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ABSTRACT

Excessive dependence on cement for the stabilization of rammed earth in construction
degrades the environment. Therefore, sustainable and easily available alternatives are
needed. The aim of this study was to assess the performance of calcined clay as a
partial replacement for cement in rammed earth floor construction for low-income
housing. The pozzolanic activity of clay collected from selected wetlands in three sub-
counties of Murang’a County, Kenya, (Kahuro, Kiharu and Maragua Sub-Counties)
was analysed after thermal activation. Thermal treatment (calcination) was carried out
in an electronic muffle furnace at 600, 700, and 800°C for a duration of 2 hours. Three
methods (electrical conductivity (EC), Frattini test, and strength activity index (SAI))
were used to assess the pozzolanic activity of clay. Two soils were stabilized: murrum
soil and black cotton soil. Each soil was stabilized by mixing it with a binder in
accordance with BS 1377. The binder consisted of Portland cement and calcined clay
mixed at various proportions. A decrease in the electrical conductivity of the lime-clay
solution was observed over a 24-hour period. Results of the Frattini test showed that
clay calcined at 600°C and 700°C reacted with Ordinary Portland Cement (OPC) -
CEM-I and reduced CaO and OH" concentrations to levels below the solubility curve
of Ca(OH).. Calcination of clay from Kahuro and Maragua sub-counties, at 600°C and
800°C, respectively, increased the strength activity index of cement blocks from less
than 0.75 to about 1 after 28 days. The temperature range of 600-800°C was considered
effective for clay calcination and provided sufficient pozzolanic activity (EC reduction
>0.12 S/m in the first 2 minutes and SAI > 0.75). For general construction, the KS02-
1070:1993 standard requires a minimum compressive strength of 2.5 MPa after 28
days. This performance was achieved with murrum soil stabilized with a binder
content in the range of 10-15% and 25% cement replacement with calcined clay. For
stabilized rammed murrum, cement replacement with 25% calcined clay did not lead
to a substantial increase in capillary water absorption after 24 hours of contact with
water (0.15 and 0.11 kg water/kg soil block for a binder content of 10% and 15%,
respectively). On the other hand, a replacement beyond 25% presented undesirable
water absorption. Moreover, stabilized black cotton soil presented excessive water
absorption of 0.28 kg water/kg soil block (10% cement content). It was not possible to
stabilize black cotton soil sufficiently to achieve the required compressive strength.
With a 25% cement replacement with calcined clay, Murrum soil was sufficiently
stabilized as long as the binder content was in the range of 10-15%. Thus, a blend of
calcined clay and Portland cement can provide an adequate mix for use in rammed
earth floor construction.
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CHAPTER ONE

INTRODUCTION

1.1. Background Information

The ancient earth building technique known as rammed earth construction produces
dense, load-bearing structures by dynamically compacting moist sub-soil between
removable shuttering to create a monolithic on-site construction which is both strong
and durable (Hall & Djerbib, 2006; Naeini et al., 2021). This building approach has
been traditionally used in the construction of walls, floors, and roofs for thousands of
years (Suresh & Anand, 2017). It is reported that a third of the world’s population is
still living in earthen buildings (Arooz & Halwatura, 2018). There has been, in the last
decades, increasing interest in rammed earth construction as a sustainable construction
approach (Indekeu et al., 2021; Thuysbaert, 2012; Walker et al., 2005). This building
approach is endowed with advantages such as low-manufacturing impact, low-
embodied energy, and natural beauty (Fernandes et al., 2019; Naeini et al., 2021,
Suresh & Anand, 2017). In rammed earth construction, soil stabilization is done to
improve soil strength and water resistance (Suresh & Anand, 2017). According to KS
02:1070:1993 standards, the required minimum compressive strength for stabilized
soil after 28 days of curing is 2.5 MPa for general construction. Among the binders
used, cement has been found to be effective. However, due to its increasing cost and
environmental pollution, stabilization with cement alone is less preferred (Al-Swaidani
etal., 2016).

Use of ordinary Portland cement (OPC) becomes unsustainable in the sense that the
cement industry consumes approximately 7% of the global energy consumption each
year (Cantini et al., 2021). Moreover, it is reported that cement production is
responsible for the emission of approximately 5-8% of carbon dioxide (COy)
(Marangu, 2020). It also contributes to the emissions of sulphur dioxide, nitrogen
oxide, carbon monoxide and composition of lead, being responsible for the emission
of 30% to 40% of these gases (Leitdoa et al., 2017; Marangu, 2020; Vignesh et al.,
2020). It has been reported that cement stabilization of soil also increases the embodied
energy of earthen buildings (Gomes et al., 2016). A study by Henry et al. (2014)
reported that a cement block house expends at least 1.5 times more embodied energy



and emits at least 1.7 times more embodied CO> than an earth or mud brick house in
Cameroon. A comparative study conducted by Akbarnezhad and Xiao (2017)
demonstrated that the embodied energy of a CSRE building (1.15 GJ/m2) was in the
range of one third of a load bearing brickwork masonry building (3-4 GJ/m2) and less
than one fourth of a reinforced concrete framework building (4-10 GJ/m2) with brick
masonry. As a result, it is suggested that use of CSRE would cut back on carbon
emission and embodied energy compared to conventional concrete (Adegun &
Adedeji, 2017).

Due to the construction related carbon emissions, various high quality reactive
pozzolana such as silica fume, fly ash (Bui et al., 2018), ground granulated blast
furnace slag, bagasse ash, industrial by-products (Bumanis et al., 2020), and rice husk
ash have been introduced as supplementary cementitious materials (SCMs) and are
being used completely (Abdullah et al., 2012). Nevertheless, there is a shift in interest
to search for alternative SCM sources due to supply-and-demand concerns in the
future. One of the most promising alternative sources is clay. This material is abundant
and widespread, which can lower the transportation cost, promote local acquisition of
raw materials, and local production of calcined clay (Adegun & Adedeji, 2017; Amin,
2015; Hollanders et al., 2016). Furthermore, Zhou et al. (2017) reported that production
of calcined clay consumed less energy than the production of cement clinker, and
lowers carbon emissions due to an absence of carbonation stage during calcination.
However, there is still limited research on the use of calcined clay, particularly sourced
from wetlands, as a replacement of Portland cement in rammed earth floor
construction. Therefore, this study aimed to assess the effect of calcined clay as a
replacement for cement on the strength and water resistance properties of stabilized

rammed earth for floor construction.

1.2. Problem Statement

Excessive dependence on cement for the stabilization of rammed earth in construction
degrades the environment (Tironi et al., 2013). In Kenya for instance, Portland cement
remains the most used binder for construction works. This material is made by inter-
grinding calcareous and argillaceous materials that are then clinkered in a rotary
furnace at a temperature exceeding 1300°C, fuelled by petroleum oil or coal (Nalobile
et al., 2019). Its production results in emissions of approximately 866 kg CO>/t of

clinker (Hollanders et al., 2016). Furthermore, cement produced and consumed
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globally equals 4.2 billion tonnes per year (Faleschini et al., 2021). This makes the
cement industry account for 5-8% of global anthropogenic CO2 emissions, thus
majorly responsible for global warming and climate change (Marangu, 2020). As a

result, the resultant Portland cement is unsustainable.

In Kenya, counties such as Murang’a reported that around 60% of housing units have
earthen floors (Murang'a County, 2018). For quality housing, rammed earth
stabilization using cement is recommended as an effective flooring technology.
However, environmental sustainability of the same remains a constraint. Several
studies reported that use of calcined clay as a replacement for cement could reduce the
carbon footprint associated with reliance on cement alone (Amin et al., 2015; Ciancio
et al., 2013; Hollanders et al., 2016). Therefore, the purpose of this study was to
characterize clay materials for potential application as supplementary cementitious
materials. It also intended to determine the feasibility of using calcined clay as a partial

replacement for cement in rammed earth floor construction.
1.3. Objectives

1.3.1. General Objective

To assess the performance of calcined clay as a partial replacement for cement in

rammed earth floors.

1.3.2. Specific Objectives

e To determine the chemical and pozzolanic characteristics of calcined clay for

potential application as an alternative material to cement.

e To evaluate the effect of calcined clay as a replacement for cement on the

strength and water absorption of rammed earth for floor construction.

1.4. Research Questions
- What are the characteristics of calcined clay?
- What is the effect of cement replacement with calcined clay on the strength and

water absorption of rammed earth for floor construction?

1.5. Justification of the Study

Several studies reported that clay minerals are widespread and easily available which

lowers the cost associated with their transportation (Amin et al., 2015; Hollanders et
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al., 2016). In addition to reducing the significant carbon dioxide emissions from
cement production, integration of calcined clay in concretes present acceptable
mechanical properties and durability (Hollanders et al., 2016; Schulze & Rickert, 2019;
Syaggaetal., 2001; Tironi etal., 2013). This could reduce the reliance on cement alone,
offering a sustainable alternative material for low-income housing. On the other hand,
earthen floors are non-hygienic and can harbour harmful parasites, causing serious
health conditions such as Tungiasis (Benjamin-Chung et al., 2021; Mwangi et al.,
2015; Wambani, 2017; Wambani et al., 2018). Hence, this study aimed to assess the
performance of calcined clay in changing the engineering properties of soil, with the

ultimate goal of developing a strong and water-resistant rammed earth floor.
1.6. Scope and Limitations

1.6.1. Scope

The study evaluated the effectiveness of calcined clay in changing the engineering
properties of natural soils for the development of a strong and water-resistant earthen
floor. Stabilization tests were conducted on coarse-grained (murrum soil) and fine-
grained soils (black cotton soil). Clay for calcination was sampled in wetlands of 3
sub-counties of Murang’a County. Research activities covered field work for soil
sampling. Laboratory tests were conducted for the characterization of soils, evaluation
of the pozzolanic activity of calcined clay and soil stabilization experiments. Field and
laboratory activities, from soil sampling to statistical analysis covered a period of 12
months from March 2022 to March 2023.

1.6.2. Limitations

For economic reasons, the clay material was thermally and mechanically activated.
This process relies on mechanical effort and thermal energy for particle size reduction
and activation, respectively. It does not involve the use of chemicals which can be
costly. This study did not cover field trial of constructed rammed earth floor, cost

analysis and monitoring of its durability on the field.



CHAPTER TWO

LITERATURE REVIEW

2.1. Overview of Rammed Earth Construction

Various sources estimate that building with earth began between approximately 10,000
years ago by early agricultural societies (Burroughs, 2008; Thompson et al., 2022). It
is reported that the first houses in the world were built in an improvised way by
applying earth materials found in the immediate surroundings or obtained by digging
basements, wells, or watering pits for cattle (Peric et al., 2021). Over the years, earth
building approach has been successfully used to construct walls, floors, and roofs of
advanced architectural design (Araujo et al., 2015; Makinde, 2012). To date, It is
reported that a third of the world’s population is still living in earthen buildings (Arooz
& Halwatura, 2018). A study (Morel & Charef, 2019) reported that earth building
techniques could be subdivided in blocks implemented with a mortar to build masonry
structures (compressed earth blocks, cob or adobes) (Fernandes et al., 2019; Salim et
al., 2014), and earth implemented in monolithic walls called rammed earth (Arrigoni
et al., 2017; Indekeu et al., 2021; Marais et al., 2015; Thuysbaert, 2012). These
techniques are also subdivided in dry manufacture process where the earth is
compacted, and wet manufacture process where the earth is moulded or extruded or
stacked. It is considered that rammed earth construction is one of the most important
earth-building techniques both in traditional and modern earth architecture (Peric et
al., 2021).

Building with rammed earth consists of pouring moistened soil in layers inside a
wooden or metal formwork and compacting it by using a manual or pneumatic rammer
to form walls (Figure 2.1) (Peric et al., 2021; Thompson et al., 2022). It is generally
admitted that rammed earth includes clayey soil (usually less than 20% of clay by dry
weight of soil) and is generally compacted with a water content varying with soils, but
within the range of 8-20% by dry weight of soil (“dry” process). There has been, in the
last decades, increasing interest in rammed earth as a sustainable construction material
(Leitdoa et al., 2017). This fact is clearly illustrated by undertaken studies on stabilized
rammed earth for housing (Arrigoni et al., 2017; Fernandes et al., 2019; Hall & Djerbib,
2004; Hall & Djerbib, 2006; Indekeu et al., 2021; Naeini et al., 2021; Suresh & Anand,
2017; Thuysbaert, 2012; Walker et al., 2005).
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Plinth or
Foundation with
reinforcement
bar cast in at
specified

Formwork used to
enclose rammed earth.
First layer compacted to
specified height

Second layer compacted
to specified height

Subsequent layers
compacted until desired || |
height is achieved.

Figure 2.1: Rammed Earth Construction Process

Source: Thompson et al. (2022)

Many of the regions where earthen construction is most prominent include developing
or low-income countries (Figure 2.2). In these regions, earthen construction (including
rammed earth) is more common due to the ease and simplicity of the building
technique, the possibility of sourcing unskilled labour force, reduced transportation
and construction costs (Ciancio et al., 2013). In developed countries, on the other hand,
rising public awareness concerning sustainable living, combined with better
knowledge of thermal benefits, and durability of earth, and the lower energy inputs
have brought renewed interest in earth as a green building approach (Burroughs, 2010;
Thompson et al., 2022). Various rammed earth building techniques were used across
the ancient world, including Europe, China, the Middle East, the Americas, and Africa
(Burroughs, 2010; Indekeu et al., 2021; Maniatidis & Walker, 2003; Thompson et al.,
2022). Rammed earth constructions can broadly be grouped into two categories:
stabilized rammed earth and un-stabilized rammed earth (Reddy et al., 2014). The main
shortcoming of un-stabilized rammed earth are low mechanical strength and durability
of the final product (Kosarimovahhed & Toufigh, 2020).



Location of earthen construction (including rammed earth)

- Location of moderate, high and very high seismic hazard

Overlap of locations of earthen construction and seismic hazard

Figure 2.2: Locations of Earthen Construction and Seismic Hazards

Source: Thompson et al. (2022)

2.2. Rammed Earth Stabilization

Problems associated with un-stabilized rammed earth, including strength,
permeability, volume stability, and durability can be improved through compaction or
the addition of stabilizers in order to meet modern construction standards (Burroughs,
2010; Reddy et al., 2014). Here, the natural soil usually forms at least 85% of the
volume of the mix (Kosarimovahhed & Toufigh, 2020). Soil stabilization can be
achieved by several methods falling into two broad categories: mechanical and
chemical stabilization, or a combination of both. Mechanical stabilization is achieved
through a physical process by altering the physical nature of native soil particles by
either induced vibration or compaction, or by incorporating other physical properties
such as barriers and nailing. Chemical stabilization, on the other hand, depends on
chemical reactions between the stabilizer and soil minerals to achieve the desired effect
(Makusa, 2012). Soil stabilizers usually fall into two classes: those that materially
increase strength and reduce moisture absorption; and those that reduce absorption and
moisture movement but do not increase strength (Makusa, 2012; Maniatidis & Walker,
2003). Several studies have documented the effects of lime and cement on rammed
earth stabilization (Al-Swaidani et al., 2019; Amiralian et al., 2012; Bagheri et al.,
2014; Bryan, 1988; Gomes et al., 2016; Ikeagwuani et al., 2019; Muthakia et al., 2005;
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Singh & Garg, 2006). In particular, cement stabilization has gained popularity due to
higher and faster strength gain, durability, and ability to obtain acceptable properties
with low cement content, especially with laterite soils (Kariyawasam & Jayasinghe,
2016).

2.2.1. Mechanism of Rammed Earth Cement Stabilization

Cement is the oldest binding agent since the invention of soil stabilization technology
in 1915. It may be considered as a primary stabilizing agent or hydraulic binder because
it can be used alone to bring about the stabilizing action required. Cement reaction is
not dependent on soil minerals. Its reaction occurs with water that may be available in
any soil. This is the reason why cement is used to stabilize a wide range of soils
(Makusa, 2012). When water is mixed with cement, hydration occurs, meaning
cementing compounds of calcium-silicate-hydrate (C-S-H) and calcium-aluminate-
hydrate (C-A-H) are formed and excess calcium hydroxide (Ca(OH),) is released,
approximately 31% by weight (Hamzah et al., 2015). Formation of C-S-H and C-A-H
occurs when crystals begin forming a few hours after the water and cement are mixed,
crystals will continue to form as long as unreacted cement particles and free water
remain within the mixture (Firoozi et al., 2017). These hydration reactions are slow
and proceed from the surface of the cement grains. In some occurrences, the centre of
the grains may remain un-hydrated. The mechanisms of stabilization that utilize
cement, lime, or fly ash were summarized as follows (Firoozi et al., 2017; Little, 1999):

- Cation exchange: sodium, magnesium, and other cations are replaced by the
calcium cations from the available calcium hydroxide.

- Flocculation and agglomeration: flocculation of the clay particles increases the
effective grain size and reduces plasticity, thus increasing the strength of the
matrix.

- Pozzolanic reaction: the high pH environment created by the available calcium
hydroxide solubilizes silicates and aluminates at the clay surface, which in turn
react with calcium ions to form cementitious products that are composed
primarily of calcium silicate hydrates or calcium aluminate hydrates, or both.

- Carbonate cementation: calcium oxide reacts with carbon dioxide from the
atmosphere to form calcium carbonate precipitates, which cement the soil

particles.



The chemical reactions during the hydration process include, but are not limited to,

some of all the reactions listed below (Firoozi et al., 2017):

2 C,S + 6H,0 - C;S,H; + 3Ca(OH), [2.1]
2C,S + 4H,0 - C;S,H; + Ca(OH), [2.2]
CsA + 3(CaS0,2H,0) — 26H,0 — C;A.3CaS0,.32H,0 [2.3]
2C;A + C3ACaS0,32H,0 — 2[C;ACaS0,12H,0] [2.4]
CsS + Ca(OH), + 12H,0 — C3ACa(OH),12H,0 [2.5]
C,AF + 3(CaS0,2H,0) + 27H,0 — C5(AF)3CaS0,32H,0 + Ca(OH), [2.6]
2C,AF + C3(AF)3CaS0,32H,0 + 6H,0 — 3[C5(AF)CaS0,12H,0] + 2Ca(OH), [2.7]
C4AF + 10H,0 + 2Ca(OH), — C;AH, — C5FH, (Solid solution) [2.8]

There are many factors contributing to strength gain in soil-cement samples. These
include ambient air temperature, relative humidity, type of cement used, cement
content, impurities or foreign matters, water-to-cement ratio, presence of additives, and
specific surface of the mixture. It is generally reported that faster wind speed, higher
air temperature, lower relative humidity and longer delay in compaction commonly
result in poor strength (Firoozi et al., 2017; Makusa, 2012).

Previous studies reported that cement reduces the plasticity of clay soils (Afrin, 2017).
A review by Firoozi et al. (2017) indicated that cement treatment slightly increases the
maximum dry density of sand and highly plastic clays but decreases the maximum dry
density of silt. In contrast, cement increases the optimum water content and decreases
the maximum dry density of sandy soils. Because of hardening of cement, shear
strength and bearing capacity are also increased (Afrin, 2017). Cement stabilization
increases plastic limit and reduces liquid limit, which mainly reduces the plasticity
index (Firoozi et al., 2017). The other significant effects of soil-cement stabilization
include reduction in shrinkage and swell potential, increase in strength, elastic
modulus, resistance against the effect of moisture, freeze and thaw, and improvement
in durability (Bagheri et al., 2014; Bryan, 1988; Firoozi et al., 2017; Kumar et al., 2015;
Turkoz & Vural, 2013).

2.2.2. Stabilizing Agents

Cement is the most used stabilizer in rammed earth construction. However, cement

increases the embodied energy of the final product. A possible solution to this problem

is the replacement of an entire or a portion of cement with a sustainable stabilizer

(Kosarimovahhed & Toufigh, 2020). A number of stabilizers such as fly ash

(Amiralian et al., 2012; Kosarimovahhed & Toufigh, 2020; Kristiawan et al., 2017),
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blast furnace slags, silica fume (Khan & Khan, 2017; Oluremi et al., 2021), cow dung
ash (Kumar et al., 2015; Ojedokun et al., 2014; Ramachandran et al., 2018;
Venkatasubramanian et al., 2017), industrial by-products (Bumanis et al., 2020;
Nalobile et al., 2019), polymer fibres, sugarcane bagasse ash, glass powder, rice husk
ash, and Metakaolin (MK)(Donatello et al., 2010; Mehsas et al., 2021; Shihembetsa &
Sabuni, 2002; Syagga et al.,, 2001) have attracted interests as non-conventional
stabilizing materials (Bagheri et al., 2014; Dou et al., 2016; Krishna et al., 2016). These
pozzolanic materials contain high proportions of silicon dioxide (SiO2). SiO2is known
to react with free lime released during the hydration of cement and form additional
calcium silicate hydrate (C-S-H). The new hydration products are responsible for the
development of the mechanical properties in rammed earth, mortars and concretes
(Ganesan et al., 2007).

According to ASTM C125, a pozzolanic material is referred to as a siliceous and
aluminous material which, in itself, possesses little to no cementitious value, but will,
in a finely divided form and in the presence of moisture, chemically react with Ca(OH)2
at ordinary temperatures to generate compounds possessing cementitious properties
(Abdullah et al., 2012; Faleschini et al., 2021). The amount of pozzolanic material
replacing cement varies from 5 to 40% wt.% of cement (Amin et al., 2015; Bumanis
et al., 2020; Donatello et al., 2010; Juri¢ et al., 2020; Tironi et al., 2013). Pozzolanic
materials mentioned above have been introduced as supplementary cementitious
materials (SCMs) and are being used completely. Nevertheless, there is a shift in
interest to search for alternative SCM sources due to supply-and-demand concerns in
the future. One of the most promising alternative sources are calcined clays. These
materials have not yet reached their full potential as cement replacement. Moreover,
clay is abundant and widespread which can lower transportation cost (Amin et al.,
2015; Hollanders et al., 2016).

2.2.3. Compressive Strength and Water Resistance Properties of Stabilized

Rammed Earth

Rammed earth, as any other form of earth construction, has relatively good strength in
compression but generally poor strength in shear and tension, especially when moist.
Maniatidis and Walker (2003) reported that the compressive strength of a soil is very
much dependent on the voids of the soil after ramming, cohesive strength of fines,

aggregate strength, density of the soil and moisture condition during testing. It is
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generally reported that increasing cement content leads to an increase in compressive
strength (Houben & Guillaud, 2008; Maniatidis & Walker, 2003). A study (Atzeni et
al., 2008) reported that the use of Portland cement, hydrated lime and polymers could
increase the compressive strength from 0.9 MPa (unstabilized sample) to 5.1 MPa
(after stabilization). The authors noted that the same value (0.9 MPa) was improved to
4.5 MPa with an addition of 10% of cement and up to 6.5 MPa by adding 20% of
cement (Bahar et al., 2004).

Several studies have been conducted on the mechanical properties of earth materials
stabilized with alternative cementitious materials. Using fly ash (alkaline activated) as
a replacement for cement, Kosarimovahhed and Toufigh (2020) found that a mix
design including 2.5% cement and 5.0% of fly ash showed 112.9% increase in
compressive strength, compared to the mix with 7.5% of cement alone. This suggested
that, in appropriate dosages, fly ash could be a more effective stabilizer than cement.
In contrast, a study conducted by Porter et al. (2018) explored the multifunctional
performance of rammed earth blocks using crumb rubber as an addition to cement. It
was indicated that stabilization with 6% cement using increasing amounts of crumb
rubber (5%, 10% and 20%) corresponded to a decrease in strength. A study by Losini
et al. (2022) attempted to replace cement with waste and recycled biopolymers for
rammed earth applications. Results showed that the use of lignin sulfonate and tannin
could increase the unconfined compressive strength (UCS) value by 38% and 13%,
respectively to control samples. This suggested that alternative cementitious materials
such as Lignin sulfonate could enhance earth block strength due to the higher density
and reduced macro-porosity achieved after stabilization.

In Papua New Guinea for instance, raw earth was stabilized with local materials such
as volcanic ash, finely ground natural lime, cement and their various combinations.
The results reported a compressive strength in the range of 0.39 MPa to 3.1 MPa
(Houben & Guillaud, 2008). On the other hand, it was reported that earth material
stabilized with 15% Metakaolin could achieve a compressive strength >3 MPa
(Thiviya et al., 2020). Similarly, Dabakuyo et al. (2022) investigated the performance
of compressed earth blocks stabilized with a combination of Metakaolin-based
Geopolymer (MKG) and sugarcane molasses (SM). Results showed that a combination
of 5% MKG + 4% SM achieved a compressive strength of 4.163 MPa at 28 days.
However, further increase in SM beyond 4% decreased the compressive strength. This
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suggested that the combination of cementitious materials such as MKG and SM could
reduce the porosity, making stabilized blocks more compact and denser, thus having a

higher strength.

Water absorption has an important influence on the durability of cement-based
materials and its value is closely related to pore structure (Zhao et al., 2019). It is
reported that water is the main cause of concrete physical and chemical deterioration,
as it is the carrier of corrosive ions. Moreover, certain rammed earth materials are
typically unstable as they liquefy and expand upon contact with water. Indekeu et al.
(2021) reported that the capillary absorption pattern of rammed earth materials is
typically ideal, showing a linear relation between the accumulated moisture and the
square root of time in the first stage of the capillary absorption process. The capillary
absorption coefficient of rammed earth ranged from about 0.2 to 0.4 kg/(m?2s°®). A
study by Wang et al. (2022) found that a 30% to 40% rate of cement replacement with
fly ash could decrease the water absorption of cement-based materials by 27.8% and
14.2%, respectively, compared to specimens stabilized with cement alone. This was
attributed to an improvement in the microstructure and increase in the density of the
pore structure when an appropriate dosage of fly ash was added. Similar values were
reported by Hall and Djerbib (2006), who showed that the optimum level of binder
content (cement) for moisture ingress performance appeared to be around 6% for very
good and good soils, and 9% for poor soils. Similarly, Porter et al. (2018) also reported
that rammed earth stabilization using 6% cement could achieve 20% lower water

absorption than unstabilized samples.
2.3. Clay Material as a Replacement for Cement

2.3.1. Properties of Clay Minerals

Natural pozzolans such as raw clays are widely available and constitute a very
promising source of supplementary cementitious materials to substitute cement in the
construction industry for a more sustainable future (Danner et al., 2018). Clay minerals,
specifically “planar hydrous phyllosilicates”, are composed of repeated tetrahedral (T)
and octahedral (O) two-dimensional sheets. The T-sheet is commonly occupied by
corner-sharing tetrahedral cations by edge-sharing octahedral cations such as AlI**,
Mg®*, Fe**, and Fe?* arranged in a pseudo-hexagonal symmetry. Alumina (Al.Os) and

silica (SiOy) are the principal constituents in most naturally occurring clay minerals,
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which makes them potential candidates for cement replacement (Garg & Skibsted,
2014). Clays usually have a fixed lattice structure in their original state where the
aluminate and silicate sites have minimal reactivity. While clay minerals such as
Kaolin, Smectite, and Illite may sometimes exhibit pozzolanic activity in their raw
state, it is well-known that thermal treatment can induce disorder in their structure and

potentially lead to enhanced reactivity (Jaskulski et al., 2020).

2.3.2. Clay Calcination and Mechanism of Thermal Activation

Raw clays usually have a moderate or low pozzolanic activity. To increase it, there is
need for activation (Jaskulski et al., 2020). Thermal activation involves the intervention
of a temperature high enough to destroy the structure of the clay minerals. This
produces a state of structural disorder that is a metastable state (Tole et al., 2019). As
a result, clay minerals undergo processes of dehydroxylation and amorphization.
Dehydroxylation is referred to as the endothermic phenomenon that occurs in some
clay minerals (phyllosilicates), when hydroxyl groups disappear, leaving reactive
cations of silica and alumina (Yanguatin et al., 2019). The process of dehydroxylation
is often accompanied by partial or complete kaolinite transformation, from crystalline
to amorphous phase. This is then followed by a change in coordination of Aluminium
ions, and their greater reactivity, which is a basic condition for an exhibition of the
pozzolanic activity in clay minerals. Similarly, Shvarzman et al. (2003) showed that
both the amount and the type of the amorphous phase can influence the activity of
additives, which covers the chemical activity (usually pozzolanic activity) and the
micro-filler effect. Fernandez et al. (2011) conducted a comparative study on calcined
kaolinite, Illite, and montmorillonite using X-ray diffraction (XRD) and nuclear
magnetic resonance spectroscopy. It was demonstrated that kaolinite, due to the
amount and location of OH groups in the crystal structure of the clay, undergoes a
different structural decomposition process than Illite or montmorillonite. It was then

suggested that the calcination temperature varies with clay type.

Clay calcination at temperatures between 600°C and 800°C leads to the formation of

amorphous phases that react with the compounds in either soil or lime or both to form

cementing compounds such as C-S-H and C-A-H (Fernandez et al., 2011). A study by

Zhou et al. (2017) reported that the dehydroxylation of kaolinite happened between

350°C and 600°C, while montmorillonite and Illite dehydroxylation took place

between 600°C and 950°C. A number of authors have also reported that clays could be
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transformed into SCMs when they are calcined between 600-900°C (Aramburo et al.,
2020; Hollanders et al., 2016; Mehsas et al., 2021; Yanguatin et al., 2019; Zhou et al.,
2017). On their other hand, Shvarzman et al. (2003) reported that clay minerals such
as Kaolinite achieved relatively low-level of dehydroxylation degree (less than 0.18)
at a calcination temperature below 450°C. However, in the range of 570-700°C, the
kaolinite was fully dehydroxylated (0.95 to 1.00). It was indicated that their pozzolanic
activity depended on the dehydroxylation degree and the available surface for reaction.
A study by Garg & Skibsted (2014) also reported that clay minerals such as pure
montmorillonite showed optimum reactivity when heated at 800°C, reflecting a high
degree of dehydroxylation and the absence of any inert, condensed Q* type phases.
However, when heating at high temperatures (1000-1100°C), the layer structure of the
clay breaks down and forms stable crystalline phases, resulting in a decreased
reactivity (Garg & Skibsted, 2014). Nevertheless, raw clays are usually polymineral
materials which makes it difficult to find the optimum calcination temperature (Danner
etal., 2018).

2.3.3. Effect of the Addition of Calcined Clay on Cement-based Materials

It is reported that the replacement of cement with calcined clay drastically changes the
engineering characteristics of concrete and mortars. Singh & Garg (2006) reported that
Metakaolin could be used up to 10% as a replacement to ordinary Portland cement in
the cement mortars without any reduction in strength, rather compressive strength was
improved over the OPC mortars. This was attributed to the increased amount of
CsAHz13 and CSH (1) that can be responsible for higher strength development in OPC-
Metakaolin mortars (90:10). Moreover, the higher reactivity of Metakaolin in OPC
mortars was associated with the formation of gehlenite (C2ASHs) and the crystalline
C4AH13 phase. Similarly, Frias, Rodriguez, Vegas, & Vigil (2008) reported that
thermally activated clay waste (Metakaolin) could replace OPC up to 10% and react
with calcium hydroxide, from cement hydration, producing hydrated phases with
hydraulic properties. This was also observed with kaolin deposits (Adeniyi et al., 2020;
Mehsas et al., 2021), uncalcined termite clay (Otieno et al., 2015), fired rejected clay
bricks (Marangu, 2020), burnt clay waste (Shihembetsa & Sabuni, 2002; Syagga et al.,
2001), and excavated waste clay (Zhou et al., 2017). The microstructure of the
calcined-kaolinite-cement system showed the following features: a dense

microstructure, the absence of visible calcium hydroxide clusters and no hydration
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rings around cement grains suggesting that there has been a strong chemical interaction
between the pozzolana and cement from early ages. However, when microstructures
of cement systems obtained with calcined Illite or calcined montmorillonite after 28
days are compared to reference cement paste, results indicate that these admixtures
show low activity and no influence on the microstructural development is observed
(Fernandez et al., 2011). For this reason, kaolinite remains a commonly recommended

clay mineral for cement substitution in concrete or mortars.

2.3.4. Standards and Guidelines in Rammed Earth Construction

The minimum required compressive strength for rammed earth varies from one
standard to another (Maniatidis & Walker, 2003). For instance, the New Mexico code
requires a minimum compressive strength of 2.07 N/mm?. On the other hand, the
Zimbabwe standard code of practice for rammed earth structures requires at least 1.5
N/mm? compressive strength for one storey walls up to 400 mm thick and 2.0 N/mm?
for two storey walls. Furthermore, Thuysbaert (2012) indicated that the minimum
acceptable value of compressive was 1.0 N/mm? and 2 N/mm? for non-load and load
bearing applications in rammed earth construction, respectively. In Kenya, however,
there is limited information on a specific standard for rammed earth. For general
construction, the KS02-1070:1993 standard requires a minimum compressive strength
of 2.5 MPa.

2.4. Soil Selection Criteria for Cement Stabilized Rammed Earth

In selecting materials for rammed earth, Ciancio et al. (2013) stated that it is most
sensible to use standard testing allowing for the classification of different soils. Some
of these tests include the particle size distribution, the Atterberg limits, and the linear

shrinkage.

2.4.1. Particle Size Distribution

The most suitable type of soil for rammed earth construction is a well-graded soil with
a range of particle sizes (Burroughs, 2008; Thompson et al., 2022). Burroughs (2008)
reported that use of textural properties is encouraged to better indicate the likelihood
of stabilization success once the Linear Shrinkage (LS) and Plasticity Index (PI) are
known. A classification study conducted by Burroughs (2008) on soil favourability for
stabilization used a 2 MPa compressive strength criterion as the measure of

stabilization success. The results (Table 2.1) recommended that the upper boundary for
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clay/silt was 35%, and the lower boundary was 21%. This table was useful in the sense
that it provided three sets of values of soil properties: those that should actively be
avoided (“poor”), those that should be actively sought (“good”), and those that are
intermediate (“fair”) and which could be used. Moreover, it also reported that samples
with gravel content >13% seemed to produce stronger specimens by imparting
frictional strength to the stabilized soil (Burroughs, 2008). In addition, the
recommended sand levels were found to be between 30% and 70%, similar to Bryan
(1988). Other studies also recommended that modal values of soil properties should
range between 5-25% clay, <30-35% clay/silt (Table 2.2) (Bryan, 1988).
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Table 2.1: Value Ranges of Soil Suitability for Stabilization

Source: Burroughs (2008)

Good Fair Poor
Clay/silt (%) 21-35 36-45 <20 or >45
Gravel (%) 13-62 <13 -
Sand (%) 30-70 - >70
LL (%) <35 36-45 >45
PL (%) 16-19 <16 or >19 -
P1 (%) <15 15-30 <30
LS (%) <6.0 6.0-11.0 >11.0
Pland LS (%) <15and<6  15-30and 6.0-11.0 >30and>11.0

2.4.2. Atterberg Limits and Linear Shrinkage

Plasticity index is the numerical difference between liquid and plastic limits. The
plasticity index is indicative of clay content and/or active clay minerals and that higher
shrinkage will occur when the earth dries. Atterberg limits zone suggested between a
plasticity index of 0 to 22% and liquid limit of 7% to 39%. As reported by Maniatidis
and Walker (2003), liquid limit for unstabilized soils should be between 25% and 50%
(30-35% preferred) and the plastic limit between 10% and 25% (12-22% preferred).
On the other hand, the plasticity index (PI) was limited to <15-20% plasticity index
(Bryan, 1988). A study by Burroughs (2008) also recommended an upper boundary for
the liquid limit and plastic limit (PL) equal to 35% and 15%, respectively. Soils

unsuitable for treatment with any stabilizer include organic soils, clean gravels and

sands, soils with excessive silts and highly plastic clays.
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Table 2.2: Suggested Criteria for Suitability of Soil for Cement Stabilization
Source : Bryan (1988)

Particle size analysis Plasticity indices Other criteria suggested

Liquid limit 50% maximum
Not more than 20% ) _
] (preferably 30% maximum)  Proctor optimum between
(American Standards, clay o
plasticity index 20% 6-17%
<0.005 mm) _
maximum.

Liquid limit less than 40%
At least 33% sand between 5- o
plasticity index 30%

20% clay _ Optimum moisture
maximum
content 10-14% (assumed
Clay content between 15- Plasticity index less than proctor)
35% 20%

Less than 35% passing No.
200 sieve (equivalent 63
micron)

At least 33% sand between 5-
30% clay/silt

The linear shrinkage (LS) has an important meaning on the shrinkage capacity of a
stabilized soil. It is reported that lower shrinkage values are associated with less
cracking of the earth material. It also indicates the tendency of internal tensile stresses
to pull apart the material from within and thereby weakening it (Burroughs, 2008). The
study conducted by Burroughs (2008) recommended a LS < 6.0 and plasticity index
(PI) < 15, or with LS 6.0-11.0 and PI 15-30 and sand content <64%, when stabilized
with quantities of cement and lime that averaged 4% and 2%, respectively. Other types
of soils, with LS 6.0-11.0 and P1 15-30 and sand content > 64%, or with LS > 11.0 and
Pl > 30, achieved low stabilization success rates (in the range 13-55%) and as such,
are regarded as unfavourable for stabilization (Burroughs, 2008). Nevertheless, cement
can be applied to stabilize any type of soil except soils with organic content greater
than 2% or having a pH lower than 5.3. The recommended practical stepwise procedure
for determining soil favorability for stabilization based on testing natural soil

properties is presented in Figure 2.3 below.

18



Test LS
and PI

|

LS and PI “poor.”
1.S>11.0 and PI > 30.
Stabilization success

LS and PI “fair.”
1S 6.0-11.0 and PI 15-30
Stabilization success

LS and PI “fair.”
1.S6.0-11.0 and PI 15-30
Stabilization success

stabilization

stabilization

13% (N=30) 69% (N=71) 69% (N=71)
v l
Test sand Test sand
content content
A J l
Sand < 64% Clay/silt <20 or > 35%
Stabilization success 93% Stabilization success 85%.
(N=27) (N =48)
v
Sand > 64% Clay/silt 21-35%
Stabilization success 55% Stabilization success 100%.
(N =44) (N =48)
A
Soil unfavorable for . Soil favorable for

Figure 2. 3: Stepwise Procedure for Determining Soil Suitability for

Stabilization based on testing soil properties. Source: Burroughs (2008)

2.5. Evaluation of Pozzolanic Activity

According to international regulations and literature, there is a consensus that the

activity of most SCMs is linked to some main parameters: cement type, temperature,

curing time, calcium hydroxide to pozzolana ratio, water-to-cement ratio and some

pozzolana properties, particularly fineness, chemical, and mineralogical composition,

dehydroxylation degree, amorphization rate and reactive silica and alumina content
(Bumanis et al., 2020; Faleschini et al., 2021). X-Ray fluorescence (XRF) and X-ray
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diffraction (XRD) are instrumental test methods that give an initial idea about materials
as potential pozzolans by the determination of silica and aluminium oxide composition
(XRF) and by determination of amorphous phases (XRD). A higher surface area and
smaller particle may ensure more rapid chemical reactions, which are important factors

for pozzolans to exhibit their pozzolanic activity (Bumanis et al., 2020).

The pozzolanic activity of supplementary cementitious materials is evaluated using
direct and indirect methods (Donatello et al., 2010; Faleschini et al., 2021). Direct
methods evaluate the pozzolanic activity by measuring the concentration of Ca?* and
OH-" in a solution containing the pozzolanic material and saturated lime (saturated lime
test); or a solution containing the pozzolanic material and Ordinary Portland Cement
(OPC) CEM-I (Frattini test) (Donatello et al., 2010). On the other hand, indirect
methods monitor physical properties (strength activity index or electrical conductivity)

allowing to measure the material’s pozzolanicity.

The Frattini test describes the dissolved Ca?* and OH- concentrations in a solution
containing saturated lime and the test pozzolana, while the saturated lime test the
amount of the dissolved Ca?* and OH" concentrations in a solution containing CEM |
and the test pozzolana (Amin et al., 2015). The strength activity index measures the
influence of the pozzolanic reaction on the densification of cementing matrix, and
packing effect which improves the compressive strength (Amin et al., 2015). The
electrical conductivity test, on the other hand, measures the change in electrical
conductivity of pozzolanic material which is dispersed in a saturated solution of lime
(Amin et al., 2015). However, direct and indirect methods do not always correlate with
each other (Amin et al., 2015; Donatello et al., 2010; Faleschini et al., 2021; Tironi et
al., 2013). Thus, Donatello et al. (2010) recommended using a combination of these

tests to provide a robust evaluation of the pozzolanic activity.

2.6. Roadmap for Assessing the Suitability of a Pozzolanic Material for Cement

Replacement

The roadmap for identifying if a material can be suitably used as a pozzolanic material
is very complex, and often, or at least some indicators typically used for this
characterization fail. Donatello, Tyrer, & Cheeseman (2010), who analysed
comparatively the pozzolanic activity of incinerator sewage sludge ash, coal fly ash,
Metakaolin, silica fume, and silica sand through both direct and indirect test methods,
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recommended using a combination of these tests to provide a robust evaluation of the
reactivity of a potential pozzolanic material. Bumanis, et al. (2020) developed a
roadmap to evaluate industrial by-product for use as a supplementary cementitious
material (Figure 2.4).

BY-PRODUCT EVALUATION AS POZZOLANIC MATERIAL FOR

APPLICATION IN CONCRETE
Chemical —p-| Physical Pozzolanic =p| Performance
analysis properties reactivity analysis

Specific Strength
surface activity
area index

SiOg +
AlLOs; +

(SAT)

YES
— g |
Fe,0s > >300-400 I;ES

NG cm’/g

Below lime
saturation
curve

Particle

Saturated
lime test

I
AlKali-sili '
YE i ?1 ca |
60% < 45 Limeis | 1% reaction |
um O1 removed |[NO : :
I

Al) bands
presented

Figure 2.4: Roadmap for Material Evaluation as an Alternative to Cement
Source: Bumanis et al. (2020)

According to Bumanis, et al. (2020), the most basic test methods to start the assessment
are associated with the material physical and chemical analysis. The chemical
composition detected by XRF indicates the amounts of SiO2, Al20s, and Fe2O3, which
are typically characteristic for pozzolanic materials. The mentioned compounds should

be >70%, according to standard requirements given for Fly ash in EN450 (for class F
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fly ash). Mineral compound can also be in crystalline form, which can be indicated by
the XRD. An alternative method of determining the fraction of the reactive phase of
the starting materials is using selective chemical attack and titration, based on EN196-
2, but this method is time consuming (Bumanis et al., 2020).

If the chemical composition falls between the requirements, the physical properties of
the powder must be characterised, as fine-grained powder materials with fineness >
300 cm?/g and more than 60 wt.% of particles <45 um are needed (described in EN450
for Fly Ash). It is reported that the appearance of pozzolans such as fineness can be
adjusted by proper pre-treatment such as milling therefore this criterion could be easily
adjusted (Bumanis et al., 2020). Further testing is associated with direct methods to
describe the pozzolanic reactivity, which characterizes the possibility of attracting lime
from a saturated lime solution or lime coming from cement hydration products. If a
material attracts free lime, there is a possibility of pozzolanic reactions occurring in the
concrete structure. Further testing is associated with performance analysis.
Performance analysis provides quantitative results of strength gain during hardening.
20 wt.% replacement of cement by pozzolana should give > 75% strength than that of
reference at 28 days and > 85% at 90 days, according to EN450 (Bumanis et al., 2020).

2.7. Environmental Sustainability of Rammed Earth Construction

2.7.1. Environmental Shortcomings of the Construction Industry

There are rising environmental concerns due to extensive exploitation of natural
resources related to general construction and other housing development activities.
According to Khadka (2020), 50% of all resources consumed across the planet are used
in the construction sector, making it one of the least sustainable industries in the world.
For instance, it is reported that 4.2 billion tonnes of cement is produced per year
globally. This makes the cement industry alone responsible for 5-8% of global man-
made CO: emissions (Marangu, 2020; Nalobile et al., 2019). Burroughs (2010)
indicated that much of the discussion and analysis about the sustainability of building
materials continues to surround energy consumption and CO> emissions involved in

the life cycle of buildings.

Carbon dioxide emissions from the construction industry are estimated at 8.1 Gt of
CO2 emitted per year globally, induced by the over-exploitation of non-renewable

resources, processing and transportation of raw materials and waste production. On the
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other hand, it also accounts for 25-40% of the energy consumption worldwide (Leitdoa
etal., 2017). Khadka (2020) reported that building activities results in one-sixth of the
world’s freshwater withdrawals, one-quarter of its wood harvest, and two-fifths of its
material and energy flows resulting in several massive side effects to the entire nature
and its existence. Similarly, according to a report by the Intergovernmental Panel on
Climate Change (2014) in 2010, buildings accounted for 32% of total global final
energy use (equal to 117 x 108 ), 19% of energy-related Green House Gases (GHG)
emissions and 33% of black carbon emissions. This has led to the revitalization of
alternative building technologies. Stabilized rammed earth has been identified as one
such material which can optimize the resource usage while minimizing the carbon

footprint (Kariyawasam & Jayasinghe, 2016).

2.7.2. Environmental Benefits of Rammed Earth Construction

Rammed earth is a construction technique that offers social, economic and
environmental benefits (Ciancio et al., 2013). A rammed earth building can have a
significantly lower embodied energy and carbon footprint than an equivalent building
made of more conventional materials such as concrete, steel or masonry (Ciancio et
al., 2013). In comparison with burnt clay bricks, Ciancio et al. (2013) found out that
Cement Stabilized Rammed Earth (CSRE) achieved lower embodied energy which
was in the range of 15-25% of burnt clay brick masonry (Reddy & Kumar, 2010).
Another study was conducted by Reddy et al. (2014) on the design, construction and
embodied energy consumption of three storey rammed earth load bearing school
complex building. An analysis of the embodied energy demonstrated that the embodied
energy of a CSRE building (1.15 GJ/m?) was in the range of one third of a load bearing
brickwork masonry building (3-4 GJ/m?) and less than one fourth of a reinforced
concrete framework building (4-10 GJ/m?) with brick masonry. This study showed that
reduction of carbon emissions in the construction sector through the use of low
embodied energy materials such as CSRE walls and alternative floor/roof systems
could be possible (Reddy et al., 2014).

Stabilized mud blocks were promoted as an alternative low-carbon material and it was

estimated that 60-70% savings could be made on the embodied energy compared to

clay bricks (Reddy & Kumar, 2010). On the other hand, Reddy and Kumar (2010)

conducted a comparative study on the embodied energy consumption of CSRE and

that of burnt clay brick masonry. It was reported that the embodied energy of a non-
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stabilized rammed wall could increase from 0.33-0.36 MJ/m® to 0.4-0.5 GJ/m® range
when about 6-8% cement is added to stabilize soil. This increased further to 0.625
GJ/m? when cement content increased to 10% and the recorded embodied energy was
0.625 GJ/m3. This suggested that the embodied carbon and embodied energy of
stabilized rammed earth tends to increase proportionally with cement content
(Akbarnezhad & Xiao, 2017). Thus, replacing cement with alternative sustainable

materials could reduce the embodied carbon and energy of rammed earth buildings.

Another strategy to reduce the embodied carbon of buildings include increasing the
content of recycled, waste or by-product materials in the mix design (Akbarnezhad &
Xiao, 2017). A study by Morel and Charef (2019) conducted a comparative study
between standard strip footings, cement stabilized earth footings and polymer
stabilized earth footings. It was established that the concrete strip footings achieved a
carbon footprint with a cube of concrete having between 100 to 300 kg of CO2. The
2% cement stabilized earth would have a carbon footprint of 40 to 80 kg/m? with
cement having a carbon footprint of 250 kg/m3. The 5% polymer stabilized earth, on
the other hand, had an estimated carbon footprint of 20 to 40 kg/m® with the main
components being bitumen SS60 and urea with a carbon footprint for bitumen being
102 kg per tonne. This suggested that the use of alternative materials such as polymer
stabilized earth foundations could achieve a reduction of 46% of CO2 emissions
compared to a cement concrete. Similar results were also reported by Meek and
Elchalakani (2019) on industrial waste products (fly ash, ground granulated blast
furnace slag, and silica fume) wused as rammed earth stabilizers after alkaline
activation. Using life-cycle analysis, it was estimated that the use of rammed earth
mixes stabilized with aluminosilicates by-products and NaOH would reduce the global
warming potential by 60% compared to cavity bricks for the same unit of external wall

and by 40% compared to brick veneer.

2.8. Application and Cost of Rammed Earth Construction

Rammed earth has been successfully used in Kenya (Oyawa et al., 2015), and in many

other countries for different applications (Maniatidis & Walker, 2003; Oyawa et al.,

2015; Reddy & Kumar, 2010; Rosicki & Piotr, 2022; Suresh & Anand, 2017;

Thompson et al., 2022; Thuysbaert, 2012; Walker et al., 2005). Several studies have

been conducted on the application of rammed earth for wall construction (Burroughs,

2010; Reddy & Kumar, 2010; Suresh & Anand, 2017). In Sri Lanka for example,
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CSRE was used in external application of residential buildings in the form of boundary
walls where tropical climatic conditions prevail. In this project, a full-scale formwork
with plywood sheets as shuttering was used in the construction (Figure 2.5). Cement
content was limited to 10% and sandy laterite soil was collected locally. Another
challenging application of CSRE was road pavement construction (Figure 2.6). This
driveway was constructed as an access road to a factory building where heavy container
traffic travels daily to transport finished products. In this project, the laterite soil
obtained from the site itself was mixed with 6-8 mm chips stabilized with 10-12%
cement for road construction (Reddy et al., 2014). A study by Oyawa et al. (2015)
reported that eco-blocks made of stabilized murrum soil and quarry dust achieved
comparable or higher strength than conventional dressed stone blocks used in Kenya.
This demonstrated the viability of constructing eco-building in Kenya employing

sustainable construction materials (Oyawa et al., 2015).

Figure 2.5: CSRE Boundary Wall in a Residential Building
Source: Reddy et al. (2014)
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Figure 2.6: Driveway Completed with CSRE

Source: Reddy et al. (2014)

It is reported that the cost of CSRE construction varies with cement content used,
availability of soil at site and the type of formwork used. Reddy et al. (2014) reported
that the cost of CSRE construction of a 150 mm thick wall using 8% cement and soil
extracted from the site was in the range of $10-11 per m? with slip from moulds and
$7-$8 per m? with timber formwork. For load bearing wall construction for instance,
Kandamby (2012) reported that a cost reduction in the range of 50% could be achieved
with CSRE compared to that of brickwork. Kosarimovahhed and Toufigh (2020), on
the other hand, demonstrated that rammed stabilized with 7.5% cement could cost
11.25$ for 1 ton, while using a mix design of 5% fly ash (with alkaline activation) and
2.5% cement as stabilizing agents could only cost 10.47$. The highlighted successful
applications of CSRE such as boundary walls, load bearing walls of buildings,
retaining walls, and road pavement construction have demonstrated CSRE as a cost-
effective construction material (Kandamby, 2012; Reddy & Kumar, 2010; Reddy et
al., 2014). In their study on the control of Tungiasis, Elson et al. (2017) mentioned
Earthenable (www.earthenable.org), an organization in Rwanda, that attempted to
apply rammed earth in their search to develop a multi-layer floor sealed with linseed
oil. However, there is still limited published work on the application of rammed earth

in house floor construction for low-income housing.
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2.9. Design Considerations for the Proposed Rammed Earth Floor

The durability of earthen structures is mainly related to the action of water on the walls.
This action is manifested primarily by increase of water content and erosion of earthen
walls. The first problem is mainly due to capillary flow (from ground to surface). The
second comes from incident rainfall (Morel, 2012). In the context of a rammed earth
floor, the durability is mainly influenced by capillary flow from ground and surface. In
addition to decreasing water absorption through the addition of a binder, use of damp-
proof membranes is often provided along the interface between the footing and the
base for earthen walls (Morel, 2012). This could also be adopted in earthen floors,
especially in areas with excess moisture and having high water table. However, the
damp-proofing membrane or material should be capable of withstanding ramming
without damage and an impermeable floor-finish could be laid on the surface (Morel,
2012). On the other hand, as similarly reported by Hall and Djerbib (2004), when the
mass of the binder fraction in a suitable soil is less than 10% of the total soil mass, it
would appear that the rate of moisture ingress in rammed earth is significantly
increased, due to capillary suction. In addition, during the 28-day curing period, it is
essential to maintain a relative humidity level exceeding 95% for the newly constructed
floor. Achieving this level of humidity is accomplished by regularly spraying the
surface with water. This accelerated curing process is crucial to ensure that the floor
attains a compressive strength that meets or exceeds the minimum requirement
specified in accordance with KS02-1070:1993 standards, which is greater than 2.5
MPa.

2.10. Summary of the Review and Research Gap

From the above literature, it is clear that extensive studies explored the use of
alternative materials to cement (Assumptor et al., 2020; Danner et al., 2018; Dhanya
& Santhanam, 2017; Ganesan et al., 2007; Jaskulski et al., 2020; Justice, 2005; Khan
et al., 2022; Mehsas et al., 2021; Okumu Mary Assumptor 1, 2020; Schulze & Rickert,
2018, 2019; Senhadji et al., 2012; Zhou et al., 2017). These included fly ash, cow dung
ash, blast furnace slags, silica fume, rice husk ash, polymer fibres, waste and industrial
by-products (Amiralian et al., 2012; Bumanis et al., 2020; Khan & Khan, 2017;
Kosarimovahhed & Toufigh, 2020; Kristiawan et al., 2017; Oluremi et al., 2021). The
literature also reviewed the properties of calcined clay, especially Metakaolin, as a
potential replacement for cement (Bich et al., 2009; Dabakuyo et al., 2022; Ibrahim et
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al., 2018; Justice, 2005; Mehsas et al., 2021; Thiviya et al., 2020; Trusilewicz et al.,
2012; Wang et al.,, 2018). In addition, studies were also conducted on strength
improvement of cement stabilized rammed earth for the construction of walls, earth
blocks, and road pavement (Hall & Djerbib, 2004; Hall & Djerbib, 2006; Indekeu et
al., 2021; Kandamby, 2012; Kariyawasam & Jayasinghe, 2016; Kosarimovahhed &
Toufigh, 2020; Marais et al., 2015; Naeini et al., 2021; Porter et al., 2018; Raj et al.,
2018; Reddy & Kumar, 2010; Reddy, 2010; Suresh & Anand, 2017; Thiviya et al.,
2020; Walker et al., 2005). Nevertheless, there is still limited existing research
regarding the incorporation of calcined clay as a partial replacement for cement in
stabilized rammed earth, with the ultimate goal of developing a strong and water-
resistant floor. It is on this basis that this study aimed to assess the performance of
calcined clay as a replacement for cement for potential use in the construction of

earthen floors for low-income housing.
2.11. Conceptual Framework

Using the background information backed by evidence in the literature review, the
study’s paradigm on the performance of calcined clay as a partial replacement for
cement in rammed earth floors was developed. It mainly consists in the effects of
independent variables on the study’s variables of interest (compressive strength and
capillary water absorption). As illustrated on figure 2.7, independent variables included
raw clay characteristics, pozzolanic activity of calcined clay, mix design, and soil type
on the strength and water absorption properties of rammed earth floors as illustrated in

Figure 2.7.
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CHAPTER THREE

RESEARCH METHODOLOGY

In this chapter, laboratory experiments conducted for the determination of the effect
of calcined clay as a partial replacement for cement in rammed earth floor construction
are described. The procedures used in soil sampling, assessment of the pozzolanic
activity of calcined clay, and rammed earth stabilization using cement and calcined
clay are presented. Sampling of clay for calcination and the evaluation of pozzolanic
activity were conducted from March 2022 to September 2022. Soil stabilization

experiments were conducted from November 2022 to March 2023.

4. Study Area

Murang’a County is one of the counties of Kenya’s former Central Province. The
county (Figure 3.1) covers 0.4% of Kenya’s total land mass. It is bordered by the
counties of Nyeri to the North, Kiambu to the South, Nyandarua to the West and
Kirinyaga to the North-East, Embu to the East and Machakos to the South-East. It lies
between latitudes 0°45°S-37°7’E and has a density of 3.7 people per household
(Kamau et al., 2018). The county has a population of 942,581 people and it is host to
2.4% of the total population in Kenya based on the 2009 census. It is divided into eight
sub-counties: Kiharu, Kahuro, Kangema, Gatanga, Mathioya, Kigumo, Kandara,
Maragua (Murang'a County, 2018). The geology of the county consists of volcanic
rock structure and most of the soil has developed from the volcanic activities. The soils
are generally fertile and have good drainage. These soils include Humic Nitisols,
Rhodic ferralsols, ferralic cambisols, umbric Andosols and some patches of vertisols
which are poorly drained (Batjes & Gicheru, 2004). According to Murang’a Country
Integrated Development Plan (Murang'a County, 2018), more than 40% of the
households live in stone/brick walled houses, less than 58% in mud/wood walled
houses while about 2% live in grass straw/tin walled houses. Most housing units in the
county are roofed with corrugated iron sheets (about 95%), while Makuti and grass
roof constitute 0.18% of the households. Majority of these housing units have earthen
floors (60%), followed by cement floors at 39% (SGS Kenya Limited, 2018).
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Figure 3.1: Map of Study Area Showing the Sampling Sites GT (Gatundu), GK
(Gakoigo), and MU (Murang’a town)

5. Characterization of Clay Material and Evaluation of Pozzolanic Activity

3.5.1. Sampling of Clay Material

Natural clays (collected in triplicates) were obtained from Gathima wetland in
Gatundu village, Kahuro sub-county; Murari wetland in Murang’a town, Kiharu sub-
county; and Kaingiro wetland in Gakoigo town, Maragua sub-county (Figure 3.1). In
each site, the three replicates, weighing 5 kgs each, were randomly sampled at a depth
of 60 cm. The samples were coded as GT1, GT2, and GT3 for Gatundu; MU1, MU2,
and MU3 for Murang’a Town; and GK1, GK2, and GK3 for Gakoigo (Table 3.1).
Undesirable components such as roots, leaves of trees and plants were removed from
the samples before use. The samples were then dried at 105°C to a constant weight
using an EYELA windy oven (Model WFO — 1000ND, Rikakikai Co. Ltd, Tokyo,
Japan). The samples were then crushed using a ball mill and sieved through a 75
micron sieve (Njoka et al., 2015). The soil group was determined using the
Harmonized World Soil Database (HWSD) version 2.0 developed in 2008 by the
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International Institute for Applied Systems Analysis (IIASA) and the Food and
Agriculture Organization of the United Nations (FAO).

Table 3.1: GPS Coordinates of Sampling Locations

Sub- Wetland Texture _ ) ) Soil
Code Longitude Latitude Elevation
County Name Class group
) GT1 37.05157 -0.74284 1530 m
Gathima .
Kahuro Clay GT2 37.05188 -0.74269 1515m Nitisols
Wetland

GT3  37.0485 -0.74299 1548 m
MUl 37.14867 -0.72816 1297 m

Clay MU2 37.14995 -0.72795 1296 m  Nitisols
MU3 37.15067 -0.72739 1295m

Murang’a  Murari
East Wetland

Kaingiro GK1 37.10715 -0.77855 1378 m
Murang’a i o
South Gakoigo Clay GK2 37.10737 -0.77832 1377 m  Nitisols
ou
Wetland GK3 37.10785 -0.77767 1379m

3.5.2. Characterization of Raw Clay Material

3.5.2.1. Determination of soil texture

Soil texture was evaluated using the hydrometer method in accordance with BS
1377:part 2, 1990 (British Standard Institute, 1990). A stock dispersing solution was
prepared weekly from tetrasodium pyrophosphate decahydrate (NasP>07.10H,0, 500
g) made up to 10 L in deionized water. Clay was dried in a current of warm air (45°C)
and pulverized to pass a 2-mm sieve. A subsample (50 g) was treated in a 1 L plastic
cup with 100 mL of the stock solution. The mixture was made up to about 250 mL,
and left overnight (16 h). It was then transferred to a metal cup with indentations (milk-
shake cup), mixed with a high-speed blender for 5 minutes and rinsed into a measuring
cylinder. The suspension was made up exactly to the 1000 mL mark with deionized
water from a large stock at room temperature.

Homogenizing the suspension was made by raking the suspension from top to bottom
with a plunger. After mixing, a standard ASTM type 152H hydrometer was carefully
inserted 20 seconds ahead of the reading time. The stem scale was read at the top of

the meniscus. The stem of the hydrometer was kept free of grease so that a meniscus
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forms properly. Readings were estimated at 40 seconds (Raos) to the nearest 0.5 g/L,
and the later, at 6 hours (Ren), after mixing, to the nearest 0.1 g/L under good light with
the aid of a magnifying glass. The soil texture was evaluated using Equations [3.1],
[3.2], [3.3]. The results of the soil texture analysis were plotted on the USDA soil

texture triangle using R software.

% clay === X (Rgn — Ry) [3.1]
% sand = 100 — (=) X (R4os — Ry) [3.2]
% silt = 100 — % sand — % clay [3.3]

Where:

w was the weight (g) of dry soil in 2000 mL of suspension.

%clay, %sand, %silt represent the percentage of clay, sand, and silt in the soil
sample, respectively.
The blank readings R in equations [3.1] and [3.2] were actual readings, which will

not have the same value if the suspension temperature drifts.

3.5.2.2. Determination of loss on ignition (LOI)

This test was conducted to estimate the amount of organic matter. Organic matter
reduces the pozzolanic activity if present in amounts higher than 10% (Arum et al.,
2013). To determine the loss on ignition (LOI), 1 g of the sample was dried in an
EYELA windy oven (Model WFO — 1000ND, Rikakikai Co. Ltd, Tokyo, Japan) at
105°C for 24 hours. The sample was then weighed to determine the moisture content
and thereafter calcined at 500°C for 24 hours using an electronic muffle furnace
(Advantec KL-420, Japan) (Figure 3.2) (Jensen et al., 2018; Konare et al., 2010). The
analysis was done in triplicates for each sample. The LOI value was calculated using
Equation [3.4]:
LOI % = () X 100 [3.4]

Where A is the loss in mass between 105°C and 500°C, B is the mass of moisture-free
sample. Calculations were made to the nearest 0.01%.
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(b)
Figure 3.2: a) Clay Samples Before Ignition and b) Clay Samples after Ignition

3.5.2.3. Determination of chemical oxide composition

The chemical composition analysis was conducted to determine the percentage of
oxides present in clay samples using X-ray Fluorescence using a handheld XRF
analyser (S1 TITAN Handheld XRF Analyser — Bruker) (Adeniyi etal., 2020; Schulze
& Rickert, 2019; Zayed et al., 2018). According to ASTM C618, a material can be
considered pozzolanic if the percentage of MgO and SO3 is lower than 4% each, and
the sum of SiO, Al,O3, and Fe2O3 exceeds 70% in the chemical composition (Arum
et al., 2013; Bumanis et al., 2020). The analysis was conducted at the Mines and
geological department, at the ministry of Petroleum and Mining in Nairobi, Kenya.

Each analysis was done in 3 replicates.

3.5.3. Clay Calcination

The calcination was carried out to transform clay into an amorphous material (Arum
et al., 2013). Crushed clay samples were sieved through a 75-micron sieve. An
electronic muffle furnace (Advantec KL-420, Japan) was used for calcination. Clays
were calcined at 600°C, 700°C and 800°C following the protocol suggested by Moodi
et al. (2011). The heating rate was 25°C per minute and the time of residence at
maximum temperature was fixed at 2 hours. Samples without thermal treatment were
referred to as raw clay. The calcined clays were allowed to cool down to room
temperature in the furnace overnight. After calcination, the material was gently ground
by hand using a mortar and a pestle according to the protocol suggested by Ibrahim et
al. (2018).
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3.5.4. Evaluation of the Pozzolanic Activity

The pozzolanic activity of clay was measured using the electrical conductivity test,

Frattini test and the compressive strength test.

3.5.4.1. Electrical conductivity test

The electrical conductivity test (EC) assessed the pozzolanic activity by monitoring
the electrical conductivity of a saturated solution of Ca(OH); at 40 + 1°C after the
addition of clay (Tironi et al., 2013). This test was conducted following the procedure
described in Musyimi et al. (2016) and John (2013). In this test, 200 cm?® of distilled
water was heated on a hot magnetic plate (Polymix PX-MST) at 40 + 1°C. Some 5.0
g of clay was added to the solution at 40 £ 1°C, and the mixture was continuously
stirred using a magnetic stirrer for two minutes. The electrical conductivity of the
resulting solution was measured after 2, 30, 60, 120, 240, 1200, and 1440 minutes
(Figure 3.3). A pozzolanic reaction leads to a reduction of free Ca** and OH" ions (Juri¢
et al., 2020). As a result, the EC value gradually decreases with time when the added
material is reactive due to the consumption of Ca?* ions (Tironi et al., 2013). The

process was repeated three times.

P\ ICRO-WAV

(@) (b)

Figure 3.3: a) Solution of Calcined Clay and Ca(OH)2 and b) Electrical
Conductivity of the Solution Measured

3.5.4.2. Frattini test

The Frattini test evaluated the amount of dissolved Ca%* and OH- in a solution

containing OPC CEM-I and the pozzolanic material after a curing period of 8 and 15
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days (Donatello et al., 2010). This was conducted on the principle that a pozzolanic
reaction consists in a fixation of Ca(OH)2 by the pozzolanic material. Hence, the lower
the resulting quantity of calcium hydroxide, the higher the pozzolanicity. The
procedure specified in EN 196-5 was used. Portland cement, OPC-CEM-I, (16 g) and
the clay (4g) were mixed with 100 ml of distilled water. The chemical composition of
Portland cement is presented in Table 3.2. After mixing the three components, samples
were left for 8 and 15 days in sealed plastic bottles in a water bath at 40°C. After
curing, the samples were vacuum filtered through a 2.5 um nominal pore size filter
paper (Whatman No. 42) and allowed to cool down to ambient temperature in sealed
Buchner funnels. The filtrate was analysed for [OH] and [Ca?*] by titration against
dilute HCI (0.1 mol/l) and Ethylenediaminetetraacetic acid (0.03 mol/l) (EDTA),
respectively (Figure 3.4) (John, 2013). Results were presented as a graph showing CaO
(mmol/l) on the y-axis against [OH] (mmol/l) on the x-axis. Test results below the
Portlandite saturation curve indicate the removal of Ca?* from the aqueous solution
(the solution becomes under-saturated in Portlandite), which is then attributed to the
pozzolanic activity of the material added to cement. Results lying on the line indicate
zero pozzolanic activity, while the results above the line correspond to no pozzolanic
activity. It should be noted that this procedure assumes that no other source of calcium
is present in the system, since leaching would invalidate this approach (Juri¢ et al.,
2020).

(b)
Figure 3.4: a) Setup for The Determination of Ca?* and [OH]" by Titration and
b) Titrated Solution after Frattini Test
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Table 3.2: Chemical Composition of the Ordinary Portland Cement (OPC)
CEM-I Used

SiO2 AlO:3 FexO3 CaO S0O3 KO TiO2 Others
(%) () () (%) (%) () () (%)
Composition 2538 4.75 291 63.00 232 0.79 0.25 0.6

Oxides

3.5.4.3. Compressive strength test

This test involved the determination of the strength developed by mortar specimens
following the procedure described in ASTM C109. Cement mortars containing clay
replacing OPC CEM-I at 20% were tested. The control sample was prepared using 450
g of OPC CEM-I, 1350 g of graded sand and 225 ml of water. The test mixture was
prepared with 360 g of OPC, 90 g of pozzolanic material, 1350 g of graded sand, and
225 ml of water. 40 mm x40 mm x160 mm square prisms were cast and kept in the
moulds for 24 hours. The prisms were demoulded and cured in saturated lime water
for 7, 14, and 28 days. After the respective curing time, the square prims were removed
from the lime saturated water, surface-dried in an oven and cut using a concrete cutting
machine to obtain 40 mm cubes (Figure 3.5). The uniaxial compressive strength was
measured using a compressive strength testing machine (MATEST S.p.A TREVIOLO
24048 ITALY). The results were plotted from the average of three specimens. The

strength activity index (SAI) was evaluated using equation [3.5] (Altwair et al., 2011):

SAI = £ [35]
CS,

Where CS;: is the compressive strength of cement block made with blended cement
(MPa), and CS: is the compressive strength of cement block made with cement alone

(MPa) (control sample).
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Figure 3.5: Cement Block Cured for the Determination of Strength Activity
Index of Calcined Clay

6. Evaluation of the Effect of Calcined Clay as a Replacement for Cement on

the Strength and Water Absorption of Rammed Earth for Floor Construction

3.6.1. Sampling of Experimental Soils for Stabilization

Soils used for stabilization were collected in Juja town, Kiambu County, Kenya. In
this study, the performance of calcined clay was studied on coarse-grained and fine-
grained soils. Murrum soil was selected as the coarse-grained soil, while Black cotton
soil was selected as the fine-grained soil. Murrum soil was collected at latitude 1°5°24”
S and longitude 37°0°32” E. Black cotton soil, on the other hand, was collected at
latitude 1°5°28” S and longitude 37°0°50” E (Figure 3.6). At each sampling site, soils
were sampled at a depth of 1 m after scraping off the topsoil. This was consistent with
the protocol suggested by Al-Swaidani et al. (2016). Soils were packed in plastic bags
and transported to the geotechnical laboratory, at the Jomo Kenyatta University of
Agriculture and Technology. Experimental soils were sun-dried for 2 weeks, crushed
and sieved through a 4.75 mm sieve.
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(b)
Figure 3.6: Soils Used for Stabilization Experiments : a) Black Cotton Soil and
b) Murrum Soil.

3.6.2. Characterization of Experimental Soils

3.6.2.1. Determination of Particle Size Distribution

The hydrometer test was used to determine the soil texture of murrum and black cotton
soils in accordance with the BS 1377:part 2, 1990 (British Standard Institute, 1990).
50 g of the soil sample was mixed with a 100 mL soil dispersant (tetrasodium
pyrophosphate decahydrate). The suspension was washed on a 75-pum sieve using a jet
of distilled water. The material retained on the 75 um was oven dried, and re-sieved
on relevant sieves down to 75 pum. The suspension that passed through the sieve was
transferred to a 1 L measuring cylinder and used for the sedimentation analysis. After
thoroughly mixing, a hydrometer was immersed and the hydrometer readings taken at
Y% min, 1 min, 2 min and 4 min, 8 min, 15 min, 30 min, 1h, 2h, 4h, and 24h from the
start of sedimentation. The temperature was recorded during the first 15 minutes and
after each subsequent reading. The proportion of soil retained on each sieve was
calculated as a percentage of the dry mass of soil used, m (in g), and the cumulative
percentages by mass passing each of the sieves from the general relationship. The
percentage by mass of particles smaller than the corresponding equivalent particle

diameter was also evaluated.
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3.6.2.2. Determination of Atterberg Limits

The Atterberg limits test was conducted to describe the transitions of the soil material
from semi-solid, to plastic, to fluid. The Atterberg limits are important properties of
fine-grained soils, and are used in identifying and classifying soils (Burroughs, 2001).
This test was carried out according to the BS 1377: part 2:1990. The liquid limit (LL)
and plastic limit (PL) tests were analysed on soil material passing a 425 pum sieve. The
liquid limit was determined using the cone penetrometer method (British Standard
Institute, 1990). Some 400 g soil sample was mixed with distilled water such that the
first cone penetrometer reading was about 15 mm. A portion of the mixed soil was
pushed into a metal cup. The dial gauge was lowered to contact the cone shaft and the
reading of the dial gauge recorded to the nearest 0.1 mm. The cone was released for a
period of 5 £ 1 sec. After locking the cone in position, the dial gauge was lowered to
contact the cone shaft and record the reading of the dial gauge to the nearest 0.1 mm.
The difference between the readings was recorded as the “cone penetration”. Some 20
g mixed soil was collected from the area penetrated by the cone to determine moisture
content.

The penetration test was repeated three more times using the same sample of soil to
which further increments of water had been added. The amount of water was added
such that a range of penetration values of approximately 15 mm to 25 mm was covered
by the four test runs. The relationship between the moisture content and cone
penetration was plotted with the moisture content as the abscissae and the cone
penetration as ordinates, both one linear scale. The Liquid Limit (LL) of the soil
sample is the moisture content corresponding to a cone penetration of 20 mm and was
expressed to the nearest whole number. The moisture content of each specimen was
expressed using equation [3.6]:

LL = =2 % 100 (%) [3.6]

mz— mq
Where:
m, is the mass of the container (in g)
m, is the mass of the container and wet soil (in g)

m; is the mass of the container and dry soil (in g)
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Plastic limit test determined the moisture content at which a soil becomes too dry to
be plastic. A 40 g soil paste sample was partially dried until it became plastic enough
to be shaped into a ball. The ball was moulded between the fingers and rolled between
the palms of the hands until the heat of the hands had dried the soil sufficiently for
slight cracks to appear on its surface. The sample was divided into 2 sub-samples of
about 20 g each for a separate determination on each portion. The soil was formed into
a thread and rolled to reduce to a diameter of about 3 mm until the thread shears both
longitudinally and transversally when rolled to about 3 mm diameter. The first
crumbling point was the plastic limit. The moisture content of the pieces of crumbled
soil was determined. The moisture content was expressed and the value expressed to
the nearest whole number. This was the Plastic Limit (PL). The Plasticity Index (PI)
was defined as the difference between the Liquid Limit (LL) and the Plastic Limit

(PL), and was calculated from equation [3.7]:

PI= LL — PL [3.7]

The linear shrinkage was evaluated using BS 1377:1990 (British Standard Institute,
1990). Some 150 g soil paste sample at approximately the Liquid Limit was placed in
a mould and levelled along the top with a palette knife. The mould was air-dried for
1-2 days and then at 105°C. The mean length of the soil bar was measured (Lp) and
the linear shrinkage of the soil was calculated as the percentage of the original length

of the specimen, L, (in mm), from equation [3.8]:

LS (%) = (1 — 12) x 100 [3.9]

0
3.6.2.3. Determination of specific gravity

The specific gravity was determined using ASTM D854. A dry pychometer was
weighed to the nearest 0.01 gram (m1). Oven-dried soil sample was added to the
pycnometer and the weight was measured (m.). Distilled water was added to the
pycnometer until about two thirds full and the mixture agitated. Then, water was added
to the volume mark, and the mixture weighed (mz). The procedure was repeated in
three replicates. The pycnometer was filled with water to its calibration mark and the

weight was determined (m4). The specific gravity was measured using equation [3.9]:
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G = T2” T [3.9]

T (mgy-my)—(mz—my)

3.6.2.4. Determination of Optimum Moisture Content and Maximum Dry

Density

The optimum moisture content (OMC) and maximum dry density (MDD) of the soil
samples were determined using the British standard light compaction method (BS
1377:part 2, 1990). The compaction effort was obtained using a 2.5 kg rammer falling
freely through 30 cm onto the soil. Compaction was done in three layers, each
receiving 27 uniformly distributed blows. A mould of 1000 cm? was used (Ikeagwuani
etal., 2019).

3.6.3. Stabilization Experiments

The raw materials for soil stabilization included black cotton and murrum soil,
ordinary Portland cement (OPC CEM 1 42.5 N), calcined clay, and water (Table 3.3).
The binder content (Portland cement + calcined clay) varied at 5%, 10% and 15% of
the binder-soil mixture in reference to Adekitan and Ayininuola (2018). Calcined clay
was used as a replacement for Portland cement. The replacement rates were as follows:
0% (control specimens), 25%, 50%, and 75%, respectively, in reference to Adekitan
and Ayininuola (2018) (Table 3.3). Unstabilized soil was referred to as soil rammed
with 100% soil.

Before compaction, soil was mixed thoroughly with water and the binder (Table 3.3).
Water content was informed by the optimum moisture content obtained during the
compaction test. The stabilized rammed earth was cast by compacting the mixed
material in a 1000 cm? cylindrical mould in accordance with BS 1377. The specimens
were compacted in 3 equal layers using a 2.5 kg rammer. Each layer received a
compaction effort of 27 blows (Figure 3.7). The specimens were kept on smooth and
flat plates in a curing room at room temperature and a relative humidity > 95% (Wang
et al., 2022; Zhang et al., 2019). After curing for 14 and 28 days, the specimens were

removed from the curing room and tested for strength and capillary water absorption.
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(a) (b)

Figure 3.7: Rammed Earth Stabilization Procedure : A) Mixing of Soil,

Portland Cement, Calcined Clay and Water Before Compaction and B)
Compaction of the Mix into a Block Using a 2.5 Kg Rammer
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Table 3.3: Mix Proportions of Stabilized Rammed Earth

Binder: Portland Calcined Clay
Soil material  Soil (%) Cement (PC) + Calcined (CC) (in the
Clay (CC) binder)

100% - -
95% 5% 0%
95% 5% 25%
95% 5% 50%
95% 5% 75%
90% 10% 0%

Black Cotton

Soil 90% 10% 25%

90% 10% 50%
90% 10% 75%
85% 15% 0%
85% 15% 25%
85% 15% 50%
85% 15% 75%
100% - -
95% 5% 0%
95% 5% 25%
95% 5% 50%
95% 5% 75%
90% 10% 0%

Murrum Soil 90% 10% 25%
90% 10% 50%
90% 10% 75%
85% 15% 0%
85% 15% 25%
85% 15% 50%
85% 15% 75%
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3.6.4. Testing of Stabilized Rammed Earth

3.6.4.1. Determination of Unconfined Compressive Strength

The unconfined compressive strength (UCS) was measured using a compressive
strength testing machine (MATEST S.p.A TREVIOLO 24048 ITALY). The procedure
adopted in this study was based on ASTM D2166. After the curing period, the
specimen was placed in the loading device of the testing machine, ensuring proper
alignment and load transfer (Figure 3.8). An axial load was applied gradually until the
specimen failed. The unconfined compressive strength was obtained by dividing the
maximum load at failure by the cross-sectional area of the specimen. Tests were
conducted in 3 replicates. The results were subjected to a graphical representation of
the average and standard deviation (Altwair et al., 2011). UCS results at 28 days were
compared against KS 02:1070:1993 standards for cement stabilized rammed earth.

Figure 3.8: Stabilized Blocks Prepared for Compressive Strength Test

3.6.4.2. Determination of Capillary Water Absorption

Capillary water absorption tests of cement-based materials usually apply the weighing
method, which includes the upwards, side, and downwards suction methods. The most
used method is the downwards suction method (Figure 3.9) (Wang et al., 2022). This
test was conducted on blocks cured for 14 days in reference to Weglinski (2021) and
Wang et al. (2022). In this study, specimens were dried in an oven for 24 hours at

105°C, weighed with an accuracy of 0.1 g (mary,s), and then coated with adhesive paper
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on the side, to ensure unidirectional transport of water (Wang et al., 2022). The
samples were then immersed in water at a depth of 5 £ 1 mm (Figure 3.9). Increase in
weight (msos) as a result of water absorption was monitored after 1, 2, 4, and 24 hours.
Prior to every measurement, specimens were wiped with a cloth. Each test was
conducted in 3 replicates. In this study, capillary water absorption was expressed in kg

water/kg soil block, and calculated using equation [3.10]:

Cys = 2o —drvs [3.10]

Mdry,s

100 mm ———p

Adhesive paper coating

5 mm

Figure 3.9: Capillary Water Absorption Test

Where: mary,s is a sample weight after drying [g], mso,s IS mass of the soaked sample at

time t [g], Cws is capillary water absorption [kg water/kg soil block].

7. Data analysis

The design for this objective was a full factorial design. For the first objective, factors
included the sampling sites (Gatundu, Gakoigo, and Murang’a town), calcination
temperature (Raw, 600°C, 700°C, and 800°C) and time. For the second objective,
factors included soil type, the binder content, cement replacement rate with calcined
clay, and curing time. The results were subjected to a graphical representation of the
mean and the standard deviation. The data were further subjected to an ANOVA to
evaluate the association between independent variables and their interactions using R-

software.

Results for strength activity index at 7, 14 and 28 days were subjected to a comparison
with ASTM C618 standards. Frattini test results were compared to the solubility curve

of Ca(OH), based on the EN 196-5 standards. Based on the findings of this objective,
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the optimum clay type and calcination temperature were used in the evaluation of the
effects of calcined clays on the strength and water absorption of cement stabilized
rammed earth. The 28-day compressive strength of stabilized rammed earth was
subjected to a comparison with KS 02:1070:1993 standards for cement stabilized soil

blocks for general construction.
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1. Introduction

This chapter consists of two subsections presenting the results and discussion of the
study. The first subsection focuses on the characterization of clay and the evaluation
of its pozzolanic activity. The second subsection consists in the evaluation of the effect
of cement replacement with calcined clay on the stabilization of murrum soil and black

cotton soil for rammed earth floor construction.
4.2. Characteristics and Pozzolanic Activity of the Clay Material
4.2.1. Characteristics of the Clay Material

4.2.1.1. Soil Texture

The results of the soil texture analysis were plotted on the USDA soil texture triangle
using R software (Figure 4.1). The results indicated average values of 40-50% of clay,
10-20% of silt and 30-40% sand for all the collected clays (GT, GK, and MU). In
particular, samples from Gakoigo were the finest soil with a clay content of about 50%,
and the least amount of silt and sand. This suggested that it is relatively more effective
to extract the clay fraction from this soil than other samples. The wetland soils used in

this study were classified as clay (CL) (see Appendix I).
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Figure 4.1: Standard Soil Texture Triangle Indicating Classification of Clay
from Gatundu (GT), Murang’a Town (MU), Gakoigo (GK)

4.2.1.2. Loss on Ignition and Chemical Oxide Composition

It was observed that all raw clay samples conformed to the ASTM C618 chemical
requirements for natural pozzolans (Table 4.1). The percentage of Magnesium oxide
(MgO) and Sulphur trioxide (SOz) was lower than 4% each, and the sum of Silicon
dioxide (SiOz), Aluminium oxide (Al2Oz), and Ferric oxide (Fe203) exceeded 70% in
the chemical composition. The large presence of pozzolanic oxides suggests that clay
is likely to positively influence the strength development of cement blocks. SOz was
present in trace quantities in all samples, suggesting a positive volumetric stability and
hydration kinetics when clay replaces cement (Chelberg, 2019). On the other hand,
MgO which if in excess of 4% would make the pozzolana unsound, was not detected
(Arum et al., 2013). In contrast, LOI was higher than the 10% minimum required,

suggesting a high content of unburnt carbon. This indicated that the adsorption of air
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entraining agents could be higher, which could inhibit the pozzolanic activity of raw
clay (Arum et al., 2013; Chelberg, 2019). Thus, it was necessary to calcine the clay

before its use as a replacement for cement.
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Table 4.1: Chemical Composition and Loss On Ignition (LOI) of Raw Clay Samples

Sample

GT1
GT2
GT3
MU1
MU2
MU3
GK1
GK2

GK3

Parameters
Si0; AlLOs Fe05 CaO KO TiO, others 02 Lol
w0 MgO (%) o SOs (%) % +Al,05 %)
+Fe203 (%)

4457 30.38 19.63 0.38 undetected 0.25 417 undetected 0.61 94.59 14.11
4526 2850 20.12 0.55  undetected 0.32 4.69 undetected 0.56 93.88 11.76
41.11 34.11 1931 0.24 undetected 0.18 4.23  undetected 0.83 94.52 13.03
52.77 26.53 1563 0.86  undetected 0.41 2.43  undetected 1.37 94.93 14.40
5047 29.26 15.18 0.72 undetected 0.76 2.32  undetected 1.27 94.92 12.33
4857 30.36 1542 0.93  undetected 1.06 2.44  undetected 1.22 94.35 13.45
4391 3391 1720 0.44 undetected 0.25 3.15 undetected 1.14 95.02 12.84
4406 34.36 16.99 0.33 undetected 0.24 3.26  undetected 0.76 95.41 13.97
44,06 33.86 17.28 0.41  undetected 0.28 3.23  undetected 0.88 95.21 13.84
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4.2.2. Pozzolanic Activity of the Clay Material

4.2.2.1. Pozzolanic activity based on electrical conductivity

This test evaluated the reactivity of clay with calcium hydroxide. The results show the
variation of the electrical conductivity (EC) of the lime-water solution after the
addition of clay, as a function of calcination temperature and time (Figure 4.2, Figure
4.3, and Figure 4.4).

—~ 7 - —~ 7 - ~ Raw Cl
g . g aw Clay
) é‘ 6 4 —=—Raw Clay 7l é 6 4 —e—CCalcined at 700°C
EFY] EREIT
20 =0
% 41 554
g & < =
2 g3 1 2 F 3 4
5 5 S 3
?2 22 = =2
3 SR
ES 1 ED A
0 = o
o o
ED O L] L] L] L] L] L] L] Eo 0 T T T T T T ' ]
Q quo o N Y kA Q qua e T e
& Reaction time (hour) Q- Reaction time (hour)
(a) (b)
= 7 —&—Raw Clay
726 —e— Calcined at 800°C
o 5
235 -
S
20
284
29
5 &
= g3 4
Q a
Q w 2
&
E L1 -
g o
E 0 L] L L] L L L L]
" “ A )
S > Y > oo
Q- Reactmr(l t)lme (hour)
c

Figure 4.2: Electrical Conductivity (EC) of Aqueous Solutions of Ca(OH): after
the Addition of Clay from Gatundu (GT): (a) Clay Calcined at 600°C and Raw
Clay, (b) Clay Calcined at 700°C and Raw Clay, (C) Clay Calcined at 800°C and
Raw Clay.

52



P ——Raw Clay —~ 7 ——Raw Clay
g, —e—Calcined at 600°C | & 6 —e—Calcined at 700°C
ago 23]
»0
5 U 20
© 34 o34
2 = € &
wl w)
&2 T2
5 © 5 o
ERE ERE
= 0 — ¥ — ————
A T T e NS S, BN N L SR VRR 4
Qe . YV v > : A q 3
Q.Q Reaction time (hour) Q.Q Reaction time (hour) g ’
(@) (b)
o 7] ——Raw Clay
=6 ——Calcined at 800°C
A
S’ ::
z0°
234
28
s 2
EE
o 89
Eo1 1
bt
L"_J‘ 0 L) L] L] L] L) L] 1
Q A» e N YV X Ay Ak
p) - . . v 2
Q> QReactl(on) time (hour)
c

Figure 4.3: Electrical Conductivity (EC) of Aqueous Solutions of Ca(OHy. after
the Addition of Clay from Murang’a Town (MU) : (a) Clay Calcined at 600°C
and Raw Clay, (b) Clay Calcined at 700°C and Raw Clay, (c) Clay Calcined at

800°C and Raw Clay.
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Figure 4.4: Electrical Conductivity (EC) of Aqueous Solutions of Ca(OH): after

the Addition of Clay from Gakoigo (GK) : (a) Clay Calcined at 600°C and Raw

Clay, (b) Clay Calcined at 700°C and Raw Clay, (c) Clay Calcined at 800°C and
Raw Clay.

In the first 2 minutes following the reaction of the saturated solution of Ca(OH) and
clay, a drastic drop of the electrical conductivity was observed (Figure 4.2, Figure 4.3,
and Figure 4.4). Raw clay from Gatundu, Murang’a Town, and Gakoigo showed a 2-
minute EC drop of 1.70, 1.57, and 1.40 S/m (Figure 4.2, Figure 4.3, Figure 4.4),
respectively. When calcined at 600, 700, and 800°C, clay from Gatundu showed a 2-
minute drop of 1.99, 1.65, and 0.88 S/m (Figure 4.2), respectively, compared to 1.89,
1.43, and 0.62 S/m for clay from Murang’a town (Figure 4.3), and 2.19, 1.85, and 1.10
S/m, respectively, for clay from Gakoigo (Figure 4.4). This significant drop in the
initial stage was attributed to the high reduction rate of Ca?* and OH" ions, attributed

to a fast fixation of the dissolved Ca(OH). by calcined clay particles (Amin et al.,
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2015). As similarly reported by Tironi et al. (2013) and Walker and Pavia (2010), the
EC later decreased slowly indicating a reduction in the content of chemically active

components.

The maximum drop achieved for raw clay was 3.9 S/m after 24 hours for both Gatundu
(GT) and Murang’a town (MU) clays (Figure 4.2a, and Figure 4.3a), compared to 3.6
S/m for GK clay (Figure 4.4a). However, after calcination, GK reactivity significantly
increased with EC drops of 5.44, 5.07, and 3.95 S/m for clay calcined at 600°C (Figure
4.4a), 700°C (Figure 4.4b), and 800°C (Figure 4.4c), respectively, compared to 5.26,
5.48, 4.9 S/m (Figure 4.2a, Figure 4.2b, and Figure 4.2c, respectively), and 4.5, 3.56
and 3.33 S/m (Figure 4.3a, Figure 4.3b, and Figure 4.3c, respectively) for GT and MU,
respectively, after 24 hours. The drop in electrical conductivity of clay calcined at
600°C (Figure 4.2a, Figure 4.3a, and Figure 4.4a) was generally greater than 700°C
(Figure 4.2b, Figure 4.3b, and Figure 4.4b) and 800°C (Figure 4.2c, Figure 4.3c, and
Figure 4.4c). This indicated that clays calcined at 600°C possess better pozzolanic
reactivity, due to the presence of amorphous silica, which consumes the Portlandite
phases to form additional C-S-H phases (Khan et al., 2022; Setina et al., 2013). Thus,
the greater the drop in EC, the more reactive the material (Tironi et al., 2013). The low
reactivity observed at 800°C could be explained by a recrystallization of mineral
phases, oxidation of iron oxides and its transformation into hematite, which ultimately
led to a decrease in the amorphous phases when the heating temperature increases to
800°C (Khan et al., 2022).

Results from the analysis of variance (see Appendix I1V.a) (confidence level of 95%)
showed that both clay type and calcination temperature had a significant effect on the
electrical conductivity with p-values of 2.25e% and < 2e7°, respectively. Moreover,
an interaction between the clay type and the calcination temperature (p-value = 8.05¢
13) was also observed. This could be due to the differences in the chemical and
mineralogical compositions which affected the dehydroxylation degree of the clays
(Donatello et al., 2010; Fernandez et al., 2011; Garcia-Valles et al., 2020; Schamban
et al., 2002). A study by Shvarzman et al. (2003) reported that clay minerals such as
Kaolinite achieved relatively low-level of dehydroxylation degree (less than 0.18) at a

calcination temperature below 450°C. However, in the range of 570-700°C, the
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kaolinite was fully dehydroxylated (0.95 to 1.00). In addition, Bich et al. (2009)
demonstrated that Metakaolin (calcined at 500°C) achieved a dehydroxylation degree
of 0.50 and did not consume any calcium hydroxide during the pozzolanic reaction.
However, the highest calcium hydroxide consumption (>90%) was achieved for
samples with a degree of dehydroxylation > 0.95 (calcined at a temperature of 650°C).
The individual comparison showed that there was no substantial difference between
EC values for raw clay and clay calcined at 700°C (Figure 4.2b, Figure 4.3b, and
Figure 4.4b), and raw clay and clay calcined at 800°C (Figure 4.2c, Figure 4.3c, and
Figure 4.4c) at 24 hours. This closeness of the EC results showed the absence of a
substantial effect when the calcination temperature excessively increases beyond
600°C (Khan et al., 2022). However, a substantial difference was observed between
raw clay and clay calcined at 600°C. The results above suggested that the highest

dehydroxylation degree was achieved at a calcination temperature of 600°C.

Based on the electrical conductivity test, calcined clay from Gakoigo showed higher
reactivity compared to clay from Gatundu village and Murang’a town (see Appendix
I1l.a, Appendix Ill.b, and Appendix Ill.c). A study by Walker and Pavia (2010)
reported that the pozzolanic reaction is governed by the amount of active silica and
alumina (SiOz2 + Al>0z3), and the specific surface. From the chemical composition
results above, it is apparent that there was no major difference between the aluminium
oxide and silicon dioxide contents (SiO2 + Al,Oz = 78%) for the three investigated
clays. Hence, the chemical composition could not be instrumental to explain the higher
reactivity of Gakoigo clay as compared to the other analysed clays. However, not all
the fraction of the clay structure is activated in the same degree and the dehydroxylated
material contains amorphous, polycrystalline and crystalline fractions. Shvarzman et
al. (2003) showed that both amount and type of the amorphous phase could influence
the activity of additives, which covers the chemical activity (usually pozzolanic
activity) and the micro-filler effect. In addition, Bich et al. (2009) demonstrated that
the chemical activity is a linear function of the amorphous phase content in its range
of 50-100%. In this study, the higher reactivity could be due to the amorphous phase
content (SiO2"+ Al,0O3™) which could be more predominant in the Gakoigo clay than

in the Gatundu and Murang’a town clays (Trusilewicz et al., 2012). This suggested
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that the amorphousness achieved after calcination determines the pozzolanic activity
to a much greater extent than other pozzolan properties such as silica content (Walker
& Pavia, 2010).

Pozzolanic reaction leads to a reduction of free Ca** and OH" ions, which should lead
to a decrease in electrical conductivity (Juri¢ et al., 2020). A study reported that when
the variation of the electrical conductivity within the first 2 minutes exceeds 0.12 S/m,
the material can be classified pozzolanic (Faleschini et al., 2021). This suggested that
calcined clay possesses some pozzolanic properties. Similar observations were
reported on the pozzolanic activity of clays calcined at different temperatures (Tironi
et al., 2013). In contrast, Juri¢ et al. (2020) reported an increase in electrical
conductivity with time for wood biomass fly ashes. The authors concluded that this
method was not fully reliable for assessing the pozzolanic activity of fly ash due to the
high content of soluble salts in the chemical composition, mostly Na>SOs, K2SO4 and
CaSO0g4, which increase the conductivity (Juri¢ et al., 2020). In the present study, the
chemical composition reported no presence of CaO, MgO, Na20, and SOs in all clay
samples. Thus, we might assume that there was no interference of soluble salts in the
electrical conductivity values reported.

4.2.2.2. Pozzolanic activity based on Frattini test

The results of CaO and OH™ concentrations (mmol/l) from the Frattini test are reported
(Figure 4.5, Figure 4.6, and Figure 4.7). Concentration values lying below the line
(Portlandite saturation line) indicates removal of Ca?* from the solution which is
attributed to pozzolanic activity. Results lying on the line are indicative of zero
pozzolanic activity and results above the line correspond to no pozzolanic activity
(Donatello et al., 2010; Juri¢ et al., 2020).
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Figure 4.5: Frattini Test Results for Clay Material from Gatundu Tested after 8
and 15 Days.
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Figure 4.6: Frattini Test Results of Clay Material from Murang’a Town Tested
after 8 and 15 Days.
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Figure 4.7: Frattini Test Results of Clay Material from Gakoigo Tested after 8
and 15 Days.

Raw clays from all sampling sites and clays calcined at 800°C showed a
supersaturation in Portlandite at 8 days (concentration of Ca(OH). above the normal
saturation line at 40°C), and thus no pozzolanic activity. After 15 days, raw clay fell
slightly below the Portlandite saturation line, indicating a slight positive pozzolanic
activity (Juri¢ et al., 2020). On the other hand, the CaO and OH" concentrations for
samples calcined at 800°C shifted into the zone of pozzolanic activity at 15 days. This
demonstrated the slow reactivity of this particular sample group at 15 days. This was
also reported by Yanguatin et al. (2019) on excavated clay calcined at 550°C for 1 h.
During calcination at high temperatures, the amorphous structure of clay breaks down
and forms crystalline phases which are stable and less reactive (Garg & Skibsted,
2014). Thus, this could explain the lower pozzolanic activity achieved at 800°C (Khan
etal., 2022).
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Clays calcined at 600°C and 700°C showed higher pozzolanic activity than clays
calcined at 800°C. At these temperatures, a significant undersaturation was observed
with respect to Portlandite (Donatello et al., 2010; Juri¢ et al., 2020). This was due to
a presence of large amorphous silica, which consumed the Portlandite phases to form
C-S-H phases. A study reported that the temperature range of 600-900°C achieved the
highest level of kaolin transformation to Metakaolin (Liu et al., 2017). Another study
also reported that an almost complete dehydroxylation (0.99) could be achieved in the
range of 700°C-800°C for Iranian kaolin (Souri et al., 2015). This suggested that the
optimum temperature for dehydroxylation varied with clay type. This study found that
calcination at 600°C and 700°C achieved better pozzolanic properties irrespective of
the clay type. These results were in line with Jia et al. (2022) who revealed that alum
sludge calcined at 600°C, 700°C, and 800°C showed positive pozzolanic activity at 15
days. These similar observations could be due to similar properties between calcined
clay and calcined alum sludge. These properties included the particle size after
calcination (< 75 um) and the chemical composition (SiO2 + Al,Oz + Fe2O3 equal to
83.7%) which was higher than 70% in accordance with ASTM C618 standards (Jia et
al., 2022). The statistical analysis (see Appendix IV.b) at 95% confidence level showed
that both the clay type (p-value = 0.02725) and the temperature (p-value < 2e’16)
influenced the CaO consumption during the Frattini test. No interaction was observed
between the clay type and the temperature (p-value = 0.28951) at 95% confidence level
(see Appendix 1V.b).

4.2.2.3. Pozzolanic activity based on compressive strength test

The results show the evolution of compressive strength (Figure 4.8, Figure 4.9, and
Figure 4.10) and the strength activity index (SAI) (Figure 4.11) as a function of
calcination temperature and curing time. In accordance with ASTM C618 standards,
SAI values above 0.75 (represented by the dash line) qualify the clay as pozzolanic.
The converse is that results lying below 0.75 correspond to an absence of pozzolanic

activity.
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Figure 4.11: Strength Activity Index of Cement Blocks after 7, 14, And 28 Days

It was generally observed that the compressive strength increased with curing time
(Figure 4.8, Figure 4.9, and Figure 4.10). However, after 14 days, a strength
development rate of 37.95% (from 20.21 to 27.88 MPa) was observed for control
samples. This rate was higher than that of blocks prepared with a blend of cement and
clay, causing a general decrease in strength activity index at 14 days. Clay from
Gakoigo (GK), calcined at 800°C, achieved a strength activity index (SAI) of 1.073
after 28 days (Figure 4.11c). This suggested that blended cement blocks made with
20% clay from Gakoigo (calcined at 800°C) increased the compressive strength by
7.3% compared to control samples (Figure 4.10c). Similarly, clay from Gatundu (GT),
calcined at 600°C, maintained a SAI of 1 after 7 days, and increased to 1.11 (11%

increase in compressive strength compared to control samples) after 28 days (Figure
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4.11a). However, the SAI reduced to 0.90 when the calcination temperature increased
to 800°C (Figure 4.11a), suggesting a 10% decrease in compressive in comparison to
control samples (Figure 4.8c). All blended cement blocks made with 20% uncalcined
clay decreased the compressive strength by more than 25% compared to control
samples (Figure 4.8, Figure 4.9, and Figure 4.10), and presented an SAI below 0.75
(Figure 4.11). This suggested that clays could not be used as supplementary

cementitious materials in their uncalcined state.

The process of dehydroxylation is often accompanied by partial or complete clay
transformation, from crystalline to amorphous phase when the temperature increases,
resulting in increased strength development (Yanguatin et al., 2019). This could
explain the maximum strength activity index achieved by clay from Gakoigo, calcined
at 800°C (Figure 4.10c and Figure 4.11c). However, depending on the clay type, the
chemical and mineralogical composition, an excessive increase in the calcination
temperature may lead to the recrystallization of mineral phases. This causes a decrease
in the amorphous phases, and the compressive strength as a result. This could explain
the lower performance of clay from Gatundu when the temperature increased from
600°C to 800°C (Figure 4.11a) (Khan et al., 2022). Compared to GK and GT, MU did

not perform well at all temperatures.

The analysis of variance (see Appendix IV.c) at 95% confidence level showed that
both temperature and clay type had a significant effect on the compressive strength,
with p-values equal to < 2e® and 3.09e°, respectively. An interaction was also
observed between the temperature and the clay type (p-value 1.94¢%). The individual
comparison between raw and calcined clays (Figure 4.8, Figure 4.9, and Figure 4.10)
showed that there was a significant difference between the compressive strength of the
uncalcined and calcined clay at all ages. This study found that the temperature range
of 600-800°C achieved a SAI > 0.75 at 7 and 28 days in line with ASTM C618 criteria
(Figure 4.11).

Amin et al. (2015) have reported that a 30% replacement rate of cement with clay,
calcined at 800°C, achieved a strength activity index of 1.02 (SAI > 0.75). On the other
hand, a study achieved an optimum SAI of 0.9 for wood biomass fly ash at 28 days
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with a replacement of 15% (Juri¢ et al., 2020). In contrast, another study reported a
SAIl < 0.75 for alum sludge calcined at 600°C after 7 and 28 days, compared to 800°C
which achieved a SAI of 1.14 at 28 days (Jia et al., 2022). In this study, the optimum
temperature was 600°C. The difference with Juri¢ et al. (2020) could be due to the
nature and quality of the clay. These factors affect the dehydroxylation degree and the
content of amorphous phases after calcination (Tironi et al., 2013).

Several studies reported the strength performance of various pozzolanic materials. A
study reported that the replacement of 50% lime with calcined clay achieved a
mechanical index similar to ground granulated blast furnace slag (Walker & Pavia,
2010). The strength achieved was 69% higher than rice husk ash and micro-silica, and
89% higher than pulverised fly ash. In contrast, Faleschini et al. (2021) reported that a
50% cement replacement with municipal solid waste incinerator bottom ash (MSWI
BA) caused about 50% strength loss in cement blocks. However, a 10% replacement
led to a slight strength increase after 28 days of curing. The authors argued that
replacing huge amounts of cement with pozzolanic materials induces severe strength
loss due to the weaker nature of the ash (Faleschini et al., 2021). Another study
reported that a 20% cement replacement with uncalcined ultrafine volcanic ash could
achieve a SAI of 1.02 only after 91 days of curing (Khan et al., 2022). Similarly, Juri¢
et al. (2020) reported a SAI of 1 for cement blocks containing 15% wood biomass fly
ashes after 365 days of curing. In contrast, this study found that calcination of clay
increased the strength activity index of cement blocks from less than 0.75 to about 1
after 28 days of curing. Thus, compared to calcined clay, other pozzolanic materials

demonstrated a delayed pozzolanic action (Khan et al., 2022).

To define the pozzolanic activity of calcined clays, various authors (Donatello et al.,
2010; Tironi et al., 2013) recommended the use of a combination of the electrical
conductivity, Frattini test, and the compressive strength test. The results obtained were
summarized and compared with existing standards to evaluate the suitability of
analysed clay for application as a pozzolanic material (Table 4.2). In this study, only
uncalcined clays failed to meet the requirements for application as a replacement for
cement. Hence, a thermal treatment 600-800°C produces enough dehydroxylation to

transform the clays into supplementary cementitious materials. In particular, clay
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calcined at 600°C showed better pozzolanic activity for the electrical conductivity test,
Frattini test and compressive strength test. Based on the results above, it is relatively
efficient and cost-effective to calcine clay at 600°C. Furthermore, the soil texture
analysis showed that clay from Gakoigo was the finest of all the samples collected.
For this reason, clay from Gakoigo calcined at 600°C was considered for stabilization
tests.

Table 4.2: Pozzolanic Activity of Analysed Clays Compared with the Standards
(ASTM C618 and EN196-5)

o Material evaluated
Criteria &

Gatundu Clay Murang’a Town Clay Gakoigo Clay
Raw 600 700 800 Raw 600 700 800 Raw 600 700 800
XRF >70% 94 94 94 94 94 94 94 94 95 95 95 95
EC test 0.12 1.7 1.9 1.6 0.8 15 1.8 14 0.6 14 2.2 18 1.1

Standards

Frattini test - F P P P F P P P F P P P
SAI >075 073 111 094 09 062 083 075 080 045 085 0.95 1.07
“P: Pass
“F: Fail

4.3. Effect of Calcined Clay as a Replacement for Cement on the Strength and
Water Absorption of Rammed Earth for Floor Construction

4.3.1. Characteristics of Experimental Soils

The characterization results of black cotton soil and murrum soil are presented (Table
4.3). It was observed that black cotton soil had a clay content (69%) higher than
murrum soil (28%). Black cotton soil had 0% gravel fraction compared to 44.2% for
murrum soil (see Appendix V). The liquid limit of black cotton soil was 44% while
the plasticity index was 22% (Table 4.3). The classification of the soils in terms of
shrinkage limit (SL) showed that black cotton soil was of poor quality (SL = 14.4%),
while murrum soil was classified as a medium soil (SL = 7.3%) (lkeagwuani et al.,
2019). In accordance with the Unified Soil Classification System, murrum soil was
classified as a coarse-grained soil (clayey sand - SC) while black cotton soil was

identified as a fine-grained soil (inorganic clay of low plasticity- CL). On the other
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hand, the optimum moisture content (OMC) and the maximum dry density (MDD) of
black cotton soil were 28% and 1344 kg/m?, while murrum soil showed an OMC and
MDD of 22% and 1531 kg/m?, respectively.

Table 4.3: Properties of Black Cotton Soil and Murrum Soil

Properties Murrum Soil Black Cotton Soil
Percentage passing through

Sieve No. 200 9.2 9928
Gravel fraction (%) 44.2 0.7
Sand fraction (%) 7.2 1.7
Silt (%) 20.7 27.7
Clay (%) 28.0 69.9
Specific gravity (Gs) 2.5 2.4
Liquid limit (LL) % 32 44
Plastic limit (PL) % 22 22
Plasticity index (PI) % 10 22
Linear Shrinkage (LS) % 7.3 14.4
Colour Brown Grey
UCS (MPa) 0.39 0.29
OMC (%) 21 26
MDD (kg/m®) 1531 1344
USCS classification SC CL

4.3.2. Compressive Strength of Stabilized Rammed Earth

The unconfined compressive strength is one of the common parameters for expressing
the strength of stabilized rammed earth. It demonstrates the effect of the binder on soil
strength (Sheikh et al., 2022). In this study, the binder content varied at 5%, 10%, and
15% of the binder-soil mixture (Figure 4.12, Figure 4.13, and Figure 4.14).
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The compressive strength generally decreased with increasing rate of cement
replacement with calcined clay (Figure 4.12a, Figure 4.12b, Figure 4.13a, Figure
4.13b, Figure 4.14a, and Figure 4.14Db). For general construction, the target minimum
compressive strength for stabilized soil after 28 days of curing should be 2.5 MPa (KS
02:1070:1993). The compressive strength achieved with 5% binder content did not
meet the minimum strength requirement. The maximum strength achieved for
stabilized rammed black cotton was 2.34 MPa for 15% cement content after 28 days
(Figure 4.14b). As cement replacement with calcined clay increased to 25%, the
compressive strength decreased to 1.83 MPa, still below the 2.5 MPa recommended
threshold (Figure 4.14b). A study by Wang et al. (2018) reported that weakly cohesive
soils, mainly composed of finer particles from 5-75 um, need large amount of
hydration products to bond the soil particles. As a result, hydration products resulting
from the pozzolanic reactions between Portland cement and calcined clay were not
enough to bond black cotton soil particles firmly. Thus, stabilized rammed black cotton
did not meet KS 02:1070:1993 standards.

A study by Wang et al. (2018) demonstrated that strength development depended on

the ratio of cement and the pozzolanic material in the binder mixture. This is
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responsible for the formation of calcium-silicate-hydrates (C-S-H) gels as a result of
pozzolanic reactions. For rammed murrum stabilized with 10% binder content, this
study found that a ratio of 75% cement and 25% calcined clay achieved a compressive
strength of 3.10 MPa, compared to 2.65 MPa when cement is used alone (Figure
4.13a). For a 15% binder content, a ratio of 75% cement and 25% calcined clay
achieved a compressive strength of 4.34 MPa, compared to 4.42 MPa when cement is
used (Figure 4.14a). Beyond 25% cement replacement, the strength substantially
decreased (see Appendix Vll.a).

Similar results were reported by Wang et al. (2018), who showed that the 28-day
compressive strength of cemented silty soil improved 1.22-1.83 times by incorporating
15-25% coal-bearing Metakaolin. Raj et al. (2018) also found that a compressive
strength of 2.2 MPa could be achieved using 30% binder content (60:40 mix of
Bagasse Ash and Fly ash) along with 6% cement as an activator, and 64% soil. These
results were attributed to the formation of cementitious phases with distinct chemical
composition and morphologies in the stabilized rammed earth (Naeini et al., 2021; Raj
et al., 2018). Rammed murrum stabilized with a binder content of 15% and a 50%
cement replacement also attained a strength of 3.37 MPa (>2.5 MPa) after 28 days
(Figure 4.14a). However, the amount of Portland cement and calcined clay required to
make this binder is higher than using 10% binder mixture for similar strength
performances (> 2.5 MPa). To make a cost-effective rammed earth floor, 10% binder

content with 25% calcined clay was an adequate mix.

Some other guideline reported by Thuysbaert (2012) indicated that an acceptable
compressive strength of rammed earth for non-load bearing applications is 1 MPa. In
contrast, KS 02:1070:1993 requires 2.5 MPa for stabilized soil. As earthen floors are
particularly non-load bearing, it is assumed that applied live loads are lower compared
to load-bearing structures. Thus, the threshold of 1 MPa could also be considered to
qualify stabilized rammed earth for floor construction. This would therefore imply that
rammed black cotton stabilized with 10-15% binder content and 25% calcined clay
could be an adequate mix for non-load bearing applications (Figure 4.13b and Figure
4.14b). This would also be the case for rammed murrum stabilized with 10-15% binder

content and up to 50% calcined clay (Figure 4.13a and Figure 4.14a).
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4.3.3. Capillary Water Absorption of the Experimental Blocks

Capillary absorption of water mainly depends on the presence of medium and large

pores (diameter > 2.5 um) inside the stabilized soil (Ma & Liu, 2020). It was generally

observed that an increase in cement replacement with calcined clay increased water

absorption (Figure 4.15, Figure 4.16, and Figure 4.17). Similarly, as the contact time

between water and the base surface of the rammed earth increased, the capillary water

absorption increased for all the samples (see Appendix V1),
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For stabilized rammed murrum, the results showed that cement replacement with 25%

calcined clay did not lead to a substantial increase in capillary water absorption (0.21,
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0.18, and 0.12 kg water/kg soil block after 24 hours for a binder content of 5%, 10%,
and 15%, respectively) (Figure 4.15a, Figure 4.16a, Figure 4.17a). The trend was
similar to that of control specimens (0% cement replacement). Furthermore, the results
were not substantially different after 24 hours of contact with water (0.23, 0.15, and
0.11 kg water/kg soil block for a cement content of 5%, 10%, and 15%, respectively)
(Figure 4.15a, Figure 4.16a, Figure 4.17a). The soil texture results showed that
calcined clay was finer than murrum soil. As a result, calcined clay might have filled
the pores and reduced the total porosity, increasing seepage paths and blocking
connected pores in the stabilized rammed earth (Wang et al., 2018). Owing to the
effective filling effect, a 25% cement replacement achieved acceptable capillary water
absorption (Wang et al., 2018). Beyond this critical value, capillary water absorption

increased substantially (see Appendix V1.a).

This study found that capillary water absorption of stabilized rammed black cotton was
minimized at 25% calcined clay. As reported by Wang et al. (2018), it could be
possible that black cotton soil stabilized with cement alone had a loose structure and
widely distributed macro-pores due to limited amounts of hydration products. This
meant that the clayey soil particles could not be tightly bonded. However, due a
replacement of 25% cement with calcined clay, hydration products were densely
deposited and attached closely on the surface of the soil particles, and the soil particles
became closely connected. As the cement replacement rate increased to 50% and 75%,
the capillary water absorption substantially increased. This was in accordance with
Wang et al. (2022) who observed that pozzolanic materials such as fly ash could
minimize capillary water absorption of cement-based materials as long as the dosage
did not exceed a critical value. Thus, beyond this critical value (25% cement
replacement with calcined clay), there was a reduction of hydration products
preventing the soil particles from being combined firmly (Ezreig et al., 2022).
Compared to black cotton soil, murrum soil achieved the lowest capillary water
absorption for all mix proportions. These results demonstrated the difficulty in

stabilizing black cotton soil (see Appendix VI).

Water absorption has an important influence on the durability of cement-based

materials and its value is closely related to pores structures (Zhao et al., 2019). Water
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is the main cause of concrete physical and chemical deterioration (Wang et al., 2022).
This study found that 10-15% binder content and 25% calcined clay limited water
absorption in both murrum soil and black cotton soil (Figure 4.15, Figure 4.16, and
Figure 4.17). Similar results were reported by Wang et al. (2022) who observed that a
30% to 40% rate of cement replacement with fly ash could decrease the water
absorption of cement-based materials by 27.8% and 14.2%, respectively, compared to
specimens stabilized with cement alone. This was attributed to improvements in the
microstructure and increase in the density of pore structures when an appropriate
dosage of fly ash was added to cement-based materials. To minimize moisture ingress,
a similar study reported that the optimum level of binder content could be fixed at 6%
good soils, and 9% for poor soils (Hall & Djerbib, 2004; Hall & Djerbib, 2006).

The durability of earthen structures is mainly related to the action of water on the walls.
The first problem is mainly due to capillary flow (from ground to surface). The second
comes from incident rainfall (Morel, 2012). In the context of this study, the durability
of earthen floors is mainly influenced by capillary flow from ground and surface. In
addition to decreasing water absorption through the addition of a binder, use of a dam-
proofing barrier is often provided along the interface between the footing and the base
for earthen walls (Morel, 2012). This could also be adopted in earthen floors, but the
dam-proofing material should be capable of withstanding ramming without damage

and an impermeable floor-finish could be laid on the surface (Morel, 2012).

4.3.4. Environmental Implications of Cement-Calcined Clay Stabilized

Rammed Earth

This study has found that building materials made of cement alone achieve high
compressive strength. However, cement replacement could result in considerable
energy saving and improve the environmental performance of earth buildings
(Arrigoni et al., 2017; Gomes et al., 2016). In Cameroon for instance, a comparative
study indicated that a cement block house expends at least 1.5 times more embodied
energy and emits at least 1.7 times more embodied CO. than earth or mud brick houses
(Henry et al., 2014). In particular, Chel and Tiwari (2009) observed that the embodied
energy per unit floor area of a reinforced cement concrete and mud house were 3702.3

MJ/m? and 2298 MJ/m?, respectively. On the other hand, a study (Fernandes et al.,
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2019) reported that soil transportation represents more than 80% of all environmental
impact categories in the making of compressed earth blocks. Although rammed earth
construction has the potential to use zero transport energy (presuming that the soil
available on the construction site is suitable), stabilizers must also be transported from
the nearest batching plant to the construction site (Arrigoni et al., 2017). This will
make the constructed rammed earth floor a low-embodied carbon and low-waste
alternative to concrete. It is therefore recommended that a calcination plant be publicly
funded by the government or any other agency for local production of calcined clay.
Thus, cement replacement, local acquisition of raw materials, and local production of
calcined clay could significantly cut back on carbon emissions and embodied energy
in rammed earth floor construction (Adegun & Adedeji, 2017).

A report by the Excellence for Design and Greater Efficiencies (2018) reported the
embodied energy for different structures. For instance, an in-situ reinforced concrete
floor slab for homes with a default thickness of 0.300 m and a default reinforcement
of 33 kg/m? would have an embodied energy of 1,148 MJ/m?. The same structure with
cement replaced at 25% with ground granulated blast-furnace slag (GGBS) decreases
the embodied energy to 595 MJ/m?. Similarly, a replacement with 30% pulverised fly
ash achieves an embodied energy of 605 MJ/m2. On the other hand, rammed earth
stabilized with 6-8% cement content achieved an embodied energy of 400-500 MJ/m?,
respectively. However, this could increase further proportionally with cement content
(Akbarnezhad & Xiao, 2017); this study recommends to maintain the binder content
to 10%. Furthermore, Zhou et al. (2017) indicated that replacing 20-30% cement with
calcined clay would produce a cementitious binder with 18-27% lower carbon
emissions due to an absence of a carbonation stage during clay calcination. In this
study, cement was replaced with 25% calcined clay in stabilized rammed earth. Thus,
a similar reduction in carbon emission may be expected when cement is partially
replaced with calcined clay in rammed earth floor as evaluated by Zhou et al. (2017).
A case study by Cabeza et al. (2021) indicated that for common concrete preparation
coupled with cement production, high energy is required, increasing the embodied
energy in concrete to 0.78-1 MJ/kg, compared to 0.60 MJ/kg for rammed earth.
Moreover, a comparative study indicated that rammed earth achieved an embodied

carbon of 0.023-0.025 kg CO2/kg, while common concrete varies between 0.10-0.16
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kg CO2/kg (Hammond & Jones, 2011). This suggests that switching from a concrete
slab to stabilized rammed earth floor will lower the overall embodied energy and

carbon of the floor.
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusions

This study investigated the performance of calcined clay from Murang’a County as a

partial replacement for cement in rammed earth floor construction for low-income

housing. The following conclusions can be drawn from this study:

Clay calcination at 600-800°C provides sufficient pozzolanic activity. The
variation in the pozzolanic activity of clay from different wetlands in the study
site was not substantial. Use of calcined clay as a pozzolanic material could
therefore be more environmentally sustainable compared to the use of cement
alone.

It is possible to use calcined clay as a partial replacement for cement in rammed
earth floor construction. The feasible replacement rate of cement in the binder
IS up to a maximum of 25% calcined clay. Murrum soil stabilized with a binder
content of 10-15% attains a water absorption of 0.11-0.18 kg water/kg soil
block, and a compressive strength above 2.5 MPa. For a cement replacement
rate below 25%, the strength performance of stabilized rammed murrum falls
within the requirements of KS 02:1070:1993 standards (minimum of 2.5 MPa)
after 28 days of curing. However, the binder could not stabilize black cotton

soil.

5.2. Recommendations

5.2.1. Applications

This study recommends that cement manufacturers could incorporate calcined clay as

a partial substitute for clinker in blended cement manufacturing. A calcination

temperature of 600°C is recommended for this purpose. Coarse-grained and well-

graded soils like Murrum are recommended for rammed earth floor construction. It is

advised to maintain a 10% binder content and a 25% cement replacement rate. Black

cotton soil is discouraged for rammed earth floor construction.
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5.2.2. Further studies
This study identified some key areas which require further investigations. It is

therefore recommended that:

1. A quantitative analysis should be undertaken to establish the cost and
environmental impacts of the use of calcined clay in construction for possible
up-scaling and adoption by cement manufacturers.

2. Field trials be conducted to monitor the durability and performance of rammed
earth floors in actual environmental conditions. There is need for other studies
to evaluate the life cycle and cost analysis of rammed earth floors produced

with a mixture of calcined clay and Portland cement.
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APPENDICES

Appendix I: Soil Texture of Raw Clay Samples

Corrected Corrected Corrected

Weight Sand Silt Clay Texture
Samples R40sd R6he RL6h'
(9) (%) (%) (%) Class
(9/L) (9/L) (9/L)

GT1? 51.80 1037.37 1026.87 1003.26 34.10 20.26 45.64 Clay
GT2 52.63 1035.79 1025.99 1003.26 38.14 18.61 43.25 Clay
GT3 51.70 1036.37 1029.07 1003.26 35.88 14.04 50.07 Clay
MuU1P 51.47 1033.22 1024.65 1003.26 41.78 16.63 41.59 Clay
MU2 50.00 1032.34 1023.77 1003.26 41.84 17.13 41.03 Clay
MU3 50.00 1033.28 1024.62 1003.26 39.96 17.32 4272 Clay
GKI1° 52.83 1037.49 1028.11 1003.26 3525 17.71 47.03 Clay
GK2 52.07 1036.40 1029.05 1003.26 36.35 14.12 49.53 Clay
GK3 53.57 1037.15 1029.26 1003.26 36.71 14.74 48.56 Clay

8 GT: Raw clay from Gatundu

"MU: Raw clay from Murang’a town

‘GK: Raw clay from Gakoigo

dCorrected R40s: Corrected Hydrometer Reading after 40 seconds

¢Corrected R6h: Corrected Hydrometer Reading after 6 hours
fCorrected RL6h: Corrected Hydrometer Reading after 6 hours (Blank)
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Appendix I1: Results of the Pozzolanic Activity of Calcined Clay

Appendix Il.a: Frattini Results of Saturated OPC-Calcined Clay Solutions

T Time Filtrate HCI EDTA [OH-] [CaO] CaO Th. RCaO

(°C) Days (ml) (ml) (ml) (mmol/l) (mmol/l)  (mmol/l) (%)
GT Raw 8 25 15.2+0.52 8.9+0.62 60.8+2.08 10.68+0.75 7.641921 0
MU Raw 8 25 15.740.17 10.1+0.92 62.8+0.69 12.12+1.1 7.322176 0
GK Raw 8 25 155+0.36 9.03+0.5 62+1.44  10.84+0.6 7.446809 0
GT 600 8 25 12.87+0.75 4.03+0.65  55.4+3 5.740.78 8.663366 34.20571
MU 600 8 25 13.13+0.5 3.740.42 55.33+2.01 6.04+0.5 8.677686 30.39619
GK 600 8 25 12.33+0.61 2.67+0.69 52.53+2.44 5.16+0.83 9.325044 44.66514
GT 700 8 25 13.03+0.49 3.73+0.45 52.13+1.97 4.48+0.54 9.425494 52.46933
MU 700 8 25 13.13+1.91 4.07+0.95 52.53+7.66 4.88+1.14 9.325044 47.66781
GK 700 8 25 12.27+1.64 3.1+0.36 49.0746.58 3.72+0.43 10.27397 63.792
GT 800 8 25 13.43+1.57 7.1+1.42 53.73+6.28 8.52+1.7 9.036145 5.712
MU 800 8 25 14574095 7.8+0.75 58.27+3.78 9.36+0.91 8.089368 0
GK 800 8 25 14.4+052 7.5+14  57.6+£2.08 9+1.68  8.215962 0
GT Raw 15 25 14.47+0.5 6.03x0.47 57.87+2.01 7.24+0.57 8.164852 11.32724
MU Raw 15 25 145+0.36 6.17+1.11 58+1.44 7.4+1.33 8.139535 9.085714
GK Raw 15 25 1453+0.38  6+0.17 58.13+1.51 7.2+0.21 8.114374 11.26857
GT 600 15 25 13.85+0.6 4.75+0.47 51.47+2.41 4.84+0.57 9.597806 49.57181
MU 600 15 25 13.83+0.4 5.03+0.5 52.53+1.62 4.44+0.6 9.325044 52.38629
GK 600 15 25 13.13+0.55 4.3+0.6  49.33+2.2  3.2+0.72 10.19417 68.60952
GT 700 15 25 13.240.52 4.6+0.95 52.8+2.08 5.52+0.17 9.259259 40.384
MU 700 15 25 13.142.05 3.93+0.76 52.4+8.21 4.72+1.22 9.358289 49.56343
GK 700 15 25 12.3+0 3.2+0.5 49.2+0 3.84+0.15 10.23392 62.47771
GT 800 15 25 14.57+0.51 4.87+0.55 58.27+2.05 5.84+0.44 8.089368 27.80648
MU 800 15 25 13.95+0.45 5.840.1 55.8+1.8 6.96+0.49 8.578431 18.86629
GK 800 15 25 13.95+0.35 5.240.3 55.8+1.4 6.24+0.3 8.578431 27.25943
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Appendix I1.b: Average Compressive Strength Test Results and Strength

Activity Index of Cement Mortars

Clay Temperature Cu'rlng Maximum Compressive Standard Stre_ngth

Sample (°C) Time Load (kN) Strength Deviation Activity

(Days) (MPa) Index

GT Raw 7 28.027 17.51688 3.716836 0.866368
MU Raw 7 23.01367 14.38354 3.374553 0.711396
GK Raw 7 20.45967 12.78729 2.440893 0.632447
GT 600 7 32.5488 20.343 3.359814 1.006145
MU 600 7 33.49227 20.93267 1.387899 1.03531
GK 600 7 31.2496 19.531 1.353578 0.965985
GT 700 7 27.55967 17.22479 2.064511 0.851922
MU 700 7 26.999 16.87438 0.848039 0.83459
GK 700 7 34.58533 21.61583 4.108387 1.069098
GT 800 7 31.745 19.84063 2.003521 0.981298
MU 800 7 34.305 21.44063 1.735566 1.060433
GK 800 7 34.57587 21.60992 3.73589  1.068806
GT Raw 14 31.29667 19.56042 2777799 0.701541
MU Raw 14 23.89733 14.93583 2.727175 0.535679
GK Raw 14 21.721 13.57563 0.951592 0.486894
GT 600 14 49.271 30.79438 1.838982  1.10445
MU 600 14 39.28433 24.55271 5.309702 0.880591
GK 600 14 35.669 22.29313 1.46129  0.79955
GT 700 14 41.60267 26.00167 3.179482 0.932558
MU 700 14 28.793 17.99563 1.431134 0.645419
GK 700 14 42.747 26.71688 0.422268 0.958209
GT 800 14 34.99633 21.87271 6.033066 0.784472
MU 800 14 35.16433 21.97771 4.398797 0.788238
GK 800 14 38.462 24.03875 3.693465 0.862158
GT Raw 28 35.43533 22.14708 43776  0.731687
MU Raw 28 30.06367 18.78979 3.523643 0.62077
GK Raw 28 21.805 13.62813 4.695584 0.450241
GT 600 28 53.948 33.7175 5.063339 1.113945
MU 600 28 40.20333 25.12708 4317815 0.830139
GK 600 28 41.05933 25.66208 5.062226 0.847814
GT 700 28 45.806 28.62875 1.980143 0.945825
MU 700 28 36.20033 22.62521 1.826791 0.747483
GK 700 28 46.07433 28.79646 1.748145 0.951366
GT 800 28 43.881 27.42563 1.830645 0.906077
MU 800 28 38.77067 24.23167 2.448463 0.800556
GK 800 28 51.971 32.48188 6.061369 1.073123

Control - 7 32.35 20.21875

Control - 14 44.611 27.88208

Control ) 28 48.429 30.26854
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Appendix Il.c: Electrical Conductivity of Saturated Ca(OH)2 by Calcined Clay Pozzolana (s/m)

Incubation
(min)
2

30

60

120

240
1320
1440

Raw Clays

Clays Calcined at 600°C

Clays Calcined at 700°C

Clays Calcined at 800°C

GT
1.65+0.17
2.01+0.17
2.38+0.23
2.42+0.28
2.79+0.31
3.74+0.28
3.96+0.27

MU
1.42+0.3
1.8+0.33

2.02+0.36
2.29+0.35
2.67+0.38
3.68+0.55
3.93+0.5

GK
1.34+0.18
1.65+0.19
1.87+0.17
1.98+0.09
2.37+0.08
3.35+0.31

3.6+0.29

GT
2+0.04
2.37+0.1
2.71+0.15
3.07+0.09
3.55+0.04
4.99+0.21
5.26+0.27

MU
1.89+0.18
2.32+0.25
2.63+0.32
3.09+0.35
3.66+0.39
5.29+0.54
5.48+0.52

GK
2.19+0.08
2.69+0.12

3.03+0.1
3.52+0.16
4.03+0.12
5.12+0.39
5.44+0.43

GT
1.66+0.12
1.91+0.14
2.17+0.23
2.52+0.24
2.99+0.27

4.5+0.51
4.9+0.39

MU
1.44+0.11
1.57+0.17
1.83+0.18
2.16+0.18
2.64+0.14
4.14+0.3
4.5+0.3

GK
1.87+0.15
2.23+0.06
2.59+0.06
2.93+0.06
3.41+0.09
4.86+0.17
5.07+0.19

GT
0.82+0.12
1.02+0.16
1.33+0.15
1.51+0.23
2.37+0.69
3.22+0.27
3.56+0.21

MU
0.56+0.07
0.77+0.12
0.89+0.12
1.08+0.07
1.51+0.12
2.95+0.24
3.33+0.24

GK
1.03+0.11
1.33+0.2
1.5+0.19
1.74+0.08
2.27+0.08
3.65+0.28
3.95+0.33
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Appendix I11: Electrical Conductivity (EC) of Aqueous Solutions of Ca(OH):
after the Addition of Clay

—A—Raw Clay
=8 Calcined at 600°C
—&— Calcined at 700°C

—#—Calcined at 800°C

Electrical conductivity (S/m) of clay sample/Ca(OH):

0 0.033 0.5 1 2 4 22 24

Reaction time (hour)

Appendix Ill.a: Electrical Conductivity (EC) of Aqueous Solutions of Ca(OH)2
after the Addition of Clay from Gatundu (Raw Clay and Clay Calcined at
600°C, 700°C, And 800°C)

77 —A—Raw Clay

—B—Calcined at 600°C
6 £\ —6—Calcined at 700°C
—#—Calcined at 800°C

Electrical conductivity (S/m) of clay sample/Ca(OH):
(8]

0 0.033 0.5 1 2 4 22 24

Reaction time (hour)

Appendix I11.b: Electrical Conductivity (EC) of Aqueous Solutions of Ca(OH)2
after the Addition of Clay from Murang'a Town (Raw Clay and Clay Calcined
at 600°C, 700°C, and 800°C)
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—&—Raw Clay
—8—Calcined at 600°C
—&—Calcined at 700°C

5 N\ —¥—Calcined at 800°C

Electrical conductivity (S/m) of clay sample/Ca(OH):
18]

Appendix Ill.c: Electrical Conductivity (EC) of Aqueous Solutions of Ca(OH)2
after the Addition of Clay from Gakoigo (Raw Clay and Clay Calcined at
600°C, 700°C, and 800°C)

Appendix 1V: ANOVA of the Pozzolanic Activity of Calcined Clay
Appendix 1V.a: Analysis of Variance Results of the Electrical Conductivity

Results

Df Sum Sgq Mean Sq F value Pr(>F)
Location 2 1.7 0.83 11.321 2.25e-05 ===
Temperature 3 48.7 16.23 220.636 < 2e-16 #%%
Duration 7 500.8 71.55 972.886 < 2e-16 #%%
Location:Temperature 6 6.0 1.00 13.572 8.05e-13 ===
Location:Duration 14 0.9 0.06 0.835 0.630
Temperature:Duration 21 21.2 1.01 13.724 < 2e-16 #*%%
Location:Temperature:Duration 42 1.7 0.04 0.536 0.991
Residuals 192 14.1 0.07
Signif. codes: 0 *“***” 0.001 “**” 0.01 “*’ 0.05 “.” 0.1 * " 1
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Appendix 1V.b: Analysis of Variance Results of the Frattini Results
Df Sum Sq Mean Sq F value Pr(>F)

Location 2 19.0 9.51 3.887 0.02725 *
Temperature 3 531.0 177.00 72.311 < 2e-16 #*%%
Duration 1 110.1 110.07 44.969 2.08e-08 ¥
Location:Temperature 6 18.6 3.11 1.269 0.28951
Location:Duration 2 1.0 0.51 0.209 0.81239
Temperature:Duration 3 38.6 12.87 5.256 0.00323 #*
Location:Temperature:Duration 6 5.4 0.90 0.368 0.89583
Residuals 48 117.5 2.45

Signif. codes: 0 ‘#***’ (0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 * " 1

Appendix 1V.c: Analysis of Variance of Compressive Strength Test Results for

Cement-Calcined Clay Mortars

Df Sum Sq Meanh Sq F value Pr(>F)
Location 2 285.5 142.7 12.535 2.13e-05 #**
Temperature 3 1084 .4 361.5 31.742 3.49e-13 #**=
Curing_Time 2 920.8 460.4 40.432 1.69e-12
Location:Temperature 6 420.4 70.1 6.152 3.03e-05 #***
Location:Curing_Time 4 50.4 12.6 1.107 0.3600
Temperature:Curing_Time 6 180.8 30.1 2.647 0.0224 *
Location:Temperature:Curing_Time 12 141.2 11.8 1.033 0.4286
Residuals 72 819.9 11.4
Signif. codes: 0 *#**%’ (0,001 *‘*=’ 0.01 **’ 0.05 *.” 0.1 * " 1
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Appendix V: Characterization Results of the Experimental Soils
Appendix V.a: Compaction Test Results for Murrum Soil

Test No 1 2 3 4 5 6
Weight of mould (g) 45065 45065 45065 45065 45065  4506.5
Mould + Sample ((g) 6059 6177 6395 6455 6415 5920
Tin No 4 18 15 29 2 9
Tin Weight (g) 9.52 9.38 9.34 9.52 9.38 9.4
Tin + Wet Soil (g) 7726 7454 1072 8726  98.84  87.54
Tin + Dry Soil (g) 70.14 65.2 89.84 7088  78.36  85.66

Volume of Mould (m®)  0.001021 0.001021 0.001021 0.001021 0.001021 0.001021
Weight of Sample (g) 15525 16705 18885 19485 10085 14135
Wet density (kg/m?) 1520.54 1636.11 1849.63 1908.39 1869.21 1384.40

Weight of water (g) 7.12 9.34 17.36 16.38 20.48 1.88
Weight of Dry Soil (g) 60.62 55.82 80.5 61.36 68.98 76.26
Moisture Content (g) 9.28 14.27 19.10 24.23 27.22 2.47

Dry density (kg/m®) 1391.42 1431.83 1553.00 1536.18 1469.22 1351.10
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Appendix V.b: Compaction Test Results for Black Cotton Soil

Weight of mould 4506.5  4506.5  4506.5  4506.5  4506.5
Weight of mould + Sample 5924 6100 6253 6288 6234
Tin No 24 4 28 38 32
Tin Weight 9.44 9.56 9.44 30.36 36.1
Tin + Wet Soil 72.9 74.78 94.14 102.4 128.8
Tin + Dry Soil 64.86 63.4 75.9 84.4 103.7
VVolume of Mould 0.001021 0.001021 0.001021 0.001021 0.001021
Weight of Sample 1417.5 1593.5 1746.5 1781.5 17275
Wet density 1388.32 1560.69 1710.55 1744.83 1691.94
Weight of water 8.04 11.38 18.24 18 25.1
Weight of Dry Soil 55.42 53.84 66.46 54.04 67.6
Moisture Content 14.51 21.14 27.45 33.31 37.13
Dry density 1212.43 1288.38 1342.18 1308.86 1233.82
1550
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Appendix V.c: Optimum Moisture Content and Maximum Dry Density Graph

for Natural Murrum Soil
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Appendix V.d: Optimum Moisture Content and Maximum Dry Density Graphs
for Black Cotton Soil
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Appendix V.e: Liquid limit for Murrum Soil
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25 A Black Cotton Soil
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Appendix V.f: Liquid Limit for Black Cotton Soil
Appendix V.g: Atteberg Limits Results for Murrum Soil

Liquid Limit Plastic Limit Plasticity Index
Penetration (mm) 155 176  20.8 245 - -
Tin No 11A  4A 10A 1A 9A 5

Weightof Tin(g) 552 55 5.3 5.28 5.42 9.54
Weight of Tin +
Wet Soil (g)
Weight of Tin +
Dry Soil (9)
Moisture Content
(%)
LL. PL. Pl (%) 32 22 10

8.7 1182 10.04 1104 10.46 15.44

7.74 9.84 8.5 9.12 9.34 14.16

30.19 31.33 3249 3333 2222 21.69
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Appendix V.h: Atterberg Limits for Black Cotton Soil

Liquid Limit Plastic Limit  Plasticity Index
Pen (mm) 141 16.9 21 22.1 - -
Tin No A 3A 12A 8A 11 12

Weightof Tin(g) 532 532 526 544 934 9.36

Weight of Tin + Wet
8.88 10 8.7 9 16.04 16.58

Soil (g)
Weight of Tin + Dry
) 7.4 802 716 7.38 145 15.04
Soil (g)
Moisture content (%) 41.57 4231 4477 4551 2299 21.33
LL. PL. PI (%) 44 22

22

Appendix V.i: Linear Shrinkage of Murrum and Black Cotton Soils

Sample Murrum Black cotton
Label 2 A2
Length A 139.8 140.25
Length B 129.6 120
Linear Shrinkage (%) 7.29 14.44
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Appendix VI: Capillary Water Absorption Results of Stabilized Rammed Earth (Kg Water /Kg Soil Block)
Appendix Vl.a: Capillary Water Absorption (Kg Water /Kg Soil Block) for Stabilized Rammed Murrum after a Curing Period
of 14 Days

Binder Water Absorption (kg water/kg)
Replacement
Content 1 hour 2 hours 4 hours 24 hours
Rate (%)

(%) Testl Test2 Test3 Testl Test2 Test3 Testl Test2 Test3 Testl Test2 Test3
0% 0 014 014 0213 015 017 016 022 022 020 026 027 0.26
5% 0 008 008 008 011 011 010 0214 015 013 023 023 023
5% 25% 010 010 009 0211 011 0212 014 014 014 021 021 021
5% 50% 0.0 008 010 0213 012 0214 015 013 016 022 022 023
5% 75% 011 o011 020 023 014 0212 019 019 017 026 025 0.25
10% 0% 005 005 004 005 008 006 007 008 006 015 014 0.16
10% 25% 006 004 005 005 004 007 009 007 008 018 0.18 0.17
10% 50% 009 009 007 014 011 010 0214 013 012 024 024 024
10% 75% 008 008 008 008 009 010 0212 011 012 025 025 0.25
15% 0% 004 005 004 006 005 005 007 008 006 010 012 0.09
15% 25% 003 005 004 005 005 005 005 007 007 011 013 011
15% 50% 006 006 006 007 008 007 009 010 009 019 020 0.18
15% 75% 011 009 011 0213 012 0213 018 015 017 026 025 0.25
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Appendix V1.b: Capillary Water Absorption (Kg Water/Kg Soil Block) for Black Cotton Soil Stabilized Blocks after a Curing
Period of 14 Days

Binder Water Absorption (kg water/kg soil block)
Replacement

Content 1 hour 2 hours 4 hours 24 hours
(%) Rate (%) Testl Test2 Test3 Testl Test2 Test3 Testl Test2 Test3 Testl Test2 Test3
0% 0 023 021 020 024 023 021 028 027 023 040 038 0.38
5% 0 020 020 021 022 021 023 025 025 026 035 036 0.35
5% 25% 012 009 010 015 013 013 016 016 016 023 026 0.25
5% 50% 011 014 016 019 022 023 023 026 027 034 039 041
5% 75% 0.6 017 016 019 020 019 023 026 024 035 038 0.38
10% 0% 010 010 009 014 014 0212 019 020 018 028 027 0.28
10% 25% 009 011 008 010 011 009 013 014 011 026 024 0.23
10% 50% 012 011 011 0212 012 012 015 014 013 024 023 023
10% 75% 014 014 0214 017 015 0214 018 019 020 029 027 0.26
15% 0% 010 009 009 013 013 0212 017 016 015 025 025 0.25
15% 25% 005 006 004 007 009 006 010 012 008 019 021 017
15% 50% 008 005 004 010 008 007 013 013 009 022 023 019
15% 75% 009 011 010 010 012 0211 0213 014 013 025 025 0.23
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Appendix VI.c: Capillary Water Absorption (Kg Water /Kg Soil Block) for Murrum Soil Stabilized Blocks after a Curing
Period of 28 Days

Binder Water Absorption (kg water/kQ)
Replacement
Content 1 hour 2 hours 4 hours 24 hours
Rate (%)

(%) Testl Test2 Test3 Testl Test2 Test3 Testl Test2 Test3 Testl Test2 Test3
0% 0 012 014 013 014 0.15 0.16 022 020 021 023 023 022
5% 0 0.08 0.07 0.09 010 0.08 0.12 014 013 0214 020 020 0.19
5% 25% 0.0 010 010 011 0.12 0.12 014 015 015 024 020 0.23
5% 50% 010 011 011 013 013 0.13 015 016 016 0.23 023 0.23
5% 75% 010 010 0.09 013 0.13 0.11 017 018 015 0.23 024 024
10% 0% 0.04 0.04 0.04 004 0.05 0.05 0.06 006 0.06 0.12 012 0.13
10% 25% 0.03 0.05 0.06 0.08 0.07 0.07 0.06 0.08 009 0.6 0.18 0.18
10% 50% 0.08 0.08 0.07 0.09 0.10 0.09 012 012 012 025 025 025
10% 75% 010 0.09 0.09 011 0.10 0.11 014 014 014 0.26 026 0.26
15% 0% 0.03 0.05 0.03 0.03 0.06 0.03 0.05 0.07 0.04 0.08 0.09 0.07
15% 25% 004 004 005 0.07 0.08 0.07 0.07 0.08 008 0.12 013 0.13
15% 50% 0.04 0.04 0.04 005 0.05 0.06 0.08 0.08 007 0.6 0.16 0.15
15% 75% 011 010 012 0415 0.16 0.16 019 018 020 0.26 026 027
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Appendix VI1.d: Capillary Water Absorption (Kg Water/Kg Soil Block) for Black Cotton Soil Stabilized Blocks after a Curing
Period of 28 Days

Binder Water Absorption (kg water/kg)
Replacement
Content 1 hour 2 hours 4 hours 24 hours
Rate (%)

(%) Testl Test2 Test3 Testl Test2 Test3 Testl Test2 Test3 Testl Test2 Test3
0% 0 020 022 021 021 023 023 023 025 026 033 034 0.36
5% 0 017 015 014 018 017 017 020 019 019 030 027 0.28
5% 25% 010 006 006 015 014 0.15 015 015 015 022 019 0.23
5% 50% 013 014 014 016 0.17 0.16 017 018 018 029 030 0.30
5% 75% 014 020 017 021 021 o021 022 023 023 036 037 0.36
10% 0% 014 016 014 015 017 015 016 018 016 030 032 0.28
10% 25% 009 009 006 013 0.09 011 015 013 011 025 026 0.23
10% 50% 010 009 009 012 010 013 014 012 014 022 023 021
10% 75% 012 012 013 024 013 045 016 015 017 030 029 0.30
15% 0% 0.09 010 010 010 0.08 011 012 012 0214 022 019 022
15% 25% 007 004 004 009 0.06 0.06 011 0.08 008 020 017 0.18
15% 50% 008 009 006 012 012 0.09 014 014 010 022 020 0.21
15% 75% 009 009 009 010 013 0.10 012 014 011 026 027 0.25
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Appendix VII: Compressive Strength Results of Stabilized Rammed Earth

Appendix VIl.a: Compressive Strength Results of Murrum Stabilized Blocks after a Curing Period of 14 Days

Binder
Content
(%0)

0%
5%
5%
5%
5%
10%
10%
10%
10%
15%
15%
15%
15%

Replacement
Rate (%)

0%
0%
25%
50%
75%
0%
25%
50%
75%
0%
25%
50%
75%

Curing Maximum Load (kN)

Time
(days)

14
14
14
14
14
14
14
14
14
14
14
14
14

Compressive Strength

(MPa)
Test 1 Test T:St Testl Test2  Test3
297 359 331 035 0.43 0.39
4.82 457 482 057 0.54 0.57
6.17 549 376 0.73 0.65 0.45
367 314 353 044 0.37 0.42
033 272 334 0.04 0.32 0.40
19.87 20.49 21.02 2.36 2.43 2.49
18.64 1791 1934 221 2.13 2.29
6.70 732 530 0.79 0.87 0.63
211 336 266 0.25 0.40 0.32
3355 2354 3573 3.98 2.79 4.24
29.51 24.02 2758 3.50 2.85 3.27
17.08 22.73 20.68 2.03 2.70 2.45
631 6.05 575 0.75 0.72 0.68

Average
Maximum
Load (kN)

3.29
4.74
5.14
3.45
2.13
20.46
18.63
6.44
2.71
30.94
27.04
20.16
6.04

Average
compressive
Strength
(MPa)
0.39
0.56
0.61
0.41
0.25
2.43
2.21
0.76
0.32
3.67
3.21
2.39
0.72

Std. dev.

0.04
0.02
0.15
0.03
0.19
0.07
0.08
0.12
0.07
0.77
0.33
0.34
0.03

115



Appendix VI1.b: Compressive Strength Results of Murrum Stabilized Blocks after a Curing Period of 28 Days

) _ _ Compressive Strength Average
Binder Curing Maximum Load (kN) Average _
Replacement _ (MPa) ) Compressive
Content Time Maximum Std. dev.
Rate (%) Strength
(%) (days) Testl Test2 Test2 Testl Test2  Test3 Load (kN)
(MPa)
0% 0% 28 0.72 216 176 0.09 026 0.21 1.54 0.18 0.09
5% 0% 28 7.04 6.28 6.42 0.83 0.74  0.76 6.58 0.78 0.05
5% 25% 28 7.60 6.75 8.66 0.90 0.80 1.03 7.67 0.91 0.11
5% 50% 28 6.19 6.87 6.49 0.74 081 0.77 6.52 0.77 0.04
5% 75% 28 3.25 3.64 3.84 0.39 0.43 0.46 3.58 0.42 0.04
10% 0% 28 21.55 21.08 24.75 2.56 250 294 22.46 2.67 0.24
10% 25% 28 27.21 26.23 25.11 3.23 3.11 2098 26.19 3.11 0.12
10% 50% 28 9.42 9.02 852 1.12 1.07 1.01 8.99 1.07 0.05
10% 75% 28 4.48 3.22 3.46 0.53 038 041 3.72 0.44 0.08
15% 0% 28 3852  36.77 36.47 4.57 436 4.33 37.25 4.42 0.13
15% 25% 28 38.03  37.08 34.67 4.51 440 411 36.59 4.34 0.21
15% 50% 28 27.55 28.65 29.12 3.27 3.40 3.46 28.44 3.37 0.10
15% 75% 28 6.33 6.64 6.59 0.75 0.79 0.78 6.52 0.77 0.02
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Appendix VII.c: Compressive Strength Results of Black Cotton Stabilized Blocks after a Curing Period of 14 Days

) Curing ] Compressive Strength Average Average
Binder Replacement ) Maximum Load (kN) ) _
Time (MPa) Maximum Compressive Std. dev.
Content (%) Rate (%)

(days) Testl Test2 Test3 Testl Test2 Test3 Load (kN) Strength (MPa)
0% 0% 14 2.51 2.31 2.66 0.30 0.27 0.32 2.49 0.30 0.02
5% 0% 14 5.24 4.71 5.27 0.62 0.56 0.63 5.07 0.60 0.04
5% 25% 14 491 5.89 8.24 0.58 0.70 0.98 6.34 0.75 0.20
5% 50% 14 5.45 8.00 7.04 0.65 0.95 0.83 6.83 0.81 0.15
5% 75% 14 2.31 2.78 2.75 0.27 0.33 0.33 2.61 0.31 0.03
10% 0% 14 10.29 1180 9.50 1.22 1.40 1.13 10.53 1.25 0.14
10% 25% 14 9.06 7.22 7.79 1.08 0.86 0.92 8.03 0.95 0.11
10% 50% 14 4.49 4,51 4.54 0.53 0.54 0.54 4.52 0.54 0.00
10% 75% 14 5.33 4.85 3.70 0.63 0.58 0.44 4.62 0.55 0.10
15% 0% 14 14.88 1413 1541 177 1.68 1.83 14.81 1.76 0.08
15% 25% 14 13.34 1390 1471 1.58 1.65 1.75 13.98 1.66 0.08
15% 50% 14 1239 1130 1230 1.47 1.34 1.46 12.00 1.42 0.07
15% 75% 14 4.40 5.70 0.39 0.52 0.68 0.05 3.50 0.41 0.33
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Appendix VI11.d: Compressive Strength Results of Black Cotton Stabilized Blocks after a Curing Period of 14 Days

Binder

Content (%)

0%
5%
5%
5%
5%
10%
10%
10%
10%
15%
15%
15%
15%

Replacement
Rate (%)

0%
0%
25%
50%
75%
0%
25%
50%
75%
0%
25%
50%
75%

Curing
Time (d)

28
28
28
28
28
28
28
28
28
28
28
28
28

Maximum Load (kN)

Compressive Strength
(MPa)

Testl Test2 Test3 Testl Test2 Test3

2.21
6.56
3.81
8.16
3.17
12.02
9.08
6.05
5.16
16.84
15.05
9.95
6.17

2.52
5.83
5.72
6.36
3.06
11.21
10.73
5.21
5.97
21.53
15.19
12.11
5.75

3.90
6.00
8.21
7.75
3.28
10.45
11.77
5.21
4.71
20.94
16.14
11.88
5.89

0.26
0.78
0.45
0.97
0.38
1.43
1.08
0.72
0.61
2.00
1.79
1.18
0.73

0.30
0.69
0.68
0.75
0.36
1.33
1.27
0.62
0.71
2.55
1.80
1.44
0.68

0.46
0.71
0.97
0.92
0.39
1.24
1.40
0.62
0.56
2.48
1.92
1.41
0.70

2.88
6.13
5.91
7.42
3.17
11.23
10.53
5.49
5.28
19.77
15.46
11.31
5.93

Average
Compressive
Strength
(MPa)
0.34
0.73
0.70
0.88
0.38
1.33
1.25
0.65
0.63
2.35
1.83
1.34
0.70

Std. dev.

0.11
0.05
0.26
0.11
0.01
0.09
0.16
0.06
0.08
0.30
0.07
0.14
0.03
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Appendix VIII: ANOVA Results of the Stabilization Experiments
Appendix VIIl.a: Analysis of Variance for Compressive Strength Results of
Stabilized Rammed Earth

Df Sum Sq Mean Sq F value Pr(>F)

stype 1 17.72 17.72 240.678 < 2e-16 ***
ctime 1 3.32 3.32 45.118 7.44e-10 *
bcontent 1 56.27 56.27 764.274 < 2e-16 *
rrate 3 44.43 14.81 201.130 < 2e-16 *
stype:ctime 1 0.89 0.89 12.109 0.00071 *
stype:bcontent 1 13.18 13.18 178.991 < 2e-16 *%*
stype:rrate 3 8.44 2.81 38.217 < 2e-16 #%%
ctime:bcontent 1 0.65 0.65 8.800 0.00366 **
ctime:rrate 3 0.50 0.17 2.246 0.08668 .
bcontent:rrate 3 14.76 4.92 66.812 < 2e-16 #%*
stype:ctime:bcontent 1 0.11 0.11 1.557 0.21459
stype:ctime:rrate 3 0.66 0.22 2.983 0.03425 =
ctime:bcontent:rrate 3 0.23 0.08 1.040 0.37769
stype:ctime:bcontent:rrate 3 3.53 1.18 15.990 9.38e-09 ##**
Residuals 115 8.47 0.07

Signif. codes: 0O ‘***’ 0.001 ***’ 0.01 “*’ 0.05 “.” 0.1 * " 1

Appendix VI11.b: Analysis of Variance for Water Absorption Results of
Stabilized Rammed Earth

Df Sum Sq Mean Sq F value Pr(>F)

stype 1 4255 4255 287.570 < 2e-16 ***
ctime 1 109 109 7.373 0.006836 *
bcontent 1 12846 12846 868.239 < 2e-16 **x*
rrate 3 4996 1665 112.557 < 2e-16 ***
mtime 1 52034 52034 3516.869 < 2e-16 ***
stype:ctime 1 36 36 2.458 0.117516
stype:bcontent 1 99 99 6.712 0.009838 *=*
stype:rrate 3 4252 1417 95.798 <« 2e-16 *%*
stype:mtime 1 93 93 6.299 0.012379 *
ctime:bcontent 1 13 13 0.855 0.355692
ctime:rrate 3 99 33 2.230 0.083798 .
ctime:mtime 1 45 45 3.056 0.081013 .
bcontent:rrate 3 1006 335 22.661 8.09e-14 %=
bcontent:mtime 1 200 200 13.502 0.000262
rrate:mtime 3 629 210 14.181 6.66e-09 ***
stype:ctime:bcontent 1 31 31 2.116 0.146310
stype:ctime:rrate 3 77 26 1.737 0.158362
stype:ctime:mtime 1 0 0 0.012 0.913075
ctime:bcontent:rrate 3 113 38 2.553 0.054732 .
ctime:bcontent:mtime 1 6 6 0.380 0.53799%4
bcontent:rrate:mtime 3 78 26 1.749 0.155879
stype:ctime:bcontent:rrate 3 1090 363 24.559 6.79e-15 ***
stype:ctime:bcontent:mtime 1 52 52 3.488 0.062356 .
ctime:bcontent:rrate:mtime 3 65 22 1.464 0.223469
Residuals 531 7856 15

Signif. codes: 0 ‘***’ (0,001 “**’ 0.01 “*" 0.05 *.” 0.1 * " 1
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