & 100% H, that is 60°c &100% H> RT & H> 20°c &100% H.
This means that strength increase as temperature and humidity increases, increase is
very rapid at high temperatures and humidities. Also as the number of days increases
for the specimens, strength increases. As cement and flyash are in equal proportions in
this mix, both should determine strength gain and rate of strength gain to the same
extent, but because cement has better strength properties than flyash(cement is a better
stabilizer than flyash), these specimens will display characteristics of cement only or
more cement than flyash specimens at low cement contents.

For 20°c & 100% H, ‘strengths are low and difference in strength is also low
because of the low temperature. Strength gain is rapid within the first 7days and
continues to increase at a much slower rate afterwards (properties of cement).

For 2-2-16, 60°c & 100% H has the highest strengths followed by RT & H,
followed by 20°c & 100% H, that is 60°c &100% H> RT & H> 20°c &100% H. Also
the differences in strength for same mixes under the same curing conditions but
different number of days , 20°¢c & 100% H has the highest difference in strength
followed by RT & H, followed by 60°c & 100% H, that is 60°c &100% H<RT & H<
20°c &100% H (opposite of 1-1-18). Strength increases as temperature, humidity and
number of days increases, but not as much as compared to 1-1-18. The reaction process
is rapid and pronounced because of the amount of cement and high temperature, so
shrinkage cracking is more. Also at this high temperature strength growth is rapid (not
gradual). Strength increased from 7days to 28days but not much because of shrinkage
cracking. So the difference in strength for 60°c & 100% H is not too much even though
there is an increase from 7days to 28days. Because of the high temperature and mix
content, strength increased rapidly within the first 7days even though shrinkage
cracking occurred. Therefore strength increase from 7days to 28days was not so
pronounced after the 7" day, hence low difference in strength.

For 2-2-16, 20°c & 100% H strengths are low but difference in strength is high.
This is because at this low temperature, strength gain is gradual (not rapid). So,
specimens were able to develop more strength as number of days increases even at
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such cement and flyash contents. Shrinkage cracking hasn’t got much effect on
specimens as temperature is low (therefore the reaction process is slow and not
pronounced). Here shrinkage cracking does not affect strength gain much, even though
cement content is high. Strength increase for the first 7days is a bit slow, but as number

of days increases the rate of strength growth was much faster (flyash characteristics).

Same mixes, same number of days, but different curing conditions

Horizontal differences in strength
(20°c&100%H, RT&H, 60°c&100%H) 7dys, (20°c&100%H, RT&H, 60°c&100%H)
28dys.

Output 4.6 Cement only

Tdys,20c&100%H 7dys,RT&H 7dys,60c &100%H 28dys,20c8100%H 28dys,RT&H 28dys,60c &100%H

1-0-19 184 231 257 393 449 482
2:0-18 47 412 517 425 628 758
30-17 435 953 676 698 849 1006

4.0-16 473 675 984 936 963 1097
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Output 4. 7 Flyash Only

Tdys,20c8100%H 7dys,RT&H Tdys,60c &100%H 28dys,20c&100%H 28dys,RT&H 28dys,60c &100%H

0-1-19 95 98 188 101 130 2
0-2-18 78 83 165 93 111 215
0-3-17 7 73 97 75 80 152
0-4-16 74 79 155 84 88 158
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Output 4.9 Flyash > cement
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The subsequent discussions hold for all of the tables and graphs in this section.
That is “Same mixes, same number of days, but different curing conditions”.
» 7Tdays: as temperature and humidity is increased, strength increases. Specimen
strengths increased as the temperature increased from 20°¢ to 60°c.
» 28days: as temperature and humidity is increased, strength increases. Specimen
strengths increased as the temperature increased from 20°¢ to 60°c.

That is strengths at 60°c & 100% H> RT & H > 20°c & 100% H.

Vertical Relationships

From the results as a whole, we make the following deductions:
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1. Cement specimens are stronger than their corresponding flyash counterparts.
Cement has higher strength properties than flyash; cement is a better stabilizer than
flyash.

2. As more flyash is added, the lesser the strength of the flyash only specimens. But it
increases a little again at 20%. The opposite happens for the cement specimens
(strength increases as cement content increases). This means that flyash on its own
is not a good stabilizer.

3. The lowest strengths are with 15% flyash only specimen.

Specimens with 20% cement had the highest strength for all categories of curing
conditions.

5. For specimens with equal amounts of cement and flyash, strength increased as
cement and flyash is increased in equal amounts and proportions that is 1-1-18 to
2-2-16.

6. For specimens with more flyash than cement, strength increased as the proportion
of flyash is increased. The same happens for those with more cement than flyash.

7. When comparing 1-1-18, 2-2-16, 2-1-17, 3-1-16, 3-1-16 gave the highest strength
values for all categories of curing conditions and durations, that is 3-1-16> 2-1-17>
2-2-16> 1-1-18.
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Chapter S Linear Regression Analysis in SPSS

5.1 Background

Linear regression analysis is a statistical analysis technique that assesses the impact
of a predictor variable (the independent variable) on a criterion variable (a dependent
variable). Importantly, the independent variable must be continuous (interval-level or
ratio-level) or dichotomous. The dependent variable must be either continuous
(interval-level or ratio-level). Thesis’ often have research questions that are appropriate
to this technique!®" %> %], In this research, the research question is “what impact does
mix proportion and type, curing conditions and curing durations have on strength (UCS)
of CFG samples and to what extent? In this case mix proportion and type, curing
conditions and curing durations are the predictor variables (independent variables) and
strength (UCS) is the criterion variable (dependent variable).

Reasons why we want a Regression Model:

1) Descriptive - form the strength of the association between outcome and factors
of interest, that is dependent variables and independent variables.

2) Adjustment - for covariates/confounders

3) Predictors - to determine important risk factors affecting the outcome

4) Prediction - to quantify new cases!®* ),

5.1.1 Variables

Linear regression analysis estimates the coefficients of a linear equation, involving
one or more independent variables that best predict the value of the dependent variable.
The mean is the best predictor of a variable (let's call it "Y") in the absence of any other
information. With information about a related independent variable, prediction can be
improved.

The linear regression equation takes the formY =b,x, + c+e, where Y is the true
dependent, b is the regression coefficient for the corresponding x (independent) term,
where ¢ is the constant or intercept, and e is the error term reflected in the residuals.
Sometimes this is expressed more simply as y =bx, +c, where y is the estimated
dependent and c is the constant (which includes the error term).
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A regression line provides more precise predictions than simply predicting the
mean. For each observation “c” is the intercept (value of ¥ when X = 0), “b” is the
slope (change in Y per unit increase in X)l66.67

The regression coefficient, b, is the average amount the dependent increases when
the independent increases one unit and other independents are held constant. Put
another way, the b coefficient is the slope of the regression line: the larger the b, the
steeper the slope, the more the dependent changes for each unit change in the
independent. The b coefficient is the unstandardized simple regression coefficient for
the case of one independent!®® %,

OLS stands for ordinary least squares. This derives its name from the criterion used
to draw the best fit regression line:-a line such that the sum of the squared deviations of
the distances of all the points to the line is minimized!®®),

Predicted values, also called fitted values, are the values of each case based on
using the regression equation for all cases in the analysist®®,

Adjusted predicted values are the values of each case based on using the regression

equation for all cases in the analysis except the given case.
5.2 Linear Regression Analysis Assumptions

There are three primary assumptions associated with linear regression: outliers,
linearity, and constant variance. Linear regression analysis is very sensitive to outliers.
The easiest way to identify outliers is to standardize the scores by requesting SPSS for
the z-scores. Any score with a z-value outside of the absolute value of 3 is probably an
outlier and should be considered for deletion. The assumption of linearity and constant
variance can be assessed in SPSS by requesting a plot of the residuals (“z-resid” on the
y-axis) by the predicted values (on “z-pred” the x-axis). If the scatter plot is not u-
shaped, indicating non-linearity, or cone-shaped, indicating non-constant variance, the
assumptions are considered met!®" %71,

5.3 Regression Analysis Interpretation

The SPSS outputs are very important and need to be interpreted
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5.3.1 Correlations (Pearson correlation and sig 1-tailed)

The null hypothesis states that the correlation between dependent and independent
variables is equal to zero. The research hypothesis states that the correlation is different
from zero!’> 7>, The Pearson’s correlation between the dependent variable and the
independent variables is given as r. R square shows the % of the dependent variable
that can be explained by the independent variables. The correlation coefficient ("r")
gives two pieces of information: strength of relationship, measured by absolute value
and direction of the relationship, indicated by a positive sign or negative sign. For a
single independent variable, the Standardized Coefficient (Beta) is the Pearson’s

correlation value.

5.3.2 Model Summary—shows r and R?

From this table you can find how well the model fits the data. This table displays
R, R squared, adjusted R squared, and the standard error. R is the correlation between
the observed and predicted values of the dependent variable. The values of R range
from -1 to 1. The sign of R indicates the direction of the relationship (positive or
negative). The absolute value of R indicates the strength, with larger absolute values
indicating stronger relationships. R squared is the proportion of variation in the
dependent variable explained by the regression model. The values of R squared range
from 0 to 1. Small values indicate that the model does not fit the data well. The sample
R squared tends to optimistically estimate how well the models fit the population.
Adjusted R squared attempts to correct R squared to more closely reflect the goodness

of fit of the model in the population!™.

5.3.3 ANOVA (Analysis of Variance)

This table shows significance of r and R2 as an F statistic. The ANOVA table
shows the ‘usefulness’ of the linear regression model — we want the p-value to be
<0.05. The F statistic is the regression mean square (MSR) divided by the residual
mean square (MSE). If the significance value of the F statistic is small (smaller than
say 0.05) then the independent variables do a good job explaining the variation in the
dependent variable. If the significance value of F is larger than say 0.05 then the
independent variables do not explain the variation in the dependent variable, and the
null hypothesis that all the population values for the regression coefficients are 0 is
accepted!™).
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5.3.4 Coefficients

This shows the regression line. Under the B column is intercept and slope.
Beta column shows standardized slope (the correlation). The beta’s significance can be
found by examining the t-value and the associated significance level of the t-value for
that particular predictor’®'). The beta coefficient tells you how strongly the independent
variable is associated with the dependent variable. It is equal to the correlation
coefficient between the 2 variables!”). Significance of slope is indicated by t. Also the
smaller the standard error of estimate, the better the prediction model.

5.4 Significance testing

T-tests are used to assess the significance of individual b coefficients specifically
testing the null hypothesis that the regression coefficient is zero. A common rule of
thumb is to drop from the equation all variables not significant at the .05 level or
better's®l,

1) One vs. Two-tailed T tests.

T-tests in SPSS are two-tailed, which means they test the hypothesis that the b
coefficient is either significantly higher or lower than zero. If our model is such that we
can rule out one directior (example, negative coefficients) and thus should test only if
the b coefficient is more than zero, we want a one-tailed test. The one-tailed
significance level will be twice the two-tailed probability level: if SPSS reports 0.05,
for instance, then, the one-tailed equivalent significance level is 1%,

2) Ftest:

The F test is used to test the significance of R, which is the same as testing the
significance of R?, which is the same as testing the significance of the regression model
as a whole. If prob (F) < 0.05, then the model is considered significantly better than
would be expected by chance and we reject the null hypothesis of no linear relationship
of y to the independents. F is a function of R%, the number of independents, and the

number of cases!®],

5.5 Residual Statistics

The residue of each observation is given by the difference between the observed
value and the fitted value of the regression line!®). The predicted value is not perfect
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(unless r = % 1.0). Notice that it may be that none of the observed data points actually
fit exactly on the line. In other words, there is some error. We refer to the error

between each point and the predicted points the residuals.
residual = observed y - predicted y
=Y-y (5.1)

The sum of the residuals should always equal 0 (as should the mean). This is because
the least squares regression line splits the data in half, half of the error is above the line
and half is below the line.

5.6 Scatter Plots

Scatter plots, show how the dependent variable increase or decrease with respect
to the independent variables or vice versa. For linear regression analysis, the
relationship between 2 variables is normally linear in nature, the individual points tend
to group around a straight line. This line is defined by a y-intercept and a slope, which
are presented under the column B-coefficients in the coefficients table (produced as an
output Of the linear regression analysis)!"),
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5.7 SPSS Outputs and Analysis

Output 5.1 Days-ucs-20°

mix 7 days 28 days
1-0-19 184 393
20-18 347 425
3-0-17 435 698
40-16 473 936
0-1-19 95 101
0218 78 93
03-17 Tt 715
0-4-16 74 84
2-1-17 181 479
3-1-16 326 517
1-2-17 102 167
1-3-16 108 178
1-1-18 170 191
22-16 179 327

Descriptive Statistics

Std.
Mean L. N
Deviation
28
333.14 | 259.562 14
days

7 days | 201.64 | 137.464 14
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l

Master Thesis
Correlations
28 days | 7 days
Pearson 28
. 1.000 941
Correlation days
7 days | .941 1.000
Sig. (1-tailed 28
'g. (1-tailed) 000
days
7 days | .000
N 28
14 14
days
7 days 14 14
Model Summary®
R | Adjusted | Std. Error of the
Model R
Square | R Square Estimate
1 941(a); .88 | .876 91.269
a Predictors: (Constant), 7 days
b Dependent Variable: 28 days
ANOVA®
Sum of Mean
Model df F Sig.
Squares Square
1 Regression | 775880.266 1 775880.266 | 93.143 | .000(a)
Residual | 99959.449 12 8329.954
Total 875839.714| 13
a Predictors: (Constant), 7 days

b Dependent V

ariable: 28 days

Coefficientd
Unstandardized Standardized
Coefficients Coefficients 95% Confidence Interval for B
Model B Std. Error Beta 1 Sig. Lower Bound | Upper Bound
1 (Constant) -25.217 44 427 -.568 .581 -122.015 71.581
7 days 1.777 .184 .941 9.651 .000 1.376 2.178

a. Dependent Variable: 28 days
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Residuals Statistics®
Minimum | Maximum | Mean | Std. Deviation N
Predicted Value 333.1
100.96 815.40 4 244.301 14
Residual -166.471 182.544 .000 87.688 14
Std. Predicted
-.950 1.974 .000 1.000 14
Value
Std. Residual -1.824 2.000 .000 961 14
a Dependent Variable: 28 days
Scatterplot
Dependent Variable: 28 days
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9368= T e
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7 days

Output S. 2 Days-ucs-RT

mix | 7 days |28 days
1-0-19 231 449
2-0-18 412 628
3-0-17 553 849
4-0-16 675 963
0-1-19 98 130
0-2-18 83 111
0-3-17 73 80
0-4-16 79 88
2-1-17 282 499
3-1-16 496 678
1-2-17 116 212
1-3-16 128 250
1-1-18 187 297
2-2-16 318 460

Descriptive Statistics

Mean | Std. Deviation! N

28 days |406.71 | 289.247 14
7 days [266.50 | 198.022 14
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Correlations
28 days |7 days
Pearson 28 days
. 1.000 987
Correlation '
7 days }.987 1.000
Sig. (1-tailed) 28 days |. .000
7 days |.000 .
N 28 days |14 14
7 days |14 14
Model Summary®
Adjusted | Std. Error of
Model R R Square
R Square | the Estimate
1 .987(a) |.974 971 48.964
a Predictors: (Constant), 7 days
b Dependent Variable: 28 days
ANOVA"
Sum of Mean
Model df F Sig.
Squares Square
Regression | 1058856.621 | 1 | 1058856.621 | 441.647 | .000(a)
Residual 28770.236 12 | 2397.520
Total 1087626.857 | 13
a Predictors: (Constant), 7 days
b Dependent Variable: 28 days
Coefficients®
Unstandardized Standardized
Coefficients Coefficients 95% Confidence Interval for B
Model B Std. Error Beta t Sig. Lower Bound | Upper Bound
1 (Constant) | 22626 | 22479 1.007 334 ~26.351 71.602
7 days 1.441 .069 987 | 21.015 .000 1.292 1.591

a. Dependent Variable: 28 days
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Residuals Statistics”

Minimum l Maximum | Mean Std. Deviation N
Predicted Value 127.84 995.46 406.71 285.395 14
Residual -59.477 93.449 .000 47.044 14
Std. Predicted
-977 2.063 .000 1.000 14
Value
Std. Residual -1.215 1.909 .000 961 14

a Dependent Variable: 28 days

Scatterplot

Dependent Variable: 28 days
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¥ v 17T Tr 7T ¥ 1T 7O T L Ll T
73 79 83 98 116 128 187 231 282 318 412 496 553 675

7 days

Output 5.3 Days-ucs-60°c

mix | 7 days | 28 days
1-0-19 257 482
2-0-18 517 758
3-0-17 676 1006
4-0-16 984 1097
0-1-19 188 222
0-2-18 165 215
0-3-17 97 152
0-4-16 155 158
2-1-17 478 614
3-1-16 633 788
1-2-17 144 296
1-3-16 206 381
1-1-18 404 553
2-2-16 505 582

Descriptive Statistics
Mean | Std. Deviation | N
28 days [ 521.71 307.666 14

7 days | 386.36 259.490 14
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Correlations
28 days | 7 days
Pearson
. 28 days | 1.000 .964
Correlation
7 days .964 1.000
Sig. (1-tailed) 28 days . .000
7 days .000 .
N 28 days 14 14
7 days 14 14
Model Summary"

R Adjusted | Std. Error of
| Square | R Square | the Estimate

1 .964(a) | 929 923 85.174

a Predictors: (Constant), 7 days
b Dependent Variable: 28 days

Model

ANOVA®

Sum of Mean
Model df F Sig.
Squares Square

1 Regression | 1143503.075 | 1 | 1143503.075 | 157.623 | .000(a)
Residual 87055.783 12 | 7254.649

Total 1230558.857 | 13

a Predictors: (Constant), 7 days

b Dependent Variable: 28 days

Coefficientd
Unstandardized Standardized
Coefficients Coefficients D5% Confidence Interval for B
Model B Std. Error Beta t Sig. Lower Bound { Upper Bound
1 (Constant)] 80.128 41.896 1.913 .080 -11.157 171.412
7 days 1.143 .091 .964 12.555 .000 .945 1.341

2. Dependent Variable: 28 days
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Residuals Statistics"
Minimum | Maximum | Mean | Std. Deviation | N
Predicted Value 190.99 1204.79 521.71 296.584 14
Residual -107.790 153.239 .000 81.833 14
Std. Predicted
-1.115 2.303 .000 1.000 14
Value
Std. Residual -1.266 1.799 .000 961 14
a Dependent Variable: 28 days
Scatterpiot
Dependent Variable: 28 days
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7 days

In analysis 1,2 and 3
1) Mix trend is constant
2) Temperature is constant
3) Number of days increases from 7days to 28days
4) Number of days is plotted with respect to UCS
5) 7days UCS against 28days UCS, therefore no matter the orientation, results
will be the same, as it is UCS against UCS. Just that the plots or outputs will be

reversed or inverted.
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Output 5.4 temp-ucs-7days (20°c vs. RT)

mix 20°¢ RT
1-0-19 184 231
2-0-18 347 412
3-0-17 435 553
4-0-16 473 675
0-1-19 95 98
0-2-18 78 83
0-3-17 71 73
0-4-16 74 79
2-1-17 181 282
3-1-16 326 496
1-2-17 102 116
1-3-16 108 128
1-1-18 170 187
2-2-16 179 318

Descriptive Statistics

Mean | Std. Deviation | N

RT | 266.50 | ~ 198.022 14
20°c | 201.64 | . 137.464 14
Correlations

RT 20°c
Pearson RT 1.000 .980
Correlation 20°c | .980 1.000
Sig. (1-tailed)  RT . .000
20°c | .000 .
N RT 14 14
20°¢ 14 14
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Model Summary®
R Adjusted | Std. Error of
Model R
Square | R Square | the Estimate
1 .980(a) ' .961 958 40.746
a Predictors: (Constant), 20°c
b Dependent Variable: RT
ANOVA®
Sum of Mean
Model df F Sig.
Squares Square
1 Regression | 489840.681 | 1 |489840.681 | 295.043 | .000(a)
Residual 19922.819 | 12 | 1660.235
Total 509763.500 | 13
a Predictors: (Constant), 20°c
b Dependent Variable: RT
Coefficientd
"Jnstandardized Standardized
Coefficients Coefficients _| 95% Confidence Interval for B
Model B Std. Error Beta t Sig. Lower Bound | Upper Bound
1 (Constant) | -18240 | 19.834 -920 376 61455 24.974
20deg 1412 082 980 | 17.177 .000 1.233 1.591
3. Dependent Variable: RT
Residuals Statistics”
Minimum | Maximum | Mean | Std. Deviation | N
Predicted Value 266.5
82.02 649.68 0 194.114 14
Residual -59.759 83.474 .000 39.147 14
Std. Predicted
reaete® I _gso 1974 | .000 1.000 |14
Value
Std. Residual -1.467 2.049 .000 961 14

a Dependent Variable: RT
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Scatterplot
Dependent Variable: RT
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Output 5.5 temp-ucs-7days (20°c vs. 60°¢)

mix 20° 60°¢
1-0-19 184 257
2-0-18 347 517
3-0-17 435 676
4-0-16 473 984
0-1-19 95 188
0-2-18 78 165
0-3-17 71 97
0-4-16 74 155
2-1-17 181 478
3-1-16 326 633
1-2-17 102 144
1-3-16 108 206
1-1-18 170 404
2-2-16 179 505

Descriptive Statistics
Mean | Std. Deviation | N

60°c | 386.36 259.490 14
20° | 201.64 137.464 14

Correlations

60°c 20°¢
Pearson 60°c | 1.000 935

Correlation 20°c | .935 1.000

Sig. (1-tailed)  60°% | . .000
20°% | .000 .
N 60°c | 14 14

20°c 14 14
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Model Summary®
R Adjusted Std. Error of
Model R
Square | R Square the Estimate
1 .935(a) 874 .863 95.952
a Predictors: (Constant), 20°¢c
b Dependent Variable: 60°c
ANOVA'
Sum of Mean
Model df F Sig.
Squares Square
1 Regression | 764872.769 | 1 | 764872.769 | 83.078 | .000(a)
Residual | 110480.445| 12 | 9206.704
Total 875353.214| 13
a Predictors: (Constant), 20°¢c
b Dependent Variable: 60°c
Coefficientd
Unstandardized Standardized
Coefficients Coefficients 95% Confidence Interval for B
Model B8 Std. Error Beta t Sig. Lower Bound | Upper Bound
1 (Constant) | 30549 | 46.706 654 525 71216 132.313
20deg 1.765 194 935 9.115 .000 1.343 2.186
a. Dependent Variable: 60deg
Residuals Statistics®
Minimum | Maximum | Mean | Std. Deviation | N
Predicted Value 155.83 865.18 386.36 242.562 14
Residual -125.847 158.597 .000 92.187 14
Std. Predicted
-.950 1.974 .000 1.000 14
Value
Std. Residual -1.312 1.653 .000 961 14

a Dependent Variable: 60°c
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Scatterplot

Dependent Variable: 60deg
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Output 5. 6 temp-ucs-7days (RT vs. 60°c)

mix RT 60°¢
1-0-19 231 257
2-0-18 412 517
3-0-17 553 676
4-0-16 675 984
0-1-19 98 188
0-2-18 83 165
0-3-17 73 97
0-4-16 79 155
2-1-17 282 478
3-1-16 496 633
1-2-17 116 144
1-3-16 128 206
1-1-18 187 404
2-2-16 318 505

Descriptive Statistics

Mean Std. Deviation N

60°c | 386.36 259.490 14
RT | 266.50 198.022 14
Correlations

60°¢ RT

Pearson 60°c | 1.000 971

Correlation RT 971 1.000

Sig. (1-tailed)  60°c . .000
RT .000 .

N 60°c 14 14

RT 14 14
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Model Summary"
R | Adjusted | Std. Error of
Model ; .
Square ' R Square | the Estimate
1 |9710 942 © 937 65.075
a Predictors: (Constant), RT
b Dependent Variable: 60°c
ANOVA®
Sum of Mean .
Model df F Sig.
Squares Square
1 Regression | 824535.641 | 1 | 824535.641 | 194.705 | .000(a)
Residual | 50817.574 | 12 | 4234.798
Total 875353.214 | 13
a Predictors: (Constant), RT
b Dependent Variable: 60°c
Coefficients'
Unstandardized Standardized
Coefficients Coefficients 95% Confidence Interval for B
Model B Std. Error Beta 1 Sig. Lower Bound | Upper Bound
7 {Constant) | 47.421 | 29875 1.587 138 17,670 112513
RT 1.272 091 971 | 13954 .000 1.073 1.470
a. Dependent Variable: 60deg
Residuals Statistics”
Minimum | Maximum | Mean | Std. Deviation | N
Predicted Value | 140.26 905.89 386.36 251.845 14
Residual -84.208 118.751 .000 62.522 14
Std. Predicted
-977 2.063 .000 1.000 14
Value
Std. Residual -1.294 1.825 .000 961 14

a Dependent Variable: 60°c
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Scatterplot

Dependent Variable: 60deg
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In analysis 4, 5, and 6
1. Mix trend is constant
2. Number of days is constant, that is 7days
3. Temperature increases, that is from 20°c to RT, 20° to 60c and RT to 60°c

respectively.
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4. Temperature is plotted with respect to UCS.
5. No matter the orientation of temperature, the results will be the same, because
it is UCS against UCS. Just that the plots or outputs will be reversed or inverted

Output 5. 7 temp-ucs-28days (20°¢ vs. RT)

mix 20° RT
1-0-19 393 449
2-0-18 425 628
3-0-17 698 849
4-0-16 936 963
0-1-19 101 130
0-2-18 93 111
0-3-17 75 80
0-4-16 84 88
2-1-17 479 499
3-1-16 517 678
1-2-17 167 212
1-3-16 178 250
1-1-18 191 297
2-2-16 327 460

Descriptive Statistics

Mean | Std. Deviation | N
RT | 406.71 289.247 14
20° | 333.14 259.562 14

Correlations
RT 20°¢
Pearson RT 1.000 971
Correlation 20° | .977 1.000
Sig. (1-tailed)  RT . .000
20°% | .000 .
N RT 14 14
20°c 14 14
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Model Summary"

R Adjusted | Std. Error of
Square | R Square | the Estimate
1 .977(a) 955 951 63.776

a Predictors: (Constant), 20°¢
b Dependent Variable: RT

Model R

ANOVA"
Sum of Mean
Model df F Sig.
Squares Square
1 Regression | 1038818.552 | 1 | 1038818.552 | 255.404 | .000(a)
Residual 48808.306 | 12 | 4067.359
Total 1087626.857 | 13
a Predictors: (Constant), 20°c

b Dependent Variable: RT

Cocfficientd
Unstandardized Standa.dized
Coefficients Coefficients | 95% Confidence Interval for B
Model B Std. Error Beta t Sig. Lower Bound | Upper Bound
1 (Constant) 43.897 28.389 1.546 .148 -17.957 105.751
20deg 1.089 .068 977 15.981 .000 941 1.238

a. Dependent Variable: RT

Residuals Statistics®
Minimum | Maximum Mean | Std. Deviation | N

Predicted Value | 125.58 1063.27 406.71 282.682 14

Residual -100.271 121.246 .000 61.274 14
Std. Predicted
-.995 2.323 .000 1.000 14
Value
Std. Residual -1.572 1.901 .000 961 14

a Dependent Variable: RT
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Scatterplot
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Output 5.8 temp-ucs-28days (20°c vs. 60°¢c)

mix 20°¢ 60°¢c
1-0-19 393 482
2-0-18 425 758
3-0-17 698 1006
4-0-16 936 1097
0-1-19 101 222
0-2-18 93 215
0-3-17 75 152
0-4-16 84 158
2-1-17 479 614
3-1-16 517 788
1-2-17 167 296
1-3-16 178 381
1-1-18 191 553
2-2-16 327 582

Descriptive Statistics

Mean | Std. Deviation | N
60°c | 521.71 307.666 14
20° | 333.14 259.562 . | 14

Correlations

60°¢ 20
Pearson 60°c | 1.000 953

Correlation 20° 953 1.000

Sig. (1-tailed)  60°c . .000
20° | .000 .
N 60°c 14 14

20°¢ 14 14
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Model Summary®

Adjusted | Std. Error of
R Square | the Estimate

Model R R Square

1 953(a) 908 .900 97.316

a Predictors: (Constant), 20°c
b Dependent Variable: 60°c

ANOVA®
Sum of
Model df | Mean Square F Sig.
Squares
1 Regression 117.9
1116913.108 | 1 1116913.108 16 .000(a)
Residual 113645.749 | 12 9470.479
Total 1230558.857 | 13
a Predictors: (Constant), 20°¢c
b Dependent Variable: 60°c
Coefficients'
Unstandardized Standardized
Coefficients Coefficients 95% Confidence Interval for B
Model B Std. Error Beta t Sig. Lower Bound | Upper Bound
1 (Constant) 145.506 43.319 3.359 .006 51.122 239.890
20deg 1.129 .104 953 10.860 .000 .903 1.356

3. Dependent Variable: 60deg

Residuals Statistics”

Minimum | Maximum | Mean | Std. Deviation | N
Predicted Value 521.7

230.20 1202.50 { 293.115 14

Residual -107.309 191.803 .000 93.499 14
Std. Predicted

-.995 2.323 .000 1.000 14

Value :
Std. Residual -1.103 1.971 .000 961 14

a Dependent Variable: 60°c
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Scatterplot

Dependent Variable: 60deg
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Output 5.9 temp-ucs-28days (RT vs. 60°c)

mix RT 60°¢
1-0-19 449 482
2-0-18 628 758
3-0-17 849 1006
4-0-16 963 1097
0-1-19 130 222
0-2-18 111 215
0-3-17 80 152
0-4-16 88 158
2-1-17 499 614
3-1-16 678 788
1-2-17 212 296
1-3-16 250 381
1-1-18 297 553
2-2-16 460 582

Descriptive Statistics
Std.
Mean | Deviation N
60°c | 521.71 307.666 14
RT | 406.71 289.247 14

Correlations

60°c RT
Pearson 60°c | 1.000 987

Correlation RT 987 1.000

Sig. (1-tailed)  60°c . .000
RT .000 .
N 60°c 14 14

RT 14 14
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Model Summary"
Adjusted | Std. Error of
Model| R .| RSquare .
| R Square | the Estimate
1 987(a):  .974 972 51.705
a Predictors: (Constant), RT
b Dependent Variable: 60°c

ANOVA®

Model Sum of Squares | df | Mean Square F Sig.

1 Regression | 1198477.973 1 | 1198477.973 | 448.296 | .000(a)
Residual 32080.884 12 2673.407
Total 1230558.857 | 13 )

a Predictors: (Constant), RT
b Dependent Variable: 60°c

Coefficients'
Unstandardized Standardized
Coefficients Coefficients 95% Confidence Interval for B
Model B Std. Error Beta t Sig. Lower Bound | Upper Bound
1 (Constant) 94.777 24.445 3.877 .002 41.516 148.038
RT 1.050 .050 .987 21.173 .000 .942 1.158

a. Dependent Variable: 60deg

Residuals Statistics®

Minimum | Maximum | Mean | Std. Deviation | N
Predicted Value 178.75 1105.66 521.71 303.629 14

Residual -84.103 146.455 .000 49.677 14
Std. Predicted
-1.130 1.923 .000 1.000 14
Value
Std. Residual -1.627 2.833 .000 961 14

a Dependent Variable: 60°c
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Scatterplot

Dependent Variable: 60deg
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In outputs 7, 8, and 9
1) Mix trend is constant
2) Number of days is constant, that is 28days
3) Temperature increases, that is from 20°c to RT, 20°c to 60°c and RT to 60°c

respectively.
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4) Temperature is plotted with respect to UCS.

5) No matter the orientation of temperature, the results will be the same, as it is

UCS against UCS. Just that the plots or outputs will be inverted or reversed.

Output 5. 10 Mix prop-ucs- (Temp and Days) Data Table

mix |7days-20°c{7days-RT|7days-60°c| 28days-20°c [28days-RT|28days-60°¢
1-0-19 184 231 257 393 449 482
2-0-18 347 412 517 425 628 758
3-0-17 435 553 676 698 849 1006
4-0-16 473 675 984 936 963 1097
0-1-19 95 98 188 101 130 222
0-2-18 78 83 165 93 111 215
0-3-17 71 73 97 75 80 152
0-4-16 74 79 155 84 88 158
2-1-17 181 282 478 479 499 614
3-1-16 326 496 633 517 678 788
1-2-17 102 116 144 167 212 296
1-3-16 108 128 206 178 250 381
1-1-18 170 187 404 191 297 553
2-2-16 179 318 505 327 460 582

Descriptive Statistics
N | Minimum | Maximum | Mean | Std. Deviation
Tdays-20°c | 14 71 473 201.64 137.464
Tdays-RT 14 73 675 266.50 198.022
Tdays-60°c | 14 97 984 386.36 259.490
28days-20°c | 14 75 936 333.14 259.562
28days-RT 14 80 963 406.71 289.247
28days-60°c | 14 152 1097 521.71 307.666
Valid N
) 14
(listwise)
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In output 10
1) Temperature is constant at 20°c, RT or 60°c
2) Number of days is constant at 7days or 28days
3) Mix changes (varies)
4) This shows how UCS varies with mix when temperature and number of days
are kept constant at particular temperatures and number of days respectively.

Analysis is vertical (column wise).

From all the outputs and plots, it can be seen that all the linear regression analysis
assumptions where met. The following interpretations can also be made from the
outputs and plots:

1) Correlation

For the research hypothesis to hold, Pearson’s correlation r should not be equal to
zero (inorder for the null hypothesis to be rejected) and it should be positive and high
to show a very strong correlation between the two variables. In all outputs, » was not
equal to zero, implying that there is a relationship between the dependent and
independent variables. Also the »’s were positive and very high (almost 1), implying
that there is a very strong relationship between the dependent and independent
variables.

2) Model summary

Coefficient r shows the strength of the relationship between the two variables and
R? is the proportion of variation in the dependent variable explained by the regression
model. The sample R? tends to optimistically estimate how well the models fit the
population. r should be between -1 and +1 and R? should be between 0 and 1. For the
model to fit the data very well, r and R? should be positive and very high. In all the
outputs, r’s are positive and very high, implying that there is a strong relationship
between the two variables. Also the R? values are very high, implying that the sample
models the population very well.

3) ANOVA

The significance of r and R? are shown as an F statistics. If the significance value
of the F statistics is small (smaller than 0.05) then the independent variables do a good
job explaining the variation in the dependent variable. In all the outputs, the
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significance value of the F statistics is zero (less than 0.05), which is very good,
implying that the independent variables explain the variation in the dependent variable
very well.

4) Coefficients

The smaller the standard error in the regression equation, the better the prediction
model. In all the outputs, the standard errors are very small, implying very good
prediction models.

5) Residual statistics

The sum of the residuals should always be equal to zero; also the mean should be
zero. In all the outputs, these conditions were satisfied.

6) Scatter plots

For linear regression analysis, the relationship between dependent and independent
variables is normally linear in nature; the individual points tend to group around a
straight line. In all the plots, almost all the points are in a straight line or tend towards a
straight line. This shows a very good linear relationship between the dependent and
independent variables. The scatter plots for outputs 5 and 6 are a bit scattered than the
others this is because, at low temperatures and low number of days, strengths are
relatively low (or ill-defined) and because strength comparison is between low
temperatures (20°c, RT) and a high temperature (60°c) at low number of cays (7days),
hence the scatter.

In summary, it can be seen that there is a very strong correlation between
unconfined compressive strength (dependent variable) and design mix, curing
conditions and curing durations (independent variables). It is seen that as design mix,
curing conditions and curing durations increases, strength increases. The extent of the
strength increase is also proportional to the increases in design mix, curing conditions
and curing durations.

It can also be seen that the three independent variables (design mix, curing
conditions and curing durations) tend to affect strength to the same degree or extent.

The strength properties of flyash is not as good as cement but it can be seen that
cement mixes with flyash incorporated in them, showed some increase in strength and
had better mechanical properties than their cement only counterparts. So with flyash
added to cement mixes, strength can be increased, mechanical properties improved

(less brittle) and cost reduced (flyash cheaper than cement).
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Chapter 6 Conclusions and Recommendations

6.1 Conclusions

The theoretical and numerical analyses agree with each other in every way, we can
therefore, make the following conclusions from our experiments:

1) As temperature, humidity and number of days increases, strength increases.

2) The extent of the strength increase is also proportional to the increases in design
mix, curing conditions and curing durations.

3) Design mix, curing conditions and curing durations tend to affect strength to the
same degree or extent.

4) At low temperatures, strength gain of specimens is gradual whilst at high
temperatures, strength gain is rapid.

5) Cement gains strength rapidly within the first 7days and then continues at a less
rapid rate afterwards.

6) Flyash gains strength at a much slower rate within the first 7days and then starts
to gain strength at a faster rate afterwards.

7) Cement on its own is way stronger than flyash on its own.

8) The full benefits of flyash are not recognized wien it is used in isolation, the
pozzolanic reactions are not facilitated, hence the low strength values.

9) Cement and flyash when combined gives a very good product with good
structural (relatively high strength) and mechunical(less brittle) properties. They
compliment each other, makes up for each others weaknesses. Cement makes up for
flyash’s low strength qualities and flyash makes up for cement’s brittle qualities.

10) Too much cement and flyash is not good in soil stabilization. High cement
contents causes shrinkage which lowers strength and affects the serviceability of the
road. High flyash contents, instead of increasing strength, lowers it, because more
gravel is being replaced by flyash and flyash on its own is not a good stabilizer
(pozzolanic reaction not facilitated).

11) After curing and before testing, no cracks were observed in the specimens with

flyash, and fewer cracks were observed in the cement specimens mixed with flyash.

86



Master Thesis Chapter 6 Conclusions and Recommendations

12) Flyash can be added to soil-cement mixtures to improve the engineering
properties of the soil and also reduce cost.

6.2 Recommendations

1) When comparing 1-1-18, 2-2-16, 2-1-17, 3-1-16, 3-1-16 gave the highest
strength values (most of the time) for all categories of curing conditions and durations
that is 3-1-16 > 2-1-17 > 2-2-16 > 1-1-18. It is better to use mixes with less cement
content to avoid shrinkage cracking and reduce cost but also bearing in mind that you
need high strengths too. 3-1-17 gives high strengths but also has high cement contents.
In some cases strengths of 2-2-16 is higher than 2-1-17, so it is better to use 2-2-16.
But in most case 2-1-17 is higher than 2-2-16, so it is better to use 2-1-17, as this lower
cost, as flyash content is less. .

2) Depending on the intended use of the highway and specified strength, careful
attention should be paid when choosing design mix and specifying curing conditions
and durations in order to benefit from the enhancing qualities of flyash in cement

mixes.
6 3 Suggestions for Further Research

Due to time limitations, regarding the laboratory tests and subsequent analysis, the
following studies could be undertaken:

1) Replicate the same research, but soak samples before testing and compare the
resulfs obtained with the unsoaked results in this research.

2) Replicate the same research, but test samples for other engineering properties
like stiffness, durability, permeability, volume-stability e.t.c and see how these are
affected by mix design, curing conditions and curing durations.

3) Use other curing conditions e.g. 50% humidity.

4) Use other curing durations e.g. 60days and 90days.

5) Using SPSS, do a multivariate analysis of the results obtained in this research.

6) Use different numerical software to analyze the results of this research and
compare the results obtained with the ones in this research.

7) Replicate the same research, but instead of conducting tests on laboratory

samples, insitu tests should be done.
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8) All the above listed recommendations can be done in the field and comparisons

can be made between laboratory and insitu results.
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