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Abstract
Rammed earth (RE) is a traditional soil-based building material made by compressing a
mixture of natural earth and binder ingredients in temporary frameworks. The modern RE uses 5
to 10% cement as a binder to meet the strength and durability requirements. Due to the CO2
footprints associated with cement production, this research aimed to develop and assess innovative
waste-to-product technologies and strategies for the transformation and effective utilization of pulp
mill residues in the construction sector as a partial replacement for conventional Portland cement.
For the experimental study, the as-received pulp mill fly ash (PFA) and a fly ash-based geopolymer
synthesized by alkali-silicate activation method, were incorporated as cement substitutes in the RE
mixtures. Initially, the local soil was collected and characterized by important index and
engineering properties. The fly ash was procured from a local pulp mill, and its physico-chemical,
mineralogical, and morphological characterization, as well as environmental impact, was
identified. Further, the various mix designs of RE material incorporating local soil and different
proportions of Portland cement, pulp mill fly ash, calcium bentonite, and alkali-silicate activator
(a mixture of sodium silicate and sodium hydroxide solutions) were developed. The compacted
RE specimens were cured and tested for 7-day and 28-day unconfined compressive strength (UCS)
variations. The PFA and calcium bentonite-treated samples, as well as samples that were stabilized
by the alkali-silicate activator, exhibited significant strength improvement. Further, the cured RE
specimens were subjected to a standard freeze-thaw durability test to evaluate their frost resilience
properties as a sustainable construction technique under extreme climatic conditions. The alkalisilicate activator-treated samples were highly unstable under extreme weathering conditions. On
the other hand, the specimens treated with calcium bentonite and PFA retained their full strength
under the freeze-thaw cycles. As a result, it was concluded that even though the alkali-silicate
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activation of PFA improved the compressive strength of RE samples, this method is not durable
in hard weathering conditions. Furthermore, treating RE specimens with PFA and bentonite was
beneficial for the improvement of mechanical and durability properties of RE samples and can be
a practical step towards the utilization of waste by-products.
Keywords: Rammed earth, Recycled pulp and paper fly ash, Calcium bentonite,
Geopolymerization, Alkali-silicate activators, Compressive strength, Freeze-thaw durability.
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Lay Summary
The pulp mill fly ash (PFA) is a wood-based combustion by-product collected in the
electrostatic precipitators of the power boiler units during the pulp manufacturing process in the
Kraft pulp mills. These environmentally massive wastes are generally discarded in the in-house
landfills which incur approximately $25 to 50 per tonne ash. As a result, these industries are
seeking more efficient, sustainable strategies to manage their wastes and thereby gain greater
environmental and economical benefits. Based on the current understanding of pulp mill residues,
the PFA has favorable characteristics to be potentially considered as an environmentally safe
replacement for Portland cement in the construction sector. Therefore, this study aimed to find a
novel solution for the utilization of recycled PFA into an inert value-added secondary material
targeting its potential application in sustainable RE construction.
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Preface
This thesis aimed at evaluating the suitability of pulp mill fly ash (PFA) for utilization in the
RE materials. For this, the stabilization process was performed in two stages (1) effectiveness of
alkali-silicate activator and (2) the effectiveness of calcium bentonite (Ca-bentonite) on the
strength and durability performance of RE samples. The author's responsibilities included
literature survey, overall planning of the research, performing laboratory tests, data organization
and analysis, and thesis writing under the supervision of Dr. Sumi Siddiqua and the great help of
Postdoctoral fellow Dr. Chinchu Cherian. The laboratory experiments were carried out in the
Advanced Geomaterials Testing Laboratory, located at the School of Engineering. The Scanning
electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) analysis were
conducted at the FiLTER - Fipke Laboratory for Trace Element Research, the University of British
Columbia (UBC) Okanagan Campus. X-ray diffraction (XRD) test was conducted on the UBC
Vancouver campus. Ethics approval from the UBC Research Ethics Board was not required for
this study. While completing my master’s program I was able to submit one technical paper to a
peer-reviewed journal for possible publication and one paper for an international conference. The
list of submitted and preparing papers related to this thesis is presented below.
•

Ajabi, A., Siddiqua, S., Cherian, C., A Novel Mix Design Technology for Sustainable
‘Rammed Earth’ Using Pulp Mill Fly Ash Based Geopolymer as Cementitious
Material, Journal of Construction and Building Materials (submitted).

•

Ajabi, A., Siddiqua, S., Cherian, C., A Novel Mix Design for Wood Ash-incorporated
Rammed Earth Material, Thirty-Sixth International Conference on Solid Waste
Technology and Management 2021, March 14-17 Online (accepted).
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Chapter 1: Introduction
Overview
In this era of globalization and urbanization, the rapidly growing building sector is one of the
most resource-intensive industries by consuming more than 40% of the world’s global energy and
resources. Furthermore, it is a major contributor to environmental pollution by generating an
enormous amount of waste (Akadiri et al., 2012). The conventional construction methods using
Portland cement concrete (PCC) adversely impacts the environment in terms of harmful CO2
emissions during Portland cement (PC) manufacturing processes as well as during the building
construction activities and its entire life cycle. These emerging issues have led the researchers to
focus on the revival of traditional earthen construction methods including rammed earth (RE)
walls, earth bricks, and compressed earth blocks, with sustainable and energy-saving criteria as
key drivers (Maniatidis and Walker 2003; Morel et al., 2007; Burroughs 2008, 2010; Siddique and
Barreto, 2018). The conventional RE structures are constructed on-site by compacting layers of
local soil mixture consisting of gravel, sand, clay, and silt, in a temporary framework (Siddiqua
and Barreto, 2018). These structures have potentially low manufacturing impacts since the
available clay mineral content acts as natural binders between soil grains, and hence, they are
commonly referred to as “un-stabilized rammed earth”.
Motivation
The establishment of the RE construction technique dates back to 7500 BCE (Berge, 2009);
however, there are several problems associated with un-stabilized RE including low strength and
durability. To overcome these problems, the modern RE construction practiced the addition of 5
to 10% PC to act as an efficient stabilizing agent (Bui et al., 2014; Kariyawasam and Jayasinghe,
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2016). The cement stabilized RE possesses superior strength and durability properties essentially
required to meet the construction standards. Nevertheless, the growing concerns regarding cement
production and associated greenhouse gases emissions, triggered researchers to search for more
innovative, sustainable, and eco-friendly binder materials for RE stabilization.
Several recent studies investigated the viability of employing secondary raw materials from
industrial waste streams with low embodied energy (viz., coal fly ash, rice husk ash, sludge ash,
sawdust ash, etc.) as alternative resources for PC in construction (Ganesan et al., 2007; Chusilp et
al., 2009; Siddique, 2009, 2012; Jaiswal and Lal, 2017; Leong et al., 2018; Teixeira et al., 2019).
The beneficial uses of industrial wastes will not only provide inexpensive and eco-friendly
construction strategies but also significantly reduce the stockpiles of these wastes and mitigate
ancillary environmental impacts (Faubert et al., 2016). However, using these by-products as a
substitute for PC has certain drawbacks such as slow initial strength gain and seasonal limitations.
The previous researches established that these weaknesses can be overcome through chemical
activation techniques such as alkaline activation which is also termed as geopolymerization
(Majidi, 2009; Palomo et al., 2014; Singh et al., 2015; Sotelo-Piña et al., 2019).
The geopolymerization process consists of sequential steps such as the dissolution of aluminosilicate bonds in the precursor substances, which are rich in amorphous Si and Al (i.e. fly ash).
This process takes place due to the alkali attack followed by polymerization and growth of
amorphous three-dimensional alumino-silicate materials or geopolymers (Sabrin et al., 2019).
These geopolymers are large inorganic molecules, characterized by higher particle size and
reduced exposed surface which imparts enhanced cementitious properties ( Li et al., 2016; Leong
et al., 2018). However, there are not many studies that have assessed the effectiveness of
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geopolymerized fly ash as a binder in RE (Cristelo, et al., 2012a; Bui et al., 2018; Meek and
Elchalakani, 2019).
The pulp and paper mill fly ash (PFA) is a wood combustion by-product with low embodied
energy generated during the pulp manufacturing process in the Kraft pulp mills, and these
environmentally massive wastes are generally discarded in the in-house landfills (Ochoa de Alda,
2008; Cherian and Siddiqua, 2019). For instance, the pulp and paper industries produce more than
1 million tonnes of PFA per year and spend approximately $25-50 per tonne of ash for its
transportation and disposal at the landfills. The statistical studies predict significantly increasing
production of fly ash in future years owing to the continual growth of pulp and paper industries
(Lamers et al., 2018; Simão et al., 2018). As a result, these industries are seeking more efficient,
sustainable strategies to manage their wastes and thereby gain greater environmental and
economical benefits. Based on the current understanding of pulp mill residues, the PFA has
favorable physico-chemical and ecotoxicological properties to be potentially considered as an
environmentally safe replacement for PC in the construction sector (Ahmadi and Al-Khaja, 2001;
Toller et al., 2009; Hall et al., 2012; Faubert et al., 2016). Due to the high percentages of
amorphous silica, alumina, and calcium oxide present in wood ash, it is also suitable as a precursor
to synthesize geopolymer binders of high mechanical performance. Some previous studies
developed new approaches to assess wood ash as a supplementary cementitious material for
cement and concrete systems (Udoeyo et al., 2006; Chusilp et al., 2009; Grau et al., 2015), as a
chemical binder for soil stabilization (Šķēls et al., 2016; Murmu et al., 2020) and aggregate in
pavement construction (Chauhan et al., 2008; Edeh et al., 2014).
Objectives
The key motivation of this study is to find a novel solution for the valorization of recycled PFA
3

into inert value-added secondary material, which is targeting its potential application in sustainable
RE construction. This research project is designed and implemented to synthesize an eco-efficient
binder of high mechanical performance from PFA at first by alkali-silicate activation at ambient
temperature (⁓22 °C), and at the second stage by adding calcium bentonite (Ca-bentonite), to be
used in the stabilized RE material. For attaining this goal, the following objectives must be met:
1- Preparing different design mixtures of composite RE material using locally available
aggregates, and various combinations of PC, PFA, activator solutions, and Ca-bentonite.
2- Determining the most efficient design mix based on the comparative mechanical and
durability performance of different mixtures, particularly in terms of variations in the
strength, stiffness, and frost resilience properties after 28 days of standard moist curing.
3- Comprehend the underlying stabilization mechanisms as well as substantiate macro-level
variations in strength and durability properties.
These objectives are accomplished by implementing the following primary tasks:
1- Characterization of materials including soil, cement, Ca-bentonite, and PFA.
2- Formulating RE mix designs with different percentages of stabilizers and determining their
compaction characteristics.
3- Evaluating the mechanical performance of different RE mixtures in terms of uniaxial
compressive strength after 7 days and 28 days curing.
4- Investigating the frost resilience properties of stabilized RE material after 28-days curing
by standard freeze-thaw durability tests.
5- Conducting the micro-level examination of stabilized RE specimens with the aid of
scanning electron microscopy (SEM) coupled with energy dispersive spectroscopy (EDS)
and Fourier transform infrared spectroscopy (FTIR) analysis.
4

6- Assessing the environmental compatibility of the optimized RE material by performing the
standard leachate analysis and measuring trace element concentrations.
Novelty of research
To the best knowledge of the author, no significant research has been conducted in the past
to investigate the potential application of PFA in sustainable earthen construction as a substitute
for PC, even though the environmental risk characterization assessments regarded it as a nonhazardous commercial waste over many decades. It is anticipated that the beneficial utilization of
PFA and secondary products in RE material will help to further reduce the constructional and
operational CO2 emissions, and it will ultimately enable us to take one step forward in the growing
high-tech, green-focused industry. Ultimately, the overall goal of this research is to develop and
assess innovative waste-to-product technologies and strategies for the transformation and effective
utilization of pulp mill residues in the construction sector.
Thesis organization
This dissertation consists of five chapters, as follows:
Chapter One provides an introduction to environmental issues and the importance of
choosing a sustainable construction method. Further, it highlights the importance of using PFA as
an eco-friendly binder in RE. Besides, this chapter underlines the objectives of this study and the
steps needed to achieve them.
Chapter Two reviews the literature on different methods of evaluating the durability
performance of earthen material structures. Further, it provides detailed background on
geopolymerizations in RE. Then, the specification of clay materials, as well as bentonite and its
performance in RE, is discussed.
5

Chapter Three provides the methodology for attaining the objectives of this study. It
describes the methods implemented in this study for the characterization of soil, PFA, cement, and
Ca-bentonite. The details on the physical, mechanical, and durability experiments on the RE
samples were presented. It also points out the information regarding micro-level experiments that
were performed on RE samples including FTIR, SEM-EDS, as well as the leachate analysis for
environmental risk assessment.
Chapter Four presents the important results of the performed tests. The effect of different
mix designs on the physical, mechanical, and durability of the RE samples is discussed. The SEMEDS result along with FTIR data are analyzed.
Chapter Five covers a summary of this dissertation and introduces the outcomes of each
objective. Further, this chapter presents the study limitations and recommendations for future
studies.
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Chapter 2: Literature Review
Research background on rammed earth
RE walls are constructed by compacting different layers of soil mixture including gravel, sand,
clay, and silt on their optimum moisture content (OMC). Multiple challenges are associated with
rammed earth applications, for example, their slow strength gain, or their durability (Jayasinghe
and Kamaladasa, 2007; Ma et al., 2016). However, there are remaining of these structures in
Portugal, Japan dating back to more than 500 years ago (Hall and Djerbib, 2004; Silva et al., 2013;
Kariyawasam and Jayasinghe, 2016). Traditionally, clay was utilized as the binding agent for soil
particles while other binding agents are utilized more recently to improve strength and durability.
There are multiple methods for stabilizing RE structures, for example, chemical, physical, and
mechanical stabilizing methods. Chemical stabilizing refers to the method in which the addition
of binding agents e.g., cement, calcium lime, and fly ash can improve the strength characteristics.
Physical stabilization refers to the taking of soil with proper particle size or having a suitable mix
of soil particles (e.g., gravel, sand, silt, and clay). Furthermore, mechanical stabilizing refers to the
application of a pneumatic rammer or a manual one for soil compaction (Bui et al., 2014;
Kariyawasam and Jayasinghe, 2016). As discussed earlier one of the critical concerns related to
RE structures is their durability. To address that problem, lots of studies have been performed on
the different aspects of durability. In the following section, a review of some research studies in
three categories comprising rammed earth walls durability in different weather conditions, thermal
properties of rammed earth walls, and mechanical characteristics of rammed earth structures area
will be provided.
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2.1.1 Rammed earth durability in different weather conditions
Heathcote (Heathcote, 1995) went through some rainfall parameters that can affect the
durability of rammed earth walls, for example, rainfall intensity, the angle of rainfall, and wall
roughness. He also provided a review on the approaches of durability testing consist of wire brush
test, spray test, drip test, and wet-to-dry strength approach. Furthermore, he applied the spray test
on 12 bricks with different cement contents and compared the results with the wet-to-dry strength
ratio. Finally, he concluded that the ratio of wet-to-dry strength should be used as an indicator of
earth wall durability. Ogunye and Boussabaine (Ogunye and Boussabaine, 2002) developed a
device that imitates natural rainfall conditions. The device was able to evaluate the durability of
the walls and bricks by simulating rainfall conditions soil blocks. Multiple samples were stabilized
with different binding agents including cement, lime, and lime-gypsum in different proportions.
The block samples had different values of soil mass loss between 0.26- 4.0% that was considered
in the standard limit and the data collected under the artificial rainfall had a reasonable correlation
with natural rainfall. Guettala et al. (Guettala et al., 2006) constructed eight walls using RE bricks
with different stabilizers. The bricks contained different portions of soil, sand, cement, lime, and
resin. All the assessments were completed under a natural weather condition. The laboratory
experiments including compressive strength, capillary absorption, total absorption, wetting and
drying test, freezing and thawing, spray test, and water strength coefficients were conducted on
the samples. The stabilized samples were more durable compared with samples with no stabilizer.
Finally, they suggested that stabilizing bricks with 5% cement and a compacting pressure of 10
MPa would give satisfying durability for bricks containing sandy clay. Hall (Hall, 2007) utilized
a climate chamber to evaluate the performance of RE walls. This chamber could assess full-scale
building elements and evaluate the rainfall penetration based on British Standard BS 431-2 1970.
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The chamber had a simulator with two parts containing the design side, and the climate side. The
function of the design part was to simulate the interior part of the building. It was capable to
maintain the inside room condition within the standard limit. On the other hand, the climate side
was able to apply different weather conditions on the exterior parts. Moreover, the chamber could
determine the temperature, relative humidity, and some other weather elements. They applied
multiple test phases to simulate low/high-velocity rainfalls. Furthermore, they installed different
types of sensors for collecting variations in temperature, liquid moisture content, and relative
humidity over several testing conditions. They figured out that the wall durability performance
was affected by the temperature variations. Eventually, it was observed that all the cementstabilized walls had a promising performance. Bui et al. (Bui et al., 2009) conducted a study to
evaluate the durability of RE walls for 20 years in a natural weathering condition. The average
annual rainfall in the area was 1000 mm and the maximum wind speed was 21 mm/s. They built
walls in 1985 in the French Alpine valley. There were built three types of rammed earth walls
including fine RE (fine soil), medium RE (a mixture of fine RE and non-argillaceous soil), and the
stabilized medium RE (medium RE stabilized with 5% lime). The erosion was measured using the
stereo-photogrammetric method. In this method, the photos that were captured from two sides of
the wall were analyzed by a stereoscope. After 20 years, lime stabilized RE walls exhibited a 2mm
erosion which was about 0.5% of the wall thickness. It was concluded that the stabilization was
enough to protect the wall and there was no need to use plaster. Also, the unstabilized walls had
the erosion about 1.6% of wall thickness that exhibited the potential for the application of
unstabilized rammed earth walls in the same weather condition. Authors concluded that the RE
walls do not need to be stabilized with lime or cement in the similar weather condition, due to the
problems associated with their recycling process and accessibility in some countries. Furthermore,
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they suggested that new types of experiments are needed to be developed to evaluate the durability
of RE walls based on the specific climate conditions they are located in. In another study, Arrigoni
et al. (Arrigoni et al. , 2017) evaluated the durability of stabilized RE under wetting-drying cycles.
The unconfined compressive strength as well as microstructural analysis were performed to assess
samples. The samples were stabilized with cement, fly ash and calcium carbide residue and the
results exhibited the improvement on the mechanical properties of stabilized samples after
applying the wetting-drying cycles. Authors concluded that the use of waste materials is an
effective method for RE stabilization. Beckett et al. (Beckett et al., 2020) provided a framework
for evaluating the durability performance of RE under the water exposure by reviewing previous
works. Their framework presented a range of experiments to assess the durability of RE walls in
different environmental conditions.
2.1.2 Thermal performance of rammed earth structures
The thermal performance of RE structures was evaluated by several researchers. Taylor and
Luther (Taylor and Luther, 2004) investigated the thermal characteristics of RE structures. They
evaluated the heat flux in an office that was constructed by RE walls with 300 mm thickness. The
heat flux data were collected using several thermistors installed in different spots in the office.
They analyzed the performance of the walls by evaluating the energy transfer in the office through
the walls during the working hours. Their collected data exhibited that the heat exchange through
the external wall to the office was extremely limited and the heat was absorbed by the internal
wall, which helped cooling down the internal airspace. Taylor et al. (Taylor et al., 2008) evaluated
the thermal comfort and energy use of a building constructed with RE walls employing two
methods. First, they utilized a questionnaire to find out the viewpoint of building occupants about
their temperature sensations. Also, they measured the internal and external heat exchanges of walls
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with transducers and used a model to describe the thermal comfort zone. Their measurements were
aligned with the questionnaire and confirming that during the summer the building is too hot and
during the winter is too cold. It was also noticed that the RE building uses more energy for heating
than other buildings in the same location. Furthermore, they simulate a model to anticipate
temperature in the summer and winter to improve building energy efficiency. Finally, they
suggested that the design change and a modern control policy can be helpful. Hall and Allinson
(Hall and Allinson, 2009) evaluated the hygrothermal properties of stabilized RE. First, they
specified multiple hygrothermal properties of stabilized RE structures such as moisture storage
function, vapor permeability, liquid conductivity, thermal conductivity, and specific heat capacity.
Then, they evaluated these properties in three different RE mix designs. They concluded that the
hygrothermal properties of stabilized RE are designable and related to compaction energy and
particle size distribution (PSD) of samples. Soebarto (Soebarto, 2009) evaluated the thermal
performance of two houses with RE walls and compared it with the performance of another house
with insulated RE walls. Initially, they measured the temperature of houses to simulate the thermal
performance. The simulation exhibited that the temperature variations of houses during the
summer were insignificant. However, the results from the winter revealed that the house with
insulated RE walls was 5°C warmer than the other houses with only RE walls. Dong et al. (Dong
et al., 2014b) performed a research study on multiple strategies to reduce the heat exchange in
structures with uninsulated RE walls in different climate zones of Australia. Primarily, they
described multiple options that were established in the national construction code to improve the
thermal resistance of RE walls. These options were including insulating rammed earth walls, star
rating requirements, and passive solar heating strategies. Furthermore, they used home energy
rating software to simulate the energy load of RE houses in different climate zones of Australia.
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They investigated the effect of five factors, including glazed area, shading, wall thickness,
ventilation, and window type. Finally, they provided recommendation for the design of uninsulated
RE houses in each climate zone to meet the Australian building standards. Dong et al. (Dong et
al., 2014a) in another study evaluated the effect of window size, shading, ventilation rate, and wall
thickness on the inside temperature of RE houses. They simulated houses with uninsulated RE
walls in different climate zones. They found out that it is possible to improve the thermal comfort
in a RE house with a natural ventilation system, by considering multiple design parameters based
on the specific climate condition. Soudani et al. (Soudani et al., 2017) monitored thermal data from
an uninsulated RE house to assess its performance in different seasons. They installed multiple
sensors inside (during the construction) and on the surface of the RE walls to measure temperature,
relative humidity, and water content. Furthermore, they measured the temperature and relative
humidity indoor and outdoor. Based on their measurements, the house had a satisfying comfort in
the summer and acceptable energy performance in the winter. Besides, they figured out that the
thermal behavior of RE walls is related to the water content of the wall. In a recent study, Jain et
al. (Jain et al., 2019) focused on improving the thermal performance of RE bricks. They prepared
samples of RE bricks with clay, sand, and rubber and measured the thermal resistance of samples.
The experiments were based on measuring the temperature at the top of the sample while it is on
a hot plate and heat is applied from the bottom. Also, they performed a finite element analysis of
the thermal stress and heat transfer of rammed earth samples to evaluate the effect of shape,
orientation, size, and filler volume fraction of rubbers. Upon their analysis, they figured out that
the volume fraction of fillers is the most important parameter to improve the thermal resistance.
Besides, they found the shape of the filler as a key factor for increasing the thermal resistance.
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2.1.3 Mechanical characteristics of rammed earth structures
In this category, some studies are more focused on the scale effect, load direction, and finding
a correlation between strength parameters. For example, Maniatidis and Walker (Maniatidis and
Walker, 2008) performed multiple experiments on RE samples, including small scale compression
test, large scale prism test, and full-size column test under concentric and eccentric axial load.
Moreover, they used an analytical model to anticipate the structure capacity under different loading
conditions. Their prediction of high load eccentricities for column failure load did not match with
the experimental results. The reason was due to the ignorance of the suppressed cracking in their
analysis. Additionally, they obtained different results for the samples with the same contents in the
small-scale compression test, full-scale prisms, and columns tests. The resulted inconsistency was
attributed to the difference in particle size distribution and the compaction energy of samples.
Jaquin et al. (Jaquin et al., 2009) evaluated the suction effect in the compressive strength of
RE samples. They performed six unconfined compression tests on RE samples with constant water
content. The samples were dried to reach the targeted water content prior to the tests. The results
indicated that water content limits strength improvement. Bui et al. (Bui et al., 2009) investigated
the mechanical performance of RE walls in three scales of in situ walls, representative volume
element, and compressed earth blocks. The approach of the study was to measure the elastic
modulus of samples in three scales. For the in-situ wall, they determined elastic modulus
employing a finite element model. For the next two scales, they used an unconfined compressive
strength test in the laboratory to calculate elastic modulus. The results indicated similar values for
the second and third scales, while in-situ dynamic measurements exhibited the highest value of
elastic modulus. The authors contributed these results to the perfect layer adhesion of the modeled
RE wall.
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In another study, Bui and Morel (Bui and Morel, 2009) investigated the anisotropy of RE
structures on the two scales of the representative volume element (REV) and microscopic. For the
REV scale, they applied loading-unloading cycles and uniaxial compressive test in two directions.
Their results indicated that the RE could be assumed as an isotropic material in the REV scale if
their layers do not separate. For the microscopic scale, they modeled samples with the same
characteristics of the REV scale to evaluate the possibility of using microscale samples in the
laboratory. The results for compressive strength, loading-unloading, and failure modulus were
consistent with the results of REV scale samples. Bui et al. (Bui et al., 2014) performed multiple
experiments to estimate the tensile strength of RE structures. Later, they determined the relation
between compressive and tensile strength. Based on their results they could confirm the isotropic
assumption for RE material. Later, they applied local failure tests on two wallets to investigate the
effect of concentrated load on RE walls. Furthermore, they successfully modeled the failure
surfaces of the walls using a finite element model.
Other than the approaches reviewed in this category, some studies are more focused on the
effect of different stabilizers like date palm fibers (Taallah et al., 2014), wool fiber (Aymerich et
al., 2012), and polymer (Marais et al., 2015) on the strength characteristics of rammed earth
samples. For example, Siddiqua and Barreto (Siddiqua and Barreto, 2018) studied the effect of
using industrial by-products including calcium carbide residue and fly ash in RE samples. The
evaluation was performed by conducting the uniaxial compressive strength of RE samples after
their curing time. The results from SEM-EDS were compatible with the results of compressive
strength tests.
Liu et al. (Liu et al., 2018) investigated the durability, thermal properties, and strength of RE
samples filled by steel slags. They conducted wetting and drying cycles, frost resistance, and water
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resistance tests to evaluate the durability of RE samples with different stabilizer content. Also,
they measured the thermal conductivity of samples with different percentages of steel slags to
assess the thermal performance. For the strength characteristics, they performed a compressive
strength test on samples after 14, 28, and 60 days of curing. They figured out that the addition of
steel slags will enhance durability and compressive strength while reduces the thermal
performance of samples. In another study, performed by Toufigh and Kianfar (Toufigh and
Kianfar, 2019) the effect of introducing different stabilizers on the strength and thermal
performance of RE samples were assessed. The stabilizers in this study were consist of cement,
pozzolan, micro silica, fiberglass, guar gum, and phase change materials. Authors evaluated the
influence of each material through conducting an unconfined compressive strength test, tensile
splitting test, ultrasonic test, wire brush test, thermal conductivity, humidity, and drying shrinkage
test.
2.1.3.1 Geopolymerization in rammed earth
Geopolymer characteristics
Davidovits is considered as the first person who introduced the term ‘Geopolymer’. The
reaction of an alkali solution with alkali-activated materials containing alumino-silicate will form
geopolymers. Some alkali-activated materials are naturally formed (metakaolin) and some are
created from industrial wastes (fly ash, blast furnace slag). Geopolymer is synthesized during a
process named geopolymerization in which a sequence of SiO4 and AlO4 are connected like a
chain (Majidi 2009). A schematic view of this process is demonstrated Figure 2.1.
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Raw Si-Al material

Gel network (geopolymer precursor)

Raw Si-Al material residual

Figure 2.1 The schematic view of geopolymerization (Hameed and Rawdhan, 2017).

Reactions in the geopolymerization process are presented in equations 1 and 2.
(Si2O5Al2O2)n + H2O + OH − → Si(OH)4 + Al(OH)4−

(1)

Si(OH)4 + Al(OH)4− → ( −Si−O −Al−O−)2 + 4 H2O

(2)

The other materials used to form geopolymers are activators. The chemical composition of
activators (anions and cations) affects the geopolymer characteristics. The most common anions
which are mixed with materials to create an alkali environment are hydroxides, carbonates,
silicates, and sulfates. Also, activators such as sodium hydroxide, sodium silicate, potassium
hydroxide, and potassium silicate are normally applicable for the activation of aluminosilicates
(Palomo et al., 2014; Singh et al., 2015).
Advantages of geopolymers
The Portland cement has boundless applications in the construction industry, such as building
materials, transportation systems, and infrastructures. In contrast to these major applications, there
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are disadvantages including a high rate of energy consumption during the production process, low
level of chemical resistance, and a high possibility of corrosion. Whereas geopolymer exhibits
sufficient mechanical strength as a binder and it facilitates recycling of waste materials such as fly
ash. Moreover, it exhibits higher resistance against fire, acid, and sulfate (Hardjito et al., 2004;
Majidi, 2009; Mallikarjuna et al., 2019).
Based on the mentioned approach, some researchers used geopolymers as a binding agent for
the RE structures. For example, Cristelo et al. (Cristelo et al., 2012) evaluated the effectiveness of
alkaline activation of fly ash for stabilizing soil for RE structures. They investigated the effect of
different parameters including the concentration of alkaline activators, liquid to solid ratio, the
addition of calcium hydroxide, superplasticizer, and sodium chloride on the compressive strength
of samples. Maskell et al. (Maskell et al., 2014) investigated the application of geopolymer for RE
stabilization to evaluate if this method enhances water resilience. Sodium silicate and sodium
hydroxide were chosen as activator in different mix designs. The compressive strength of samples
was measured in both dry and saturated states. They found sodium silicate as the most effective
activator for improving strength. Their work exhibited the potential of geopolymers for improving
the strength of RE.
In another study, Sore et al. (Sore et al., 2018) stabilized compressed earth blocks (CEB) using
geopolymer and compared their performance with cement-stabilized and non-stabilized-CEBs.
They made geopolymer-stabilized samples with different percentages of geopolymer contained
metakaolin and 12 M sodium hydroxide. They measured the physical characteristics, mechanical
properties (wet and dry compressive strength, three-point flexural strength), and thermal properties
of CEBs. Their experiments exhibited a noticeable enhancement in the mechanical properties of
geopolymer-stabilized samples. Additionally, no significant change was detected between the
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thermal characteristics of geopolymer-stabilized and non-stabilized-CEBs. In one recent study,
Preethi and Reddy (Preethi and Reddy, 2020) conducted an experimental study on geopolymers to
be used in compressed earth bricks. They used a ground granulated blast furnace (GGBS) and fly
ash with alkaline activators in different molarities to stabilize specimens with geopolymer. They
applied wet compression strength as an indicator of strength improvement. The effect of different
concentrations of alkali activators, various proportions of fly ash and GGBS and clay content were
assessed. It was concluded that the addition of GGBS and fly ash to the samples will improve their
strength. Also, leaching of salt in the geopolymerized samples caused efflorescence which had no
influence on the strength of the bricks.
2.1.3.2 Clay and rammed earth
Clay acts as a key element for RE structures and it is used as a binder especially for
unstabilized RE (Ciancio and Beckett, 2015). The role of clay content on the engineering
properties of unstabilized RE has been investigated and a value of 5 to 20% was suggested (Liu
and Tong, 2017). Also, the clay content should be in a certain range for the stabilized RE, for
example, at least 20 to 35% of fine particles (i.e. clay) is suggested in the literature (Maniatidis
and Walker 2008; Bui et al., 2013; Siddiqua and Barreto, 2018).
Clay structure
The clays are created from the weathering effect on the rocks and their particle size is less
than sand and silt (< 2μm). Different clay minerals can be formed based on multiple factors
including topography, climate, vegetation, and time. The clay particle is defined as a mineral core
with a negative charge encircled by positively charged cations that leave the mineral neutralized.
(Nelson et al., 2015). Clays mostly contain crystalline structures of silicates and aluminum. They
are formed by the combination of tetrahedral or octahedral units (Bergaya et al., 2013). The most
18

common clay minerals that are formed based on a different combination of crystalline units are as
follows: kaolinites, montmorillonites, illites, and chlorites.
The kaolinites are formed by an aluminum octahedral layer that is positioned on the top layer
of tetrahedral units with the chemical formula of Si4Al4O10(OH)8. The force that attracts these units
is due to the oxygen bond from the tetrahedral unit with the hydroxyl from the octahedral unit
which is strong enough against water to penetrate (Bergaya et al., 2013). The montmorillonite
structure is a 2:1 structure in which two tetrahedral units are on the top and bottom of one
aluminum octahedral unit. The chemical formula of the montmorillonites is Al4Si8O20(OH)4nH20.
This type of clay mineral is mostly penetrable by water because of the weak bonds between its
structural unit layers that cause soil expansion (de Carvalho et al., 2015). The illite structure has
one aluminum octahedral unit between two tetrahedral units similar to montmorillonites and it is
a less expansive mineral. This is caused by the stronger bonds between the structural units due to
the interchangeable ions of potassium that prevent water absorption. The chlorite group has a 2:1
structure including one octahedral sheet between two tetrahedral units and a brucite layer between
each 2:1 structure (Bergaya et al., 2013).

Bentonite as a stabilizer
A mine located in Kamloops, British Columbia, Canada is estimated to have about 30 million
tonnes of raw Ca-bentonite. The possibility of utilizing this material as a binding agent for different
construction applications such as RE is barely investigated. Bentonite mainly consists of smectite
mineral group that mostly contains montmorillonite. The fine aluminosilicate particles in bentonite
are making it a possible additive for stabilizing soil (Hu et al., 2009). Two types of bentonite are
calcium bentonite (Ca-bentonite) and sodium bentonite (Na-bentonite). The ion exchangers in
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these two types are Na+ and Ca+, respectively. The Na+ ions have a higher attraction to absorb
water and this makes the Na-bentonite high swelling bentonite (Siddiqua et al., 2011; Siddiqua et
al., 2014). On the contrary, the Ca+ ions have less tendency for water absorption and consequently
low swelling characteristics which makes the Ca-bentonite a proper candidate for RE stabilization
technics.
The main elements of Ca-bentonite are including silica, alumina, and calcium have pozzolanic
properties which can also be found in the PC and fly ash with different quantities (Dananaj et al.,
2005). To the best of author knowledge, no study has been performed on evaluating Ca-bentonite
as a stabilizer in RE structures. However, there are multiple studies conducted to evaluate its
properties as a proper binding agent. The effect of bentonite on sand stabilization and lime was
studied by Wayal et al. (Wayal et al., 2012). They measured the compressive strength of different
mixtures and found the optimum 15% bentonite for UCS improvement. They concluded that the
improvement in mechanical properties is caused by bentonite that enhances the cohesive bonds
between the soil particles.
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Chapter 3: Methodology
Overview
The overall goal of this research is to develop and assess innovative waste-to-product
technologies and strategies for the transformation and effective utilization of pulp mill residues
in the construction sector. To attain this goal, separate laboratory experiments were performed
on RE samples with different mix designs to evaluate their performances. This chapter explains
the materials and methods for the characterization of materials, mix proportions, and alkalisilicate activator solutions that were used to make samples. Further, it presents a brief
description of physical, mechanical, and durability tests that were performed on RE samples.
Material selection
The natural soil used in this study was collected from a local construction site in Kelowna,
British Columbia (BC). This natural soil was used to develop a well-graded model soil with the
intended amount of course and fine aggregates using the following steps in the laboratory. Initially,
the oven-dried soil was passed through sieve #10 (2 mm size) to separate the coarse fractions and
fine fractions (Muhammad and Siddiqua, 2019). Later, the coarse fraction was removed and the
remaining fine fraction (less than 2 mm) was passed through sieve #40 (425 µm size). The
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Figure 3.1 (a) The fine fraction, and (b) the coarse fraction of the soil.

composition of new model soil consisting of coarse aggregates (retained on 425 µm sieve) and
fine aggregates (passing through 425 µm sieve) in a 2:1 ratio was used to prepare all RE samples
(Figure 3.1).
The PFA sample was collected from a local Kraft pulp mill in Kamloops, BC, Canada (Figure
3.2) and its physico-chemical, mineralogical, and morphological characterization, as well as
environmental impact, was identified. The Portland cement, which was required for preparing the
control RE samples (with 10% PC) and other design mixtures with different combinations of PC,
PFA, and activator solutions was locally purchased from a hardware store. The calcium bentonite
was supplied in a dry powder form by Pacific Bentonite Ltd., a local mine from Kamloops, BC
(Figure 3.3).
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b

Figure 3.2 (a) The PFA dumped at the pulp mill (b) The PFA powder at the laboratory.

Figure 3.3 The Ca- bentonite.

A sodium-based activator solution, using sodium silicate (Na2SiO3) as a supplementary silicate
source and sodium hydroxide (NaOH) as the alkali source, was prepared to synthesize the PFAbased geopolymer. These chemicals can facilitate the enhanced reactivity of PFA by the sequential
dissolution of alumino-silicate bonds in amorphous fly ash particles. This is due to alkali attack
followed by polymerization and growth of amorphous three-dimensional alumino-silicate
compound that in turn binds the soil aggregates and improve the strength of RE material (Leong
et al., 2018). The physical and chemical properties of these binders are listed in Table 3.1. The
different proportions of activator solutions were derived based on the relevant literature (Hardjito
and Rangan, 2005; Cristello et al., 2012b; Leong et al., 2018). The three alkali concentrations of
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8M, 10M, and 12M NaOH were used in a 1:2 ratio with Na2SiO3, and the activator solution was
added to the ash in a 2:1 ratio (Figure 3.4).
Table 3.1 Characteristics of chemical binders.
Properties

Sodium hydroxide

Sodium silicate

State
pH

Solid
14

Liquid
11.2

Relative density
Molecular weight

2.13
40

1.4
-

NaOH

Na2SiO3

Chemical Composition

Figure 3.4 Preparation of NaOH solutions.

Formulation of rammed earth mix designs
Table 3.2 describes the summary of mixed designs. In this study, two batches of samples were
prepared. The first batch of samples was treated with a mix of soil, PFA, cement, and the alkalisilicate activators. In the second batch, samples were treated using soil, cement, Ca-bentonite, and
PFA without any alkali-silicate activators. The optimum moisture content (OMC) and maximum
dry density (MDD) for the different RE design mixes were determined based on the miniature
Proctor compaction method (Sridharan and Sivapullaiah 2005). To make the different soil-binder
mixtures, the dry components such as the model soil aggregates, powdered PFA, Ca-bentonite,
and PC were initially hand-mixed for 10 to 15 minutes.
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For the first batch, the control RE specimens were prepared using 10% PC as a binder (denoted
as SC). The feasibility of using a PFA-geopolymer as a replacement for PC was assessed in terms
of using: (i) 10% PFA (denoted as SP) and (ii) 5% PC + 5% PFA (denoted as SCP55). The NaOH
solutions of different molarities (8M, 10M, and 12M) were prepared by dissolving the required
amounts of dry pellets in RO water and continuously stirring for 10 minutes. Further, the NaOH
solution was allowed to cool down, and Na2SiO3 (in liquid form) was added to this solution to
provide enough silica source for the complete mobilization of the geopolymerization process
(Majidi, 2009; Cristelo et al., 2012a; Muhammad et al., 2018). In the next stage, the activator
solution was added to the prepared dry mixture in a 2:1 activator to ash ratio and an additional
amount of deionized water was added to achieve the corresponding OMC.
For the second batch, all samples contained 5% cement and 15% Ca-bentonite, and their PFA
content varied between 5% PFA (denoted as SCPB5515), 10% PFA (denoted as SCPB51015), and
20% PFA (denoted as SCPB52015). To evaluate the effectiveness of PFA itself and comparing
with the influence of Ca-bentonite, two more samples containing 10% PFA (denoted as SCP 510),
and 20% PFA (denoted as SCP520) were prepared.
Table 3.2 Summary of test methods.
Mix Mode

SC
SP
SCP55
SCP55-8M
SCP55-10M
SCP55-12M
SCPB5515
SCPB51015
SCPB52015
SCP510
SCP520

Alkali-silicate activation
Solution
NaOH
(NaOH/
concentration Na2SiO3
(Molarity)
ratio)
8
10
12
-

1:2
1:2
1:2
-

The mass ratio of material to 1 kg
Soil

PFA

PC

0.9

-

0.1

-

0.9
0.9
0.9
0.9
0.9
0.75
0.7
0.6
0.85
0.75

0.1
0.05
0.05
0.05
0.05
0.05
0.1
0.2
0.1
0.2

0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05

0.15
0.15
0.15
-
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Ca-bentonite

Curing design
Curing
temperature
Ambient
(⁓22°C)
”
”
”
”
”
”
”
”
”
”

Curing
days
7, 28
”
”
”
”
”
”
”
”
”
”

Material characterization
3.4.1 Specific gravity
Soil: The specific gravity is defined as the ratio of soil aggregate mass to the mass of water
with an equivalent volume of aggregates. The value of specific gravity is usually used to determine
the volume of the aggregate for being used in different mixes. The ASTM C128-15 (ASTM C128,
2015) guideline was employed for the determination of the specific gravity. At first, the oven-dried
soil samples were immersed in the water for 24 hours. The excess water was removed and the soil
was spread on a surface while warm air was slowly blowing on that. The purpose of this was to
have the soil in a saturated surface dry condition. After reaching that state, the mass of 500 grams
of saturated surface dried soil was introduced in a pycnometer filled with RO water. After agitating
the pycnometer for releasing the air bubbles, it was filled with water at a standard temperature and
the mass of the pycnometer with the soil and water was recorded. Then the mass of the soil was
oven-dried for 24 hours and the mass was measured as well. Further, the mass of the pycnometer
filled with water was noted at a standard temperature. After measuring all the required masses, the
specific

gravity

of

the

soil

was

measured

based

on

the

following

equation,

specific gravity = A/ (B+S-C), where A is the mass of the oven-dried specimen, B is the mass of
pycnometer filled with water, S is the mass of saturated surface dry soil, and C is the mass of
pycnometer filled with water and soil.
Pulp mill fly ash: The specific gravity was measured using the water pycnometer method
(ASTM D854, 2014). At first, the weight of the dry pycnometer and 500 ml pycnometer filled with
a de-aired RO water was measured. The temperature of the water was noted as well. Afterward,
50g of dried PFA was poured into the pycnometer and the de-aired RO water was added into the
pycnometer and it was shaken until PFA was fully dissolved. Subsequently, more water was
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poured into the pycnometer to reach the specified level. The temperature and the mass of the
pycnometer with PFA and water were measured. Then the solution of water and PFA was poured
into a becker and the PFA was segregated from the water by a filter paper. The weight of the PFA
was quantified after 24 hours of oven drying.
3.4.2 Particle size distribution
Soil: The particle size distribution (PSD) was determined using standard dry sieve analysis
(ASTM D2487-17, 2017). This method classifies soils using a standard system and identifies three
categories of coarse-grained soils (more than 50% of the soil particles remain on sieve No.200),
fine-grained soils (50% or more of soil particles passing the sieve No.200), and highly organic
soils. In this method, a stack of sieves (Figure 3.5) was employed from the top to bottom in the
following order of 3/4", 3/8", No.4, No.10, No.20, No.40, No.60, No.140, and No.200. About 500g
of dried soil was passed through the stack using a mechanical shaker for at least 10 minutes. The
mass ratio of the fraction of the retained soil of each sieve over the whole amount of the soil
represents the percentage of each particle size range on the PSD curve. Based on this classification,
it calculates the coefficient of uniformity, Cu, and the coefficient curvature, Cc, as follows:
Cu= D60/D10 and Cc= D302/D10*D60, where D10, D30, and D60 are the particle size diameters that 10,
30, and 60% of the soil particles are smaller than those diameters.
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Figure 3.5 Stack of sieves in the mechanical shaker.

Pulp mill fly ash: The PSD of the PFA was achieved through the hydrometer test method
based on the ASTM D7928-16 (ASTM D7928‐16, 2016). First, 50g of PFA fine particles that were
passed through 75µm (No.200) sieve, were immersed in a 125 ml of sodium hexametaphosphate
solution (with the concentration of 40g in 1000 ml RO water) for 16 hours. After that, the solution
was poured into a blender and mixed for 1 minute at the rate of 10,000 rpm. The blended solution
was poured into a 1000 ml cylinder (Figure 3.6). The cylinder was shaken back and forth for 1
minute. Two other cylinders were chosen as well, one of them was filled with RO water and the
other one was the control solution that was filled with 125 ml of sodium hexametaphosphate (the
concentration of 40 g in 1000 ml) and RO water until the 1000 ml mark. The hydrometer readings
of the solution cylinder started after 2, 4, 8, 16, 30, 60, 120, 240, and 1440 minutes from shaking
the solution. The process of the hydrometer test is based on the fact that particles with different
diameters settle at different times. For the correction factor, temperature and hydrometer readings
from the control cylinder and the RO water cylinder was determined at the same time intervals.
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The hydrometer test results were used to draw the PSD graph for the particle diameters less than
75µm. For the portion of PFA retained on sieve No.200, the sieve analysis was performed and the
final PSD graph was driven.

Figure 3.6 Slurry blend of PFA in 1000 ml cylinder.

3.4.3 Laser diffraction method
The PFA and Ca-bentonite particle size analysis were evaluated by the laser diffraction method
as well. This method is based on the interaction between the particle size and the light as a specific
particle size scatters the light by a certain angle. A laser beam passes through a cell that contains
the suspended sample and the diffracted light is captured by a detector (Loizeau et al., 1994). The
powder samples were dried and passed through the sieve No.200. The test was performed by
Malvern Mastersizer 3000 device (Figure 3.7).
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Figure 3.7 The laser diffraction test device

3.4.4 Natural moisture content of the pulp mill fly ash
The natural moisture content (NMC) of PFA was measured as per ASTM D2216-19 (ASTMD-2216-19, 2019). The mass of three PFA samples was measured initially. Based on the table
provided in the standard, the mass quantity is related to the size of the sample. Then, the samples
were dried in the oven for 24 hours at 110 °C. The moisture content was determined based on the
loss of mass (mass of water) over the mass of dry specimens.
3.4.5 pH of pulp mill fly ash
The pH of PFA was measured as per ASTM D4972-19 (ASTM D4972, 2019) guidelines using
a Thermo Scientific Orion 5 Star pH meter. A 10 g of oven dried PFA was mixed with 50 ml RO
water and the solution was vibrated for proper mixing of PFA and water. The solution pH was
determined after 1 hour by using the pH meter.
3.4.6 Loss on ignition of pulp mill fly ash
Total carbon (TC) content was determined based on the loss-on-ignition (LOI) method as
per ASTM D2974-20 (ASTM D2974-20e1, 2020). This test is quantifying the amount of unburned
carbon in the PFA. The increase in LOI indicates that there are higher carbon content, which
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decreases the quality of fly ash (Bhatt et al., 2019). First, the container was placed in the oven at
750 °C for 1 hour. After being cooled in a desiccator (Figure 3.8a) the weight was captured. A 5 g
oven-dried PFA was placed in the container and put in the oven at 950 °C for 2 hours (Figure
3.8.b). The sample was placed in a desiccator to cool down and the weight was captured.
a

b

Figure 3.8 Samples for the LOI test at (a) desiccator and (b) oven.

3.4.7 Environmental risk assessment of pulp mill fly ash
Although PFA is generally treated as a non-hazardous industrial by-product, it is essential to
perform a source-specific environmental risk assessment since the fly ash chemistry varies with
the type of combusted wood species and the nature of combustion processes. The influence of PFA
on the environment can be represented based on the amount of its toxicity through its trace metal
concentrations. The environmental protection agency (EPA) recommends that the environmental
risk of waste materials such as PFA should be assessed regularly in case of using it as a geomaterial
in different applications. Toxic trace elements present in the PFA, are categorized in two sections
in different studies. First, the elements that risk human health (such as As, Cr, Hg, Pb, and Cd) and
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the elements that endanger the plant growth (including Cu, B, Ni, and Zn) (Cherian and Siddiqua,
2019).
The trace element assessment was performed by acid digestion of the oven-dried PFA in aquaregia (concentrated HNO3 and HCl in 1:3 ratio) at a high temperature. The digested samples were
later cooled down and an aliquot of clear suspensions were diluted for analysis. Agilent 8900 Triple
Quadrupole ICP-MS (inductively coupled plasma-mass spectrometry) equipped with a CETAC
ASX520 autosampler was used for major, minor, and trace element analysis (Figure 3.9).

Figure 3.9 The ICP-MS setup

3.4.8 Plasticity index of calcium bentonite
The plasticity index is described as the difference value between the liquid limit of soil and
its plastic limit. The liquid limit of the soil is defined as the state in which the soil changes from
the plastic state to the viscous state. The plastic limit of the soil is defined as the state that the soil
behavior is changed from a semi-solid state to a plastic state. All the tests were performed based
on ASTM 4318-17. For all the tests, the specimens passed through No.40 sieve. For the liquid
limit test, the sample was completely mixed with distilled water until it formed a uniform paste.
The paste was then placed on the cup of liquid limit device. Then, a groove was made using a
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grooving tool from the highest part to the lowest part from the rim of the cup. The device handle
was rotated to produce blows until the two halves of the sample attached at the bottom of the
groove. The number of blows and the water content of the sample was recorded. The procedure
was repeated for five different water contents and a graph was captured using these points. The
liquid limit of the sample was the water content with 25 blows required. For the plastic limit, the
same procedure that was used for the liquid limit was employed. About 20 g of the prepared sample
paste was spread on a glass surface to reduce its water content. Then the paste was rolled between
the palm and the glass plate until its diameter reached 3.2 mm. The process was repeated until the
thread started to crumble and the sample could not be re-rolled to a thread in 3.2 mm diameter.
This procedure was repeated five times and the moisture content of the sample was captured after
each time. The average moisture content was considered as the plastic limit of the sample.
3.4.9 Swelling index test of calcium bentonite
The swelling index test was carried out based on ASTM D5890-19 (ASTM D5890 − 19,
2019). About 2 g of the oven-dried Ca-bentonite was used in this test. The cylinder was filled with
90 mL of reagent water. About 0.1 g increment of the bentonite was added to the cylinder and it
was allowed to settle at the bottom of the cylinder for 10 minutes before the next increment was
poured. After the entire 2 g of the bentonite was added, the cylinder was covered with a lid for 16
hours to let the clay settle and hydrate. After that, the volume level at the top of the settled bentonite
was noted. Later, by using a thermometer the temperature of the mixture was recorded as well.
3.4.10 X-ray diffraction analysis
The X-ray diffraction analysis (XRD) analysis was performed to determine the chemicalmineralogical composition of PFA and Ca-bentonite. This method is an effective tool to analyze
the mineralogy and crystallization of samples. It is based on interacting X-ray waves with the
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charges of electrons in atoms. This interaction will cause the emission of the spherical wave. The
amplitude of the emitted wave is measured to recognize different elements. The X-ray wave of
each molecular bond has a specific pattern. A mixture containing various elements will produce a
reflected X-ray pattern comprising all the individual elements present in the mixture. A database
of multiple patterns from different components is employed to identify various elements of a
mixture (Stanjek, 2004).
The X-ray tests were conducted in the Department of Earth, Ocean, and Atmospheric Sciences at
the University of British Columbia, Vancouver, BC. The samples sent for testing were dried at the
oven and were ground to the optimum grain-size range less than 10 m for quantitative X-ray
analysis by grinding in a vibratory McCrone Micronizing Mill for 7 minutes. Then, samples were
mounted in standard back mount holders. Continuous-scan X-ray powder-diffraction data were
collected over a range of 3-80°2θ with CoKα radiation on a Bruker D8 Advance Bragg-Brentano
diffractometer.
3.4.11 Morphological analysis
The morphology and composition of PFA, cement, Ca-bentonite, were obtained through
SEM-EDS analysis with the aid of Tescan Mira 3 XMU SEM instrument coupled with Oxford
Aztec X-max EDS detector (Figure 3.10a). The samples were captured from the middle part of
oven-dried samples and passed through sieve No. 200. Then, they were coated by palladium and
platinum at a ratio of 20/80 in a high vacuum argon atmosphere (Figure 3.10b) and placed inside
the instrument for the analysis.
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a

b

Figure 3.10 (a)The SEM and EDS setup (b) The sputter coater for coating the powdered samples

3.4.12 Compaction characteristics
The compaction test was carried out to obtain the graph of maximum dry density (MDD) versus
the optimum moisture content (OMC) of different mixed designs based on the miniature Proctor
compaction method (Sridharan and Sivapullaiah, 2005). The required quantity of oven-dried
materials was completely mixed, and the targeted moisture content was added to the mixture. To
certify the water is properly distributed in the sample, it was stored in air-tight plastic bags for 16
hours. Then, samples were compacted into three layers with the standard compaction energy in the
mold (Figure 3.11). The mass of compacted soil sample was obtained to calculate the dry density.
The water content of each sample was determined as well. At least five points were identified for
each sample to provide the compaction curve.
a

b

c

Figure 3.11 The procedures for assessing the compaction characteristics of mixed designs. (a) compacting the
soil sample (b) the hammer and the mold (c) Measuring the mass of the compacted sample.
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Sample preparation and curing for strength and durability tests
Each sample was compacted in three layers to reach their MDD in a 38 diameter × 76 mm high
PVC split mold fabricated at the in-house workshop facility (Figure 3.12). The specimens were
kept in a moist room with 80% relative humidity and an ambient temperature of 22 °C for 7 days
and 28 days of curing. After curing, specimens were extruded from the PVC molds and tested for
compressive strength and weather durability tests. At least three samples were prepared for each
mix design while conducting UCS and freeze-thaw durability tests to ensure the reliability and
repeatability of the obtained results.
a

b

c

Figure 3.12 illustrations of samples. (a,b) PV C split mold, (c) cured specimen.

3.5.1 Uniaxial compressive strength test
Pulp mill fly ash: The unconfined compressive strength (UCS) were determined as per the,
ASTM D4219-08. For UCS determination, the cylindrical PFA specimens with dimensions of
36×72 mm were prepared and cured for 1 day in the moist room with 80% humidity and ambient
temperature (⁓22 °C). The cured specimens were tested using a uniaxial compression testing
machine at a strain rate of 1% per minute and stress-strain characteristics were recorded to
calculate the UCS value.
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Mix design: As the samples were prepared and cured based on the method described above,
the UCS test was carried out according to ASTM D4219-08, and the vertical loading rate was fixed
at 0.78 mm/min to the failure point of the samples. For each set of samples, at least three tests were
performed (Figure 3.13).

Figure 3.13 The UCS test setup.

3.5.2 Freeze-thaw durability test
Since the continuous freezing and thawing cycles cause the deterioration of structures, the
freeze-thaw durability tests were performed to evaluate the functionality of the mix designs in the
cold weather. The test was conducted based on ASTM D560-12 (D560-12, 2012) guidelines. After
preparing the mixed designs explained in the previous section, they were cured for 28 days. Based
on this standard, compacted RE samples were cured and subjected to 12 alternate freezing and
thawing cycles (freezing at -23 °C in a chest freezer for 24 hours and thawing in the moist room
at +22 °C temperature). The sample replicates (at least three replicates for each set) were tested
after completing 6, and 12 cycles to determine the trend in UCS variation as the indicator of frost
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resilience (Lake et al., 2017). Also, before and after each stage of the freezing and thawing cycle,
the weight, dimension, and moisture content of each specimen were recorded.
3.5.3 Molecular characterization of stabilized rammed earth using Fourier transform
infrared
The Fourier transform infrared (FTIR) is a method to collect the transmitted infrared (IR)
spectrum of a sample. When the IR radiation passing through the sample, part of it will be absorbed
and the rest will be reflected. Since different chemical structures absorb and transmit the IR in
their specific spectrum, the final transmitted signal from a sample is a spectrum that represents the
molecular structures. The FTIR method was carried out on the first set of samples in different
curing times to evaluate changes in the molecular structures. The IR spectra were recorded using
the reflectance geometry in the mid infra-red, MIR, region (400 to 4000 cm-1) with a resolution of
4 cm-1 with the aid of Shimadzu IR Prestige-21 instrument equipped with Attenuated Total
Reflection (ATR) module (Figure 3.14).

Figure 3.14 The FTIR instrument.
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3.5.4 Microstructural analysis using SEM-EDS
The advanced characterization of stabilized RE was carried out using SEM-EDS analysis to
evaluate the reaction mechanisms and micro-level changes that caused strength and durability
improvement of rammed earth.
3.5.5 Leachate analysis using ICP-MS
To evaluate any possible contaminations that were sourced from the hazardous heavy metals
that are leached from the PFA, the environmental risk assessment was conducted. This test was
performed on the PFA, Ca-bentonite, PC, the control sample, and the optimum PFA-treated
samples, based on the water batch extraction method as per the Canadian council of resource and
environment ministers (CCREM, 1987) guidelines. Initially, the samples were powdered and
mixed with deionized water in the liquid-to-solid ratio of 5:1. Subsequently, the solutions were
placed on an orbital shaker for 48 hours to be continuously mixed. Then, the mixture was filtered
to obtain supernatant liquid and was tested for trace element concentrations using ICP-MS.
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Chapter 4: Results and discussion
Characterization of the soil
The obtained PSD curve of natural soil is illustrated in Figure 4.1. It consists of less than 1%
fines (silt + clay fractions), 27% fine sand, 51.7% medium sand, 14.1% coarse sand, and 6.2%
gravel. Further, the natural soil was classified as poorly graded sand (SP) as per the unified soil
classification system, USCS (ASTM D2487-17e1). The specific gravity of soil was 2.65.
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Figure 4.1 Particle size distribution for the natural soil.

Characterization of PFA
The important physicochemical and mechanical properties of PFA are presented in Table 4.1.
As shown in Figure 4.2, the SEM image of PFA showed a heterogeneous mixture of some unevenly
formed crystalline and amorphous inorganic ash particles, and few spherical cenospheres were
observed (Cherian and Siddiqua 2019). Most of these structures are highly porous and hydrophilic
(water absorbent) in nature (Pitman 2006). Also, there are some partially combusted wood particles
identified amongst the porous structures.
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Table 4.1 Physicochemical and mechanical properties of pulp and paper mill fly ash.

Properties
Specific gravity, G
Natural moisture content, NMC (%)
Fineness, D50 (µm)
Maximum dry density, MDD (kN/m3)
Optimum moisture content, OMC (%)
Loss on ignition, LOI (%)
pH
Unconfined compressive strength, UCS (kN/m2)
Si
12-26

Elemental composition (%)
Al
Ca
Fe
K
6-8
14-28
4-9
1-7

Value
2.87
29.72
16
6.53
38.26
30
12.95
675
Mg
0.5-3

The results of EDS analysis revealed that the major part of the PFA surface contained oxides
of calcium (Ca), silicon (Si), and aluminum (Al) with minor amounts of Mg, Na, K, and Fe oxides.
The mechanical and cementitious properties of PFA are significantly influenced by the
predominance of calcium, followed by aluminosilicate components (like SiO2, Al2O3, and Fe2O3.
Moreover, it was confirmed that PFA can be a potentially active aluminosilicate precursor to
synthesize geopolymer binders of high mechanical performance.
Element
O
Na
Mg
Al
Si
P
S
Cl
K
Ca
Mn
Fe
Pd
Ba

Wt %
57.07
1.95
1.05
5.72
7.64
0.61
1.28
1.82
2.8
16.32
0.42
1.31
1.62
0.4

Figure 4.2 SEM and EDS results of PFA.

Based on the Rietveld quantification of X-ray diffractograms (Figure.4.3), the PFA sample
mainly constituted 46.4 % calcium silicate, 27.4 % calcite, 18.3 % calcium hydroxide, and 8.0 %
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quartz. These observations further confirmed that the presence of a higher amount of calcium and
silica compounds in PFA makes it a suitable candidate for binder applications in construction and
geotechnical engineering (Cherian and Siddiqua, 2019).
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Figure 4.3. X-ray diffractogram of PFA.

Table 4.2 summarizes the results of major, minor, and trace element analysis conducted for
PFA. The major and minor metals such as Ca, Si, Al, Fe, Mg, K, Mn, P, etc. have been detected
to be more concentrated in PFA than the certified reference material (CRM) which is a coal fly
ash.
Table 4.2 Major, minor, and trace element concentrations of pulp and paper mill fly ash based on acid
digestion procedure.

PFA
CRM

Si
31580
27169

Al
13156
15020

PFA
CRM

As
19.7
20.4

Ba
476
228

The concentration of major and minor elements (mg/kg)
Fe
Ca
Mg
Na
K
Ti
S
Mn
11252 6975 13138 2261
39938 553
54351 4477
5476
3189 2955
17301 19222 1485 36990 209
Concentration of trace elements (mg/kg)
Cd
Co
Cr
Cu
Mo
Ni
Pb
Se
3.0
3.5
16.8
67.6
6.1
12.1 56.5
1.32
381
5.3
27.7
203
16.5
21.8 5994
1.59

P
6668
2397
V
15.7
26.3

Furthermore, the heavy metals in fly ash leachate obtained from acid digestion process such as
Ba, Pb, Cu, As, V, Cr, have low concentrations when compared to trace levels of Co, Mo, Ni, and
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Se. Based on these results, the selected PFA sample can be considered to be environmentally safe
for utilization in construction applications without causing any potential dangers.
Cement specifications
As depicted in Figure 4.4, the SEM-EDS characterization revealed that the particle size and
shape of particles as well as the elemental composition was similar to that of PFA. The PC
cenosphere exhibited a predominance of calcium oxide followed by a significant amount of silica
and a low amount of alumina.
a

b

Element
O
Mg
Al
Si
S
Ca
Fe
Pd

Wt %
38.34
0.97
0.95
11.6
0.23
45.25
0.52
2.13

Figure 4.4 SEM and EDS results of Portland cement.

Bentonite specifications
Various laboratory experiments were carried out to evaluate Ca-bentonite properties. The
moisture content was obtained as 4.91%. The PSD properties showed that about 97.2% of the fines
passed sieve No.200. The specific gravity was measured as 2.49, and the swelling index was 12
mL/2g;. The liquid limit was 209%, and the plastic limit was about 21%; hence the plasticity index
was 188%.
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The SEM and EDS analysis (Figure 4.5) revealed that the selected Ca-bentonite has a high
silica content. The presence of silica in soil stabilization is necessary to increase the pozzolanic
reaction. This specification makes the Ca-bentonite a suitable additive, especially with the PFA
having lower silica content. The XRD revealed the chemical components present in the Cabentonite was including 41.1% montmorillonite, 53% albite, and 4% quartz.

Element
O
Si
Al
Fe
Mg
Ca
Na
K
Ti

Wt %
54.3
30
8.2
3.5
1.1
1
1
0.5
0.5

Figure 4.5 SEM and EDS results of calcium bentonite

Compaction characteristics of rammed earth mixtures
Table 4.3 provides the OMC and MDD of different mix designs. As shown in Figure 4.6, the
SC sample had the highest maximum dry density (MDD) and lower OMC when compared to the
other two mixtures SP and SCP55. This trend indicated that the addition of PC caused a decrease
in the OMC, because of the excess heat generated by the exothermic cement hydration process
(Mahvash et al., 2017). On contrary, as it is depicted in Figure 4.7, the increase in PFA content
caused an increase in the OMC which is partially associated with extra water required for the
hydration reactions and high moisture absorption capacity of PFA particles. The decrease of MDD
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with an increase in PFA dosage is also attributed to the dilution of the mixture with relatively
lighter PFA when compared to soil aggregates (Makusa, 2013).
Table 4.3 The values of OMC and MDD for different mix designs.
Mix Design

OMC (%)

MDD (kN/m3)

SC

11

18.16

SP

18.8

17.09

SCP55

17.5

17.52

SCP510

18.86

17.57

SCP520

19.53

14.9

SCPB5515

15.18

18

SCPB51015

18.3

16.89

SCPB52015

24.62

15.13

19
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Figure 4.6 The compaction curves of three mix designs.

45

25

20
18
16
14
12
10
8
6
4
2
0

20
15
10
5
0
0

5

10

15

20

Moisture content %

Dry Density (kN/m3)

Dry Density
Moisture Content
25

25

PFA content %
Figure 4.7 The relation between PFA content and OMC and MDD.

Unconfined compressive strength of rammed earth mixtures
4.6.1 Samples treated with the alkali-silicate activator
Figures 4.8 and 4.9 present the stress-strain characteristics of RE samples treated with different
combinations of PC, PFA, and activator solutions, and cured for 7 days and 28 days, respectively.
The RE material without activator solution (denoted as SCP55) showed a ductile behavior with
very low stiffness properties. Whereas the stabilized material became more brittle by the addition
of activator solution, thereby substantially improving the stiffness properties (in the order of
SCP55-8M > SCP55-10M > SCP55-12M). Figure 4.10 illustrates the difference in the UCS values
of 7-day and 28-day cured RE samples corresponding to different design mixes (error bars
represent the standard deviation of the measured values). The 7-day UCS value of SCP55 was
reduced to half compared to the control SC specimen (from 1.23 MPa to 0.43 MPa), which
indicated that partial replacement of PC with virgin PFA deteriorated the strength of RE material.
On contrary, the specimens treated with alkali-silicate activator exhibited significant strength
improvement that indicated the effectiveness of alkalinization on the PFA precursor.
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The maximum improvement in UCS was achieved for specimens treated with 12M NaOH, up
to 4.3 MPa. This phenomenon is probably due to the strengthening of inter-aggregate bonding
between soil aggregates by high-performance geopolymer coating. Moreover, the compressive
strength of all RE samples increased from 7 days to 28 days indicating that the samples became
stronger and stiffer with the time-dependent cementation geopolymerization processes. The
highest value of UCS was measured in SCP55-10M specimens (treated with 10M alkali-silicate
activator) after 28 days of curing. It is also important to note that the SP samples designed with
full replacement of PC with PFA and in the absence of alkali-silicate activator (viz., soil + 10%
PFA) could not sustain the compression test after the prescribed curing period.
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Figure 4.8 Stress-strain characteristics of rammed earth specimens treated with alkali-silicate activator
after 7 days.
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Figure 4.9 Stress-strain characteristics of rammed earth samples treated with alkali-silicate activator after
28 days.
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Figure 4.10 Variations in UCS values for RE samples treated with alkali-silicate activator between 7 days
and 28 days.
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4.6.2 Samples treated with PFA and calcium bentonite
Figures 4.11 and 4.12 illustrate the stress-strain curves of samples treated with various
combinations of PC, PFA, and Ca-bentonite, and cured for 7 days and 28 days, respectively. The
samples with higher PFA content (i.e., 10% and 20% PFA) exhibited higher UCS values and more
brittle behavior compared to the SCP55 sample (with 5% PFA). Hence, the addition of PFA
improved stiffness properties of RE samples. Figure 4.13 depicts the difference in the UCS values
of 7 days and 28 days cured RE samples corresponding to different design mixes (error bars
represent the standard deviation of the measured values). The 7-day cured SCP520 had a
comparable UCS value with the control sample SC (1.03 MPa for SCP520 compared to 1.23 MPa
for SC), even though the UCS of the SC sample after 28 days was higher than the 28-day cured
SCP520 (2.38 MPa to 1.98 MPa). Stabilizing RE samples with 15% percent of Ca-bentonite was
effective on their compressive strength. The compressive strength improvement of SCPB5515,
SCPB51015, and SCPB52015 was obvious compared to samples SCP55, SCP510, and SCP 520
after 7 days and 28 days of curing indicating the effectiveness of stabilizing with Ca-bentonite.
Furthermore, all the samples treated with Ca-bentonite and PFA exhibited a similar compressive
strength compared to RE samples treated with alkali-silicate activator. The highest UCS value for
this batch was recorded as 3.56 MPa for SCPB51015 after 28 days of curing.
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Figure 4.11 Stress-strain characteristics of RE samples treated with PFA and bentonite after 7 days.
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Figure 4.12 Stress-strain characteristics of RE samples treated with PFA and bentonite after 28 days.
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Figure 4.13 Variations in UCS values for RE samples treated with PFA and bentonite between 7 days and
28 days.

4.6.3 Elastic modulus
The elastic modulus of the RE samples and the strain at the ultimate stress were calculated
based on the stress-strain characteristics, and the obtained results are provided in Table 4.4. The
secant modulus of all samples was calculated at 33.3 % of the highest strength (Upadhyaya, 2016).
Similar to the trend in UCS variation, the elastic modulus of RE with 5% PC substitution with
virgin PFA (i.e., SCP55) also decreased drastically after curing. The specimens with alkali-silicate
activator treatment showed an increase in secant modulus values by 2 to 3 times. All samples that
were treated with alkali-silicate activator exhibited significantly high elastic modulus. The samples
with 10% PFA and 20% PFA without Ca-bentonite exhibited an increase in their secant modulus.
Samples stabilized with Ca-bentonite had a higher elasticity modulus compared to the samples
without bentonite except for the SCPB52015 at 7 days of curing. However, after 28 days of curing,
the secant modulus of the sample was higher than the one without bentonite. Moreover, there was
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a steady increase in the mechanical behavior of RE material with the extent of curing indicating
the influence of time-dependent chemical reactions and formation of cementation products.
Table 4.4 Elasticity modulus and strain at ultimate stress after 7 days and 28 days.
Sample No.

SC
SCP55
SCP55-8M
SCP55-10M
SCP55-12M
SCP510
SCP520
SCPB5515
SCPB51015
SCPB52015

7 days
Elasticity
Strain at
modulus @ 33.3%
ultimate stress
of ultimate stress
MPa
%
2964.99
2.15
1958.29
1.62
4326.17
2.71
4811.86
2.86
4659.78
3.19
2136.81
1.96
4221.81
1.82
5095.53
3.02
4454.89
3.31
2965.83
3.54

28 days
Elasticity modulus @
Strain at
33.3% of ultimate stress
ultimate stress
MPa
3716.4
3196.34
4382.1
5654.16
5411.94
2502.3
4330.54
6811.85
5313.5
4666.32

%
3.37
1.98
3.17
3.20
2.64
3.1
2.47
3.39
3.32
3.71

Microstructural examination based on SEM-EDS analysis
4.7.1 Samples treated with the alkali-silicate activator
SEM images and EDS results of different RE samples (viz., SC, SCP55, and SCP55-12M)
after 7 days of curing are indicated in Figure 4.14. Figure 4.14a demonstrates that the addition of
10% PC caused the formation of new crystalline products with needle-like morphology. These
crystalline products are created through the hydration of anhydrous cement compounds (Alite and
Belite) as well as pozzolanic reactions between cement and soil minerals (such as quartz and
feldspar). Based on EDS analysis (Figure 4.14b), these compounds have a chemical composition
similar to that of calcium silicate hydrate (CSH) crystals present in the concrete systems.
Furthermore, there are unreacted soil particles, which is related to partial mobilization of
cementation reactions in the system with low PC contents. In the SCP55 sample (Figure 4.14c) the
needle-shaped calcium aluminate silicate hydrate (CASH) crystals are observed. However, these
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Figure 4.14 SEM images and EDS results of the stabilized RE samples cured for 7 days (a,b) SC, (c,d) SCP55,
(e,f) SCP55-12M.
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products have more pore spaces and are less dense compared to the 10% PC treated counterpart
(SC). The EDS result of these needle-shaped structures (Figure 4.14d) indicated the formation of
Ca-Si bonds in the sample. On the other hand, the SEM image of the sample “SCP55-12M” in
Figure 4.14e, exhibited a uniform and dense coating of alumino-silicate geopolymer gel. The
formation of this gel is due to the alkali-silicate activation of PFA particles in the presence of
NaOH and Na2SiO3. Even though we can still observe the pores and unreacted PFA, the
geopolymerization resulted in a significant strength improvement in the sample, exhibiting a UCS
value of 2.9 MPa (Figure 4.8). The EDS spectra of this sample (Figure 4.14f), indicated that the
Ca-Si-Al bonds were formed.
Figure 4.15 illustrates the SEM images and EDS spectra of RE samples after 28 days of curing.
The morphology of these samples is similar to the samples prepared after 7 days of curing. For the
SC and SCP55 samples (shown in Figure 4.15a, c), the additional growth of CSH and CASH
compounds is observed in the inter-particle spaces. Therefore, these cementitious compounds
undergo further crystallization in a longer curing time which results in the improvement of the
mechanical properties of stabilized RE material. However, there are still some unreacted particles
and pore spaces in these samples. The EDS results of these samples are depicted in figure 4.15b,
d which indicates the presence of Ca-Si-Al bonds after 28 days of curing. In Figure 4.15e, the
sample treated with 12 M alkali-silicate activator (SCP55-12M), indicated some pseudocrystalline compounds on the alumino-silicate geopolymer coating covering the majority of the
soil surface. The EDS results of these compounds demonstrated a high concentration of Si and Ca.
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Figure 4.15 SEM images and EDS results of the stabilized rammed earth samples cured for 28 days (a,b) SC,
(c,d) SCP55, (e,f) SCP55-12M.
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4.7.2 Samples treated with calcium bentonite
The SEM-EDS analysis of RE samples in the second batch is provided in Figure 4.16 which
depicts the SCPB52015 sample after 7 days of curing. In this stage of curing some newly formed
needle shaped crystals are visible all over the sample that based on the EDS, contain Ca > Si > Al
(Figure 4.16 b). After 7 days of curing, there are still some unreacted particles and void spaces
with different dimensions (10 to 20 µm) that mostly contain carbon and calcium. Furthermore, the
SEM-EDS data of the same sample after 28 days (Figure 4.16 c,d) exhibits less porous surface.
The crystalline formations that are observed all over the sample are cementitious products including
CSH and CASH (Jha and Sivapullaiah 2015). These cementitious materials could be formed by
pozzolanic reactions due to the additional supplement of ions.
The EDS results on these formations revealed that the weight percentage of Si and Al increased
during 28 days of curing. The Ca/Si ratio was decreased in CSH formations that can be attributed to
the higher compressive strength (Kunther et al. 2017). The SEM image on the sample SCPB51015
after 28 days (Figure 4.16 e) indicated the formation of CSH and CASH crystals with diameters of
about 5 μm. The EDS over these structures (Figure 4.16 f) exhibited most of these formations contain
Si, Ca, and Al. The weight percentage of Si and Al was higher due to the dissolution of Si and Al that
are present in the soil and clay particles and their reaction with OH ions. was also investigated. In the
SEM image for the SCP520 sample after 28 days (Figure 4.16 g,h) newly formed structures were
detected with more void between the particles. The EDS revealed that these structures have SI, Al, and
Ca in their formation however comparing with samples treated with Ca-bentonite, these crystals had
less amount of Ca and higher Si in their formation.
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Figure 4.16 SEM images and EDS results of the rammed earth samples (a,b) SCPB 52015 7days,
(c,d) SCPB52015 28 days, (e,f) SCPB51015 28 days, (g,h) SCP520.
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Figure 4.17 continued.

Freeze-thaw durability properties
The freeze-thaw condition was applied on samples after 28 days of curing. Table 4.5 presents
the results of freeze-thaw durability tests, conducted for rammed earth specimens treated with
cement, fly ash, and activator solutions before, after 6 cycles, and after 12 cycles of freeze-thaw.
In this study, the specimens that were stabilized with PC and PFA exhibited satisfying resilience
properties which are attributed to the high stability of the reaction products formed after treatment.
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On contrary, the compressive strength of all specimens treated with PFA and activator solutions
completely degraded due to weathering effects. The drastic deformation of geopolymer
morphology and formation of cracks on its surface is also evident in the SEM images presented in
Figure 4.17a,c. Consequently, it can be inferred that reaction products formed by alkali-silicate
activation treatment are highly unstable under extreme weathering conditions. Therefore, this
recipe can be recommended only for constructing non-load bearing interior building components
that are not exposed to extreme climate changes
Besides, the specimens treated with PFA and Ca-bentonite exhibited excellent resilience under
freeze-thaw cycles. This can be related to the effectiveness of Ca-bentonite for stabilizing agent.
Among these specimens, SCPB51015 showed the highest durability with keeping about 92% of
its strength after 12 cycles. The SEM-EDS analysis help to investigate the microstructural
properties of the SCPB51015 sample after 12 cycles (Figure 4.17 e,f ). There were no cracks
identified on the SEM images. The CSH and CASH crystals formed over the sample containing
Ca, Si, and Al with the following order of Ca>Si>Al.
Table 4.5 UCS values of samples at different stages after the freeze-thaw durability test.
Sample

SC
SCP55
SCP55-8M
SCP55-10M
SCP55-12M
SCP510
SCP520
SCPB5515
SCPB51015
SCPB52015

Unconfined compressive strength (MPa)
Before freezeAfter 6 freeze-thaw
After 12 freeze-thaw
thaw
cycles
cycles
2.4
2.2
3.07
0.9
0.94
0.94
2.9
Broken
Broken
3.37
Broken
Broken
2.85
Broken
Broken
1.5
1.61
1.97
1.54
3.02
1.8
2.59
3.05
2.35
2.79
2.21
1.78
1.64
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Figure 4.18 SEM images of samples after applying freeze-thaw condition. (a,b) SCP55 (c,d) SCP55-10M (e,f)
SCPB51015.
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Molecular characterization of stabilized rammed earth using FTIR
Figure 4.18 shows the FTIR spectra of different stabilized RE samples using PC, PFA, and
activator solutions (at different concentrations) corresponding to 28-day curing. The assignments
for the characteristic major and minor absorption bands in the spectra are listed in Table 4.6. The
single absorption band with maximum peak intensity located at 956 and 1112 cm-1 corresponded
to the region assigned for asymmetric stretching vibrations of structural Si–O–Si and Si–O–Al
bonds (Murmu et al., 2020). The band at about 874 cm-1 is attributed to Si–O stretching and –OH
bending of Si-OH bonds, and at 598cm-1 is related to structural Si–O/Al–O bonds. These
characteristic peaks are attributed to the synergetic effect of the behavior of amorphous
aluminosilicate compounds present in soil aggregates and binder materials during IR interaction.
The broadband at 3424cm-1 is due to stretching vibrations of –OH, stretching vibrations of
adsorbed water molecules, as well as structural –Si–OH bonds in the aluminosilicate compounds
(Andoni et al., 2018). Another two sharp peaks at 1739 cm-1 and 1443 cm-1 present in all stabilized
RE samples is attributed to vibrational mode (O–C–O stretching) of carboxyl (CO32-) group in the
carbonate species present originally in the fly ash and also formed during treatment and curing
processes.
Closer examination of the FTIR spectra revealed that peak intensity of the band assigned to –
OH groups (at 3424 cm-1), and carbonate groups (1443 cm-1) increased proportionally with the
increasing NaOH concentration from 8M to 12M. This trend was furthermore evident in the peak
intensities appearing in the range of 800-1200 cm-1 attributed to Si-O-Si and Si-O-Al asymmetric
stretching. On contrary to reports of previous studies (Fernández-Jiménez and Palomo, 2005;
Dungca and Codilla, 2018), these peaks did not show any behavior of significant shift to the lower
or higher wavelength from virgin fly ash to PFA-geopolymer treated rammed earth. Further, two
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sharp peaks at around 3000 cm-1 (2931 and 2892 cm-1) exhibited by the PFA-geopolymer stabilized
RE sample corresponding to 12M NaOH (SCP55-12M) indicated a weakening stretch of the alkene
C–H bonds. It confirmed the weaker bonding capacity of the untreated fly ash compared with the
optimized PFA-geopolymer (Bruno et al., 2018). Another small band at 1645 cm-1 was observed
for all samples, indicating the characteristic peak attributed to H–O–H bending mode (H–O–H) of
adsorbed water molecules on the surface. It is important to note that a marked decrease of the
transmittance occurred for the peaks corresponding to C–H and H–O–H bonds in PFA-geopolymer
corresponding to 12M NaOH. Besides, new sharp peaks formed at 1739 cm-1 and 1220 cm-1
indicated the formation of sodium carbonate by atmospheric carbonation of free NaOH present in
excess amounts in the highly concentrated activator solution (Al Bakri Abdullah et al., 2012).
Nonetheless, these peaks disappeared after 28 days of curing probably due to the completion of
the geopolymerization reaction and full mobilization of the cementation reactions. Thus, the
molecular study using FTIR analysis gave supporting evidence for the time-dependent formation
of new phases such as the amorphous aluminosilicate gel in the stabilized rammed earth, which in
turn caused a dramatic improvement in UCS after 7 days and 28 days-curing periods when
compared to the counterparts (control specimens SP and SCP55).
In Figure 4.19, it can be observed that a marked increase of the transmittance occurred for the
peaks corresponding to structural hydroxyl groups (between 3000-3600 cm-1) and aluminosilicate
groups (between 800-1200 cm-1) for stabilized rammed earth specimens after 12 freeze-thaw
durability tests. At the same time, there was an increasing trend of the peak intensity attributed to
the carboxyl group in the carbonate species present in all specimens after freeze-thaw cycles. This
indicated that the newly formed amorphous aluminosilicate polymer gel was structurally unstable
and could not resist the frost action. Moreover, during the freeze-thaw cycles, the atmospheric
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interactions caused increased carbonation reactions which also partially contributed to the strength
degradation.

Transmittance (%)

2892

2931

1739
1681

3424

1443
1112
956

874

Wavenumber (cm-1)
Figure 4.19 Series of FTIR spectra corresponding to rammed earth stabilized using Portland cement, PFA,
and activator solutions (at different concentrations) after 28 days curing.
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Figure 4.20 Series of FTIR spectra corresponding to rammed earth stabilized using Portland cement, PFA,
and activator solutions (at different concentrations) after freeze-thaw durability tests.
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Table 4.6 Tentative assignments of characteristic peaks in the IR spectra of stabilized rammed earth.

Wavenumber (cm-1)
3646
3424
2942, 2896
1739, 1443, 1220
1645
1112, 956

Band assignment
Hydroxyl (O–H) stretching band of calcium hydroxide species (C–H)
O–H stretching of adsorbed water and –OH groups of –Si–OH groups
Stretching vibration of alkene C–H bonds in CH2 groups
C=O stretching vibration of CO32- group from carboxyl (–COO) group
H–O–H bending vibration of adsorbed water molecules
Asymmetric stretching vibration of the Si–O–Si and Si–O–Al bonds

Leachate characteristics of stabilized rammed earth
Table 4.7 presents the water-extractable metal concentrations that were measured for PFA, Cabentonite, and PFA-treated soils after 28-days curing. To evaluate the potential environmental
risks associated with the implementation and service life of PFA-treated samples (upon their
interaction with groundwater or infiltrated water), the results were compared with environmental
standards. The standard limits were demonstrated in table 4.7 for different hazardous elements
from the BC provincial EPA water quality standards for agricultural purposes. It was noticed that
the concentration of all hazardous elements except for Cr is below the permissible limit for all the
PFA-treated samples. Furthermore, the Mn concentration was below the provided limit only for
samples cured with Ca-bentonite. Moreover, due to the extremely low amount of hazardous
element content in the raw ash, the leachable concentrations of these elements were only available
in trace levels (in µg/kg or ppb, parts per billion). The comparison of the element concentrations
in the samples SCP55 and SCP55-10M with the control sample revealed that the concentration of
most of the hazardous elements such as Cd, Cr, Cs, Hg, Li, Mo, P, Pb, Sb, Se, V, Zn in SCP55 and
Ba, Cd, Cr, Cs, Cu, Hg, Li, Mo, P, Pb, Sb, Se, V, Zn in SCP55-10M were increased after PFA
treatment. However, the minimum concentrations of Ba, Co, Cu, Li, Mn, Ni, P, Pb, Sr were
belonged to the SCPB5515 sample. Considering the durability and mechanical performance of this
sample it can be inferred that treatment of soil samples with PFA and Ca-bentonite was resulted

64

in enclosing the hazardous impurities within the newly formed cementitious compounds of
solidified soil (Zhou et al., 2000).
Table 4.7. Water-leached metal concentrations in PFA, Ca-bentonite, PC, and optimum PFA-treated samples.

Water quality

Water-leached metal concentrations in parts per billion (µg/kg)

standard
agriculture
SAMPLE

PFA

Ca-Bentonite

OPC

SC

SCP55

SCP55-10M

SCPB5515

Ba

148.24

2600.976

1497.285

876.97

169.75

202.56

103.55

n/p

Cd

0.65

0.00

0.10

0.18

1.09

0.67

0.24

5.10

Co

0.70

83.84

2.15

0.87

0.70

0.56

0.16

50.00

Cr

252.81

268.46

161.19

52.70

193.87

213.37

153.82

12.9

Cs

136.90

27.77

33.36

0.16

0.26

0.33

0.61

n/p

Cu

1183.292

4787.04

448.38

683.12

510.29

714.45

19.43

n/p

Hg

53.33

31.14

5.97

2.41

2.79

2.97

6.83

n/p

Li

247.13

54.51

217.08

8.20

14.73

14.29

2.73

2500

Mn

636.32

6938.65

464.07

403.98

382.61

375.21

38.79

200

Mo

625.85

16.47

73.88

10.70

41.42

55.49

47.71

n/p

Ni

4.05

463.06

6.74

3.64

3.16

2.70

1.81

200

P

375.74

3021.08

160.57

251.21

381.43

319.06

215.90

n/p

Pb

14.21

202.06

5.66

6.37

6.69

6.39

0.49

200.00

Sb

1.19

10.26

0.28

0.21

0.59

0.41

1.18

n/p

Se

71.89

0.00

3.07

0.34

3.94

4.26

3.25

n/p

Sr

1476.74

1494.52

15966.08

2386.557

650.84

949.33

636.56

n/p

V

32.21

533.40

2.91

3.37

4.46

3.48

29.14

n/p

Zn

162.20

1874.83

103.64

157.68

192.82

180.31

315.23

n/p

Note: n/p- not provided
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(µg/kg)

for

Chapter 5: Conclusions
Summary
The overall goal of this research was to develop innovative waste-to-product technologies for
valorization of pulp mill solid residues as eco-friendly alternatives to cement, and thereby to enable
the conservation of natural resources, reduce the environmental footprints, and also save valuable
landfill spaces for other non-beneficial waste materials. The various mix designs of RE material
were developed by incorporating local soil, PC, Ca-bentonite, and PFA with different
combinations of alkali-silicate activator solution (for geopolymerization of ash). The compressive
strength and durability properties of different RE design mixtures were determined in terms of
UCS variations after moist curing, and standard freeze-thaw cycles, respectively. Further, detailed
microstructural analysis with the aid of SEM-EDS and FTIR analysis was also performed to have
a better insight into the underlying reaction cementation mechanisms in RE design mixtures which
caused strength and durability changes during the curing process and freeze-thaw cycles. The
developed novel mix design technology for sustainable rammed earth, using pulp mill fly ash and
alkali-silicate activator as a partial replacement for Portland cement, provides a promising sustainable
material for load-bearing as well as non-load-bearing internal structures, partitions, and panel

walls, etc. which are not directly exposed to seasonal climatic variations and harsh weather
conditions. The mix design using Ca-bentonite and PFA can also be a suitable material as a PC
replacement in the structures in cold climate conditions as it was durable under continuous freezing
and thawing cycles.
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Major findings
The purpose of the present study was to develop a novel mix design technology for sustainable
RE material by incorporating PFA as a partial replacement for PC. Based on the obtained
experimental results, the following are major conclusions of this study.
5.2.1 Alkali-silicate activation of PFA
The RE specimens treated with 5% PC and 5% PFA (i.e., 50% cement replacement by fly ash)
and different concentrations of alkali-silicate activators were evaluated for the variations in
strength and durability properties compared to the control specimens using 10% cement as
stabilizer.
•

Physico-chemical and toxicological properties of PFA are favorable for sustainable
application as a cementitious binder in construction.

•

Alkali-silicate activation of PFA significantly affects the strength development as a
function of time and activator chemistry.

•

With the extent of curing, the RE samples treated with activated PFA becomes stiffer
due to time-dependent geopolymerization reaction and cementation phenomena.

•

The microstructural evaluation revealed the formation of a uniform and dense coating
of alumino-silicate geopolymer gel and some calcium-alumino-silicate crystals on the
soil matrix.

•

The durability of RE samples treated with as-received PFA was satisfactory after 12
freeze-thaw cycles, whereas those incorporated with PFA-geopolymer exhibited poor
frost resilience properties.

•

The ICP analysis exhibited that the trace element concentration in the SCP55 and
SCP55-10M samples were below the standard level, except for the Cr and Mn. The
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element concentrations were only available in trace levels (in µg/kg or ppb, parts per
billion) due to the extremely low amount of hazardous element content in the raw ash.
5.2.2 Calcium bentonite and PFA treatment without alkali-silicate activation
The RE samples stabilized with different PFA dosage such as 5%, 10%, and 20%, along with
and without additional 15% bentonite were investigated by UCS test, freeze-thaw durability test,
and microstructural analysis.
•

Increasing the PFA weight percentage from 5% to 20% in samples without bentonite
improved the compression strength of RE samples after their curing time which
indicates the suitability of PFA as a cementitious material for RE stabilization.
However, the compressive strength of 28 days cured SCP520 sample was less than
that of control sample (28 days SC sample).

•

The samples treated with PFA and Ca-bentonite exhibited a considerable improvement
in their mechanical performance after 7 days and 28 days of curing, compared to
samples without Ca-bentonite. This highlights the suitability of Ca-bentonite along
with PFA for RE stabilization.

•

The samples with 5% PFA and 10% PFA with Ca-bentonite were chosen as the
optimum mix designs as their strength improvements were significant after 28 days of
curing.

•

All the samples treated without alkali-silicate activator were durable under freeze-thaw
conditions. The SCPB51015 had the best performance with minimum strength loss.

•

The microstructural investigations of treated samples with SEM- EDS revealed that
the pozzolanic reactions formed CSH and CASH crystals in the samples. The samples
treated with Ca-bentonite were coated uniformly with fewer voids in between
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particles. The crystals were mostly contained Ca, Si, and Al in the following order of
Ca> Si>Al.
•

Based on the ICP analysis for 5% PFA and 15% Ca-bentonite optimized recipe
compared with the control sample (10% PC), the minimum concentrations of Ba, Co,
Cu, Li, Mn, Ni, P, Pb, Sr were noticed. Additionally, the concentration of trace
elements except for Cr was below the standard limit for this sample that was due to
the immobilization of metals in the new compounds formed by cementation reactions.
Hence, this sample is environmentally safe.

Limitations and future works
The durability of RE structures is investigated in the past years considering different variations
and having PC in the mixture was known to be an effective method. Partially substitution of PC
with secondary by-products can be a problematic issue that needs multiple considerations and facing
some limitations. A description of some of these limitations and recommendations for future studies
are as follows:

In this research, the alkali-silicate activation of PFA and using Ca-bentonite as a stabilizer
was employed. More research is required in the sustainable rammed earth technology with a focus
on further improvement of the freeze-thaw durability of developed RE design mixes by
incorporating additional stable binder components.
Curing of samples treated with Alkali-silicate activator was conducted at room temperature.
The influence of curing conditions can be assessed by performing multiple temperatures and
humidity percentages.
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The 28 days of curing was considered as the maximum curing period. Based on the obtained
results, the improvement in the mechanical performance of RE mix designs from 7 days to 28 days
was noticed. A further investigation is required to assess the RE performance in longer curing
periods.
All RE samples were compacted on a laboratory scale in a specific dimension. The various
mix designs can be prepared based on greater dimensions to evaluate the effect of size on the RE
performance.
The optimum amount of PFA with a constant 15% Ca-bentonite was found in this study.
Various combinations of Ca-bentonite and higher PFA percentages can be used in RE mix designs
to assess the characteristics of samples.
The alkali-silicate activators were used in a constant ratio of 2:1 Na2SiO3 to NaOH and three
different molarities for the NaOH solution. More combinations of alkali-silicate activators with
different NaOH concentrations can be used to assess the mechanical improvement of RE mix
designs.
The standard freeze-thaw cycle was used in this study to evaluate the durability performance
of the RE mix designs. Evaluation of the optimum mix design under other durability experiments
such as spray test, wire brush test, drip test is recommended for future research studies.
Evaluating the plastic behaviour of the developed recipe and the material used in this study is
recommended for the future work.
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