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Abstract
The building and construction industry is the third-largest producer of CO2 in Canada. Additionally,
emissions from this industry are expected to go up by more than nine megatonnes of carbon dioxide
equivalent (Mt CO2 eq) by the year 2030. As such, we need to find ways to reduce the carbon
footprint of the construction industry. Any decrease in the emissions of carbon from the
construction industry will help improve the long-term sustainability of the industry and also help
the environment.
Biochar is an excellent way of achieving carbon reductions. Biochar is made from wood waste
using the process of slow pyrolysis, and it can be mixed with cement in construction to create
potential carbon sinks. This study will focus on biochar as a cementitious additive for cement
mortar. Biochar is added to the cement mortar in different proportions of cement by weight (1.25%,
2.5%, 5%, 7.5% 10% and 12.5%) to create small-scale specimens that are tested under compressive
load after 7, 28, and 56 days. It is noticed that there is a slight reduction in strength as the proportion
of biochar is increased when it is used as a cement replacement. Biochar also increases the
absorption in cement mortar because of its ability to store water and release it slowly, which
provides internal curing to the mortar, helping it gain strength over time.
The second part of this thesis examines recycled concrete aggregate for the production of concrete
blocks. Ontario has one of the highest rates of production of concrete blocks in North America. In
addition to using large amounts of raw material, concrete block fabrication produced concrete waste
at the production facilities in the form of spillage and culled blocks that are not fit for use. This
waste is generally sent to landfills. A novel way to reduce this waste is to reuse it to make new
blocks. In this study, recycled concrete aggregate (RCA) procured from a block manufacturer is
used to replace coarse aggregate in proportions of 10%, 25%, 50%, 75%, and 100% by volume of
aggregate. The blocks are cast in the Queen’s University Concrete Lab and are tested for
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compression after 28 days. Results indicate that the use of RCA in blocks does not affect the
compressive strength adversely.
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Chapter 1
Introduction
1.1 Motivation
Masonry is an integral part of the construction industry. It has been used for making structures for
hundreds of years. Masonry is mainly composed of two primary building materials, the units and
the mortar. Mortar is the material that binds the units together (Vasconcelos 2015). Traditionally,
most buildings were made of masonry materials. The units would be stone, and mud would be used
as mortar (Drysdale and Hamid 2005). With the improvement in technology, clay bricks, and more
recently, concrete blocks are being used. In recent times, masonry is used in many buildings as
partition walls. Improvements in technologies have made masonry a very viable option for the
construction industry (Drysdale, and Hamid 2005). Masonry has high compressive strength. The
strength of the masonry structure depends on the composite strength of the masonry unit as well as
that of the mortar (Fishburn 1961).
The construction industry is one of the highest carbon-producing industry. The production of
cement produces about 5% of carbon dioxide globally (Andrew 2018). High production of carbon
dioxide contributes to greenhouse effects and is affecting the environment. Many countries are
taking steps to reduce carbon dioxide emissions and reduce the consequences to the environment
(United Nations 2015). Any decrease in the emissions of carbon from the construction industry will
help improve the long-term sustainability of the industry and also help the environment (Choi et al.
2012). One possible solution to reduce carbon emissions from the construction industry would be
to use a substance that would trap carbon and reduce emissions. Admixtures to concrete and mortar
would help in this process. Recent studies have shown that biochar is very effective in storing
carbon, and if added as an admixture to concrete, would help in reducing the emissions (Gupta &
1

Kua, 2017). Biochar has a very high carbon content. Dry matter of biochar can have carbon content
as high as 98% by weight. Research shows that by adding small percentages of biochar to concrete
traps significantly more carbon than concrete without a biochar admixture (Akhtar and Sarmah
2017).
Biochar also works as a carbon sink and thus can be used for carbon sequestration. Carbon
sequestration is responsible for 62-66% of the total carbon capture in biochar (Roberts et al. 2010).
Carbon sequestration is a process of capturing large amounts of carbon in a way that is not rereleased into the atmosphere. According to Peter Fiekowsky, “This solution is commercially viable
and is an incredible game-changer for climate change.” (Warner 2019). The construction industry
is growing many folds, and the need for concrete is only going up with each passing day. Substantial
steps need to be taken to ensure we leave a healthy and viable place for our future generations. The
use of biochar in mortar and further in concrete is a step towards the right direction. Carbon
sequestration is an analytical technique used for creating concrete that has a net negative carbon
footprint in the long term (Gupta et al. 2018). The biochar used in this project had 75% to 80%
carbon by weight. Many global leaders in the field of construction and manufacturers of
construction-related material are working together for a more sustainable way to move forward and
use the resources available to them and thus help in reducing emissions (Ahn et al. 2010).
Another way we could help decrease the effects of the construction industry on the environment is
to use recycled concrete aggregate (RCA). Concrete blocks are in high demand and are being used
as reliable masonry units (Gowda et al. 2018). Using recycled concrete as aggregate to make
concrete blocks will reduce the amount of concrete that needs to be disposed of in landfills and also
reduces the cost of the production. Recycling and reuse of concrete is not a new concept in the
construction industry, and they are being used in several countries successfully to reduce waste.
With the growth in the construction industry, the waste material is also increasing. According to a
2

block manufacturer, Canada produces about 50 million concrete blocks a year, and about 30 million
blocks are produced in Ontario alone (Hargest, 2019). That would produce close to 10 million kg
of waste each year. This number is growing because the demand for blocks is increasing. If the
waste produced is recycled and re-used to make blocks, it would reduce the raw material
requirement and decrease the amount of waste produced.
Much work has been done on RCA in concrete but not specifically on concrete blocks (Behera et
al. 2014). The manufacturing process of the concrete blocks and the fact that the water-cement ratio
is relatively low compared to other concrete products would play a role in determining the strength
of the blocks (Matar and Dalati 2011).

1.2 Objectives
This study was divided into two different topics. The objectives of the biochar study are


To find if the long term compressive strength of mortar with biochar would be comparable
with the strength of mortar without biochar.



To find the optimal ratio for biochar addition to mortar.



To find the best practices that need to be followed when biochar is added to the mortar.



To find if replacing sand or cement is better for mortar production.



To find if there are any physical changes in the mortar with the addition of biochar.



To find if biochar would provide internal curing because it would absorb water and release
it with time in the mortar.

The objectives of using RCA in making concrete blocks are


To compare the compressive strength of blocks made by replacing a portion of natural
aggregate with RCA to the strength of blocks without RCA.



To find the optimal replacement ratio of natural aggregate with RCA.
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To find the change in the physical properties of the blocks made with RCA.

The ultimate objective of this research is to find ways to reduce waste and minimize the
environmental effects of the construction industry and the masonry part of the structural component
of a building process. If proved efficient and applied efficiently in practice, these processes with
help in making the construction industry more sustainable.

1.3 Organization of the thesis
The thesis follows a manuscript format. Chapter one is a general introduction to the topic and puts
forward the objectives of the study.
Chapter two is an in-depth analysis of the effect of biochar as a sand replacement. This chapter
includes the literature review for the biochar project as well as the experimental process, test results,
figures, results and discussion, and conclusions. Biochar was used to replace a certain percentage
of material used in mortar. In sand replacement, the cement was not reduced, but the same amount
of sand was reduced by weight. This study was started with the assumption that the addition of
biochar would not impact the strength of the mortar adversely. It was also hypothesized that biochar
would provide internal curing because it would absorb water and release it with time in the mortar.
This would ensure that the long term strength of mortar with biochar would be comparable with
the strength of mortar without biochar.
Chapter three includes the details about the biochar cement replacement project. It summarizes the
experimental work, results and discussion, and the conclusions drawn from this part of the project.
This research was divided into two separate topics: one was a sand replacement and another cement
replacement. In both cases, biochar was used to replace a certain percentage of either sand or
cement. In cement replacement, the same percentage of cement was reduced from the mix by
weight.
4

Chapter four describes the production of hollow blocks using recycled concrete aggregate. This
chapter includes the literature review for the use of RCA in the manufacture of concrete blocks. It
also includes the production process, results and discussion, and conclusion. Half blocks were cast
using a stainless steel mould on the outside and a styrofoam core to make the hollow part. The
blocks were 190 x 190 mm in width, and the hollow part was a 118mm square leaving a nominal
width of 36 mm. The RCA was obtained from a Canadian Concrete Masonry Producers Association
(CCMPA) member block plant near Brockville. All the other material was procured locally, and
the blocks were manufactured in the Queen’s University Concrete Lab. The objective was to make
blocks with a strength of up to 10 MPa. The replacement ratios were predetermined after a study
of the literature.
Chapter five is a summary and conclusion chapter and includes the scope for future research as
well as a discussion on how the research can be implemented in practice.
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Chapter 2
Biochar as Sand Replacement in Mortar
2.1 Introduction
The construction industry contributes substantial carbon dioxide (CO2) emissions because of the
energy-intensive processes involved in the manufacturing of cement (Gupta et al. 2018c). The
cement industry also consumes many natural resources. In an attempt to reduce the emissions of
carbon dioxide from the cement industry, biochar is suggested in the construction industry as a
carbon-sequestering substance (Gupta et al. 2018b). Gupta et al. (2018a) noted that biochar could
be an effective additive for mortar or concrete due to biochar’s ability to absorb carbon dioxide,
thus reducing carbon in the air.
Biochar can be prepared from different organic substances in the environment, and can also lead to
a reduction in waste disposal, which will also lead to a sustainable environment. The effects of
biochar on the properties of cement are also essential in the preparation of mortar and concrete
because all buildings are built to be safe and durable (Choi et al. 2012). Biochar has been
recommended for use as an additive because it results in effective thermal insulation as well as a
decrease in water absorption of the mortar. In this chapter, a literature review is conducted for
studies that added biochar in preparing mortar without reducing the cement content. The chapter
also describes experiments and their results for situations where biochar was added to mortar
without reducing the cement content.

2.2 Literature Review
A number of studies have been done to determine the effectiveness of using biochar as a
construction material. More specifically, there have been a few studies and scholarly articles
7

published to explain the relevance of using biochar as an additive in cement for making mortar.
This literature review examines studies describing the use of biochar as an additive in the mortar
used in construction. It also examines related topics such as the effects of biochar on the
characteristics of mortar such as compressive strength, tensile strength, flexural strength, modulus
of elasticity, density, and setting time.

2.2.1 Effect of Biochar on Mechanical Properties of Mortar
A study by Gupta et al. (2018c) established that adding biochar to cement by up to 2% by weight
resulted in an improvement of the compressive strength of mortar (Figure 2.1). Higher percentages
of added biochar resulted in an increase in stiffness as a result of increased water retention capacity
of the biochar. The study recommended that biochar should be used as an additive in smaller
amounts between 1 to 5% by weight. Gupta et al. (2018a) observed that some of the materials that
can be used to produce biochar for addition in cement include rice husks, wood chips, poultry litter,
and sludge from paper mills. These materials also have the potential to improve mechanical
properties, such as compressive strength and tensile strength by 20%. The implication is that the
addition of biochar has an evident impact on the achievement of the early strength characteristics
of the mortar. An examination by Gupta & Kua (2018) of biochar as an additive in cement in mortar
resulted in the finding that the use of hardwood biochar at 2% of cement content resulted in an
improvement of compressive strength at 28-days. There was also a notable increase in the
compressive strength when biochar that was presoaked was used instead of dry biochar (Figure
2.2). In a study by Gupta et al. (2018b), the optimal percentage of using biochar was found to be
5% because it resulted in the highest mechanical characteristics, while higher amounts had negative
impacts on the strengths of the mortar. According to Gupta & Kua (2019), a 10-20% addition of
biochar made by using wood waste results in improved compressive strength of the mortar as a
result of the occurrence of internal curing under wet and dry environment. The study also found
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that the use of wood waste biochar resulted in an improvement in the permeability of mortar. The
increase in compressive strength was due to an improvement in water absorption and retention
capacity of the mortar upon the addition of biochar. Biochar absorbs more water molecules during
the mixing process, thus lowering the level of water-cement ratio in the mortar. The hardened
mortar becomes denser since there is a low amount of evaporable water. The absorbed water is
released gradually, helping the mortar to gain strength over time.

Figure 2.1: Compressive strength of mortar containing BC 300 and BC 500 at (a) 7 days
and (b) 28 days. (Gupta et al. 2018c)
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Figure 2.2: Compressive strength of plain mortar mixes admix with dry and pre-soaked
biochar under (a) Moist curing (b) Air curing. (Gupta & Kua 2018)

It has been reported by Restuccia and Ferro (2016) that by adding 0.80% to 1% of hazelnut shell
biochar after preparation at 800°C, would result in an improvement in fracture energy by 61%
(Figure 2.3). The study indicated that biochar could act as a macro aggregate resulting in
10

improvements in bending strength, compressive strength, and fracture energy of cement mortar.
The increase in fracture energy from adding hazelnut shell biochar was linked to crack path
tortuosity. The presence of biochar particles caused inhomogeneity in the matrix that attracted crack
paths towards the biochar particles. Because of the biochar particles having the ability to absorb
energy before failing, these results show an improvement in fracture energy as well as bending
strength (Restuccia & Ferro, 2016).

Figure 2.3: Fracture Energy GF (Restuccia & Ferro 2016)
Several studies have been conducted to establish the effectiveness of biochar as an additive for
cement in the context of how it affects the tensile strength of concrete structures. A study by Gupta
& Kua (2018) resulted in the finding that the addition of biochar into the mortar results in an
increase in tensile strength because it eliminates the pores within the tensile plane. This finding
resulted in a recommendation that biochar should be used as an additive with the cement during the
11

construction of reinforced concrete structures. However, the study found that different amounts of
biochar should be added to the mortar due to variations in their tensile strength characteristics.
Gupta & Kua (2018) recommended that dry biochar is less effective in promoting tensile strength
of mortar compared to presoaked biochar because it resulted in a reduction of strength by 11% to
12% when added to mortar in an air-cured condition. (Figure 2.4)

Figure 2.4: Split-tensile strength of plain mortar and mortar with dry and pre-soaked
biochar at 28-day. (Gupta & Kua 2018)
Gupta & Kua (2018) observed that biochar could act as a micro-aggregates in improving the
physical characteristics of the mortar due to the resulting improvement of the tensile strengths and
resistance to fracture. The higher the number of pores, the lower the tensile strength. The use of
biochar as an additive has been attributed to be effective in achieving a reduction in porosity and
an improved tensile strength. On the contrary, Gupta et al. (2018c) noted that no significant
improvement in tensile strength was achieved as a result of the addition of biochar in any ratio, but
only it improved when the addition ratio was 1% weight of the cement. The overall observation of
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these studies was that the use of biochar as an additive contributes to better tensile strength
characteristics of the concrete after the curing period.
According to a study by Ahmed et al. (2015) use of 0.08% biochar derived from coconut shell
resulted in an improvement of compressive strength and fracture toughness of cement paste of 25%
and 76%, respectively. However, the study revealed that modulus of rupture would be reduced in
the range of 20% to 40% (Figure 2.5, 2.6, 2.7). This was attributable to inhomogeneous biochar
particles present in the tensile planes of cement paste. Scanning electron microscope (SEM) images
revealed the presence of tortuosity of the crack path because of biochar particle presence (Figure
2.8). The shape and size of the biochar particles played a significant role in this case, this owing to
the fact that interaction that exists between biochar particle and cement paste played a significant
role in the absorption of fracture energy and in the resistance of the propagation of cracks.

Figure 2.5: Modulus of rupture of cement composites (Ahmad et al. 2015)
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Figure 2.6: Compressive strength of the cement composites with PC & PCA particle
inclusions. (Ahmad et al. 2015)

Figure 2.7: Toughness of the cement composites samples with various amounts of PC &
PCA particle inclusions. (Ahmad et al. 2015)
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Figure 2.8: SEM pictures showing crack paths. (Ahmad et al. 2015)
Many studies have been conducted to examine the topic of the effectiveness of biochar as an
additive for cement in promoting the flexural strength of mortar. This was attributed to the existence
of flexibility characteristics in biochar, which increased the linking between the concrete mortar
and masonry. The flexural strength was impacted by the existence of macro-pores and the size of
the cross-section between different blocks reinforced using the mortar (Gupta et al. (2018c)). The
best results were achieved when the addition ratio was 1% by weight for biochar (Figure 2.9).
However, the study found that the use of pulp and paper biochar was less effective in increasing
the flexural strength of mortar when used as an additive for cement than it was for increasing
compressive strength.
A study by Gupta et al. (2018a) established that the addition of biochar made using rice husks
resulted in an increase in the tensile strength of mortar by up to 20%. The increase in curing age
resulted in improved flexural strength of mortar. This finding was similar to Khushnood et al.
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(2016), who established that an increase in flexural strength of 2-8% was achieved when peanut
shell biochar was used as an additive for cement. The study also found that a higher dosage of
biochar was directly associated with increased inhomogeneity of the hardness of the mortar, which
in turn affects its flexural strength. Low flexural strength was experienced as a result of the
formation of air pores in the tensile plane, which majorly occurs due to the high amount of biochar
in the mortar mixture. According to Gupta & Kua (2019), the flexural strength of mortar was not
only contributed by the amount of biochar used to replace the cement, but also by the nature of
curing. In a case where curing occurred in an open environment, there was a reduction of flexural
strength by 20% on average, while in the case of moist curing, there was an increase of
approximately 26% on average (Figure 2.10). The implication was that the internal curing of presoaked biochar had an improvement impact on both the compressive and flexural strengths of the
mortar. Gupta & Kua (2018) observed that the addition of 2% weight of cement with biochar
resulted in an improvement of flexural strength compared with a plain mortar (Figure 2.11). The
study found that mortar in which pre-soaked biochar had been added experienced a significant
increase in flexural strength by 18% to 19%. It was also established that biochar results in improved
toughness of the mortar, higher deflection compared with mortar in which cement was not replaced
with biochar. This finding was in line with a study by Gupta et al. (2018b) which established that
the use of coconut shell biochar resulted into higher flexural strengths in mortar reaching as high
as 20% increase, but an addition higher than 5% by weight was associated with a reduction in
flexural strength. The overall finding of these studies, even though insignificant in few cases, was
that there are some biochar materials that lead to improved flexural strength of mortar when used
as an additive for cement while others are less effective.
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Figure 2.9: Flexural strength at (a) 7 days and (b) 28 days of biochar containing mortar.
(Gupta et al. 2018c)
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Figure 2.10: Flexural strength development of control mortar and mortar with
GBC, NBC and QP under moist and dry curing (Gupta & Kua, 2019)

Figure 2.11: Flexural strength of mortar containing saturated and unsaturated biochar
(Gupta et al. 2018b)
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Modulus of elasticity is an attribute of mortar which has been of significant interest in the
construction industry with the focus on achieving a higher value in order to promote the strength
of concrete structures (Gupta et al. 2018a). A study by Gupta et al. (2018c) established that the
addition of cement with biochar enabled the achievement of a high modulus of elasticity of mortar.
The addition of 1% of BC300 and BC500 in cement resulted in a slight increase in the modulus of
elasticity of mortar to 29.82 GPa and 31 GPa, respectively, while in the case where the plain mortar
was used, the modulus of elasticity was 29.82 GPa. Similar outcomes were obtained in the case
where 2% weight of cement was replaced with biochar. On the other hand, the addition of 5% or
8% of cement with biochar resulted in lower modulus elasticity in both cases of BC300 and BC500
(Figure 2.12). The implication is that biochar can only contribute to an increase in the modulus of
elasticity of mortar to a certain percentage beyond which it does not have a positive impact. A
higher modulus of elasticity of mortar occurred because the addition of biochar in cement caused
an increase in flexural strength and tensile strength of the mortar (Gupta et al. 2018a). Similarly,
Restuccia & Ferro (2016) recommended that hazelnut shell biochar prepared at a temperature of
800oC should be used as an additive in cement for mortar due to its effectiveness in increasing the
modulus of elasticity. However, Gupta & Kua (2017) noted that the sizes and shapes of the biochar
particles are factors to be considered before their addition to the mortar since they have an impact
on the modulus of elasticity of the resulting reinforcement. The implication of these findings is that
a higher modulus of elasticity of mortar can be achieved by the addition of the right amount of
biochar, but a higher ratio can result in adverse outcomes.
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Figure 2.12: Modulus of elasticity of mortar with different dosages of BC 300 and BC 500 at
W/C = 0.40. (Gupta et al. 2018c)

2.2.2 Effect of Biochar on Mortar Density
Gupta & Kua (2019) established that mortar containing biochar results in higher 1-day density
compared with mortar without biochar. Gupta et al. (2018a) established that all mortar mixes had
decreased fresh density with the increase in the ratio of biochar being added (Figure 2.13). Gupta
et al. (2018c) observed that on the addition of 1%-2% biochar, the hardened density of the samples
increased (Figure 2.14). It was also found that the lower the amount of carbon in the mortar, the
higher the modulus of elasticity. The implication of this finding is that the use of biochar as an
additive for cement should only be applied to a particular saturation percentage beyond which its
impact in improving the mechanical characteristics of mortar is less observable.
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Figure 2.13: Fresh density of mortar paste with different dosage of MWBC, FWBC and
RWBC (Gupta et al. 2018a)

Figure 2.14: Hardened density of mortar with BC300 and BC 500 at different dosages.
(Gupta et al. 2018c)
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2.2.3 Effect of Biochar on Setting Time
Gupta et al. (2018b) found that the use of biochar as an additive of cement results in a reduction of
setting time. The addition of 2% wt. of cement with biochar results in a reduction of setting time
by 32% (Figure 2.15). The reduction of the setting time has been attributed to the filer effect caused
by the addition of biochar in cement, which also reduces the amount of free water. The biochar
particles are of finer grains than those of sand and cement, thus filling the gaps which exist between
the grains of different particles and enabling the achievement of low water absorption capacity
while the setting time is reduced (Gupta & Kua, 2019).

Figure 2.15: Initial and final setting time due to the addition of CO2 saturated and
unsaturated biochar addition. (Gupta et al. 2018b)

22

2.2.4 Effect of Pyrolysis Temperature on Biochar
The temperature at which pyrolysis takes place is an essential factor as it affects the effectiveness
of biochar as a construction material. It was demonstrated by Zhao et al. (2014) that rutting
resistance, ageing, fatigue performance as well as ductility of asphalt enriched with of biochar
recorded improvement by finer biochar particles that had been produced at a lower highest
temperature in the range of 400°C accompanied by low heating rate of about 15°C/min. Kim et al.
(2012) is in agreement with this and has implied that taking biochar that has been produced from
switchgrass with lower highest temperature has the ability to effectively reducing oxidation of the
binder through reacting with asphalt molecules. It was found that the pyrolysis temperature had
different effects on the surface structure of biochar. In straw, there is biochar displaying more
aligned honeycomb-like group pores of surface for temperatures of 400°C and 600°C while biochar
for lignosulfonate, there are more cracks and holes showing up. Even with these differences, the
studies indicated an increase in surface area and level of porosity with rising temperature levels
(Zhang et al. 2015). Shaaban et al. (2013) conducted a study on the effect of pyrolysis temperature
on surface functional groups and surface area where the feedstock was rubberwood sawdust. The
sample is ground after which it was put under pyrolysis at temperatures of 300°C, 500°C, and
700°C at a heating rate of 5°C/min. There was no improvement in surface area with an increase in
pyrolysis temperatures from 300°C to 500°C. Increasing the temperature to 700°C resulted in a
drastic increase in the surface area by 2.75 times (Figure 2.16), something that could be linked with
reactants being carbonized partially at a lower temperature.
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Figure 2.16: SEM pictures showing an increase in pores. (A.Shaaban et al. 2013)

This literature review has examined the use of biochar as an additive of cement in order to improve
its physical properties during the binding of concrete materials in construction activities. It has
been established that the addition of the appropriate amount of biochar in cement enables the
achievement of improved compressive strength, a high flexural strength, improved tensile strength,
reduced carbon dioxide production, reduction in the number of air pores, and reduction of water
absorption. Furthermore, many studies have supported the view that the addition of biochar results
in improved modulus of elasticity of the mortar and a reduction of setting time. However, it has
been recommended that only a certain percentage (1 to 5%) of biochar compared to cement should
be added since the addition of biochar beyond its saturation level does not result in the desired
physical properties of the mortar.

2.3 Experimental Program
The specimens were made as cement mortar or type N mortar that is mostly used for making
exterior and above-grade walls. In this part of the study, the mortar was made by replacing portions
of sand with biochar. The motive was to add biochar without decreasing the cement content. The
test matrix was decided by careful review of the literature, and it was noticed that the ratios of
biochar used were small (Gupta & Kua, 2018 ; 1 to 8%) (Akhtar & Sarmah, 2018 ; 0.1 to 1%) and
thus larger ratios were used in the study in this thesis to see the effect of biochar over a wider range.
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For sand replacement, the ratios were 1.25%, 2.5%, 5%, 7.5%, 10%, and 12.5% by weight of
cement. The ratio of sand plus biochar to cement was kept constant throughout the study.

2.3.1 Test Matrix
Table 2.1 summarizes the different batches cast for Biochar Sand Replacement and the number of
samples tested at different ages. Each sample was cast to test different variations of the addition of
biochar. Each set of samples was cast to have 4 samples to test each at the age of 7 days, 28 days
and 56 days. Thus 12 samples of each ratio were cast. Each mix was named according to the ratio
of biochar use. The control mix was named 0 GUL or 0 GU, depending on the type of cement.Mixes
with biochar were named 1.25 BSR, 2.5 BSR, and so on, where BSR is Biochar Sand Replacement.
The cement type used in all of these was GUL, and the biochar fineness was 200μm. For 7.5% sand
replacement, multiple batches were cast with different biochar fineness. The different fineness used
was 125μm, 200μm and 425μm of biochar. These mixes were names 7.5 BSR 125, 7.5 BSR 200
and 7.5 BSR 425 donating the biochar ratio and the biochar fineness. Different cement types were
used to find the impact of cement type. Mixes cast with GUL cement had GUL in the name and
mixes with GU had GU in the name. Specific mixes were put in water for water curing. These
mixes had WC for water curing in the name. One batch of mixes was cast after prewetting the
biochar. For this batch, the biochar required for the batch was mixed with an equal amount of water
and sealed for four hours before mixing in the mortar. This batch was named 5 BSR-PW, where
PW stands for prewetting. All the samples were tested for compression at different ages.
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Table 2.1: Test Matrix for Sand Replacement
Batch Name

Number of samples at different ages
7 Days

28 Days

56 Days

0 GUL

4

4

4

0 GU

4

4

4

0 GUL - WC

4

4

4

0 GU - WC

4

4

4

1.25 BSR

4

4

4

2.5 BSR

4

4

4

5 BSR

4

4

4

5 BSR PW

4

4

4

7.5 BSR

4

4

4

7.5 BSR 125

4

4

4

7.5 BSR 200

4

4

4

7.5 BSR 425

4

4

4

7.5 GUL-WC

4

4

4

7.5 BSR-GU

4

4

4

10 BSR

4

4

4

12.5% BSR

4

4

4

2.3.2 Material Used
A variety of materials were used in the manufacture of the mortar. All the materials used are
explained in this section.
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2.3.2.1 Biochar
Biochar was the primary additive that was added to the mortar and the main focus of this study.
The biochar was procured from Titan Carbon Smart Technologies. The biochar was made using an
auto thermal slow pyrolysis method with a peak temperature of 600-degree centigrade. No pressure
was applied during the pyrolysis. The biochar was made from softwood with original moisture
content from 8-16%. The final yield was about 35% (Bakos, 2019). The biochar was received with
a fineness of 425μm. In the wood charcoal industry, this particular product is known as superfine
biochar. For research purposes, the biochar was further ground and sieved to two different fineness,
125μm and 200μm. The biochar was sieved using the sieve of mesh size of 125 and 200μm, and
only the material passing through was used. The required fineness was achieved by sieving the
biochar through the desired mesh size in a fume hood to reduce dusting. The majority of the
specimens were cast with biochar fineness at 200μm. However, a few specimens were made using
biochar of fineness 425μm and 125μm. According to the manufacturer, he net carbon content of
the received biochar was 75-80% of the total weight. Biochar was also tested for density as well as
for pH. The bulk density was in accordance with the values in the Material Safety Data Sheet
(MSDS) provided by the manufacturing company. The bulk density of biochar was 250-350 Kg/m3.
The pH, according to the MSDS, was 7.2. However, testing in the lab established that the pH was
close to 8.5.
SEM pictures were taken of the biochar of different fineness. The SEM pictures show how the
particle size affects the void ratio of the biochar. SEM pictures also show the difference in particle
size of different biochar fineness (Figure 2.17). The size of voids also increases as the fineness of
biochar increases (Figure 2.18). The packing of the particles in different biochar fineness is shown
in Figure 2.19.
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Figure 2.17 Different biochar fineness and particle sizes. 125μm (A), 200μm (B), and 425μm
(C)

Figure 2.18: Increase in the size of voids from (A) 125μm to (B) 200μm to (C) 425μm
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Figure 2.19: Particle packing in (A) 125 μm, (B) 200 μm, and (C)425 μm biochar

A water absorption test was performed on biochar to check the absorption rate of biochar. Biochar
was put in small airtight containers, and an equal amount of water by weight was added to the
container. The container was shaken and then left for a certain period of time. The results were
noted at 1hr, 2hrs, 4hrs, 8hrs, 16hrs, 24hrs, 48hrs and 72hrs. After the stipulated time, the biochar
was weighed, and the absorption rate was derived. Figure 2.20 shows the absorption for 125μm,
200μm, and 425μm biochar. The y-axis values indicate the ratio of the weight of the biochar after
absorption to the weight of dry biochar. The finer biochar absorbs water quicker than the coarser
biochar.
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Figure 2.20: Absorption ratio for Different Biochar Fineness
2.3.2.2 Cement
Two different cement types were used for making different batches of the mortar: Bomix Type GU
and CRH type GUL, where GU stands for General Use and GUL stands for General Use Limestone. The reason behind using two different kinds of cement was to observe how the different
cement types would react with the biochar. Both types of cement are CSA approved. GUL cement
maintains the same physico-chemical characteristics as GU cement, with the exception of the
addition of limestone in GUL. CSA-A3001-08 allows up to 15% addition of limestone in GUL that
replaces the same amount of clinker. U.S. cement type designation for GU and GUL are Types I
and IL, respectively. ASTM C150 defines Type I as Portland cement for use when the special
properties specified for any other type is not required. ASTM C595 defines Type IL, as Portlandlimestone cement with up to 15% limestone permitted (Cement Association of Canada, 2016).
SEM pictures for cement show that GUL has finer particles than GU (Figure 2.21). This may
happen because GUL has less clinker than GU and more limestone. The finer particles in GUL may
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help increase the early age strength, but the clinker level in GU certainly helps increase the
reactivity with water over time and thus allows higher strength to be attained over time.

Figure 2.21: Particle size for different cement types. (A) Type GU and (B) Type GUL

2.3.2.3 Sand
The sand was standard construction-grade sand per ASTM C 778-17. The moisture content in the
sand was noted before every cast to have better control over the water content in the mortar. A bulk
density test and a sieve analysis were done for the sand. The sample size for the sieve analysis was
300 g. All the requirements in ASTM C136/C136M–14 for the sieve analysis were followed. The
particle size distribution curve is shown in Figure 2.22. The relative density test was done in
accordance with ASTM C127-15. The test results showed that the Bulk Relative Density of sand
was 2.66. The Relative Density in the Saturated Surface Dry (SSD) condition was 2.68. The
absorption rate was found to be 0.6 %.
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Figure 2.22: Particle Size Distribution of the Sand
2.3.2.4 Water and Superplasticizer
According to the requirement for each batch, water was added to the mixture. Water reducing
admixture or superplasticizer (SP) was added to mixes with higher biochar content to get a flow
similar to that of the control sample. The admixture was MasterGlenium 7500 that met ASTM
C494/C494M-17 requirements. The SP was added to the water and mixed well before the water
was added to the mix. The ratio of SP used increased with the increase in the ratios of biochar.

2.3.3 Mix Design
The mix was designed in compliance with ASTM C270-19ae1. The Cement-Aggregate ratio was
1:3, and the water-cement ratio was 0.5. The materials required for each batch are shown in Table
2.2.
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Table 2.2 Quantities Used
Cement

Biochar

Water

Sand

SP

Flow

(kg)

(kg)

(L)

(kg)

(ml)

(cm)

0 GUL

3.30

0.00

1.65

10.00

0

20.00

0 GU

3.30

0.00

1.65

10.00

0

20.00

0 GUL - WC

3.30

0.00

1.65

10.00

0

19.50

0 GU - WC

3.30

0.00

1.65

10.00

0

19.00

1.25 BSR

3.30

0.04

1.65

9.96

6

20.00

2.5 BSR

3.30

0.08

1.65

9.92

8

21.00

5 BSR

3.30

0.17

1.65

9.83

12

20.50

5 BSR PW

3.30

0.17

1.48

9.83

12

19.50

7.5 BSR (200)

3.30

0.25

1.65

9.75

20

21.50

7.5 BSR 125

3.30

0.25

1.65

9.75

20

19.75

7.5 BSR 425

3.30

0.25

1.65

9.75

20

20.25

7.5 BSR-WC

3.30

0.25

1.65

9.75

20

19.25

7.5 BSR-GU

3.30

0.25

1.65

9.75

20

21.25

10 BSR

3.30

0.33

1.65

9.67

24

21.50

12.5 BSR

3.30

0.41

1.65

9.59
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20.50

Batch Name

2.3.4 Mixing Procedure
The first step was to weigh all the required quantities for all the material. The mortar was prepared
in a stationary mixer. The mixer had electric powered arms for mixing per ASTM C305-14.
Biochar, wherever required, was mixed with the cement before being added to the mixer. This
procedure was followed in all mixes except the one where pre-wetted biochar was used. In that
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case, biochar was added separately into the mixer. The sand was added in the mixer, and then the
mixture of cement and biochar was added and dry mixed for two minutes. The water reducer was
added to the water before adding the water to the mix. Water was slowly added to the mixer to have
a homogeneous mix. Figure 2.23 shows cement and biochar with biochar added to cement in
different ratios to show the change in the colour of the cement. The specimens were cast in 75mm
cubes in cast-iron moulds (Figure 2.24). All the specimens were made per ASTM C192/C192M18. The mortar was added in two layers, with each layer tamped 25 times. Samples to measure the
fresh density were also taken. A flow test was performed on the mortar per ASTM C1437-15 with
a flow table (Figure 2.25). The control mix had no added water reducers, and the flow noted was
200 mm. All the subsequent mixes were made to achieve a flow of 200 ± 10 mm. The measured
flow of each batch is shown in Table 2.2.

Figure 2.23: Colour change as biochar is added to cement
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Figure 2.24: Cast Iron moulds

Figure 2.25: Flow Table
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2.3.5 Curing
After casting, the specimens were kept in the mould for 24 hours, after which the moulds were
removed. The specimens were then marked and placed in sealed airtight containers for moist
curing. The specimens that were water cured were put in a water bath at this point and removed
after 28 days of water curing in a temperature-controlled area with a water temperature of 23.0 ±
2.0°C in accordance with ASTM C551-19.

2.3.6 Testing
The specimens were tested for compressive strength at the age of 7 days, 28 days, and 56 days. The
industry standard for the minimum strength of mortar is tested at 7 and 28 days. Tests at 56 days
were performed to see the long term effects of biochar in mortar. The Forney compressive testing
machine was used to test the cubes for compressive strength. The capacity of the machine is 2000
kN. The loading rate set for the compression test was 0.35 MPa/s, and the tests were performed in
accordance with ASTM C1314 – 18. The whole test setup is shown in Figure 2.26. The water
absorption test was also done on the samples at 56 days of age to find how the biochar affected the
absorption of the mortar. The water absorption test was done per ASTM C642 – 13. Density was
measured at the time of testing by measuring the dimensions and the weights of the samples.
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Figure 2.26: Forney compression testing machine

2.4 Results and Discussion
The major part of this research was to test the mortar for its compressive strength. The results for
compressive strength were compiled to compare 5 main functionalities: the effect of biochar ratio,
the effect of biochar fineness, the effect of type of cement used, the effect of the curing method,
and the effect of prewetting of biochar. The density and absorption rate was also measured for
different batches.
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2.4.1 Effect of biochar ratio on compressive strength
Biochar was added in different ratios in different batches of mortar to see how different ratios of
biochar affected the compressive strength of the mortar. The average compressive strength of the
mortar at different ages is shown in Table 2.3.
Table 2.3: BSR strength for different ratios of biochar
Average Compressive Strength and standard deviation
7 days

SD

28 days

SD

56 days

SD

(MPa)

(σ)

(MPa)

(σ)

(MPa)

(σ)

0 GUL

32.8

2.3

38.3

3.1

44.9

2.0

1.25 BSR

32.8

2.3

38.3

3.1

44.9

2.0

2.5 BSR

31.3

0.5

37.9

2.3

47.9

4.9

5 BSR

31.9

3.0

35.3

0.8

43.8

1.6

7.5 BSR

33.8

2.4

41.9

1.8

46.5

1.1

10 BSR

31.7

1.6

36.1

1.7

42.0

1.9

12.5 BSR

30.8

2.3

36.5

0.7

42.4

2.2

The data is represented in a graphical form in Figure 2.27. The error bars indicate the range of
results for different samples of the same batch.
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Figure 2.27: Effect of ratio of biochar on compressive strength at 7, 28 and 56 Days
The results indicated that the 7-day strength decreased in most cases from 1%-2.5%, but increased
in the case where 7.5% biochar by about 2.8%. Similar trends were noticed in 28-day strength as
well. However, 56-day tests indicate that the strength for 2.5% and 7.5% increase by 6% and 3.5%
respectively and the results for other samples decrease from 0.6% to 6%. The samples with biochar
ratios up to 7.5% have comparable compressive strength and the strength starts to decrease after
10% of addition. This may be attributed to the fact that, with a higher amount of biochar, more
water is initially absorbed by the biochar. This would mean there is less water to react with the
cement, thus affecting the strength. With time, biochar releases water, and this helps mortar with
biochar gain higher strength over time. A one-way analysis of variance (ANOVA) was conducted
to compare the effect of the ratio of biochar on mortar, and the results were found to be not
significant (F (6,14) = 0.18, p =0.98) (Table 2.4).
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Table 2.4: ANOVA results for BSR in mortar
Factors Considered (BSR)

SSB

SSW

df

MSB

MSW

F

P-value

F crit

Remarks

Effect of biochar ratio on compressive strength

42.64

565.05

6,14

7.11

40.36

0.18

0.98

2.85

Not Significant

Effect of biochar fineness on compressive

71.90

383.65

3,8

23.97

47.96

0.50

0.69

4.07

Not Significant

99.11

337.10

3,8

33.04

42.14

0.78

0.54

4.07

Not Significant

42.25

291.73

3,8

14.08

36.47

0.39

0.77

4.07

Not Significant

50.89

230.65

2,6

25.44

38.44

0.66

0.55

5.14

Not Significant

strength
Effect of type of cement on compressive
strength
Effect of type of curing on compressive
strength
Effect of pre-wetting biochar on compressive
strength
SSB - Sum of Square between the Groups, SSW - Sum of Square within the Group, df - Degree of Freedom, MSB - Mean Sum Square between the
Groups, MSW - Mean Sum Square within the Group, F - f ratio, Fcrit - Critical value of f, considering significant level, p < 0.05. If F > Fcrit, the
null hypothesis is accepted, and the difference is significant.
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To further explore the internal curing, the moisture content of different samples was measured at
different ages. For this, mortar cubes were kept in an oven under 105°C for 24 hours and weighed
before and after. The moisture content change is shown in Figure 2.28. The results showed that
there was more free moisture present from an early age in the mortar where biochar was added.
The amount of moisture increased with the increase in the ratio of the biochar. Thus, these results
support the hypothesis that mortar may increase in strength with time due to internal curing.

7 Days

28 Days

9.00

8.79
8.37

Moisture content (%)

8.50

8.00

56 Days

7.95

7.85
7.69

7.50

7.00

7.28

7.16

7.20

5 BSR

10 BSR

6.83

6.50

6.00
0

Figure 2.28: Moisture content of different samples of mortar at different ages

2.4.2 Effect of biochar fineness on compressive strength
The effect of biochar fineness was only done on the sample with a 7.5% biochar replacement. The
data are shown in Table 2.5.
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Table 2.5: BSR strength for the different fineness of biochar
Average Compressive Strength and Standard Deviation
7 days

SD

28 days

SD

56 days

SD

(MPa)

(σ)

(MPa)

(σ)

(MPa)

(σ)

0 GUL

32.8

2.3

38.3

3.1

44.9

2.0

7.5 BSR 125

36.0

3.8

44.7

1.3

52.4

2.0

7.5 BSR 200

33.8

2.4

41.9

1.8

46.5

1.1

7.5 BSR 425

31.6

2.0

37.6

2.8

45.2

3.7

The graphical representation of the data is shown below in Figure 2.29. The error bars indicate the
range of results for different samples of the same batch.
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Figure 2.29: Effect of biochar fineness on compressive strength at 7, 28 and 56 Days
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The critical replacement ratio was identified as 7.5% because it showed better strengths compared
to other replacement ratios. The samples where 125μm biochar was used had higher compressive
strength from the age of 7 days. Similar trends were found after 28 and 56 days. This may be
attributed to the fact that, at the fineness of 125μm, the fineness of the biochar is closer to that of
cement compared to the other finenesses. This will increase the biochar-cement reaction and thus
results in higher strengths. A one-way ANOVA was conducted, and the results were found to be
not significant (F (3,8) = 0.50, p =0.69)(Table 2.4).

2.4.3 Effect of type of cement on compressive strength
The type of cement is also essential when it comes to the replacement by biochar. The type of
cement used for these samples was GU and GUL. For sand replacement, only 0% as a control
sample and 7.5% as BSR samples were cast with different cement types. The data are shown in
Table 2.6.
Table 2.6: BSR strength for the different type of cement
Average Compressive Strength and Standard Deviation
7 days

SD

28 days

SD

56 days

SD

(MPa)

(σ)

(MPa)

(σ)

(MPa)

(σ)

0 GUL

32.8

2.3

38.3

3.1

44.9

2.0

0 GU

41.0

1.4

46.2

3.7

50.8

1.6

7.5 BSR-GUL

33.8

2.4

41.9

1.8

46.5

1.1

7.5 BSR-GU

35.6

2.5

45.3

1.8

51.8

0.9

The data clearly show that GU gives much better strength as compared to GUL in both the control
samples as well as in samples where biochar was added. This may be attributed to the fact that
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GUL contains less clinker, and thus has a lower reactive rate than GU. GUL has relatively recently
been approved, and most of the cement manufacturers have already shifted their focus towards
GUL. Using GU may not be feasible because the majority of manufacturers have stopped the
manufacture of GU all together. The data were analyzed as a one way ANOVA, and it was noted
that there is not a significant change (F (3,8) = 0.78, p =0.54) (Table 2.4). Figure 2.30 shows the
graphical representation of the data in Table 2.6. The error bars indicate the range of results for
different samples of the same batch.
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Figure 2.30: Effect of type of cement on compressive strength at 7, 28 and 56 Days
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2.4.4 Effect of type of curing on compressive strength
The other significant change inducer would be the type of curing. Biochar initially retains mixing
water and releases it slowing into the mortar. This may cause some loss of strength, especially at
the early age of the mortar. Most of the samples were air cured by sealing them in an airtight
container. Water curing was done for control samples made with GUL and one sample made with
7.5% BSR with 200 μm biochar and GUL cement. The samples that were water cured were kept in
water for 28 days. The data are shown in Table 2.7.
Table 2.7: BSR strength for the different type of curing
Average Compressive Strength and Standard Deviation
7 days

SD

28 days

SD

56 days

SD

(MPa)

(σ)

(MPa)

(σ)

(MPa)

(σ)

0 GUL

32.8

2.3

38.3

3.1

44.9

2.0

0 GUL - WC

36.4

3.0

44.6

2.9

50.8

3.2

7.5 GUL

33.8

2.4

41.9

1.8

46.5

1.1

7.5 GUL - WC

37.3

1.1

40.9

2.2

45.2

0.6

The data reveals that water curing does not have any significant effect on the compressive strength
of the mortar compared to air curing when biochar is added as a sand replacement. However, the
control samples have a considerable increase in the average compressive strength. This is also
shown in the graphical representation of the data in Figure 2.31. The error bars indicate the range
of results for different samples of the same batch. There is an increase in strength because there is
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no internal curing in the control sample. Water curing does not affect the strength for samples with
added biochar because biochar absorbs water initially and releases it eventually even in air curing,
and this does not happen in control samples. A one-way ANOVA was conducted, and the results
were found to be not significant (F (3,8) = 0.39, p =0.77)(Table2.4).
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Figure 2.31: Effect of curing method on compressive strength at 7, 28 and 56 Days

2.4.5 Effect of pre-wetting biochar on compressive strength
A single sample series of 5% biochar sand replacement was cast with pre-wetting the biochar. Prewetting refers to the fact that the biochar was soaked in equal amounts of water before adding to
the mix. In this case, 5% of biochar was put in a sealable bag, and an equal amount of water was
added, and the mixture was set aside for a few hours. An equal amount of water was reduced from
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the water that was added to the mix later. The mixture was directly added to the mixing bowl while
casting without adding biochar to cement first. The data table is shown in Table 2.8.
Table 2.8: BSR strength for the pre-wetted biochar
Average Compressive Strength and Standard Deviation
7 days

SD

28 days

SD

56 days

SD

(MPa)

(σ)

(MPa)

(σ)

(MPa)

(σ)

0 GUL

32.8

2.3

38.3

3.1

44.9

2

5 BSR

31.9

3

35.3

0.8

43.8

1.6

5 BSR PW

37.4

2.5

40.8

3.0

49.8

4.1

The data reveal that there is a definite increase in strength at all ages. The reason for this increase
may be the fact that pre-wetting means that no water from the mix is absorbed by the biochar and
that water then helps increase the strength of the mortar. Pre-wetting is also essential, especially
when sand is being replaced because sand is always added in a damp condition to the mix. Prewetting is, however, not practical when the quantity of the mix is significant, for it will take away
from the mix water and possibly affect the strength as well. A one-way ANOVA was conducted,
and the results were found to be not significant (F (2,6) = 0.66, p =0.55)(Table 2.4). The data are
shown in graphical form in Figure 2.32. The error bars indicate the range of results for different
samples of the same batch.
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Figure 2.32: Effect of pre-wetting biochar compressive strength at 7, 28 and 56 Days

2.4.6 Mode of Failure
The failure mode in most of the cubes was a conical break, and in a few cases, was cone and shear.
Both of these failure modes are typical in mortar specimens and indicate that the mortar cubes with
biochar performed in a similar manner to regular mortar. These modes were identified by the typical
modes given by ASTM C1314-18 (Figure 2.33). The failure modes are shown in Figure 2.34, and
2.5% BSR and 10% BSR showed cone and shear mode of failure while the rest showed a conical
break. The change in the colour of the samples can be seen in the bottom right picture in Figure
2.34. The change in colour is the only physical difference between a sample with or without
biochar.
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Figure 2.33: Sketches for the mode of failure (ASTM C1314-18 Standard Test Method for
Compressive Strength of Masonry Prisms, 2018)

Figure 2.34: Failure modes in different series of BSR samples
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2.4.7 Water Absorption
The absorption rate was also tested for samples. It was observed that the addition of biochar at
1.25% decreased absorption, and any addition from 2.5-12.5% increased absorption (Figure 2.35).
Also, the change in the absorption was very slight and not significant. These results are in
agreement with the literature where similar trends were noticed (Gupta et al. 2018c).
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Figure 2.35: Absorption Rate of Samples

2.4.8 Density of mortar
The fresh density of each sample was measured at the time of mixing, and the hardened density of
the samples was measured at the age of 28 days. This was done by measuring the weight and the
dimensions of the samples. The data showing the variation in the hardened and fresh density were
compiled and are shown in Figure 2.36. The results indicated that the hardened density of mortar
decreased with the increase in the amounts of biochar added. Similar trends were noticed in fresh
density. All the results further prove the findings from the literature review in section 2.2.2.
50

Hardened Density

Fresh Density

2600
2556
2550
2504
2486

Density (kg/m3)

2500

2464

2457

2450

2420
2395

2400

2376

2370

2367

2360
2336

2350

2297
2279

2300
2250
2200
Control

1.25 BSR

2.5 BSR

5 BSR

7.5 BSR

10 BSR

12.5 BSR

Figure 2.36: Density for different samples at 28 days

2.5 Conclusions
Based on the results discussed in this chapter, the following observations were made.
1. The compressive strength of mortar in all the cases made with and without biochar was
above the minimum required (5.2 MPa) by ASTM C270-19ae1.
2. The finer the biochar, the lesser were the negative effects on the compressive strength. This
was explained by the fact that the closer the biochar particles were to the fineness of
cement, the better was the interaction between biochar and cement.
3. Type GU cement (Portland cement) gave higher compressive strength in mortar compared
to type GUL (Portland Limestone Cement). From the SEM pictures, it was evident that
Cement type GUL was finer than type GU. This can be the reason that GU worked better
than GUL because it was closer to the fineness of the biochar.
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4. Water curing was not necessary when biochar was added to the mortar. Water absorbed by
biochar during the mixing provided internal curing and helped gain strength over time.
5. Pre-wetting the biochar helped improve the early age strength of the biochar. This was
attributed to the fact that saturated biochar did not take any water from the mix, and that
increased the water that was available to react with cement.
6. The addition of biochar affected the density and water absorption of the mortar, but this
will not make the mortar any less suitable for construction use.
7. Apart from the colour change, there were no significant physical changes that were noticed
in the mortar on the addition of biochar.
8. The addition of biochar reduced the early age strength but caused strength gain over time.
This was attributed to the fact that biochar absorbed water initially and released it slowly
during the curing period.
9. With the already proven quality of biochar as a carbon sequestration agent combined with
the fact that it did not decrease the compressive strength below the minimum requirements,
biochar can be used as an additive to mortar.
The manufacture of biochar by pyrolysis does not affect the environment and releases no excess
carbon. It also helps manage waste material as it is manufactured using waste materials. It traps
significantly more carbon from the environment and does not harness any significant adverse
effects on the mortar. It also locks the carbon in the construction site and decreases the net carbon
emissions over an extended period of time. Replacing biochar also reduces the requirement of other
materials. All these factors make biochar an excellent additive in the mortar, and if implemented,
this can help reduce the adverse effects of the construction industry on the environment and make
the construction industry more sustainable.
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Chapter 3
Biochar as Cement Replacement in Mortar
3.1 Introduction
Construction is the third highest carbon-producing industry in Canada. The reduction of net
greenhouse gas emissions by biochar is rarely discussed. However, it is a valuable property that
makes it suitable for use in the construction industry. The estimated residence time of carbon in
biochar ranges from hundreds to thousands of years as compared to its residence in plants (Glaser
et al. 2009). According to a study done by Roberts et al. (2010), biochar has the potential of
reducing greenhouse gas emission by about 870 kg per tonne dry feedstock depending on the
preparation properties. Of the 870 Kg, 62-66% are realized from carbon capture and storage by the
biomass feedstock of the biochar (Roberts et al. 2010). Many studies exist on the ability of biochar
to be used as a carbon sequestrate in the construction industry (Gupta et al. 2018).
Akhtar and Sarmah (2017) used three different waste sources; poultry litter, risk husk, and pulp and
paper mill sludge to produce biochar. The resulted biochar was used to replace cement by up to 1%
of the total volume of concrete. The study explored the impact of individual biochar mixed with
cement on the mechanical properties of the concrete produced. The three different waste sources
used different production parameters because they had different chemical and physical properties.
For instance, poultry biochar was produced using 450°C under slow pyrolysis, while the paper mill
and risk husk were prepared using higher temperatures of 500°C.
The study established that biochar could be used as a replacement of a certain percentage of cement
to achieve improved mechanical properties of concrete. The study found that a comparable
compressive strength was achieved after 28 days with the application of 0.1% cement replacement
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using biochar, but any increases in the ratio of biochar caused significant reduction (Figure 3.1).
There was a 5-7% reduction when 0.1% biochar was used compared to a 35-40% reduction when
1% biochar was used. Akhtar & Sarmah (2017) also examined the impact of biochar in increasing
the flexural strength of concrete when used as a replacement for cement and found that at the age
of 28 days, there was an improvement of flexural strength by greater than 20% (Figure 3.2).

Figure 3.1: Compressive strength of biochar-concrete composites after 7, 14 and 28 days of
curing. (Akhtar & Sarmah, 2017)
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Figure 3.2: Flexural strength of biochar-concrete composites at 28 days of curing. (Akhtar
& Sarmah, 2017)
Choi et al. (2012) experimented with the effect of replacement of cement with biochar in cement
mortar. In this study, the cement was replaced with biochar by weight. According to Choi et al.
(2012), the compressive strength and water absorption of the mortar were increased when 5% of
the cement was replaced by biochar while a lower compressive strength and water absorption were
achieved in the mortar that did not contain biochar. Any further increase in the biochar ratio
decreased the compressive strength (Figure 3.3). The findings indicated that the flow rate depended
mainly on the percentage of replacement by the biochar. The reduction in the flow rate was caused
by the porous microstructure and the water retention capacity of the biochar. The authors concluded
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that, once the replacement fraction went beyond 5%, the workability of the cement mortar was also
affected.

Figure 3.3: Development of compressive strength. (Choi et al. 2012)
The literature about the replacement of cement is not enough to have a better idea as to how the
mortar will react. Akhtar and Sarmah (2017) were the first researchers to publish a journal article
about the use of biochar in concrete. It was recommended that further research was required to
understand the influence of biochar on the construction industry. This research in this chapter will
examine the scope of biochar use in mortar as a cement replacement.
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3.2 Experimental Program
The experimental procedure for this part of the research was the same as explained in section 2.3,
with the only exception being that, instead of replacing sand, cement was replaced. The sand
quantity was not changed in any of the mixes. The same replacement ratios of 1.25%, 2.5%, 5%,
7.5%, 10%, and 12.5% by weight of cement were used to replace the cement.
3.2.1 Test Matrix
In total, 20 batches were cast to check the effect of biochar replacement of cement in different
variations. The naming pattern used was also the same as used in the sand replacement. The control
samples were named 0 GUL and 0 GU corresponding to the different cement types. BCR stands
for Biochar Cement Replacement. Each batch with biochar content was named 1.25 BCR GUL,
2.5 BCR GUL, and so on for all the batches with GUL type cement and 1.25 BCR GU and so on
for all the batches with type GU cement. To see the full extent of cement type, each batch with
different ratios was cast for both types of cement. Biochar fineness in all these samples was 200
μm. Samples with a different fineness of biochar were named 7.5 BCR 125 and 7.5 BCR 425,
denoting the fineness of 125μm and 425μm, respectively. Specific batches were water cured, and
WC was added in the name. Table 3.1 contains the name of each batch and the number of samples
tested at the age of 7 days, 28 days and 56 days.
3.2.2 Material Used
The material used for this part of the project was the same as used in the sand replacement study,
as summarized in section 2.3.2 of this thesis.
The mixing procedure, curing methods, and testing were also the same as explained in section 2.3.4,
2.3.5 and 2.3.6, respectively.
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Table 3.1: Test Matrix for Cement Replacement
Batch Name

Number of samples at different ages
7 Days

28 Days

56 Days

0 GUL

4

4

4

0 GUL - WC

4

4

4

1.25 BCR GUL

4

4

4

2.5 BCR GUL

4

4

4

5 BCR GUL

4

4

4

7.5 BCR GUL

4

4

4

7.5 BCR 125

4

4

4

7.5 BCR 425

4

4

4

7.5 BCR GUL - WC

4

4

4

10 BCR GUL

4

4

4

12.5 BCR GUL

4

4

4

0 GU

4

4

4

0 GU - WC

4

4

4

1.25 BCR GU

4

4

4

2.5 BCR GU

4

4

4

5 BCR GU

4

4

4

7.5 BCR GU

4

4

4

7.5 BCR GU - WC

4

4

4

10 BCR GU

4

4

4

12.5 BCR GU

4

4

4
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3.2.3 Quantities Used
The quantities used and the flow values for all the batches are summarized in Table 3.2.
Table 3.2: Quantities Used
Batch name

Cement
(kg)
3.30

Biochar
(kg)
0.00

Water
(L)
1.65

Sand
(kg)
10

SP
(ml)
0.00

Flow
(cm)
20.00

0 GUL - WC

3.30

0.00

1.65

10

0.00

19.50

1.25 BCR GUL

3.26

0.04

1.65

10

5.00

20.00

2.5 BCR GUL

3.22

0.08

1.65

10

7.00

20.00

5 BCR GUL

3.14

0.17

1.65

10

11.00

18.50

7.5 BCR GUL

3.05

0.25

1.65

10

16.00

18.75

7.5 BCR 125

3.05

0.25

1.65

10

16.00

20.00

7.5 BCR 425

3.05

0.25

1.65

10

16.00

20.50

7.5 BCR GUL - WC

3.05

0.25

1.65

10

16.00

21.25

10 BCR GUL

2.97

0.33

1.65

10

22.00

10.00

12.5 BCR GUL

2.89

0.41

1.65

10

32.00

19.00

0 GU

3.30

0.00

1.65

10

0.00

20.00

0 GU - WC

3.30

0.00

1.65

10

0.00

19.00

1.25 BCR GU

3.26

0.04

1.65

10

5.00

19.00

2.5 BCR GU

3.22

0.08

1.65

10

7.00

19.50

5 BCR GU

3.14

0.17

1.65

10

11.00

21.50

7.5 BCR GU

3.05

0.25

1.65

10

16.00

20.50

7.5 BCR GU - WC

3.05

0.25

1.65

10

16.00

20.25

10 BCR GU

2.97

0.33

1.65

10

22.00

20.75

12.5 BCR GU

2.89

0.41

1.65

10

32.00

21.25

0 GUL
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3.3 Results and Discussion
The results for this part of the project are compiled against 4 main parameters. The effects of
different parameters are discussed in the following subsections.
3.3.1 Effect of ratio of biochar with type GUL cement on compressive strength
The average compressive strength of each batch is given in Table 3.3 and shown in Figure 3.4.
Table 3.3 Compressive Strength for different ratios of Biochar using GUL cement
Average Compressive Strength and Standard Deviation
7 days
SD
28 days
SD
56 days
SD
(MPa)

(σ)

(MPa)

(σ)

(MPa)

(σ)

0 GUL

32.8

2.3

38.3

3.1

44.9

2.0

1.25 BCR GUL

31.1

1.6

35.0

1.5

41.9

2.2

2.5 BCR GUL

31.7

1.6

34.7

1.7

38.9

2.4

5 BCR GUL

31.0

1.3

35.4

1.8

43.3

2.6

7.5 BCR GUL

29.9

1.4

34.8

0.5

38.0

0.1

10 BCR GUL

30.3

1.2

33.2

1.9

41.1

2.0

12.5 BCR GUL

29.1

2.7

30.6

0.1

37.0

0.2
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41.9
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38.0

Compressive Strength (MPa)

38.3
35.0

30

37.0

38.9

35

32.8

34.8

35.4

34.7

33.2

31.7
31.0

31.1

29.9

25

30.6

30.3

29.1

20

15

10

5

0
0 GUL

1.25 BCR GUL 2.5 BCR GUL

5 BCR GUL

7.5 BCR GUL 10 BCR GUL 12.5 BCR GUL

Figure 3.4: Effect of ratio of biochar on compressive strength of mortar at different ages.
The error bars indicate the range of results for different samples of the same batch. The results
indicated that there was a reduction of compressive strength for all samples with the addition of
biochar. The 7-day strength of every sample was very close to the compressive strength of the
control sample, with the reduction ranging from 3% in 2.5 BCR GUL to 9% in 7.5 BCR GUL. The
28-day strength followed similar patterns with the decrease not being significant, as shown by
ANOVA (F (6,14) = 0.46, p =0.83). At 56 days, the strength when the replacement was 7.5% or
more started to decrease considerably and but was not statistically significant, according to
ANOVA. The results for the ANOVA test are shown in Table 3.4.
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Table 3.4: ANOVA results for BCR in mortar
Factors Considered (BCR)

SSB

SSW

df

MSB

MSW

F

P-value

F crit

Remarks

Effect of biochar ratio with GUL Cement on

72.46

368.05

6,14

12.08

26.29

0.46

0.83

2.85

Not Significant

388.02

741.39

6,14

64.67

52.96

1.22

0.35

2.85

Not Significant

42.95

250.23

3,8

14.32

31.28

0.46

0.72

4.07

Not Significant

369.01

1021.58

7,16

52.72

63.85

0.83

0.58

2.66

Not Significant

compressive strength
Effect of biochar ratio with GU Cement on
compressive strength
Effect of biochar fineness on compressive
strength
Effect of type of curing on compressive
strength

SSB - Sum of Square between the Groups, SSW - Sum of Square within the Group, df - Degree of Freedom, MSB - Mean Sum Square between the
Groups, MSW - Mean Sum Square within the Group, F - f ratio, Fcrit - Critical value of f, considering significant level, p < 0.05. If F > Fcrit, the
null hypothesis is accepted, and the difference is significant.
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The fact that cement was reduced and that biochar absorbed water from the mix, thus changing the
water-cement ratio, explained the reduction in compressive strength. Moisture content was
measured for different batches to see if there were a difference in the moisture content when biochar
was added, and the results are shown in Figure 3.5. From the results, it was evident that the addition
of biochar increased the moisture content in the mortar, and this water was released by the biochar,
slowly providing internal curing and helping the mortar gain strength over time.

7 Days

28 Days

56 Days

7.80
7.71
7.60

Moisture content (%)

7.40
7.20

7.10

7.17

7.00
6.74

6.80
6.60
6.40

6.64

6.66
6.55
6.44

6.39

6.20
6.00
0 GUL

5 BCR GUL

10 BCR GUL

Figure 3.5: Moisture content in different samples with biochar replacement
3.3.2 Effect of ratio of biochar with type GU cement on compressive strength
For the batches made with Type GU cement, the same ratios and the same mix were used as with
the Type GUL cement. Both these types of cement are approved by CSA as well as by ASTM. The
average compressive strengths are shown in Table 3.5. Figure 3.6 shows the data in a graphical
form. The error bars indicate the range of results for different samples of the same batch.
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Table 3.5: Compressive Strength for different ratios of Biochar using GU cement
Average Compressive Strength and Standard Deviation
7 days
SD
28 days
SD
56 days
SD
(MPa)

(σ)

(MPa)

(σ)

(MPa)

(σ)

0 GU

41.0

1.4

48.8

3.7

49.5

1.6

1.25 BCR GU

35.8

1.4

46.5

0.6

50.6

1.6

2.5 BCR GU

32.6

0.7

42.6

2.7

48.8

4.7

5 BCR GU

34.4

0.8

40.0

2.3

49.9

1.8

7.5 BCR GU

33.6

0.9

36.9

1.3

45.5

0.9

10 BCR GU

29.2

2.1

41.3

1.9

46.8

0.6

12.5 BCR GU

24.5

1.0

34.7

0.5

36.7

1.1

Results indicated that the 7-day compressive strength in all the samples decreased considerably
when type GU cement was used. The decrease in the 7-day strength was substantial as compared
to the control sample in all the replacement ratios. The 28-day strength, however, was close to that
of the control sample up to 5% replacement. For 12.5 BCR GU, the reduction at every age was
substantial. The 56-day strength of all samples until the replacement ratio was 10% was comparable
if not higher than the control sample. A one-way ANOVA was conducted, and the results were
found to be not significant (F (6,14) = 1.12, p =0.35). The results for mortar when Type GU cement
was used showed higher strength than when Type GUL was used. This may be attributed to the fact
that GUL is finer that GU, thus making GU particle size closer to that of biochar, thus making the
interaction between the particles stronger.
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Figure 3.6 Effect of ratio of biochar on compressive strength of mortar at different ages.
3.3.3 Effect of type of curing on compressive strength
Specific samples were cured by submerging them in water for 28 days. These were compared with
samples having the same mix design and biochar ratios but kept in airtight containers for air curing.
The results are summarized in Table 3.6 and Figure 3.7. The error bars indicate the range of results
for different samples of the same batch.
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Table 3.6: Compressive strength of samples with water curing and air curing

Average Compressive Strength and Standard Deviation
7 days
SD
28 days
SD
56 days
SD
(MPa)

(σ)

(MPa)

(σ)

(MPa)

(σ)

0 GUL

32.8

2.3

38.3

3.1

44.9

2.0

0 GUL - WC

36.4

3.0

44.6

2.9

50.8

3.2

0 GU

41.0

1.4

48.8

3.7

49.5

1.6

0 GU - WC

34.4

3.2

46.9

0.8

56.7

1.1

7.5 BCR GUL

29.9

1.4

34.8

0.5

38.0

0.1

7.5 BCR GUL - WC

32.3

2.2

36.3

1.2

51.0

1.5

7.5 BCR GU

33.6

0.9

36.9

1.3

45.5

0.9

7.5 BCR GU - WC

29.2

1.1

38.3

1.2

51.3

2.8

The results indicated that there was a substantial increase in the compressive strength of all samples
over time. The samples made with type GUL showed an increase in compressive strength from an
early age and gained more strength over time. The samples made with Type GU cement showed an
initial decrease in strength but then a rapid increase in strength over time. This gain in strength was
caused by a decrease in the water-cement ratio of the mix, and when water curing was done, gains
in strength were observed from an early age. This trend was helpful because it showed that the
addition of biochar did not reduce the strength if combined with water curing when cement was
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replaced in the mix design. A one-way ANOVA was conducted, and the results were found to be
not significant (F(7,16) = 0.83, p =0.58).
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Figure 3.7: Effect of curing method on compressive strength at 7, 28 and 56 Days
3.3.4 Effect of biochar fineness on compressive strength
The effect of biochar fineness was only done on the sample with a 7.5% biochar replacement.
Samples with different biochar finesses were cast and were subjected to the same curing method
and were tested at the same age of 7 days, 28 days and 56 days. The fineness of biochar used was
125μm, 200μm and 425μm. The data compiled are shown in Table 3.7.
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Table 3.7: Compressive strength of samples with different biochar fineness

Average Compressive Strength and Standard Deviation
7 days

SD

28 days

SD

56 days

SD

(MPa)

(σ)

(MPa)

(σ)

(MPa)

(σ)

0 GUL

32.8

2.3

38.3

3.1

44.9

2.0

7.5 BCR 125

31.1

0.3

38.0

1.0

45.6

1.0

7.5 BCR 200

29.9

1.4

34.8

0.5

38.0

0.1

7.5 BCR 425

31.2

1.4

34.7

1.9

39.9

2.8

The results showed that the finer the biochar, the better were the results for compressive strength.
This trend could be attributed to the fact discussed earlier that, the closer the biochar is to the
fineness of the cement, the better it will react with cement, and thus the compressive strength will
be higher. It was noticed that the 7-day strength of all the batches was comparable to each other
and very close to that of the control sample. A similar trend was observed for the 28-day strength
as well, where the difference in the compressive strength was not significant. However, the 56-day
strength of the samples where the fineness was 200μm decreased compared to other samples. A
one-way ANOVA was conducted, and the results were found to be not significant (F (3,8) = 0.46,
p =0.72). This decrease occurred because the biochar was much coarser than the fineness of the
cement and much finer than the fineness of the sand. At 125μm, the fineness of the biochar was
close to that of cement, and improvements in strength were observed. At 425μm, the fineness was
close that of the fine particles of the sand, but at 200μm, the particle size was far from that or either
cement or sand thus, the particle interaction was affected, which in turn affected the compressive

71

strength (Figure 3.8). The error bars indicate the range of results for different samples of the same
batch.
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Figure 3.8: Effect of biochar fineness on compressive strength at 7, 28 and 56 Days.
3.3.5 Mode of Failure
The failure mode in all of the cubes was a conical break. The mode was identified by the typical
modes given by ASTM C1314-18 (Figure 2.33). The failure modes for BCR GUL are shown in
Figure 3.9. The change in colour was the only physical difference between a sample with or without
biochar.
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Figure 3.9: Samples showing conical break
3.3.6 Density of mortar
The fresh density of each sample was measured at the time of mixing. The hardened density of the
samples was measured at the age of 28 days. This was done by measuring the weight and the
dimensions of the samples. The results indicate that the hardened density of mortar decrease with
the increase in the amounts of biochar added. Similar trends were noticed in fresh density. The data
showing the variation in the hardened and fresh density for samples made with Type GUL cement
were compiled and are shown in Figure 3.10. It is evident that the density keeps decreasing as the
replacement ratio increases. Similar trends are shown in the density in samples made with Type
GU cement (Figure 3.10).
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Figure 3.10: Density for different samples with type GUL and type GU cement at 28 days

3.3.7 Water Absorption
The water absorption pattern in cement replacement was similar to that found for sand replacement.
The absorption increased as the rate of replacement increased. The pattern for the increase in
samples with Type GUL cement is shown in Figure 3.11. A similar pattern was observed in samples
with Type GU cement, as shown in Figure 3.11. Akhtar and Sarmah (2017) reported similar trends
for water absorption.
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Figure 3.11: Water absorption of mortar cubes with GUL

3.4 Concluding remarks
The following conclusions are made from the results in this chapter.
1. The compressive strength of mortar in all the cases made with and without biochar was
above the minimum required (5.2 MPa) by ASTM C270-19ae1.
2. Cement replacement had compressive strength comparable to that of the control specimens
without biochar up to 5% replacement but started decreasing with any higher replacement
ratio.
3. Type GU cement worked better with biochar compared to Type GUL cement.
4. Water curing helped increase the compressive strength when cement was replaced with
biochar.
5. The 125μm and 425μm biochar worked better than the 200μm biochar. This might have
occurred because the 200μm biochar had fineness different from that of all the materials in
the mix.
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6. The mode of failure in all of the cubes was a conical break type failure.
7. The density of mortar decreased with the increase in the amount of biochar in the mix.
8. Water absorption increased with the increase in the ratio of biochar in the mix.
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Chapter 4
Recycled Aggregate in Hollow Concrete Blocks
4.1 Introduction
Concrete blocks are used in the realm of construction. When compared to conventional blocks,
hollow blocks have been established to create uniform quality and durability besides enhancing
faster speed in construction and reducing labour requirements (Elgaali & Elchalakani, 2013). For
these reasons, hollow blocks are primarily preferred in construction activities, including but not
limited to the interior, panel, and retaining as well as compound walls. Elgaali & Elchalakani (2013)
noted that manufacturing a single hollow block was approximated to consume approximately 2 kgs
of cement, 11 kgs of aggregate, 9 kgs sand as well as 0.80 kg water. Therefore, it was established
that the manufacture of the hollow blocks consumes millions of metric tons of aggregate as well as
water globally. As a result, recycled aggregate has been adopted in current times as an
environmentally sustainable alternative source of raw materials for the manufacture of hollow
concrete blocks (Raju & Mathew, 2014). As Matar & El Dalati (2011) contend, an alarming
increase of construction, as well as demolition waste and the extensive extraction of variant natural
resources necessitated in the manufacture of building materials, constitute a significant worry
amongst ecologists. Therefore, the recycling of concrete to fabricate hollow blocks entails a
significant move towards environmental preservation as well as the protection of natural resources,
besides helping in the reduction of expenses incurred in relation to the management of both
construction and demolition waste. The recycling of demolished masonry rubble into new concrete
is a positive move in an era where the cost of dumping such material is on a constant rise. As further
affirmed by Khalaf & DeVenny (2004), using recycled aggregates in the manufacture of
construction blocks entails a positive move towards environmental preservation in the wake of
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decreased readily available disposal sites across the world, increased dumping costs and the
introduction of landfill taxes imposed in respect to such dumping of construction wastes.
Consequently, many studies have embarked on inquiring about the sustainability of Recycled
Concrete Aggregate (RCA) hollow-blocks and their mechanical-physical properties such as
compressive strength and durability compared to ordinary blocks that are made from naturally
occurring aggregate also referred to as natural concrete aggregate (NCA).
The objectives of this study on using RCA in making concrete blocks are


To compare the compressive strength of blocks made by replacing a portion of natural
aggregate with RCA to the strength of blocks without RCA.



To find the optimal replacement ratio of natural aggregate with RCA.



To find the change in the physical properties of the blocks made with RCA.

4.1.1 Sources of Recycled Concrete Aggregates (RCA)
Recycled Concrete Aggregates come from varied sources whereby one such source is demolition
waste mostly obtained when buildings have collapsed, demolished or as a result of natural
calamities for instance earthquakes, or following the demolition or retrofitting of old buildings in
order to erect new ones (Shaik et al. 2018). Demolished wastes are then recycled in order to create
either fine or coarse aggregates, which are later used in manufacturing building blocks, also known
as RCA blocks (Shaik et al. 2018). Cement entails an essential building material. Therefore, in
order to realize sustainability within the construction sector, demolished waste emanating from
concrete buildings can then be recycled and used as a construction material. Besides, general
construction activities and processes also yield construction waste that can be recycled to make
hollow blocks. These wastes are cumulatively referred to as construction and demolition waste
(C&DW). Cordeiro et al. (2015) define RCA as a highly crushed old concrete meant to produce
high strength concrete blocks. Further, Cordeiro et al. (2015) contend that, currently, C&DW has
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turned out to be the principal source of aggregate in the making of hollow concrete blocks. C&DW
constitutes one of the heaviest as well as voluminous kind of construction waste whose production
in Europe’s construction sites is quite high. Estimates show that approximately 25-30% of all the
waste produced in Europe consists of C&DW. Annually, Europe generates roughly 850 million
tonnes of C&DW, which is 31% of all the waste produced in the entire European bloc hence the
benefit of constant C&DW recycling and the manufacture of RCA hollow blocks as opposed to
mere C&DW dumping (Cordeiro et al. 2015).

4.1.2 Previous work on RCA hollow-blocks
Matar and Dalati (2012) carried out a study to investigate the influence of RCA on the compressive
strength of RCA blocks. Tests were conducted on blocks composed of recycled aggregates and
blocks that had been purely manufactured with natural aggregates. The study also employed tests
to establish the amounts of recycled aggregates that were required to be used when manufacturing
RCA hollow blocks with suitable compressive strength. It was unveiled that using recycled
aggregates in the making of concrete blocks could result in equivalent compressive strength in
comparison to blocks manufactured with natural aggregates (Figure 4.1). The study further
established that RCA hollow blocks devoid of natural aggregates were not economical, in
retrospect, because it required relatively higher cement quantities in order to obtain necessitated
compressive strength at an acceptable level compared to natural aggregates blocks in order to meet
the set standards in the building sector (Matar & Dalati, 2012) (Matar & Dalati, 2011)
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Figure 4.1: Compressive Strength of Concrete Blocks. (Matar & Dalati, 2012)
Additionally, Matar & El Dalati (2011) conducted a study to establish the impact of adding cement
to recycled aggregates to make hollow concrete blocks with a view to obtaining compressive
strength that was comparable to that of concrete blocks from ordinary or Natural Aggregates (NA).
Test samples had densities ranging from 1,974 kg/m3 to 2,236 kg/m3. According to Matar and El
Dalati (2011), blocks having 30% recycled aggregates (Block A) had 10 percent more cement in
comparison to the conventional quantity (Figure 4.2) and Block B that did not have any cement
addition. Block A showed a high degree of compressive strength of 9.21 MPa, whereas Block B
had 7.63 MPa. Tests carried out in this study proved that cement does indeed play a significant role
in increasing the RCA block's compressive strengths, which is comparable to concrete block with
natural concretes (Figure 4.3). However, adding cement means more carbon emissions and
increases the requirement for cement.
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Figure 4.2: Mixes used in the manufacture of blocks (%) (Matar & Dalati, 2011)

Figure 4.3: Average compressive strength determined for each series of blocks. (Matar &
Dalati, 2011)
Yang & Li (2019) further conducted a study regarding the compressive as well as flexural
properties of RCA hollow-blocks, whereby they used quality substitution of various recycled fine
aggregates as a variable parameter. The substitution rates were set at 0%, 30%, 60% and 100%.
The study established that the compressive, as well as flexural strength of the hollow concrete
blocks, decreased, under similar circumstances, upon the increase of the substitution rate of various
recycled fine aggregates (Figure 4.4, 4.5). The study further reaffirmed that using recycled concrete
entailed a reform in respect to the sources of raw materials used before in the manufacture of
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building blocks, and therefore, it presented a creative way of reusing concrete garbage or wastes,
thus yielding environmental benefits and sustainability.

Figure 4.4: Compressive strength curve of

Figure 4.5: Flexural strength curve of the recycled

recycled fine aggregates with different

fine aggregate with different substitution ratios.

substitution ratios. (Yang & Li, 2019)

(Yang & Li, 2019)

Elgaali & Elchalakani (2013), in a bid to test the effect of RCA in the manufacture of hollow blocks,
established that RCA affected the mechanical-physical properties of the RCA blocks. In the study,
30 hollow-blocks were manufactured, whereby 6 were made of NCA while 24 were made of RCA.
It was established that replacing the NCA with RCA resulted in a reduction of compressive
strength. The study further contended that RCA of approximately 20% had a negligible effect on
the compressive strength. However, a 100% increase of the RCA decreased strength axially by 1225%, although there were no significant changes in the compressive strength of the hollow blocks.
This study, therefore, further solidified the assertion that RCA can be used in the manufacture of
the RCA hollow blocks without occasioning any standard violations into the mechanical-physical
properties of required building blocks for construction.
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Kaosol (2010) alleged that concrete is the most used material globally than any other material made
by humans. The use of concrete is a trend quite evident, more so in developing countries whereby
the manufacture of RCA hollow concrete blocks has been gaining popularity in the past decades.
The most cited reason behind their usage is that these blocks can be produced in different sizes
based on where to be used, they can be moulded into different shapes as well as sizes, they are fireresistant (approximately up to 4000C), they possess low tensile strength and resistance to scratching
as well as impact. Therefore, Kaosol (2010) contends that the utilization of recycled concretes to
make hollow blocks have become a significant practice owing to the many economic,
environmental, and quality advantages that these RCA blocks compared to NCA blocks.
Shaik et al. (2018) conducted a study whereby they subjected RCA blocks, made with demolished
waste, to various tests in order to investigate their block density, their rate of water absorption
besides drying shrinkage, their durability as well as compressive strength. The durability tests were
based on weight loss as well as strength loss following an acid attack. In the study, the natural
coarse aggregates were fully replaced with RCA. Besides, 40% of the sand was replaced with fine
recycled aggregate, and then hollow concrete blocks were manufactured. The tests conducted in
the study established that the natural aggregate could be 100% replaced with the RCA and that the
naturally occurring fine aggregate, to a specified ratio, could be replaced with the fine aggregate
accumulated from demolished waste from buildings, and this would not compromise significantly
on the strength as well as durability criteria. The mixes and results for compressive strength are
shown in Figure 4.6 and 4.7. As such, the enormous quantities of the demolished quantities of
wastes that are generated each passing year within the construction industry can be channelled
towards sustainably manufacturing RCA hollow blocks hence culminating in environmental
conservation.
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Figure 4.6: Different Mixes used. (Shaik, Kumar, & Babu, 2018)

Figure 4.7: Compressive strength after 28 days. (Shaik et al. 2018)
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Soutsos et al. (2011) conducted an investigation regarding the potential of manufacturing building
blocks by using RCA from C&DW. The study established that the RCA could be used in the
replacement of quarried aggregate. The study explained that the manufacturing process of
commercial blocks, which usually occurs on a large scale, made use of a “vibro-compaction” type
of casting procedure, making use of dry concrete mixed with meagre amounts of cement about
≈100 kg/m3. Therefore, the study in laboratory trials replicated the said manufacturing process in
order to produce RCA hollow blocks that had similar physical as well as mechanical properties to
that of commercial blocks (Figure 4.8). This further enabled the assessment of the impact of
replacing quarried or mined aggregates with RCA made from demolition wastes on the compressive
strength of the building blocks in the laboratory. The replacement level of the quarried aggregate
with the RCA was established not to pose any notable effect onto the mechanical properties or
characteristics of the blocks. The trials in the study further established that there were no practical
setbacks or deficiencies in the use of RCA made from demolition concrete waste in the making of
hollow building blocks. The study noted that the replacement levels posed no significant strength
variations, and therefore, there was no need for increasing the cement content in the making of the
building blocks to attain the required strength. This meant that there would be hardly any additional
costs to the manufacturing entities if they were to use RCA as opposed to quarried or natural
aggregate in their routine manufacture of building blocks, which is also evident in extant literature
(Soutsos et al. 2004) (Soutsos et al. 2011).
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Figure 4.8: Laboratory mixing, casting and testing - The
alignment/compaction rig. (Soutsos et al. 2011)

In their study to investigate the impact that recycled aggregate had on the physical-mechanical
properties as well as durability of hollow blocks, Martín-Morales et al. (2017) found that the use
of RCA in the manufacture of such blocks did not compromise on quality of the block in regards
to set standards by the European standard EN 771-3 for the durability of such blocks. These
established that the manufacture of such RCA blocks was an environmentally sustainable practice.
Besides, the RCA hollow blocks possessed equal, if not better mechanical-physical properties or
characteristics like compressive strength compared to other concrete blocks. It was also determined
that full replacement was better than partial replacement of natural aggregate by the recycled
aggregate because the combination of natural and recycled aggregate produced adverse effects.
Further, Reddy & Reddy (2017) in their quest to unveil the strength characteristics, water
absorption and block density in respect to masonry hollow blocks made with RCA, established that
the density of the masonry hollow blocks made using RCA demonstrated better results compared
86

to the concrete blocks made using natural aggregate. The study also established that the water
absorption of the masonry units made with a replacement of the recycled aggregate at 75% over
the natural aggregate depicted less water absorption compared to blocks manufactured with natural
aggregate. Additionally, the study also established that the masonry units made with RCA at 75%
replacement over natural aggregate showed higher compressive strength compared to blocks made
with natural aggregate (Figure 4.9). The study also explained that 75-100% use of waste concrete
in the manufacture of masonry blocks could help reduce the price of each building block by about
35-40%. Thus the study concluded that the manufacture of the RCA blocks entailed a sustainable
and economical alternative in the construction realm.

Figure 4.9: Compressive strength at 21 days. (Reddy & Reddy, 2017)
Poon et al. (2002), in their quest to determine the physical properties of natural aggregate blocks
compared to RCA blocks, established that the replacement of the natural aggregates with the RCA
at 25% and 50% posed insignificant changes in compressive strength of the blocks. However,
heightened replacement of the natural aggregate with the RCA led to a decrease in the compressive
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strength of the blocks and at the same time, resulted in increased transverse strength of the specimen
blocks. In a further study conducted by Poon et al. (2009), meant to establish the physical properties
of blocks made using low-quality RCA, established that the mechanical strength of the blocks
decreased with the use of a low-grade form of recycled aggregate. The low-grade form of concrete
was established to yield low-quality blocks because most of the content of the low-quality RCA
contained high percentages of non-concrete material such as sand. Tests were then conducted to
establish density, compressive strength as well as transverse strength of the specimen RCA blocks.
Under normal circumstances, the soil content in the specimen blocks under study was found to
decrease the compressive strength as well as density.
Leopold et al. (2018) in their study meant to assess the compressive strength characteristics of
blocks manufactured from construction & demolished concrete waste as compared to natural
concrete blocks established that the compressive strength of the new-cast hollow blocks was
slightly lower as compared to that of blocks produced using natural aggregates.

Their study

encompassed first collecting concrete samples, crushing, batching besides mixing them using two
sets of ratios, that is 1:4:4 and 1:2:2 respectively (Cement: Sand: Aggregate). The samples were
then used to cast new hollow concrete blocks. Testing of the samples took place after 28 days of
curing in the laboratory where Leopold et al. (2018) established that the maximum compressive
strength of RCA blocks was 5.25N/mm2 (for the ratio of 1:2:2). The compressive strength was in
line with the Rwanda Standards Board for hollow concrete blocks despite being 13% lower in
strength than the strength of natural concrete blocks assessed under the same conditions. In
addition, further assessment of the results to ascertain how density impacted compressive strength,
Leopold et al. (2018) observed that the results were in agreement with Fuller’s theory that projects
that the denser the blocks, the higher are their strengths. However, the compressive strength of the
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new cast hollow blocks made using RCA was a bit lower than that of blocks produced using natural
aggregates (Leopold et al. 2018).
An orthogonal study conducted by Bai et al. (2010) asserted that carefully and reasonably selecting
mixture ratios did significantly impact on the physical characteristics of RCA blocks. Therefore,
the desired characteristics of a finished RCA block may be influenced by the mixing stage of the
materials. Bai et al. (2010), where they used orthogonal experiment design, authoritatively asserted
that holding other factors constant, the fineness of aggregate material constituted one of the main
factors that significantly influenced the extent of compressive strength in RCA blocks.
Compressive strength in RCA blocks tended to increase with the fineness of recycled aggregates
used to make the blocks. In addition, the authors further established that both compressive strength
and flexural strengths of RCA blocks tended to increase linearly with sand addition from 30% to
50%, although this trend significantly changed when the rate of sand reached about 50% to 60%.
This occurred because the sand’s optimization rate was at 50%, whereby beyond this limit, it ended
up distorting the composition of the RCA blocks.
In their study, Khalid et al. (2017) sought to evaluate the influence of different RCA quantities on
RCA block manufacture with a view to ascertaining the optimum mix ratio that would yield the
highest compressive strength as well as other desirable characteristics of the blocks. The
experiment used a control sample having 100% natural sand to compare it with RCA specimen
samples whose composition weights were 55%, 65%, and 75%. Upon subjecting the two samples
to similar tests meant to assess density, water absorption rate, compressive and flexural strengths,
authors established that using RCA instead of natural aggregate led to a linear increase of
compressive strength and flexural strength by up to 55% (Figure 4.10). Beyond this point, the
compressive strength and flexural strength started to decrease, which was also evident in
comparison to other scholarly studies so far reviewed in this study. Similarly, the literature has also
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confirmed the same hypothetical inclination that concrete blocks with RCA replacement showed
sufficient tensile and compressive strengths when compared to NCA blocks.

Figure 4.10: The average compressive strength of sand cement brick with recycled concrete
aggregate. (Khalid et al. 2017)
Chi-Sing (2006) pinpointed the problem of ensuring the RCA meets certain specifications so that
they may produce concretes of the right specifications. High water absorption, porosity, and
decreased compressive strength are some of the compromised properties that characterize finished
RCA blocks made using recycled aggregates, especially in instances where the RCA concrete was
of low quality. Abrasion resistance was one of the most common parameters used to gauge the
density of the masonry blocks, such as hollow blocks (Bai et al. 2010). To counter these setbacks,
Chi-Sing (2006) outlined in depth what different variables can be adjusted adequately to enhance
the physical-mechanical properties, primarily compressive strength as well as durability of RCA
blocks. These variables included aggregate to cement (A/C) ratio, fineness modulus, packing
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density, and varying compositions of aggregates. The A/C ratio is the dominant performance factor
for any produced concrete hollow block using recycled aggregates. Chi-Sing (2006) contended that
decreasing the A/C ratio in the manufacture of these blocks yielded enhanced properties, which
includes high compressive strength as well as block density. Besides, the water absorption and
abrasive resistance of the blocks under study also increased upon the reduction of the A/C ratio.
Chi-Sing (2006) concluded that, just as many other studies had projected, it was possible to produce
grade A RCA blocks that had enhanced compressive strength as well as density besides heightened
water and abrasive resistance.
Therefore, RCA blocks present a suitable alternative in construction because they possess
significantly the same mechanical- physical properties as well as other qualities presented by NCA
blocks. The RCA blocks promote environmental preservation as well as the protection of natural
resources, besides helping in the reduction of expenses and taxes incurred in relation to the
management of large construction as well as demolition waste (Matar & Dalati 2011). This research
will look into the effects of using RCA from the block plants on the properties of the blocks
manufactured. With more control over the quality of the RCA, better results are expected.

4.2 Experimental Program
The specimens were cast in the Queen's University concrete labs. All specimens were cast with
NCA and RCA. RCA was only used to replace the coarse aggregate. The specimens have a height
of 190 mm and a nominal width of 190 mm with a face shell thickness of 36 mm all around, and
the hollow part is 118 mm square. All the dimensions are above the minimum requirements set by
ASTM C90-16a. The specimens were cast in stainless steel moulds with a hole cut in the base. The
hole was made in accordance with the dimensions to have a 118 mm Styrofoam cube go through
to make the hollow part of the block.
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4.2.1 Test Matrix
Twenty-four (24) specimens were cast with 4 specimens having no RCA and 20 specimens having
RCA in different proportions. The different replacement ratios used were 10%, 25%, 50%, 75%,
and 100% by volume of the coarse aggregate. Each sample was tested for compressive strength and
density at 28 days. Each series was named according to the percentage of coarse aggregate replaced
by RCA. Table 4.1 describes all the different series cast.
Table 4.1: Amount of RCA in each series

Batch Name

NCA Percentage (%)

RCA Percentage (%)

0 RCA

100

0

10 RCA

90

10

25 RCA

75

25

50 RCA

50

50

75 RCA

25

75

100 RCA

0

100

4.2.2 Material Used
The hollow blocks were manufactured with a simple mix design, and no additional material was
used other than the material discussed in this section.
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4.2.2.1 Natural Coarse Aggregate
The natural aggregate used in this project was acquired from a local supplier and was quarried
stone. The supplier delivered the material in 20 kg bags. The aggregate was then sieved in the lab.
A 3/8 in. sieve was used to separate any large particles. The aggregate was also sieved through No.
4 sieve, and only the material that stayed above the sieve was used (Figure 4.11). The sieving was
done to have consistency between the size of the natural and recycled aggregate. The aggregate
was tested to find the specific gravity of the material according to ASTM C127-15 and the specific
gravity was found to be 2.7, and the absorption was 1.3%. The moisture content of the aggregate
was measured before every cast to have better control over the water content in the mixture.

Figure 4.11: Natural Coarse Aggregate
4.2.2.2 Recycled Coarse Aggregate
The recycled concrete aggregate (RCA) was procured from the Brampton Brick Limited plant in
Brockville. The material was spillage waste and broken concrete blocks. The material was cleaned
of all the debris and sieved (Figure 4.12). The RCA was sieved through a 3/8-in sieve, and the
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material that stayed over No. 4 sieve was used as Recycled coarse aggregate for the specimen. The
RCA was also tested for specific gravity using the method given by the standards. The specific
gravity of coarse RCA was 2.25, and the absorption was 7%. This was used to find the required
volume of RCA for each replacement ratio. Moisture content was also measured for RCA before
each cast.

Figure 4.12: Recycled Concrete Aggregate (Coarse)

4.2.2.3 Fine Aggregate
The sand was standard construction-grade sand per ASTM C 778-17. Bulk density tests and a sieve
analysis test were conducted. The sample size for the sieve analysis was 300 g. All the requirements
in ASTM C136/C136M–14 for the sieve analysis were followed. The particle size distribution
curve is shown in Figure 4.13. The specific gravity test was done in accordance with ASTM C12894

15. The test results showed that the Bulk Relative Density of sand was 2.66. The relative density
in the Saturated Surface Dry (SSD) condition was 2.68. The absorption rate was found to be 0.6 %.
Moisture content for the sand was also measured for every cast.
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Figure 4.13: Particle Size Distribution of the Sand

4.2.2.4 Cement
The General Use Portland Cement (Type GU) was used as a binder. The Type GU cement is
approved by CSA A3001 and ASTM C150.
4.2.2.5 Water and Superplasticizer
The water-cement ratio in blocks is usually low in production plants in Ontario. Blocks are made
from zero slump concrete, and this is achieved by reducing the water-cement ratio. However, in the
laboratory setting, a lower water-cement ratio was not workable, and thus the ratio was increased
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to 0.4 for workability. Superplasticizer had to be used to make the mixture more workable in
laboratory settings. The superplasticizer used was MasterGlenium 3030 by BASF.

4.2.3 Mix Design
The mix design for the blocks was taken from the Environmental Product Declaration (EPD) for
Concrete Masonry Unit (CMU) products manufactured by The Canadian Concrete Masonry
Products Association (CCMPA) members (Figure 4.14). All the cementitious material was replaced
by Portland cement. Natural and crushed, coarse and fine aggregate was replaced by coarse and
fine aggregate. All different types of admixtures were also replaced by one type of superplasticizer.
The water was increased from 0.3 to 0.4 to make the mix workable in lab settings. The replacement
of NCA with RCA was done by volume and not by weight.

Figure 4.14: Weighted-average Material Content of CMU Products. (CCMPA, 2016)
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The water-cement ratio used was 0.4; however, the actual water used was less, taking into account
the moisture content of the aggregates and the sand. All aggregates were added in damp conditions
(above the saturated surface dry condition). The RCA was pre-wetted 24 hours with the amount of
water to bring its moisture content to 1% above its saturated surface dry condition. A summary of
all the materials used and quantities of all the materials used are given in Table 4.2.

Table 4.2: Mix for different RCA replacement ratios

0 RCA

10 RCA

25 RCA

50 RCA

Cement (kg)

3.33

3.33

3.33

Water (L)

1.03

1.03

Fine aggregate (kg)

22.09

Natural Coarse aggregate (kg)

Recycled Coarse aggregate (kg)

Superplasticizer (ml)

75 RCA

100 RCA

3.33

3.33

3.33

1.04

1.05

1.05

1.09

22.09

22.09

22.09

22.09

22.09

15.55

14.14

11.68

7.78

3.92

0.00

0.00

1.29

3.25

6.48

9.71

14.17

10

12

18

22

25

29

4.2.4 Moulds used
Custom stainless steel moulds were made for the manufacture of hollow blocks. The moulds were
made in a way that the side panels would be removable without disturbing the blocks. The middle
part was made with Styrofoam, so it could be removed easily after the curing period had passed.
The moulds and the vibrating table for casting are shown in Figure 4.15. The middle part for the
hollow part of the concrete block is a 118mm square with the total dimensions being 190 x 190 x
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190 mm for one part of the mould used to make a “Half Block.” The moulds could be used to make
4 blocks in each cast.

Figure 4.15: Stainless steel moulds used for making the hollow concrete blocks
4.2.5 Mixing Procedure
The mortar was prepared in a stationary mixer that had electrically powered arms for mixing. The
RCA was combined with the NCA before adding to the mix to have a homogeneous blend of the
aggregate. The quantity of each material was weighed and combined in the mixer. The sand was
added first, and then the coarse aggregate was added. The combination was dry mixed for 2
minutes. The cement was added after and again mixed until it was blended thoroughly with the
aggregates. Water was added gradually and superplasticizer was added to the water before adding
it. The mixture was really dry for a concrete mix, and an industry solution to check for the
consistency was used wherein you squeeze some of the material in your hand, and if it retains its
shape, the desired consistency has been achieved (Figure 4.16). The material was manually
compacted into the moulds using a wooden board with a flat base and a rubber mallet. However,
the moulds were also set on a vibrating table for better compaction (Figure 4.17).
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Figure 4.16: Material retaining shape indicating desired consistency has been achieved

Figure 4.17: Compaction by hitting, with moulds set on a vibrating table
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4.2.6 Curing
The blocks were removed from the mould after one day, and burlap was used for curing the blocks
(Figure 4.18). The blocks were wrapped in wet burlap, and the burlap was kept wet for 2 days. The
blocks were them marked and stored at room temperature (Figure 4.19).

Figure 4.18: Burlap used for curing of the concrete blocks

Figure 4.19: Blocks stored in the lab at room temperature
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4.2.7 Capping
Gypsum cement material was used to cap the top and bottom bearing surfaces of the specimen. The
procedure outlined by ASTM C1552-16 was followed to cap the specimen. Figure 4.20 shows one
of the specimens during the capping process.

Figure 4.20: Hollow concrete block being capped for compression testing
4.2.8 Testing
The blocks were tested for compression in a standard compression testing machine at the age of 28
days. A steel plate was used between the block and the loading head to apply a uniform load on the
blocks. The testing procedure for Concrete Masonry Samples given by ASTM C140/C140M – 18a
was followed. The Forney compression testing machine, with a capacity of 2000 kN, was used for
testing the blocks for compressive strength. The loading rate used for the blocks was 0.1 MPa/s.
Density and absorption were also tested for each block. The whole test setup for compressive
strength is shown in Figure 4.21.
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Figure 4.21: Test Setup

4.3 Results and Discussion
Density was also measured before capping the blocks. The absorption rate was measured after the
blocks were tested.
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4.3.1 Compressive Strength
Natural coarse aggregate in blocks was replaced with RCA in different ratios. The following results
in Table 4.3 were obtained from the compression tests.
Table 4.3: 28 days compression test results
Average Compressive Strength and
Standard Deviation
28 days
SD
(MPa)
13.7
2.2

0 RCA
10 RCA

15.3

1.0

25 RCA

11.9

2.2

50 RCA

12.2

1.3

75 RCA

14.7

0.5

100 RCA

12.4

1.5

Results indicated that the blocks reached close to the strength that was assumed the blocks would
have (15 MPa). The control sample reached an average strength of 13.7 MPa. The average strength
for 10% coarse RCA added to the mix was higher at 15.3 MPa. The individual strength of the
blocks for the control sample was spread over a more significant range than 10%, so the result was
not statistically significant according to ANOVA. The strengths for 25 RCA and 50 RCA were
very close to each other, with the average at 11.9 MPa and 12.2 MPa, respectively. The 75 RCA
mix has the best average strength compared to any other ratio at 14.7 MPa, and all the individual
strengths were in a very close range. The average strength for 100% RCA replacement was close
to the control sample. A one-way ANOVA was conducted, and the results were found to be not
significant (F(1,10) = 3.55, p =0.09). Thus, there was no significant increase or decrease in the
compressive strength, and all the results were relatively close to each other. This finding is
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consistent with other results in the literature, as reviewed in section 4.1.2. Figure 4.22 shows the
average 28-day compressive strength of the blocks.

Compressive Strength (MPa)

20

15
15.2

10

14.7

13.7

12.2

12.4

11.9

5

0
0 RCA

10 RCA

25 RCA

50 RCA

75 RCA

100 RCA

Figure 4.22: Average compressive strength at 28 days.
The error bars indicate the range of results for different samples of the same batch. The error bars
indicate that there was no significant change in the compressive strength of the block where RCA
replaced NCA compared to blocks where only NCA was used. The minimum required compressive
strength for blocks varies depending upon the use of the block. According to ASTM C55-17, the
minimum strength requirement for load-bearing walls is 13.8 MPa for individual units and an
average of 17.2 MPa for 3 units. As per ASTM C129-17, the minimum compressive strength for
non-load-bearing concrete masonry units is 3.5 MPa for individual units and 4.1 MPa for an average
of 3 units. These blocks were made with the intent to get a maximum strength of 15 MPa. The
laboratory setting and hand compaction make each block different from one another. If the same
mix were used in a vibro-compaction machine used by the block manufacturers, higher strengths
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might be achieved. The results indicated that it is feasible to use the RCA from the block site to
replace the NCA used in block manufacture.

4.3.2 Density
The density of the blocks was measured by taking the dimensions and weight of each individual
block and then averaging the values.
2300

2224

2212

2231

2250

Average Density (kg/m3)

2185
2181

2200

2117
2150

2100

2050

2000
0 RCA

10 RCA

25 RCA

50 RCA

75 RCA

100 RCA

Average hardened density

Figure 4.23: Average hardened density of blocks
Figure 4.23 shows the change in density as RCA replaces coarse aggregate in the mix. The error
bars depict the range. The fluctuation in the results may be from the fact that there was no
standardized method of compaction. The density decreased as RCA was added up to a ratio of 50%
but increased again for 75 RCA before slightly decreasing for 100 RCA. The change in density
follows a similar pattern as a change in the compressive strength. These results are generally in
agreement with Fuller’s Theory, as stated by Leopold et al. (2018). The theory states that the higher
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the density, the higher the strength. The blocks fall in Concrete Type A category ( Density ≥ 2000
kg/m3)
4.3.3 Absorption
The absorption of the blocks was measured as per ASTM C140/C140-18a. Three samples were
used, and the values in Figure 4.24 are the average of 3 samples. The samples were weighed after
submerging in water for 24 hours. The weight was taken in saturated surface dry condition. Then
the samples were oven-dried for 24 hours and weighed. These weights were used to find the
absorption, as shown in Figure 4.24. The absorption increased as the replacement ratio was
increased because the RCA is more porous than the natural aggregate. Absorption of blocks was
less than the maximum allowable absorption according to ASTM C652 – 19a
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Figure 4.24: Water absorption for different samples
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100 RCA

4.4 Concluding Remarks
The following conclusions are drawn from the results of this research:
1. The compressive strength of the blocks was lower than the minimum requirement for loadbearing blocks (17.2 MPa) but higher than the minimum requirement for non-load-bearing
blocks (4.14 MPa), according to ASTM, and most blocks fell in the 10 MPa, and Concrete
Type A category according to CSA A165.1.
2. The density of the blocks decreased for up to 50% replacement by RCA but was close to
control samples when the replacement ratio was higher.
3. The water absorption increased with the increase in the amount of RCA in the mix.
4. The use of RCA from the block manufacturing plant would reduce the requirement of
transporting the waste material or the raw material to and from the plant.
5. The laboratory setting could give strengths that are sufficient for non-load-bearing blocks.
Having the actual infrastructure and machinery of a block manufacturing plant would likely
give higher strengths of blocks.

4.5 References
ASTM International. (2015). C127-15 Standard Test Method for Relative Density (Specific
Gravity) and Absorption of Coarse Aggregate. West Conshohocken, PA.
ASTM International. (2015). C128-15 Standard Test Method for Relative Density (Specific
Gravity) and Absorption of Fine Aggregate. West Conshohocken, PA.
ASTM International. (2016). ASTM C90-16a Standard Specification for Loadbearing Concrete
Masonry Units. West Conshohocken, PA.
ASTM International. (2016). C1552-16 Standard Practice for Capping Concrete Masonry Units,
Related Units and Masonry Prisms for Compression Testing. West Conshohocken, PA.

107

ASTM International. (2017). ASTM C778-17 Standard Specification for Standard Sand. West
Conshohocken, PA.
ASTM International. (2017). C129-17 Standard Specification for Nonloadbearing Concrete
Masonry Units. West Conshohocken, PA.
ASTM International. (2017). C55-17 Standard Specification for Concrete Building Brick. West
Conshohocken, PA.
ASTM International. (2018). ASTM C33/C33M-18 Standard Specification for Concrete
Aggregates. West Conshohocken, PA.
ASTM International. (2018). C140/C140M-18a Standard Test Methods for Sampling and Testing
Concrete Masonry Units and Related Units. West Conshohocken, PA.
Bai, G., Zhang, F., An, Y., Xiao, H., & Quan, Z. (2010). Study on the mechanical properties of
recycled concrete hollow blocks based on an orthogonal experiment. 2nd International
Conference on Waste Engineering and Management - ICWEM 2010, (pp. 645-651).
CCMPA. (2016). Environmental Product Declaration. Normal-Weight And Light-Weight Concrete
Masonry Units As Manufactured By Members Of The Canadian Concrete Masonry
Producers Association (CCMPA). Toronto, Ontario.
Chi-sing, L. (2006). Use of recycled construction and demolition wastes as aggregates in pre-cast
block works: Master Thesis, The Hong Kong Polytechnic University, Department of Civil
and Structural Engineering.
Cordeiro, G., Maioli, G. V., Vieira, A. P., & Leite, M. B. (2015). Recycled concrete aggregates
from different sources: Characterization and use in structural concrete. III Progress of
Recycling in the Built Environment.
Elgaali, E., & Elchalakani, M. (2013). Concrete hollow blocks made with recycled coarse aggregate
and recycled water “Green blocks.” SB13 Dubai Paper - 148.

108

Kaosol, T. (2010). Reuse Concrete Waste as Crushed Stone for Hollow Concrete Masonry Units.
Khon Kaen University, Thailand: Proc. The 3rd Technology and Innovation for sustainable
development international conference (TISD2010).
Khalaf, F. M., & DeVenny, A. S. (2004). Recycling of Demolished Masonry Rubble as Coarse
Aggregate in Concrete: Review. Journal of Materials in Civil Engineering, 331-340.
Khalid, F. S., Herman, H. S., Azmi, N. B., & Juki, M. I. (2017). Sand Cement Brick Containing
Recycled Concrete Aggregate as Fine-Aggregate Replacement. MATEC Web of
Conferences.
Leopold, M., Ntitanguranwa, J. p., Kabano, J., & Gasingwa, N. (2018). Reuse of Construction and
Demolished Concrete Waste in Producing Strong and Affordable Concrete Blocks.
Rwanda Journal of Engineering, Science, Technology and Environment.
Martín-Morales, M., Cuenca-Moyano, G., Valverde-Espinosa, I., & Valverde-Palacios, I. (2017).
Effect of recycled aggregate on physical-mechanical properties and durability of vibrocompacted dry-mixed concrete hollow blocks. Construction and Building Materials, 303310.
Matar, P., & Dalati, R. A. (2012). Using recycled concrete aggregates in precast concrete hollow
blocks. Mat.-wiss. u.Werkstofftech, 388-391.
Matar, P., & Dalati, R. E. (2011). Strength of masonry blocks made with recycled concrete
aggregates. Physics Procedia, 180-186.
Poon, C., Kou, S., & Lam, L. (2002). Use of recycled aggregates in moulded concrete bricks and
blocks. Construction and Building Materials, 281-289.
Poon, C.-S., Kou, S.-c., Wan, H.-w., & Etxeberria, M. (2009). Properties of concrete blocks
prepared with low grade recycled aggregates. Waste Management, 2369-2377.
Raju, P. S., & Mathew, P. (2014). A Sustainable Solution for superstructure with Masonry Blocks
Using Recycled Concrete Waste Materials. International Journal of Innovative Research
in Advanced Engineering (IJIRAE), 241-245.

109

Reddy, K. N., & Reddy, D. C. (2017). Study On Strength Characteristic of Concrete Masonry Units
Using Recycled Concrete Aggregates. International Journal of Civil Engineering and
Technology (IJCIET) , 201-209.
Shaik, N. M., Kumar, S. L., & Babu, V. R. (2018). Experimental Investigation of Concrete Blocks
Manufactured Using Recycled Coarse and Fine Aggregates Obtained from Building
Demolition Waste. International Journal of Engineering, Research & Technology, 270276.
Soutsos, M. N., Jones, N., Millard, S. G., Bungey, J. H., Tickell, R. G., & Gradwell, J. (2004).
Precast Concrete Building Blocks Made with Aggregates Derived from Construction And
Demolition Waste. Use of Recycled Materials in Buildings and Structures.
Soutsos, N. M., Tang, K., & Millard, G. S. (2011). Concrete building blocks made with recycled
demolition aggregate. Construction and Building Materials, 726-735.
Yang, L., & Li, S. (2019). Analysis of the Effect of Substitution Rate on the Mechanical Properties
of Recycled Concrete Hollow Block. Advances in Materials Science and Engineering.

110

Chapter 5
Summary and Conclusions
5.1 Summary of Research
In this thesis, a series of tests were carried out to understand the mechanical properties, primarily
compressive strength, of mortar with biochar additive, and hollow concrete blocks made with RCA.
Summarized below are the key findings from the research.
1. The compressive strength of mortar where the sand was replaced with biochar at the age
of 7 days was between 30.8 MPa to 37.4 MPa. At 56 days, this increases to a range of 42
MPa to 52.4 MPa.
2. The compressive strength of mortar where cement was replaced with biochar at 56 days
was between 36.6 MPa and 51.3 MPa in different variations.
3. Samples with the fine biochar (125μm) had the highest compressive strength at the age of
56 days for both sand and cement replacement.
4. Replacing sand is more effective than replacing cement with biochar because replacing
cement reduces the amount of cement and has a negative impact on the compressive
strength. Sand replacement seems to perform better than cement replacement on the basis
of compressive strength; however it is recommended to use biochar as cement replacement
rather than sand replacement because replacing cement will have a three-fold benefit of
reductions in use of cement, biochar acting as a carbon sink, and biochar adsorbing carbon.
5. RCA from the block plants can be used to make hollow concrete blocks because it does
not affect the properties significantly and would reduce the transportation costs and reduce
the amounts of waste produced by the block plant.
6. The compressive strength of concrete blocks made with replacing NCA with RCA at the
age of 28 days was in the range of 11.9 MPa to 15.3 MPa.
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5.2 Recommendations for Future Work
Research and testing during this study identified many opportunities for future studies to better
understand the behavior of different materials and to make the construction industry sustainable
and environmentally friendly. These include.


Effects of biochar on concrete.



Effect of biochar on reinforced concrete elements.



Pozzolanic reactivity tests on mortar and concrete when biochar is added to see how
biochar reacts with the cement.



Replacing fine aggregate in hollow blocks with fine recycled aggregate.



Replacing a combination of coarse and fine aggregate in the manufacture of blocks.



Effect of RCA in blocks, and on mortar made with biochar when materials go through
harsh weather conditions such as freezing and thawing, and high temperatures in the case
of fires.
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