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ABSTRACT

Utilizing recycled gypsum powder from waste gypsum drywalls as a partial replacement for
cement in concrete can address the problems that cement manufacturing process and waste gypsum
drywall disposal could cause to the natural environment. For the first phase of this study, the impact
of recycled gypsum powder content on the compressive strength of concrete cylinders in a short-
term period is analyzed. As gypsum drywalls are typically covered with paper-based sheets, the
recycled powder contains paper particles (hereafter called whole gypsum). In some cases, for this
study, the recycled powder was sieved to remove the paper particles producing a fine powder
(hereafter called fine gypsum). Five concrete mix designs which include 0, 10 and 20% of recycled
fine gypsum powder and whole gypsum powder are considered for this study. A total of 45
cylindrical specimens were prepared in the first phase and three specimens of each mix design
were tested after 7, 28, and 90 days of curing. For the second phase of this research, the durability
of gypsum concrete specimens is evaluated using another 153 concrete cylinders. Specimens
involving different gypsum content (0,10 and 20% of cementitious material mass) were exposed
to five different environmental conditions namely air dry, freshwater, seawater, freshwater- air dry
cyclic, and seawater-air dry cyclic. Specimens were tested in compression after 1000, 3000, and
6000 hours of exposure. It was revealed that whole gypsum particles could be as functional as fine
gypsum particles as supplementary cementitious material as the former did not harm the properties
of concrete noticeably. Also, the presence of gypsum in combination with fly ash enhances the
mechanical properties of concrete if concrete specimens are submerged in freshwater or seawater
and more than 3000 hours of exposure time passes. Wet and dry cycles also did not adversely

impact the performance of concrete with gypsum content.
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CHAPTER 1 INTRODUCTION

1.1 GENERAL BACKGROUND

Concrete has always been considered as one of the key elements of the construction world and
cement is the main ingredient of this popular building material. To meet the huge volume of
demands, cement industries attempt to raise their production rate. This has created concerns about
the negative impact of cement production on the natural environment. For that reason, civil and
environmental engineers have looked for alternative materials to replace cement in concrete over
the past decades to reduce the demand for cement. To make this process more sustainable, waste
or recycled materials have been the usual option for cement replacement. Gypsum powder recycled
from waste drywalls is one of them. Gypsum drywall disposal is introduced as one of the debatable
topics when speaking of the impacts of the construction industry on the natural environment.
Gypsum accumulation in landfills could result in environmental and financial issues. Some studies
covered the impact of fine gypsum content on the compressive strength of the concrete which
provided promising results. This research has taken more steps and evaluated the impact of
utilizing both coarse and fine particles of recycled gypsum as a supplementary cementing material
in concrete to make this approach much more sustainable. Also, the long-term impact of gypsum

content on the physical and mechanical properties of concrete is evaluated.

1.2 PROBLEM STATEMENT
Cement production and gypsum drywall disposal have caused plenty of environmental issues in
today’s world. Therefore, technical approaches are essential to reduce cement demand as well as

gypsum disposal in landfills. Replacing cement with fine recycled gypsum from waste drywalls



has been introduced as a solution, but the problem is that fine gypsum accounts for almost one-
third of a specific gypsum portion. This means almost 66% of that amount would be sent back to
landfills. This might make the method less sustainable. Also, the impact of gypsum content on
other properties of concrete such as elastic modulus, durability, and absorption in the long-term

duration has not been specified. In this research, the focus is to fill these voids.

1.3 RESEARCH OBJECTIVES

This research attempts to:

e [Evaluate the impact of recycled gypsum content as supplementary cementing material on
the compressive strength of concrete in a short-term period.

e Study the physical and mechanical properties of concrete containing different amounts of
recycled gypsum exposed to different environmental conditions.

e Study the effect of paper particles in recycled gypsum on short- and long-term properties
of concrete.

e Evaluating the durability of concrete in which recycled gypsum is used as supplementary

cementing material.

1.4 THESIS ORGANIZATION

This thesis is broken down into the following chapters:

e Chapter 1 is a general introduction to the whole thesis which is provided as a problem-
solution piece of writing.

e Chapter 2 is a literature review of negative impacts of cement manufacturing process and
gypsum drywall disposal on natural environment and previous approaches regarding the

application of gypsum as partial cement replacement in concrete



Chapter 3 is all about the first phase of research which is about comparing gypsum
concrete with different amounts and different types of gypsum in terms of short-term
compressive strength.

Chapter 4 is about the evaluation of gypsum concrete properties and durability in the long-
term duration (up to 6000 hours after curing) under several environmental conditions which
are air dry condition (AD), freshwater submerged (FW), seawater submerged (SW),
wet/dry cycles of freshwater (FWC), and wet/dry cycles of seawater (SWC)

Chapter 5 (final chapter) is dedicated to the general conclusions and recommendations for

further research relevant to this thesis.



CHAPTER 2 LITERATURE REVIEW

2.1 BACKGROUND

The construction industry and its diverse sectors are the cause of severe environmental issues.
Cement manufacturing is one of the inseparable components of this industry which has brought
concerns about its environmental footprint. Several studies have investigated those problems and
researchers always attempted to introduce solutions to minimize the environmental footprints of
this industry. One of the strategies that have been investigated frequently is utilizing
supplementary cementitious materials instead of specific portions of cement in mortar or concrete
to reduce the demand for cement. There are quite a broad range of alternatives to do so, but the
most popular options for this purpose are waste materials or by-products of other industries such
as fly ash, slags, waste gypsum, etc. Using waste materials as cementitious material could pave
the way to sustainable construction methods by addressing the challenges regarding construction
waste disposal. Gypsum drywall disposal is one of the challenges that researchers faced over the
past decades because of the severe effect of gypsum on the natural environment. In this chapter,
the impact of cement industry and gypsum drywall disposal and the role of supplementary
cementitious materials have been covered in the form of a literature review. Also, the approaches
regarding the partial replacement of cement with recycled gypsum from waste drywalls have been
reviewed. The outcome of the latest approaches in this domain highlighted that the combination
ofrecycled gypsum powder and fly ash has the potential for partial cement replacement in concrete
since it does not have noticeable negative impacts on the compressive strength of concrete.
However, other properties of this material such as durability properties (absorption expansion and

contraction) and long-term behavior must be evaluated.



2.2 CEMENT INDUSTRY

Cement is the largest manufactured product on Earth by mass. Combined with water and mineral
aggregates it forms cement-based materials (e.g., concrete) (Scrivener et al., 2018). The Portland
cement manufacturing industry has been monitored with high concentrations over the past decades
because of its high environmental impacts. This huge industry emits considerable amounts of CO>
into the atmosphere. The cement industry is responsible for about 5-7% of CO; anthropogenic
emissions (Chen et al., 2010; Gartner, 2004). Despite their harmful effects on the natural
environment, cement-based materials are being widely used in a broad range of construction
sectors such as road and bridge engineering and the building industry due to their noticeable
advantages such as their low cost and straightforward manufacturing process and proper
mechanical and durability properties (He et al., 2019; Li et al., 2018). Portland cement is the
primary component of conventional concrete which is a solid building material able to resist
sufficient amount of load that has been used in the construction industry for more than 200 years
(Mohamad et al., 2022). The demand for concrete and other cement-based materials witnessed a
considerable increase over the past few decades and as a result, high volumes of concrete and its
main ingredient, cement, needed to be produced. In 2013, for instance, the world’s production of
cement was about 4 billion tons. According to some statistics, for each ton of cement being
manufactured, almost 0.8 of Carbon dioxide is emitted into the atmosphere, making cement
industry the second largest producer of this greenhouse gas (Mohamad et al., 2022; Ren et al.,
2017; Rashad and Zelda, 2011). CO>, however, is not the only greenhouse gas that is emitted from
cement manufacturing process. Sulfur trioxide (SO3) and Nitrogen oxide (NOx) are two other
harmful gasses that are emitted into the atmosphere as the by-product of cement manufacturing

and could cause greenhouse gas effect and acid rain (Rashad, 2013; Ren et al., 2017). Furthermore,



considerable volumes of virgin materials (limestone and sand) are required for manufacturing
Portland cement. For producing one ton of Portland cement, roughly 1.5 tons of limestone and
sand are required. In addition, cement manufacturing is an energy-consuming process. The energy
demand per ton of clinker is 1700- 1800 MJ. Since this energy shall be provided by burning fossil
fuels, the negative impact of the cement production process would be amplified. (Rashad and

Zelda, 2011; Ke et al., 2013).

Concrete is by far the most important and inseparable part of the construction industry. The
popularity of this material is due to several factors. Firstly, it has great mechanical and durability
properties, it is highly moldable, fire resistant, readily available, and affordable, and more
importantly, it is an engineered material. This means concrete could be engineered for diverse
objectives and satisfy a wide range of specified needs. High demand for concrete resulted in the
production of almost 10 billion tons of this building material each year (Meyer, 2009). However,
despite all the decent features, concrete manufacturing process could also have environmental

footprints:

e Noticeable amounts of natural resources are needed to be consumed to produce that amount
of concrete.

e Production of Portland cement (concrete primary ingredient) emits considerable amounts
of COz into the atmosphere (as mentioned earlier)

e The production of concrete is extremely energy consuming.

e Demodulation and disposal of concrete structures and pavements is a challenging.

Most of the challenges mentioned above are directly or indirectly due to the presence of cement in

concrete. For this reason, partialy replacing cement in concrete with supplementary cementitious



materials is considered an approach to address the environmental issues caused by concrete and

cement manufacturing process (Meyer, 2009)

2.3 SUPPLEMENTARY CEMENTITIOUS MATERIALS

Due to the reasons mentioned in the previous sections, supplementary cementitious materials
(SCMs) have been researched over the past decades. In the construction industry, SCMs are being
used in concrete either in blended cement or added separately in the concrete mixer. The majority
of SCMs are by-product materials of other industries; therefore, involving them in the concrete
mix could be considered a sustainable way of disposal. The primary goal of SCMs utilization such
as blast-furnace slag, a by-product from pig iron production, or fly ash from coal combustion in
concrete structures, is to partially replace Portland cement in the mix. Since no clinkering process
is required for achieving these materials, replacing cement in concrete with them results in
significant CO> emission reduction per ton of cementitious material (Lautenbach et al., 2011;
Johari et al., 2011). SCMs are, also, able to enhance the long-term mechanical properties and
durability of concrete structures. As a result, the total efficiency of concrete mixture designs (e.g.,
increasing strength-to-mass ratios) and longevity of structures would be improved, thereby
reducing challenges related to the natural environment associated with concrete structure’s lifetime
(e.g., disposal issues). Figure 2-1, which was adopted from (Scrivener et al., 2018) demonstrates
the type of supplementary cementitious materials that replace a particular amount of cement in
concrete in companies from the World Business Council for Sustainable Development (WBCSD)

(the amount of replacement is also mentioned) between 1990 and 2014.
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Figure 2-1: The rate of substituting supplementary cementitious material between 1990 and
2014 (Scrivener et al., 2018)

As it is obvious from Figure 2-1 the rate of utilizing SCMs to replace cement in concrete witnessed
a constant increase over the period and limestone was the primary material for this purpose.
Gypsum, slag, and fly ash are other popular alternatives for this purpose (Scrivener et al., 2018).
A dramatic increase is witnessed in the use of SCMs that resulted in the reduction of the percentage
of clinker in cement from 85% in 2003 to 77% in 2010, and according to some forecasts, it would
further decrease to 71% in the future (Junger and Siddiqu, 2015; Schneider et al., 2011). Using
SCMs in concrete in small amounts (5-10% replacement of cement) often brings economic value
and improvements in the long-term mechanical properties and durability of concrete. Often high-
volume cement replacements result in poor performance and weak mechanical properties of
concrete at early ages. Fly ash, for instance, increases the workability of concrete, while the
compressive strength of concrete at early ages may be reduced. This encouraged researchers to
find an optimum amount of cement replacement in concrete with SCMs to balance the

sustainability and performance of concrete in our infrastructure (Junger and Siddiqu, 2015; Johari



et al., 2011; Chandrasiri et al., 2004). After gaining insight into the general practice of SCMs, the
literature behind some popular supplementary cementitious materials is mentioned in the following

sections.

2.3.1FLY AsH

Fly ash is a by-product of pulverized coal which is produced and stored during the manufacturing
process in power plants. A considerable amount of fly ash became available after clean air
regulations forced power plants to use scrubbers and electrostatic precipitators to prevent fine
particles and pollutants from being emitted into the atmosphere and natural environment, The rate
of fly ash utilization is different all over the world, from as low as 3.5% for India to as high as
93.7% for Hong Kong. Fly ash has several advantages compared to ordinary Portland cement

which are listed below:

e the heat of hydration is lower, which makes fly ash a popular cement substitute for mass
structures.

e fly ash is a by-product of coal combustion, which otherwise would be a waste product to
be disposed of at great cost both financially and environmentally.

e concrete produced with fly ash can have better performance in terms of strength and
durability in the long-term period compared to conventional concrete.

e Use of fly ash in concrete is relatively more economical compared to the same amount of
cement.

e Positive impact of fly ash as a pozzolanic material on the pore structure and porosity

distribution in concrete (Meyer, 2009; Johari et al., 2009; Chandrasiri et al., 2005)



As it is obvious from Figures 2-2 and 2-3 the appearance of fly ash is similar to that of Portland

cement.

CEMENT

Figure 2-2: Similarities between the figure of fly ash and cement. Source: (https://theconstructor.org/)

Despite all the positive impacts, there are some downsides, also, in the use of fly ash as a
supplementary cementitious material in concrete such as lack of compressive strength at early ages

and delaying the hardening process to name a few (Johari et al., 2011; Junger and Siddiqu, 2015)

2.3.2 GYPSUM

Natural gypsum is ordinarily added to ordinary Portland cement as an additive (2- 10% of ground
Portland cement is gypsum) for hardening and setting time to be controlled (Suarez et al., 2018;
Imbibe et al., 2012). According to some literature, this amount is estimated between 3-5% of the
total cement weight for reducing the speed of the hydration process with water (Hansen and
Sadeghian, 2020). However, natural or recycled gypsum is not commonly used in concrete or
cement paste as an SCM. There are, also, other practices in different industries for natural gypsum
such as the positive impact of this product in the farming industry by bringing agricultural benefits
and soil improvement capabilities to this sector, and for animal bedding enhancement (Hansen and

Sadeghian, 2020; Gypsum Association, 2019). Figure 2-4 demonstrates natural gypsum.
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Figure 2-3: Natural gypsum. Source:(https://quarro.in/)

One of the practices of natural gypsum is in gypsum wallboards (also known as gypsum drywall)
manufacturing. Gypsum drywalls are one of the most common materials used in the construction
of residential and commercial buildings. It is used as a surface layer on the interior of walls and
ceilings of buildings. These wallboards improve the fire-resisting and sound-insulating capabilities
of buildings (Naik et al., 2010). Gypsum wallboards (drywalls) usually consist of gypsum sheets
which are made of natural or synthetic gypsum, that are reinforced with synthetic fibers and are
covered on both sides with paper. The whole system could involve a sound or thermal isolating
core material between two layers of gypsum sheets (Naik et al., 2010; Ahmed et al., 2011). Figure
2-5 demonstrates the structure of a piece of gypsum drywall including 2 layers of gypsum boards

on each side covering a sound-isolating core supported by steel studs.
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Figure 2-4: Gypsum drywall structure. Source: (https://www.knaufeastafrica.com/)

Massive amounts of gypsum wallboards are being manufactured annually. According to Gypsum
Recycling International in 2008, almost 80 million tons of plasterboard, and drywall are produced
every year. A large proportion of gypsum drywalls are being disposed of the landfills as a result
of construction, demolition, and renovation activities (Raghavendra and UdayShankar, 2015). As
Gypsum Recycling International expressed in 2008, about 15 million tons of waste gypsum had
been sent to landfills. It is worth mentioning that gypsum waste is the second most considerable
contributor to construction waste after clay materials (Chandra et al., 2009; Sudrez et al., 2018;
Godin-Castro et al., 2012; Ahmed et al., 2011). Figure 4-4 illustrates the mass amount of gypsum

wallboards in a landfill.
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Figure 2-5: Gypsum drywall disposal in landfills. Source: (https://www.recyclingcalgary.com/)

Traditional methods for the disposal (landfilling) of gypsum waste can have detrimental impacts
on the natural environment. gypsum from waste drywalls is capable of releasing hydrogen sulfide
(H2S) gas in landfills after being exposed to water or wet conditions in general, which potentially
is harmful and causes soil degradation as well as water contamination. (Godin-Castro et al., 2012;
Ahmed et al., 2011). Waste gypsum is not dangerous by itself; however, after it is mixed with
organic waste and exposed to water from rain or other resources in an anaerobic environment, it
will decompose, and hydrogen sulfide would be produced. Hydrogen sulfide gas is lethal in high
concentrations and releases the smell of a rotten egg. It is a flammable gas and can be explosive.
the H,S can produce other toxic gases, such as sulfur dioxide (SO2) (Chandaria et al., 2009;
Raghavendra and Uday Shankar, 2015; Gratton and Guy, 2010). The liquid containing hydrogen

sulfide could also penetrate the ground in landfills reaching the nearby and underground water
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resources and as a result, those water resources would be contaminated as well as the local soil

(Plaza et al., 2007; Zhang et al., 2017; Hansen and Sadeghian, 2020).

For all the aforementioned statements, it is necessary to seek a more sustainable method to deal
with gypsum waste rather than landfilling to prevent the local environment and people to be
harmed, reduce the costs of disposal in landfill sites and save a lot of space. The use of recycled
gypsum from waste drywalls instead of natural or synthetic gypsum is considered an adequate

alternative (Ahmed et al., 2011; Suarez et al., 2018).

2.4 UsE OF RECYCLED GYPSUM AS CEMENTITIOUS MATERIAL

According to some studies, natural gypsum accounts for about 2-10% of ordinary Portland cement
mass. The purpose of adding natural gypsum to Portland cement is to control the setting time of
the paste. Research has been conducted regarding the feasibility of replacing natural gypsum with
recycled gypsum in ordinary Portland cement, by evaluating the mechanical and chemical
properties of two types of cement. The results demonstrated that the properties were similar for
both types of cement (one with natural gypsum content, the other with recycled gypsum content
instead). This outcome indicates that recycled gypsum is a proper replacement for natural gypsum
in the production of ordinary Portland cement. (Sudrez et al., 2018; Chandaria et al., 2009; Imbibe

et al., 2012).

As Chandaria et al. reported in 2009, due to the presence of hemihydrate (CaS0O4.0.5H>0) in waste
gypsum (recycled gypsum) the initial and final setting time of the cement paste with waste gypsum
content decreased without any noticeable negative impact on the mechanical properties of cement
paste (compressive strength and flexural strength). Therefore, the amount of hemihydrate content
in the recycled gypsum from waste drywalls or plasterboards should be controlled before replacing

the natural gypsum with it.
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Another application of recycled gypsum powder that has been researched is in controlled low-
strength materials (CLSM). Controlled low-strength material is a type of self-compacted
cementitious material mainly used as a backfill as a compacted fill without curing. Figure 2-7
illustrates the CLSM as well as its practice. The compressive strength of CLSMs is equal to or less
than 8.3 MPa. For this reason, there is a great chance to use recycled gypsum (or other waste
materials) as supplementary cementitious material as an ingredient (Raghavendra and Dyachenko,
2015; ACI 229R-99, 2005; Jumperlike and Durham, 2013). As Raghavendra, and Dyachenko
presented (2015), recycled gypsum from waste drywalls could be used properly in high volume as
a secondary cementitious material in CLSMs. Although utilizing recycled gypsum in CLSM
results in reductions in compressive strength, this phenomenon does not disturb the function of

whole cementitious paste.

Figure 2-6: Use of CLSM to fill the backfill in a project. Source: (https://ohioreadymix.com/)
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Using high portions of gypsum in concrete (higher than 10% of cementitious material weight) to
make this building material more sustainable has also been introduced in some studies (Naik et al.,

2010; Hansen and Sadeghian, 2020; Hansen and Sadeghian, 2022).

Naik et al. (2010) investigated the impact of recycled gypsum powder and a combination of
recycled gypsum and fly ash as supplementary cementitious materials in concrete in higher
fractions of weight. After considering concrete cylinders with the replacement of up to 20% of

cement by gypsum and up to 60% with fly ash the following results were achieved:

e Concrete mixes with recycled gypsum only as secondary cementitious materials
performed poorly in terms of compressive strength test.

e The performance of concrete with a combination of recycled gypsum powder and fly ash
is much better in comparison with concrete with gypsum only as a supplementary
cementitious material in terms of compressive strength.

e More than 60% of replacement results in devastating impacts on concrete such as

excessive expansion and cracking.

The positive impact of fly ash and gypsum combination compared to gypsum only could be due
to activating impact of gypsum on fly ash during the mixing process (Aiming and Sarkar, 1991).
Although gypsum itself involves sulfate compounds in its molecular structure under specific
circumstances, the presence of gypsum in the mix which involves fly ash could result in sulfate
attack reduction and as a result, the excessive expansion in the concrete could be controlled. While
gypsum can make the fresh mix stiff reducing its workability, additional fly ash could compensate

for that by enhancing the workability of the fresh mix (Wu and Naik, 2002; Naik et al., 2010).
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Naik et al. 2010 revealed that replacing cement with 20% of gypsum would not harm the concrete
significantly. Table 2-2 demonstrates the compressive strength of concrete with different
cementitious material combinations which is adapted from Naik et al. (2010). The terms C-2, CN-
2, and CFN-2 are mixture designations. Table 2-1, which is also adapted from Naik et al. 2010
represents the combination of cementitious material for each mixture. As can be seen in Table 2-
6, mixtures containing gypsum and fly ash combination had poor performances during early ages
(until day 28) compared to control mix and mixes that involve cement and gypsum only as a
cementitious material. However, the results of the compressive strength test on days 28 and 91
indicated that the strength of mixes with the combination of gypsum and fly ash (CFN-2) is
considerably higher than specimens with cement and gypsum content only as the cementitious
material and very close to control mixes. Although the amount of cement in CN-2 mixtures was
more than that of CFN-2, the CFN-2 specimens had better performance in terms of compressive
strength after 28 days due to the presence of fly ash alongside gypsum in concrete. These
statements could indicate that the presence of gypsum with significant amounts of cement in
concrete as cementitious material would not necessarily bring proper results, while the concrete
gypsum-fly ash combination as supplementary cementitious material could be almost as strong as
concrete with 100% cement content as cementitious material. Although the comparison between
C-2, CN-2, and CFN-2 specimens illuminates some properties of gypsum concrete, Naik et al
(2010) did not include mixtures including cement and fly ash only as the cementitious material in

the investigation.
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Table 2-1: Proportions of cementitious materials for each mix considered by Naik et al 2010

Mixture Designation C-2 CN-2 CFN-2
Cement (% mass of Cm) 100 90 70
Fly ash (% mass of Cm) 0 0 20
Gypsum powder (% mass of Cm) 0 10 10

Cm: Cementitious material (cement + fly ash + gypsum powder)

Table 2-2: Results of compressive strength test in MPa (Naik et al., 2010)

Age (days) C-2 CN-2 CFN-2
1 16.8 11.1 4.2
3 30.1 19.7 17.4
7 354 232 26.5
28 44.8 28.5 41.4
91 50.8 41.9 50.1

Hansen and Sadeghian (2019) launched research in which up to 40% of cement was replaced with
gypsum and in other cases, up to 50% was replaced with fly ash in cement mortar. The results
revealed that the compressive strength of mortar reduces constantly with the increase of
replacement portion. Also, it was illuminated that the mortar cubes which include the combination
of fly ash and recycled gypsum powder from waste drywalls as supplementary cementitious
material had better performance than those which had only one of them as a secondary
cementitious material. Hansen and Sadeghian (2020) evaluated the impact of recycled gypsum
incorporation with fly ash as a supplementary cementitious material in concrete this time. Gypsum

and fly ash with a wide range of ratios were used as supplementary cementitious materials in
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concrete. Up to 70% weight of cement was replaced with a combination of fly ash and fine

gypsum. Figure 2-8 demonstrates the results of this study.
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Figure 2-7: Results of the compressive strength test achieved by Hansen and Sadeghian (2020)

As can be seen in Figure 2-7a, the participation of gypsum as supplementary cementitious material
negatively impacts the performance of concrete in terms of compressive strength when there is no
corporation with fly ash. The strength of concrete decreases relatively with the increase of gypsum
portion in this case. As the participation of fly ash increases to 25% of the total cementitious
material mass, lack of strength due to the presence of supplementary cementitious material could
be witnessed especially in the short-term period of curing (up to 28 days). After 90 days of curing

with a constant amount of fly ash (25% of mass), the optimum amount of gypsum that can be used
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as supplementary cementitious material was 5% since the highest level of compressive strength
was observed in the mixes with this amount of gypsum. When fly ash accounts for about half of
the cementitious material, the trends change for a long-term period of curing. While the presence
of gypsum continues to adversely impact the performance of concrete during early ages, its long-
term impact is completely altered in this case. After 90 days of curing, the compressive strength
mixes increase as the participation of gypsum goes up from 0 to 20% of cementitious material
mass. The main outcome of this study was that the combination of gypsum and fly ash as SCM
would bring more strength to concrete at later ages compared to the saturations that these to
materials are used solely as supplementary cementing material. This approach almost validated
most of the statements illuminated by Naik et al (2010) about the impact of using recycled gypsum

alongside fly ash in concrete.

The two aforementioned studies regarding the application of gypsum as cement replacement in
concrete evaluated the short-term impact of gypsum content in concrete under the curing condition.
One of the common concerns regarding the presence of a significant amount of gypsum in concrete
and mortars is the possibility of sulfate attack and expansion (Bing and Cohen, 2000). The volume
expansion can reduce the porosity of concrete and result in surface cracking concrete leading to
strength loss. To discover the possibility of the occurrence of this phenomenon, the durability of
concrete with gypsum content in the long-term period must be researched under different

environmental conditions (Zhang et al., 2013; Rozier et al., 2009).

According to ACI CT-21, durability of concrete is the ability of concrete to resist weathering
action, chemical attack, abrasion, or any other process of deterioration, and its ability to preserve
its original form, quality, and serviceability when exposed to a specified environment. Hansen and

Sadeghian (2022) developed an investigation regarding the long-term impact of fine gypsum
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powder in concrete up to 5000 hours after 28 days of curing. The performance of concrete
involving gypsum in different environmental conditions was observed. The cementitious material
considered for this study consisted of 15% fine gypsum, 50% fly ash, and 35% Portland cement.

The performance of gypsum concrete in a long-term period is shown in Figure 2-8.
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Figure 2-8: Results of compressive strength test after long-term exposure of gypsum
concrete to different environmental conditions by Hansen and Sadeghian (2022)

As can be seen, the compressive strength of gypsum concrete increased over time regardless of
exposure type. This growth was more noticeable for specimens exposed to wet conditions
(freshwater submerged, saltwater submerged, wet/dry cycles of freshwater, and wet/dry cycles of
salt water). Overall, considering the results of this approach the following statements could be

concluded:

e Wet environmental exposure does not adversely affect the concrete with gypsum content

in terms of durability and mechanical properties.
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e The compressive strength of concrete with gypsum content does not reduce over time.
Therefore, this can be concluded that the presence of gypsum does not have negative
impacts on the compressive strength of concrete in the long-term.

e The smallest effect of exposure was witnessed in control specimens (exposed to air dry
condition). Compared to specimens exposed to the conditions, control specimens presented

a small amount of growth in strength.

2.5 CONCLUSIONS AND RESEARCH GAPS

In this chapter, the utilization of recycled gypsum in combination with fly ash as cement
replacement in concrete was studied as a method to address the adverse environmental impacts of
cement production and gypsum drywall disposal. The application of gypsum in concrete
investigated by other researchers was reviewed and it was discovered that fine recycled gypsum
from waste drywalls could be an adequate replacement for cement in concrete under certain
conditions. First, the presence of both fly ash and gypsum is necessary since it was witnessed that
utilization of these two materials alongside each other as supplementary cementitious material has
better impact on the performance of concrete compared to situations when they are used solely
alongside cement. Second, the positive impact of gypsum content in combination with fly ash
appears at later ages. Concrete with gypsum content as supplementary cementitious material had
poor performance during early ages. Although the mentioned discoveries provided valuable insight

into gypsum concrete, the following problems still exist regarding gypsum concrete:

e The type of gypsum used in previous studies was fine gypsum, which is the type of gypsum
that its paper and coarse particles are removed. These coarse and paper particles account
for a noticeable proportion of gypsum mass and disposing of them would reduce the

sustainability of this approach. Therefore, the application of whole gypsum (fine particles
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+ coarse particles) in concrete as supplementary cementitious material needs to be
evaluated to maximize the sustainability of this approach.

e The performance of gypsum concrete was evaluated for up to five thousand hours while
the concrete lifetime is much more than this duration in real life. The behavior of gypsum
concrete should be evaluated over a longer period and in different conditions.

e Presence of gypsum could have impacts on other properties of concrete such as porosity,
elastic modulus, expansion, contraction, and absorption. The relationship between these
parameters and the presence of gypsum in concrete is essential to be determined. This

would bring noticeable familiarity with gypsum concrete to the construction industry.
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CHAPTER 3 THE SHORT-TERM IMPACT OF RECYCLED GYPSUM ON
THE COMPRESSIVE STRENGTH OF CONCRETE!?

3.1 ABSTRACT

Replacing portions of cement in cement-based materials such as concrete with supplementary
cementing materials which have less environmental footprints has been sought by civil and
environmental engineers for decades. Another element of construction industry that has raised the
concerns about the impact of this industry on the natural environment is gypsum drywall, which
accounts for a considerable amount of construction waste that contains a noticeable amount of
gypsum. Utilizing recycled gypsum from waste drywalls as a partial replacement for cement in
concrete could address both problems regarding the impact of construction on the environment. In
this study, recycled gypsum powder from waste drywall will be used as a partial replacement for
cement in concrete. Five concrete mix designs which include 0, 10, and 20% of recycled fine
gypsum powder and whole gypsum are considered for this research. Since it has been proven that
gypsum does not function well as the only partial replacement of cement (mentioned in chapter 3),
50% of the cementitious material of each mix design is dedicated to fly ash. Three cylindrical
(100mm x 200mm) specimens of each mix design are planned to be tested at 7, 28, and 90 days.
This chapter will introduce the combination of fly ash and recycled fine and whole gypsum as a
sustainable replacement for cement in concrete and suggest more environmentally friendly

concrete for our infrastructure.

! This chapter has been presented in-person at Canadian Society for Civil Engineering (CSCE), Whistler, BC,
May 2022:

Kasra Takbiri and Pedram Sadeghian. Partial Cement Replacement in Concrete with Gypsum from Waste Drywalls,
CSCE Annual Conference, 2022.
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3.2 INTRODUCTION

The negative impact of the construction industry on the natural environment is undebatable (Lima
et al., 2021). Two of the most noticeable topics are discussed. First, the cement manufacturing
process could result in carbon dioxide (CO2) production, thereby contributing to climate change
and global warming (Rehan and Nehid, 2005). Second, is the gypsum drywall disposal in landfills,
which could result in environmental pollution and the contamination of nearby water resources
(Chandara et al., 2009, Zhang et al., 2017). Utilizing recycled gypsum as a partial replacement for
cement in concrete structures could be considered as an approach for addressing both issues

(Hansen and Sadeghian 2020, Naik et al. 2010).

Using recycled gypsum from waste drywalls as a partial replacement for cement in concrete could
reduce the demand for cement production and as a result, fewer greenhouse gasses would be
emitted into the atmosphere (Naik et al 2010). Also, it could be a rational approach to eliminate
gypsum from our landfills and turn it into a resource preventing its considerable impacts on the
environment (Ndukwe and Yuan 2016). Naik et al. (2010) used the combination of recycled
gypsum powder and fly ash class C as a partial replacement for cement in concrete. According to
the results, between 30- 60 percent of cement could be replaced by a gypsum-fly ash class C
mixture. Hansen and Sadeghian (2020) attempted to replace a higher volume of cement with a
gypsum-fly ash mixture (up to 70%). Gypsum could have negative impacts on the compressive
strength of concrete in a short period after manufacturing. However, the concrete containing
gypsum alongside fly ash and cement as the supplementary cementitious paste is proven to have
higher compressive strength compared to the concrete mixture that has only cement and fly ash as
the cementitious material (Hansen and Sadeghian, 2020). Therefore, the application of recycled

gypsum powder is acceptable, and utilizing this material in concrete manufacturing is feasible.
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It is recommended that paper particles should be removed from gypsum before the mixing process
(Townsend and Cochran, 2007). In previous studies by Hansen and Sadeghian (2020) and Naik
(2010), only fine particles of the recycled gypsum from waste drywalls were used. To be more
specific, the particles remaining on sieve No. 100, sieve No. 200, and the pan during sieve analysis
were separated and used in the concrete. This proportion accounts for between 33-38% of a certain
sample of recycled gypsum. In other words, a considerable proportion of gypsum drywalls would
remain as waste and would be dumped in landfills again. Therefore, solutions are needed to be
introduced to make this approach more sustainable. In this study, one more step has been taken in
the domain of the application of recycled gypsum in concrete, and the whole recycled gypsum is

used as a replacement for cement in several concrete specimens in different proportions.

3.3 EXPERIMENTAL PROGRAM

3.3.1 TEST MATRIX

A total of five mix designs are considered for this study including one control batch, two batches
that involve fine gypsum as a partial replacement for cement in different amounts (10% and 20%)),
and two batches that involve the whole gypsum as partial replacements for 10% and 20% of cement
in the concrete. Fly ash accounts for half of the cementitious material mass in all the batches and
the other half is dedicated to cement only for the control batch and the combination of cement and
gypsum for other batches. The purpose of considering mixed designs with fine gypsum is to
validate the results achieved by Hansen and Sadeghian (2020) making an appropriate comparison
with this phase of the study. The detail for mixtures is presented in Table 3-1. Also, the proportion
of each component of cementitious materials is demonstrated in Table 3-2. The “WG” symbol
stands for the mixtures that involve the whole gypsum while FG stands for those in which only

fine particles of gypsum are used. The letter C stands for control specimens. The number in front
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of each letter indicates the proportion of cement that is replaced by the corresponding gypsum (fine
or whole amount). To make better comparisons, the mix design considered for this study is the
same as Hansen and Sadeghian (2020). Different amounts of Superplasticizer are used for mixes
according to the researcher’s observations while the materials were mixed in the mixer. For mixes
involving gypsum, the amount of superplasticizer content was relatively higher than the control

specimens since gypsum is capable of dehydrating the mix.

Table 3-1: Mix design (the material quantities for 1 m3 of concrete)

Materials Quantities
Water (kg) 187.9
Cementitious material(kg) 395.2

Coarse aggregate (0.5 in gravel) (kg) 1184.3

Fine aggregate (pit sand) (kg) 574.6

Superplasticizer (L) 0-1.6
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Table 3-2: The contribution of each component of cementitious material in each mix

Specimens ID Cementitious material content %
Cement Fly ash Gypsum
C 50 50 0
WG10 40 50 10 (Whole Gypsum)
WG20 30 50 20 (Whole Gypsum)
FG10 40 50 10 (Fine Gypsum)
FG20 30 50 20 (Fine Gypsum)

3.3.2 MATERIAL PROPERTIES

Overall, three types of sand were available for this study; masonry sand, sand donated by local
sources (Casey Metro, Halifax, NS, Canada) in previous years which was used by Hansen and
Sadeghian (2020), and sand donated by the same source recently. After sieve analysis, it was
revealed that masonry sand is not falling into the ASTM parameters for making concrete (ASTM
C33/33M-18). While both curves corresponding to the second and third sand are located between
the ASTM top and bottom limits, they are not identical. The third type was used because of its
availability for this study and later research related to this topic. Figure 3-1 demonstrates the curves
corresponding to each type of evaluated sand for using in the concrete. The coarse aggregate
donated by the same source is half-inch stone which is suitable for making concrete in terms of
size distribution. As can be seen in Figure 3-2, the curve corresponding to the size distribution of
this time of gravel falls between the limits introduced by ASTM for making adequate concrete.
The cement considered for this study is type GU Portland cement (CRH, Canada Group, ON,

Canada). Fly ash used in the concrete was provided by local sources (Ocean Contractor Ltd,
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Dartmouth, NS, Canada). The recycled gypsum provided from waste gypsum drywalls was
provided by USA Gypsum, Denver, PA, USA, which is the same gypsum used by Hansen and
Sadeghian (2020) in the previous study. During gypsum sieve analysis the fiber-like particles
which were much courser than normal gypsum particles were observed on most of the sieves (all
sieves but sieve No. 200 and pan). For mix designs that contain fine gypsum (the ID starts with
FG,) only the gypsum retaining on sieve No.100, 200, and pan is used. For other mixes, the whole
gypsum was used without removing fiber-like and coarser particles. Figure 3-2 demonstrates the
fine gypsum and whole gypsum particles. To get fine gypsum, specific amounts of whole gypsum
were oven-dried for about 24 hours and sieved afterward. Particles that passed through sieve No.
50 were separated and kept in a bucket with lids. This prevented fine gypsum from being exposed

to the moist.
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Figure 3-1: Fine aggregate particle size distribution

After conducting several sieve analyses on gypsum, some coarse fiber-like particles were
witnessed on the sieve. These particles could be found on all the sieves except sieve No 200. In

the previous research conducted by Hansen and Sadeghian (2020), these particles did not show up
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on sieve No 100. The main suspect of this contradiction was the effect of humidity since the
available gypsum bags were stockpiled for almost two years. Over this period, these bags could
have been exposed to the moisture existing in the air. To test this hypothesis, sieve analysis was
conducted on dry gypsum as well. A specific proportion of gypsum was oven-dried for 24 hours
and afterwards, the sieve analysis was conducted on the dry sample. In this case, those fiber-like
particles were no longer visible on sieve No 100. As can be seen in Figure 3-4, there are significant
differences between the particle size of the two types of gypsum. It is worth mentioning that the
moisture content of gypsum turned out to be more than 22%, after measuring the weight of the dry
sample. This proportion of moisture could affect the sieve analysis results. Figures 3-3 and 3-4
demonstrate the appearance and particle size of fine and whole gypsum. As can be seen particles

in the whole gypsum sample are significantly larger than the particles in the fine gypsum sample.
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Figure 3-2: Coarse aggregate size distribution
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Figure 3-4 Also, illustrates the coarse fiber-like particles remaining on sieves after sieve analysis.

Dry and wet gypsum are compared in terms of appearance in this figure.
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Figure 3-4: Retaining gypsum powder on sieve No.100 after shaking. a) wet gypsum, b) dry gypsum
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Figure 3-5: Gypsum concrete ingredients

3.3.3 SPECIMENS PREPARATION

Five batches are made for this study according to ASTM C192/192M-18. Three batches including
control specimens are considered to validate previous studies regarding the impact of fine gypsum
content as cementitious material on the compressive strength of concrete and make better
comparisons with the specimens with whole gypsum content. The other two batches are considered
to assess the impact of using the whole gypsum (fine particles and coarse particles). A mini mixer
was used for mixing all the ingredients of concrete. All the materials are added to the mixer in a
certain order. The mixer was allowed to work until a homogenous mix is achieved. For those mix
designs which involved gypsum, dehydration was witnessed in the mix, especially for those
including whole gypsum. For this reason, superplasticizer is used to make the mix workable and
hydrated. For each mix design, nine 100 mm x 200 mm molds are considered which are tested on
day 7, 28, and 90. All the specimens are cured in the moisture room with 100% humidity after

being demolded (Figure 3-6).
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Figure 3-6: Casting concrete in molds and preparing specimens.

Specimens were capped using a sulfur compound and a metal mold prior to the compressive
strength test. This action would create smooth surfaces at each end of the specimens. Figure 3-7

illustrate some capped specimens before being tested.

Figure 3-7: Capped specimens ready for compressive strength test
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3.3.4 TEST SETUP AND INSTRUMENTATION

Specimens were removed from the moisture room on day five and capped after 24 hours. After
another 24 hours, the capped specimens were tested at different ages (day 7, 28, and 90) using the
compressive test machine (Figure 3-8). The output is the maximum compressive force that each
specimen resists in pounds (lbs). After doing conversions and calculations, the compressive
strength was calculated in megapascal (MPa). The average compressive strength for each group of
cylinders is considered as the compressive strength of the corresponding concrete at a specific age

(7 days, 28 days, or 90 days).

Figure 3-8: Compressive strength test machine
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3.4 RESULTS AND DISCUSSION

3.4.1 COMPRESSIVE TEST RESULTS

Specimens were tested after 7, 28, and 90 days of curing in the moisture room. For each mix
design, three specimens were tested on the testing day and the average compressive strength was
determined in MPa. The tested specimens and the compressive test results corresponding to day 7,

28, and 90 are demonstrated in Figures 3-9 and 3-10 respectively.
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Figure 3-9: Compressive strength results

Table 3-3 also demonstrates the values of average compressive strength corresponding to each

mix design.
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Figure 3-10: Specimens after compressive strength test
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Table 3-3: Average compressive strength corresponding to each mix design.

ID Compressive | Standard | Compressive | Standard | Compressive | Standard

strength (day | deviation | strength (day | deviation | strength (day | deviation

7) (day 7) 28) (day 28) 90) (day 90)
C 10.2 0.49 20.4 1.98 29.4 3.1
FG10 5.6 0.13 15.8 0.33 35.5 1.89
FG20 4.0 0.25 14.7 0.85 33.2 34
WG10 4.7 0 13.5 1.14 36.0 0.1
WG20 4.1 0.43 11.1 0.71 30.8 1.99

Specimens with gypsum in their mix design reached lower levels of compressive strength at early
ages compared to control specimens. As can be seen in Figures 3-10 and 3-11, failure modes were
either core crushing or diagonal sheer. In the long-term period, however, the specimens with
gypsum content as the supplementary cementitious material performed better compared to control

specimens in terms of compressive strength (Figures 3-11 and Table 3-3).

L W—
Figure 3-11: Failure modes after compressive strength results
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3.4.2 THE IMPACT OF USING FINE GYPSUM AND WHOLE GYPSUM

According to the compressive test results, gypsum content has negative impacts on the
compressive strength of concrete until 28 days of curing. This strength reduction is more
significant at early ages (day 7). Regarding the longer curing period, however, gypsum content
had positive impacts on the compressive strength of concrete. Utilizing fine gypsum resulted in
stronger concrete compared to the concrete which involved the whole gypsum in the mix design;
however, according to the sieve analysis, fine gypsum only accounts for almost 38% of the whole
recycled gypsum. Therefore, although whole gypsum concrete is slightly weaker than fine gypsum
concrete, the former is much more sustainable compared to the latter. Table 3-4 shows the
comparison between whole gypsum, fine gypsum concrete, and control specimens in terms of
compressive strength. The positive impact of utilizing gypsum in concrete mix design after long-

term curing is obvious in Table 3-4 and Figure 3-12.

Table 3-4: Compressive strength reduction and increase compared to control specimens.

Specimen | 10% 20% 10% 20% 10% 20%

type Gypsum | gypsum Gypsum | gypsum gypsum gypsum
(day7) (day 7) (day28) (day28) (day 90) (day 90)

Whole -53.9% -59.8% -33.8% -45.6% +22.4% +4.8%

Gypsum

Fine -45.1% -60.8% -22.5% -27.9% +20.7% +12.9%

Gypsum
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Figure 3-12: Compressive strength corresponding to different curing periods for gypsum concrete.

3.4.3 COMPARISON WITH PREVIOUS STUDIES

Hansen and Sadeghian (2020) conducted a similar study in which fine gypsum concrete was
evaluated. To make a better comparison, in this research both fine gypsum and whole gypsum
concrete are considered. The same cementitious material ratios and mix design also are used to
make this comparison even more accurate. The compressive strength of each mix design in this
study for some cases is slightly different from that of the previous one. Several parameters such as
humidity, temperature, and the effect of superplasticizers could result in this difference. However,
the general trend and behavior of gypsum concrete and concrete without gypsum content are
similar to Hansen and Sadeghian (2020) results. For example, as mentioned earlier, gypsum
concrete demonstrates higher compressive strength compared to concrete without gypsum content.
This outcome was also achieved in another research. Figure 3-13. is adapted from Hansen and

Sadeghian (2020) showing the corresponding results.
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Figure 3-13: The impact of gypsum content on the compressive strength of
concrete (Hansen and Sadeghian, 2020)

3.5 CONCLUSIONS

In this chapter, the impact of involving gypsum in concrete mix design as a partial replacement for
cement was evaluated. Five different mixes were considered for the experimental program. In two
of them, the fine gypsum was considered as a partial replacement for 10% and 20% of cement in
the concrete. One batch was dedicated to control specimens in which there was no gypsum content
(50% fly ash and 50 % cement). For the two remaining mixes, whole gypsum was used to replace
10% and 20% of cement for each mix. Specimens were evaluated after 7, 28, and 90 days of curing.
The following outcomes were revealed by the test results. First, the gypsum concrete is weak in
terms of compressive strength at early ages compared to the control specimens, but it gains
noticeable amount of strength as time passes. On day seven, 45-55% of strength reduction was
witnessed for the gypsum concrete with 10% gypsum content. The reduction of strength was about
60% for gypsum concrete with 20% gypsum content. On day 90, however, utilizing gypsum as
cementitious material resulted in a 20% strength increase for 10% gypsum content and a 5-13%
increase for 20% gypsum content. This noticeable amount of strength gained by gypsum concrete
at later ages might switch the failure mode of reinforced concrete members from ductile to brittle

which is not preferred according to CSA standard A23.3-14. Some standards need to be introduced
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to consider this behaviour of gypsum concrete for designing reinforced concrete structures (e.g.,
introducing modification factors). Second, the results demonstrated that, whole gypsum could be
as functional as fine gypsum in concrete with higher levels of sustainability since the difference
between the compressive strength of gypsum concrete with whole gypsum and fine gypsum
content was relatively low. Also, using whole gypsum could be more economical than fane
gypsum only. By using whole gypsum, not only the whole product would be used as virgin
material, but also the process of sieving and drying gypsum could be skipped and as a result, energy

and time will be saved.
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CHAPTER 4 THE LONG-TERM IMPACT OF GYPSUM ON THE PHYSICAL
AND MECHANICAL PROPERTIES OF CONCRETE?2

4.1 ABSTRACT

The high volume of concrete production has caused numerous concerns about the negative impacts
that the production process of this functional material could have on the natural environment. The
production of cement as the premier component of concrete has the most environmental impacts
in comparison with other components. For that reason, and as was mentioned in the previous
chapters, supplementary cementitious materials have been researched for partial replacement of
cement in concrete. Recycled gypsum from waste drywalls is one of the alternatives that has been
introduced for this purpose. It has been shown that gypsum, alongside fly ash, could replace cement
in concrete to some extent without harming the properties of concrete. In the previous chapter, the
short-term impact of gypsum content on the compressive strength of concrete after certain
durations of curing was analyzed and promising results were reported. In this chapter, however,
the impact of gypsum content on the durability of concrete after being exposed to five different
environmental exposures is evaluated. Three total cementitious mix designs with different gypsum
content are considered for this study, and 45 concrete cylinders were made from each mix to be
exposed in air dry, fresh water, seawater, freshwater-air dry cyclic, and seawater-air dry cyclic
conditions. Specimens were tested in compression after 1000, 3000, and 6000 of exposure to these
environments. Other mechanical and physical properties of concrete such as elastic modulus,

expansion and contraction, and absorption in different conditions are analyzed. It was revealed

2 This chapter is to be submitted to a journal.

K Takbiri, P Sadeghian. Long-term Impact of Recycled Gypsum as Supplementary Cementitious Material on The
Physical and Mechanical Properties of Concrete.
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that gypsum content, in combination with fly ash could enhance the long-term performance of

concrete under certain conditions, mostly those which involve water exposure.

4.2 INTRODUCTION

Due to the contribution of cement production to Carbon dioxide emission, researchers have
investigated approaches to replace cement in concrete with more sustainable materials. (Coffetti
et al., 2022). Replacing conventional concrete with green concrete is a method for the reduction of
carbon dioxide emissions (Nowak, 2008). Green concrete is referred to a specific type of concrete
in which industrial by-products and recycled material from other industries are being used (Hughes
et al.,, 2015). Recycled gypsum from waste drywalls in combination with fly ash has been
introduced as one of the options for replacing cement in concrete since this material could enhance
the performance of concrete (Naik et al., 2010; Hansen and Sadeghian, 2020). The short-term
performance of concrete with gypsum content in terms of compressive strength was evaluated by

Hansen and Sadeghian (2020) and in chapter 3 of this thesis.

The long-term impact of gypsum content on the mechanical properties of concrete (durability) is
another important aspect of this novel material that should be evaluated. Durability of concrete is
one of the most important parameters of this commonly used material. Lack of durability could
result in premature failure of concrete or serviceability deficiencies (Zhang et al., 2013; Idiart et
al., 2011). The dehydrating features of gypsum in concrete, for instance, could result in poor
performance of concrete in long term (Sypek et al., 2019). Moreover, the presence of gypsum in
concrete could result in expansion and surface cracking which would have negative impacts on the
properties of concrete in the long-term period (Bing and Cohen, 2000; Naik et al., 2010). The
sulfate attack would cause an expansion in concrete, leading to porosity reduction, damage, and

cracking of concrete which results in strength degradation (Roziere et al., 2009; Zhang et al., 2013).
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Utilizing Gypsum in mix design could also result in a phenomenon known as a “false set” which
is generally about stiffening the fresh concrete especially while mixing (Hansen and Sadeghian,
2020; Chun et al., 2008). This might affect the performance of concrete in the long term. Diverse
environmental exposures, also, could have different impacts on the properties of concrete. Water

exposure for example is capable of harming some mechanical properties of concrete over time in

different forms (Hove, 2011).

According to Hansen and Sadeghian (2022), water exposure would not negatively impact the
compressive strength of gypsum concrete with 15% of cement replaced by recycled fine gypsum
and 50% with fly ash up to 5000 hours after the curing period. Furthermore, gypsum concrete
exposed to wet-dry conditions does not experience any deficiencies in terms of compressive
strength after the same time period. The evaluation of gypsum concrete durability was limited to
compressive strength only and no comparisons have been made between gypsum concrete and
concrete without gypsum yet. Also, the impact of using whole gypsum, which accounts for almost
two-thirds of a particular gypsum mass has not been determined. In this chapter of the thesis, the
durability of gypsum concrete with 10% and 20% of cement replacement with recycled fine and
whole gypsum up to 6000 hours is evaluated. The evaluation is conducted for five different
environmental exposures; air dry, freshwater submerged, seawater (saltwater) submerged,
freshwater wet-dry, and seawater wet-dry cycles conditions. Gypsum concrete with whole gypsum
content (involving fine particles and coarse particles) has been analyzed as well in air dry and
freshwater submerged conditions. Further mechanical properties and durability parameters other
than compressive strength have been monitored and measured such as elastic modulus, expansion,
contraction, and absorption under each environmental exposure and for each concrete mix. Also,

the observation period (durability period) has extended from 5000 hours to a high of 6000 hours.
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This would provide more insight into the durability properties of gypsum concrete and the

differences between gypsum concrete and concrete without gypsum content.

4.3 EXPERIMENTAL PROGRAM

4.3.1 TEST MATRIX

To evaluate the durability of gypsum concrete with fine gypsum, three separate groups of concrete
cylinders (100mm x 200mm) with 0, 10, and 20% of cement replacement with fine gypsum are
considered. About 50% of cementitious materials are dedicated to fly ash for all the mixes. Table
4-1 and Table 4-2 demonstrate the concrete mix design for this study and the ratios for each
cementitious material in each mix, respectively. These specimens were planned to be exposed to
five various environmental conditions. These conditions are air dry, submerged in freshwater (tap
water), submerged in seawater, freshwater wet-dry cycles, and seawater wet-dry cycles. In
addition, one more concrete mix involving whole gypsum content (replacing 20% of cement) was
made to be exposed to air dry and submerged freshwater conditions. The purpose of this plan was
to make a comparison between the gypsum concrete with fine gypsum content and whole gypsum
content in terms of compressive strength in long-term period for wet and dry conditions.
Specimens were tested under a compressive strength test machine at 1000, 3000, and 6000 hours
after 28 days of curing. This would reveal to what extent the specimens are capable of maintaining
their strength in diverse environmental exposures over a long period. Over this period, the diameter
of cylinders was measured frequently to determine the rate of expansion and contraction of each
specimen. Similarly, the weight of specimens is measured over time, and comparisons are made
with initial weights to determine the absorption of each group of specimens over a specific period.

The results of each observation will be analyzed in the sections ahead.
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Table 4-1: Concrete mix design for durability test for 1 m3 of concrete

Material Quantity
Coarse aggregate (kg) 1184.3
Fine aggregate (kg) 574.6
Cementitious material (kg) 395.2
Water (kg) 187.9
Superplasticizer (L) Upto3.5

Table 4-2: Contribution of each cementitious material for each specimens group

Specimen ID Cementitious material Number of
Gypsum Cement Fly ash Specimens
GO 0 50 50 45
FG10 10 40 50 45
FG20 20 30 50 45
WG 20 20 30 50 18

The w/c ratio and concrete mix design were set similarly to the previous chapter (w/c was held at
0.48). Specimens involving the whole gypsum in their mix are planned to be exposed only to air
dry and submerged in freshwater conditions. For that reason, the number of specimens for that
case is 18, unlike other specimen IDs. After 28 days of curing, specimens were planned to be
exposed to five different environmental conditions which are air dry (AD), submerged in
freshwater (FW), Submerged in seawater (SW), wet and dry cycle of freshwater (FWC), and wet

and dry cycles of seawater (SWC). Table 4-3 shows how specimens were exposed to each

condition.
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Table 4-3: Number of specimens from each group exposed to each environmental condition.

0% 10% Fine 20% Fine 20% Whole
Gypsum Gypsum Gypsum Gypsum

Dry 9 9 9 9
Freshwater 9 9 9 9
Seawater 9 9 9 -
Freshwater W/D 9 9 9 -
Seawater W/D 9 9 9 -

Total 45 45 45 18

4.3.2 MATERIAL PROPERTIES

The material properties for making concrete in this chapter (durability analysis) are like the
material used for making concrete in the previous chapter (short-term compressive strength
analysis) mentioned in section 3.3.2. The main purpose of using the same material is to derive
appropriate comparisons between the short-term and long-term behavior of gypsum concrete as

well as control specimens.

4.3.3 SPECIMENS PREPARATION

A total of 153 concrete cylinders are made for this study. ASTM C192/C192M was followed for
mixing the ingredients and a mini mixer was used for mixing all the materials (the same mixer that
was used previously). All the dry materials were poured into the mixer and water was added to the
mix in several increments. Superplasticiser was added to the water initially and more portions were
added to the mix directly based on the researcher’s observation for increments of 10 mL. For mixes

that did not include gypsum in their ingredients, mostly the initial portion of superplasticizer was
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used only. For mixes with gypsum content, however, the amount of superplasticizer increased
based on the amount of gypsum up to five increments (50 mL). Scrappers and steel rods are used
to prevent materials from sticking to the sides of the mixer which could result in segregation. The
mixing continued until a homogenous mix was achieved. Afterward, the resulting mix was cast
into cylindrical molds (200mm % 100m). After almost 5 days. Specimens were demolded and
placed in the curing room at room temperature and 100% humidity. Specimens remained in the
moisture room for 28 days. After 28 days of curing specimens were exposed to the environmental
conditions that have been specified (air dry, submerged in freshwater, submerged in saltwater,
freshwater wet-dry cycles, seawater wet-dry cycles). Table 4-3 demonstrates the number of

specimens and the type of environmental exposure that they experienced.

In order to maintain constant exposure, special containers are used for water and saltwater storage
and the water inside the container was isolated from air by lids over the exposure period. For cyclic
conditions (freshwater wet-dry and seawater wet-dry) specimens were submerged in water for one
week and kept in the air dry condition for one other week afterward. This process was repeated for
those two cases (FWC and SWC) of specimens over the whole durability evaluation period. The
seawater used for this research was from Halifax Harbour. Figure 4-1 demonstrates the specimens

exposed to wet and dry conditions and the containers used for storing freshwater and seawater.
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Figure 4-1: a) Specimens exposed to room atmosphere (air dry condition), b) specimens kept in
the water containers for wet exposures.

4.3.4 METHODOLOGY

4.3.4.1 Diameter measurements

To identify the impact of gypsum content on the expansion and/or contraction of concrete in
various environments, the diameter of cylinders was measured frequently using a caliper. This
device can measure the length of an element up to four decimals (in inches). To measure the
diameter, according to Figure 4-2, three different diameters in three directions are sketched on the
base of each specimen and the propagation of each end was marked on the midpoint of the height
of each specimen. From there, the diameter of the circular cross-section corresponding to the
midpoint of the height of each specimen is measured in three directions and the average of the
three outputs would indicate the diameter of the specimen during each observation. The initial
diameter of specimens was measured after 28 days of curing as the base point and other
measurements were conducted over the durability period (6000 hours) to determine the alterations
in the surface area (volume) of each cylinder. Since the measurements were done by hand, there

was possibilities of human error.
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Figure 4-2: All the specimens are centerline marked, and the diameters are
measured in three different directions using a caliper.

4.3.4.2 Weight Measurements

During the durability process, one of the most important properties of concrete which should be
considered is absorption. To measure the water absorption of specimens from each group (control
of gypsum concrete) the weight of specimens was measured frequently. The alteration in the
weight of specimens is an indicator of changes in the water absorption of each type of concrete.

Like the previous section, the initial weight of specimens was measured before being exposed to
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assigned environmental conditions as the base point and the rest of the measurements over the

6000 hrs. period revealed the changes in the absorption values.

4.3.4.3 Dynamic Elastic Modulus Determination

To determine the dynamic elastic modulus of concrete (Eq) in all groups, the UPV test was
conducted. Ultrasonic Pulse Velocity (UPV) is a non-destructive testing method for evaluating the
properties of concrete materials. For instance, locating cracks and voids inside a particular
specimen or determining parameters such as elastic modulus. The entire system involves two
sensors that one of them transmits ultrasonic waves from one end through the concrete specimen
(transmitter) and the other sensor receives those waves on the other end (receiver). Figure 4-3a
demonstrates the placement of the transmitter and receiver on the concrete specimen. The UPV
device can show the time (7)) it takes for the receiver to receive the ultrasonic waves sent by the
transmitter. The presence of cracks and voids could increase 7 while the dense environment inside
the concrete specimen could decrease 7T that the device shows. According to ASTM C597-16
(Standard Test Method for Pulse Velocity Through Concrete), the elastic modulus of concrete
could be computed using the UPV test. Equation 4-1, introduced by ASTM, will be used to do so.
To increase the accuracy of the UPV device both transmitter and receiver sensors must be placed
on smooth surfaces. For that reason, the UPV test was conducted after the specimens were capped

and prior to the compressive strength test.

_ E(1-p)
TN T -2 Eqn. 4-1
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In this equation £ (N/m?) is the dynamic modulus of elasticity, u is the dynamic Poisson’s ratio,
p is the density (kg/m?) of concrete, and ¥(m/s) is pulse velocity that is computed using Equation

4-2.

V=LIT Eqn. 4-2
Where L is the length of the specimen (m) (distance between transmitter and receiver), and 71(s)

is the transit time provided by the UPV device.

s

Transmitter \ Receiver
Concrete specimen
P (a)

Figure 4-3: a) UPV test setup schematic b) UPV device used in this study at Dalhousie University

4.3.4.4 Compressive Strength Test

Specimens were planned to be tested at 1000, 3000, and 6000 hours after 28 days of curing. All
the specimens were placed in air dry condition 24 hours prior to capping and capped by sulfur
compound 24 hours prior to testing. A universal testing machine (mentioned in the previous
chapter) was used for the compression test. The machine can measure the maximum compressive
load that each specimen resists in pounds (Ibs.). Afterward, the compressive strength of specimens

would be computed in megapascal (MPa).
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4.4 RESULTS AND DISCUSSION
In this section, the impact of different variations such as environmental exposure, gypsum content,
type of gypsum, and time on diverse mechanical and durability properties of concrete such as

shrinkage, expansion, absorption, and compressive strength is analyzed after almost 6000 hours.

4.4.1 COMPRESSIVE STRENGTH TEST RESULTS

The compressive strength of concrete is measured after 1000, 3000, and 6000 hours of exposure
in different environmental conditions for specimens with various gypsum content. Overall, the
gypsum-less concrete demonstrated better performance during early ages and in dry conditions in
comparison with concrete with gypsum content. However, after a certain period and in wet
conditions the presence of gypsum was shown to have positive impacts on the compressive
strength of concrete. The majority of failure modes for all the specimens were core crushing as it

is shown in Figure 4-4. Sudden shear failure was also witnessed in a few specimens.

Figure 4-4: Specimen’s failure modes after compressive strength test
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4.4.1.1 The Impact of Gypsum Content
Figure 4-5 demonstrates the results of the compressive strength test in the form of bar charts. Each
chart is dedicated to specimens in one specific environmental exposure; therefore, a proper
comparison could be made between the compressive strength of gypsum concrete and that of
concrete without gypsum in the long-term period. As it is obvious in chart AD, which is dedicated
to specimens exposed to air dry conditions, the compressive strength of control concrete is higher
than the other two groups with gypsum content over the whole 6000-hour period. The initial
compressive strength of control specimens, also, stands higher than gypsum concrete after 28 days
of curing. Results for FG10 and FG20 ended up being almost similar over the durability period in
the air dry condition. Regarding the submerged conditions (FW and SW), however, GO specimens
were dominating until 1000 hours after the curing period in terms of compressive strength
compared to the other two groups. In freshwater conditions GO specimens witnessed a very slight
increase over the whole period while FG10 concrete experienced a noticeable growth after 6000
hours, reaching a high of more than 35 MPa (Table 4-1). The most considerable increase in
freshwater submerged condition was observed in FG20, reaching the compressive strength of
almost 45 MPa by the end of the 6000 hrs. period while the initial strength was only 14.7 MPa at
the beginning of the durability period. Almost the same trends were witnessed for specimens
exposed to saltwater (seawater) conditions. gypsum concrete specimens (FG10 and FG20)
presented better results in the compressive strength test after 3000 hours and 6000 hours of being
exposed to this condition. Both FG10 and FG20 specimens gained compressive strength up to 40
MPa by the end of the durability period while the compressive strength of the control mix stands

at about 36 MPa after the same duration.
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Figure 4-5: Results of compressive strength test. Charts are comparing compressive strength of
specimens from different groups.



In cyclic conditions (FWC and SWC), the performance of gypsum concrete was not as good as
submerged conditions, but it was better than that of specimens exposed to air dry condition.
Regarding specimens exposed to FWC, the species of group GO, FG10, and FG20 ended up having
close values of compressive strength after 3000 hours of exposure. But after 6000 hours gypsum
concrete specimens demonstrated poor performance in terms of compressive strength compared to

control specimens.

For SWC condition, gypsum concrete with 10% and 20% of replacement showed higher levels of
compressive strength compared to control specimens over the whole period. However, fewer
values of compressive strength were measured for gypsum concrete specimens after 6000 hours
compared to the values that were measured after 3000 hours. Table 4-4 demonstrates the values of
compressive strength for specimens in all conditions after 1000, 3000, and 6000 hours of durability

period.
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Table 4-4: Compressive strength test results

AVG GO GO STD AVG FG10 AVG FG20
(MPa) (MPa) FG10 STD FG20 STD
(MPa) (MPa) (MPa) (MPa)
AD 33.1 4.7 26.5 1.2 29.7 1.8
FW 35.0 0.2 31.3 0.3 323 1.9
1000 SW 35.6 3.8 34.2 0.3 343 2.0
hrs.
FWC 36.3 0.6 38.6 4.1 37.3 4.2
SWC 33.9 1.1 40.9 4.3 36.7 1.9
AD 31.8 2.6 27.2 1.6 30.5 2.1
FW 36.4 4.7 324 2.7 39.3 0.9
3000 SW 35.6 0.7 38.8 0.3 41.1 4.0
hrs.
FWC 38.4 2.1 40.3 6.4 40.6 2.6
SWC 34.4 4.1 38.8 0.7 43.2 2.1
AD 34.1 1.6 28.5 2.2 31.8 1.1
FwW 36.0 1.7 36.2 3.9 453 2.8
6000
SW 38.1 3.1 40.2 24 40.2 4.1
hrs.
FWC 41.4 4.5 35.2 4.4 37.5 1.9

SWC 37.4 3.2 38.2 1.8 40.3 1.8
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4.4.1.2 The Impact of Exposure Time on the Long-term Compressive Strength

Time was another factor that played a noticeable role in this research since specimens
demonstrated a wide range of compressive strength values after passing different amounts of time.
Figure 4-6 shows the impact of time on the compressive strength of specimens. In most cases,
especially those which involved water exposure, strength gain was witnessed in specimens.
However, in some cases, concrete cylinders experienced strength loss. Like the previous section,

the impact of the time variable is analyzed separately for each type of environmental exposure.

Regarding the AD condition, the control specimens are constantly dominating in terms of
compressive strength. Gypsum concrete specimens are shown to have lower levels of compressive

strength in comparison with control specimens over the whole period in this type of condition.

In freshwater submerged conditions, however, different trends were witnessed. Although the initial
compressive strength for control specimens was significantly higher than gypsum concrete
specimens, FG10 and FG20 concrete cylinders gained substantial amounts of strength over the
period. FG20 gained significant amounts of strength reaching just below 33 MPa after 1000 hrs.
and almost 40 MPa after 3000 hours. By the end of the durability period, the compressive strength
of freshwater-submerged concrete for this group was more than 45 MPa, an increase of almost 30
MPa compared to the initial strength. A considerable increase in FG10 was, also, observed. The
compressive strength in this group in the FW condition increased to 36 MPa by the end of the
durability period while the initial compressive strength in this group was only 15 MPa. Control
specimens experience an approximate plateau after 1000 hours of being submerged after

witnessing a sharp increase during the first 1000 hours of exposure.
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Figure 4-6: Results of compressive strength test. Line graphs describe the impact of exposure
duration on the mechanical properties of concrete.
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Approximately similar results were observed for specimens submerged in seawater (SW
condition). Significant strength gain was witnessed in gypsum concrete specimens (FG10 and
FG20), especially FG20, by the end of the period while the control specimens did not see

considerable growth, especially from 1000 hours of exposure till the end of the period.

Regarding cyclic conditions, almost similar behavior to submerged conditions was observed.
Control specimens witnessed noticeable strength gain until 1000 hours of exposure. From there,
the strength corresponding to this group only slightly increased till the end of the procedure while
gypsum concrete specimens faced a huge increase compared to their initial compressive strength.
As it is clear from Figure 4-6 and Table 4-4, the exposure duration (time) significantly impacts the
specimens with gypsum content over the durability period (up to 6000 hrs.) while for control
specimens in most of the cases, the impact of time was only considerably until 1000 hours and
after that, the compressive strength of specimens without gypsum content almost plateaued or only
slightly changed. This statement was shown to be valid for conditions where water exposure was
involved (FW, SW, FWC, and SWC) where the compressive strength of gypsum concrete (FG10
and FG20) ended up being higher than control specimens by the end of the durability period

(except for FWC condition).

4.4.1.3 The Impact of exposure type

Concrete structures and mixes are being designed for a wide range of climates and environmental
conditions. The five most common environmental conditions had been considered in this research,
and each of them had different impacts on the concrete cylinders in terms of durability, strength
gain, or strength loss. In this section, it will be revealed how these environments could impact the

function of gypsum concrete.
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Figure 4-7: Impact of exposure type on the results of compressive strength test.
From Figure 4-7, it can be observed that dry condition limits the strength gain rate of gypsum
concrete over 6000 hours. Control specimens (G0) did not witness any noticeable rise in their
compressive strength with changing the environment (only minor increases). Gypsum concrete,
on the other hand, shows major development in compressive strength as the environment becomes
wet. For FG10 for example, as the environment changes from dry to submerged in freshwater and
seawater, the compressive strength of specimens increases from below 30 MPa to just above 35
MPa and 40 MPa respectively by the end of the durability period (6000 hrs.). The highest
compressive strength after 6000 hours, however, was seen in specimens with 20% gypsum content

submerged in freshwater. The compressive strength, in this case, increased from just above 30
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MPa in dry condition to a high of almost 45 MPa after 6000 hours. Regarding specimens exposed
to cyclic conditions, the performance of gypsum concrete was slightly weaker than submerged

cylinders.

4.4.1.4 The Impact of Gypsum Type (Whole Gypsum and Fine Gypsum)

As mentioned in previous sections, 18 other specimens are made with 20% cement replaced by
recycled whole gypsum. Fine gypsum consists of particles passing through sieve No. 50 and the
whole gypsum is a mass of gypsum with a mixture of coarse and fine and paper particles without
manipulation. Figure 4-8 compares the compressive strength of control specimens, specimens with
20% replacement with fine gypsum (FG20), and specimens in which 20% of cement was replaced
with whole gypsum (WG20). Looking and Figure 4-8 (a), the WG20 mix had the weakest
performance compared to the other two mixes in compressive strength after 1000 hours of
exposure in both conditions (AD and FW). After 3000 hours, although FG20 had better
performance compared to control specimens in FW condition, WG20 specimens showed inferior
performance compared to the control mix. By the end of the durability duration (6000 hrs.), WG20
demonstrated the strength almost as good as the control mix when submerged in freshwater. At
this stage, specimens made with fine particles of gypsum had the best performance when exposed
to FW condition compared to the other two groups. These results express that although using whole
gypsum in concrete seems to be a much more sustainable method compared to utilizing fine
particles only, the latter would bring much better impacts on the mechanical properties of concrete
in the long-term period. It is worth mentioning that this statement is valid when concrete is exposed
to wet conditions. In dry condition, the mix without gypsum content constantly dominates in terms

of compressive strength over the whole period.
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Figure 4-8: Compressive strength test corresponding to control specimens and specimens with
20% of whole gypsum and fine gypsum content exposed to dry and freshwater submerged
condition.

4.4.2 DyNAMIC ELASTIC MODULUS

4.4.2.1 Elastic modulus values and comparisons

The dynamic elastic modulus (Eq) of all mixes was calculated through UPV test as mentioned in
previous sections and results are exhibited in Figure 4-5. As can be seen, the Eq corresponding to
GO is constantly higher than that of FG10 and FG20 over the whole period of 6000 hours regardless
of environmental exposure type. In the case of GO, Eq is ranged between 43 GA and the high of
48 GA as shown in Figure 4-9 and Table 4-5. The exposure duration does not seem to have a

noticeable impact on the elastic modulus of mixes without gypsum as well as exposure type. The
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value of Eq corresponding to FG10 remained lower than that of GO and higher than FG20 over the
whole duration ranging from almost 35 GPa and a high of about 44 GPa. The lowest value of Eq
was determined for the FG20 mixture in each condition and each period ranging from 36.2 GPa
after 1000 hours of exposure to AD condition to the max of 42.2 GPa after 6000 hours of being
submerged in freshwater. Since the main use of the UPV test is for identifying the porosity of
concrete, this approach could prove that the increase of gypsum content in concrete would result
in the creation of a more porous environment in the material. Overall, the presence of gypsum

could decrease the elastic modulus of concrete in different conditions.

4.4.2.2 Compressive Strength and Dynamic Elastic Modulus Compatibility

The results of this study demonstrated that mixtures with higher gypsum content (up to 20% of
cementitious material mass) have better performance in mechanical properties when being exposed
to the wet environment in the long-term period in comparison with control specimens. However,
regarding dynamic elastic modulus, the increase in gypsum content constantly resulted in the
reduction of elastic modulus in concrete for different environments. For example, the elastic
modulus both in AD and FW conditions corresponding to the GO mix is higher than that of FG10
and FG20 after 1000, 3000, and 6000 hrs. of exposure (Figure 4-8) while in terms of compressive
strength, although GO specimens end up to be stronger than FG20 cylinders in AD condition after
6000 hours, the compressive strength corresponding to FG20 in FW condition was by far higher
than that of GO specimens as shown in Figure 4-4. This could indicate that unlike conventional
concrete (with cement only as cementitious material), the elastic modulus of concrete with the
combination of fly ash and gypsum as supplementary cementing material would not increase with

the increase of compressive strength value. To conduct the ideal UPV analysis, both ends of
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specimens should be smooth. The capping compound provides that smooth surface at both ends of

specimens, facilitating the process of determining dynamic elastic modulus.
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Figure 4-9: Elastic modulus corresponding to all mixes after specific time period determined by
UPV test.

To determine the static elastic modulus of concrete (E¢), Canada concrete code (CSA Group

standard A23.3-14) express that the following equations shall be used;
Ec = 4500,/f; Eqn. 4-3

Where . is the compressive strength of concrete at 28 days. After calculating the static elastic

modulus of GO and FG20 for specimens exposed to AD and FW, it was determined that there is
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considerable difference between the values of E calculated from eqn. (4-3) and E4 determined

using UPV test. Table 4-6 shows this comparison.

Table 4-5 Dynamic elastic modulus calculated through UPV test.

AVG GO GOSTD AVG FG10 AVG FG20
(GPa) (GPa) FG10 STD FG20 STD
(GPa) (GPa) (GPa) (GPa)
AD 43.1 1.8 37.9 1.1 36.2 34
FW 46.3 0.8 39.8 1.4 39.4 2.6
1000 SwW 46.4 1.6 43.6 1.3 37.3 5.8
hrs.
FWC 43.5 1.1 41.8 2.6 40.4 2.4
SWC 43.7 1.3 41.2 0.6 40.0 2.1
AD 44.7 1.9 37.8 1.9 36.7 2.6
FwW 48.1 0.9 44.0 1.8 41.6 0.8
3000 SW 47.1 2.1 44.4 23 39.6 1.7
hrs.
FWC 46.6 23 42.6 1.6 38.1 0.4
SWC 47.5 1.5 43.6 0.8 39.5 3.0
AD 43.4 1.5 34.8 5.0 34.1 3.9
FW 46.0 1.5 44 .4 0.5 42.2 1.3
6000
SW 473 0.25 44.6 2.7 38.8 2.5
hrs.
FWC 44.7 0.4 38.4 4.0 38.5 1
SWC 42.7 2.9 41.9 1.2 40.3 2.8
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Table 4-6 Comparison between dynamic and static elastic modulus

Exposure Specimens ID Eq(GPa) Ec (GPa)
AD GO 43.1 223
FG20 36.2 17.2
FW GO 46.3 22.3
FG20 39.4 17.2

4.4.3 EXPANSION AND CONTRACTION OF SPECIMENS

As mentioned in chapter 2, there are some concerns about the expansion of concrete with
considerable amounts of gypsum content. For this reason, the expansion, and alterations in the
diameter of concrete cylinders were measured over the whole durability period and the results for

each group of specimens (GO, FG10, and FG20) are as follows:

4.4.3.1 Expansion and Contraction in GO

The rate of changes in the diameters of control specimens is shown in Figure 4-10(a). As can be
seen, specimens exposed to the dry condition experienced gradual contraction after almost 16
weeks of exposure and almost plateaued until the end of the durability period. Specimens exposed
to wet conditions (FW, SW, FWC, and SWC) did not experience noticeable changes in the
diameters. Cylinders exposed to SW and SWC conditions faced minor expansions and those
submerged in freshwater and experienced freshwater wet/dry cycles did not face any expansion or

contraction. It is worth mentioning that some fluctuations are visible in Figure 4-10(a), 4-10(b),
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and 4-10(c) which could be due to human error while measuring the diameters of cylinders. The

overall trend is considered for analysis.

4.4.3.2 Expansion and Contraction in FG10

As the amount of gypsum content increases to 10% of cementitious material mass. the rate of
diameter reduction for specimens exposed to air dry condition increases. As shown in Figure 4-
10(b), the rate of contraction corresponding to these cylinders is sharp until 16 weeks of exposure
and became moderate till the end of the period, which is almost the same trend as control specimens
in dry condition. Like control specimens, wet conditions neutralize the contraction of concrete in
this group. There is no significant change regarding the length of the diameter of specimens
exposed to FW, SW, and SWC conditions after about 6000 hours of exposure, and cylinders that

experienced freshwater wet/dry cycles demonstrated only minor contractions.

4.4.3.3 Expansion and Contraction in FG20

Figure 4-10(c) shows that the mixtures with higher gypsum content are more likely to experience
diameter alterations since the amount of expansion and contraction for those specimens is
considerably higher than the other two groups of specimens. Like other cases, cylinders exposed
to dry condition experienced severe contraction. Regarding conditions that involve water exposure

in most of the cases, expansion was witnessed except for freshwater submerged condition.
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Figure 4-10: Expansion and contraction of specimens in different exposure over the durability
period
The weight of all specimens was measured frequently over the durability period to evaluate the
absorption of mixtures, which is another durability property. Figure 4-11 shows the absorption of
different mixes which is calculated by dividing the weight of each specimen at each stage over the
initial weight of the same specimen. weight loss can be witnessed in all the specimens that
experienced AD condition regardless of their gypsum content over the whole period. The
evaporation of existing water in specimens could be the main reason for weight loss since this

phenomenon was not seen in specimens that were exposed to wet conditions. For the latter, the

weight of specimens increased noticeably until week 12 and then plateaued till the end of the
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period. The trend was similar for all the specimens that experienced FW, SW, FWC, and SWC
conditions regardless of their gypsum content. However, the amount of weight gain corresponding
to FG20 specimens was relatively higher than control specimens and specimens with 10% gypsum
content. The maximum weight gain (absorption) was witnessed in FG20 specimens exposed to
seawater. It can be concluded from the results that gypsum particles in concrete are capable of
absorbing water more than other cementitious materials since the positive absorption of specimens

increases and the amount of gypsum content grows.
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Figure 4-11: Concrete absorption with different gypsum content.
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4.4.5 STATISTICAL ANALYSIS

Analysis of Variance (ANOVA) is a statistical approach used to determine whether there are
significant differences between two groups of data or not. In ANOVA analysis, there are two major
types of variables. First is the dependent variable which is the variable that is meant to be
measured. Second is an independent variable which can affect the results regarding dependent
variables. The whole process is all about splitting the total existing variation in the dependent
variable into different sources of variation which impact the results, including the variation within
groups and the variation between groups. Then statistical evaluations are implemented to
determine whether the observed variation between groups is noticeably higher than the variation
within groups. Then a parameter would be calculated known as F-value, is calculated by dividing
the variance between groups by the variance within groups. If the F-value is greater than a specific
value which is known as F-critical (Fcrit), it can be concluded that the differences between the
means of the specified groups are significant. Hereby, the analysis is conducted on the specimens
tested in compressive strength after 6000 hours of exposure. The main variable is the amount of
gypsum content in specimens. The goal is to indicate whether the differences between the
compressive strength of specimens with different gypsum content (GO, FG10, and FG20) in
specific situations are significant or not. As can be seen in Table 4-7, the differences between
specimens in the AD condition and FW condition are significant. It was revealed in the previous
sections that control specimens are dominant in terms of compressive strength in dry condition
while FG20 cylinders had much better performance than all the specimens when submerged in
freshwater after 6000 hours of exposure. In other cases (SW, FWC, SWC) the differences were

not significant enough to justify the comparison between control specimens or specimens with
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gypsum content. Another analysis was conducted on all the specimens with 20% gypsum content

based on the environmental condition that they were exposed.

Table 4-7 Results of ANOVA analysis based on the compressive strength corresponding to the
6000-hour period

Range of data Source of variation | F-value | Ferit Significance
Specimens exposed to AD Gypsum content 8.1 5.1 Significant
Specimens exposed to FW Gypsum content 9.7 5.1 Significant
Specimens exposed to SW Gypsum content 0.4 5.1 Not Significant

Specimens exposed to FWC Gypsum content 2.0 5.1 | Not Significant
Specimens exposed to SWC Gypsum content 1.2 5.1 | Not Significant
Specimens with 20% Gypsum Environmental 10.4 3.5 Significant
content exposure

It is concluded that the differences between FG20 specimens in different exposures are significant
enough to justify the positive impact of freshwater-submerged condition on the performance of
this type of concrete. The results are shown in the last row of Table 4-6. Table 4-8 demonstrates
the results of ANOVA analysis conducted on the FG20 specimens to show the significance of time
period impact on the compressive strength of concrete in different environmental exposures.
Although the compressive strength of FG20 specimens increased in most of the exposures
involving water over time, the impact of duration length was substantial only in FW condition. As
can be seen in Table 4-8, the impact of exposure duration is also significant in SWC condition;
however, the trends regarding the impact of exposure duration in FW and SWC are different as

shown in Figure 4-6.
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Table 4-8 Results of ANOVA analysis based on the compressive strength corresponding to FG20

Range of data Source of variation | F-value | Ferit Significance
Specimens exposed to AD Exposure duration 1.2 5.1 Not significant
Specimens exposed to FW Exposure duration 30.6 5.1 Significant
Specimens exposed to SW Exposure duration 3.4 5.1 Not significant

Specimens exposed to FWC Exposure duration 1.1 5.1 Not significant
Specimens exposed to SWC Exposure duration 8.3 5.1 Significant
cylinders.

4.5 CONCLUSION

In this chapter, the long-term behavior of concrete with recycled gypsum content from waste
drywalls in combination with fly ash as supplementary cementitious material was evaluated. The
evaluation was based on observations of changes that occurred to the mechanical and physical
properties of concrete with a constant amount of fly ash (50% of cementitious material mass) but
different gypsum content (0,10 and 20% of cementitious material mass). Concrete cylinders were
exposed to five major environmental conditions which were air dry, freshwater submerged,
seawater submerged, wet/dry cycles of fresh water, and wet/dry cycles of seawater. Specimens
were kept in the specified condition for up to 6000 hours. Over this period the mechanical and
physical properties of all cylinders such as expansion, contraction, compressive strength, elastic
modulus, and absorption were measured. To make a better comparison two sets of concrete

cylinders with 20% of whole gypsum content from waste drywalls were made and were exposed
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to air dry and freshwater submerged condition. The outcome and the summary of evaluation results

are as follows:

e As it was observed in chapter 3, the specimens with gypsum content had poor performance
in terms of compressive strength during early ages (up until 1000 hours of exposure) in
comparison with control specimens. This phenomenon is valid for concrete in most of the
environmental exposures.

e Gypsum concrete performed poorly in compressive strength when experienced dry
condition (AD) over the whole period (short-term performance and long-term
performance). However, enhancements were witnessed in gypsum concrete properties
when exposed to wet conditions (FW, SW, FWC, SWC) especially freshwater submerged
after 3000-hour period.

e After humidity and time, one of the important parameters impacting the results was the
amount of gypsum in the concrete. Generally, the rate of strength gain in specimens with
20% gypsum content was higher than those with 10% by the end of the 6000 hours.
However, the value of compressive strength of both groups was close in most of the cases.

e The performance of specimens with whole gypsum content was almost as good as control
specimens in freshwater submerged condition by the end of the period but not as good as
specimens with fine gypsum content. In chapter 3 it was revealed that whole gypsum could
be as functional as fine gypsum as a supplementary cementitious material in concrete after
90 days of curing.

e Concrete cylinders with highest gypsum content experienced higher changes in the

diameter after conducting several measurements. This can be concluded that a higher
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amount of gypsum would make concrete more capable of experiencing
expansion/contraction.

e Concrete cylinders exposed to dry conditions experienced weight loss over the period. This
could be due to the evaporation of existing water in the voids of cylinders. On the other
hand, cylinders exposed to wet conditions, especially submerged, gained noticeable
amount of weight. This weight gain was more noticeable in specimens with higher gypsum
content. This means the presence of gypsum in concrete could result in the absorption of a
noticeable amount of moisture from the wet environment.

e The statistical analysis showed that, the presence of gypsum does not have negative impact
on the mechanical properties of concrete after 6000 hours of exposure. Moreover, the
presence of gypsum is proven to have significant positive impact on the compressive

strength of concrete exposed to FW condition.
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CHAPTER 5 CONCLUSION AND RECOMMENDATION

5.1 CONCLUSION

In this thesis, the impact of gypsum and fly ash as supplementary cementitious material on the
performance of concrete was evaluated. The main purpose of introducing gypsum concrete was to
introduce a sustainable material with minimum environmental footprint. This study was broken
down into two major phases. In phase one, a total of 45 concrete cylinders were made to be tested
after 7, 28, and 90 days of curing. A similar mix design was used for making all the cylinders. The
only parameter which differentiates specimens was the ratio of materials used as a cementitious
material. Half of cementitious material mass was dedicated to fly ash. 0, 10, and 20 % of the
remaining cement was replaced with recycled gypsum. To evaluate the consequences of utilizing
whole gypsum instead of fine gypsum in concrete, both types of gypsum were used. The main
purpose of this phase was to evaluate the short-term properties of gypsum concrete and make
proper comparisons with the impact of whole gypsum and that of fine gypsum on the primary
properties of concrete (compressive strength). The second phase was all about the long-term
behavior of gypsum concrete and how the combination of gypsum and fly ash could impact the
durability properties of concrete in the long term. A total of 153 specimens were exposed to five
different environmental conditions (air dry, submerged in freshwater, submerged in seawater,
wet/dry cycles of fresh water, wet/dry cycles of seawater), the rate of expansion, contraction, and
absorption of all specimens were measured, and proper comparisons were made between control
specimens and gypsum concrete specimens. Also, the compressive strength of specimens was
measured after 1000, 3000, and 6000 hours of being exposed to the conditions. The following

results were revealed from the whole study:

82



During the first phase it was shown that gypsum concrete with whole gypsum or fine
gypsum content has inferior performance during early ages in comparison with concrete
without gypsum content (fly ash and cement only) in terms of compressive strength. This
statement is valid for 28 days of curing.

After 90 days of curing the results showed that gypsum concrete with either fine or whole
gypsum content had better performance compared to the control mix when it comes to
mechanical properties. This would indicate that the rate of strength gain in these two types
of concrete is different. While the rate of strength gained for control specimens decreased
over time, it did not experience reductions or even witnessed an increase for gypsum
concrete after 90 days of curing.

It was concluded that the performance of gypsum concrete with whole gypsum content was
almost as adequate as concrete with fine gypsum content. Therefore, whole gypsum could
be as functional as fine gypsum for replacing cement in conventional concrete.

Two important parameters play key roles regarding the durability of gypsum concrete. The
first deciding factor is environmental conditions. Gypsum concrete has much better
performance in conditions that involve water exposure such as submerged in freshwater
compared to dry conditions. The other deciding parameter is the amount of time that
concrete experiences that specific environmental condition. Gypsum concrete performed
poorly in terms of mechanical properties during early ages in comparison with concrete
without gypsum content. However, after a specific amount of time, gypsum concrete

performed better than control concrete in wet conditions.
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The presence of gypsum could impact the durability properties of concrete such as
absorption, expansion, and contraction which must be taken into consideration while

evaluating this material.

5.2 RECOMMENDATION FOR FURTHER RESEARCH

Like other novel approaches in the world of construction, the material and strategies introduced in

this study have some deficiencies which could be eliminated in the not-so-distant future by doing

further research in this domain and finding proper solutions. The recommendations for future

research are as follows:

Lack of strength during early ages is the major problem with gypsum concrete since
sometimes concrete needs to gain a certain amount of strength in a specific amount of time
which is not necessarily long. It is a proper option goal for future researchers to seek
solutions for addressing this issue. Some probable solutions might be using certain
additives or other sustainable materials for compensating the lack of strength during early
ages.

Gypsum concrete has been evaluated solely as a single construction material; however, in
most cases, concrete is being used in combination with steel rebars. To introduce a fully
functional novel concrete, the interaction between gypsum concrete and steel rebars must
be researched. How the presence of gypsum could chemically impact steel rebars, the bond
strength between rebars and gypsum concrete, and other mechanical properties of
reinforced concrete structures with gypsum concrete must be revealed.

Up to 70 % of cement was replaced in this study, it would be interesting to use more of the
combination of fly ash and recycled gypsum for replacing cement (beyond 70%) without

sacrificing too many of mechanical properties.
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As was showed in chapters 3 and 4, the rate of strength gain for gypsum concrete is
different from conventional concrete in different conditions. It would be extremely useful
to research the behavior of gypsum concrete in terms of strength gain over time and make
proper comparisons with conventional concrete.

Storing gypsum for long time could expose this material to humidity. gypsum used in this
study was oven-dried before mixing. Since removing humidity from gypsum could be
energy consuming and result in environmental issues, it is recommended that the impact of
moist gypsum as supplementary cementing materials be evaluated. If no negative impact
is witnessed then the oven-drying process could be skipped. As a result, some amount of t
energy consumption and cost can be reduced.

The workability of gypsum concrete was not evaluated in this thesis; however, it is highly
suggested for future researchers to evaluate the impact of gypsum content on the
workability and Slump number of concrete. In this study, about 3.5 liter of superplasticizer
for one m3 of concrete was used to neutralize the dehydrating impact of gypsum. Using
superplasticizers could bring environmental issues and is not economical. Several methods

shall be researched to reduce the demand for superplasticizers in gypsum concrete.
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APPENDIX A: DETAILS ON COMPRESSIVE STRENGTH TESTS
OVER THE 6000 HRS. PERIOD
This appendix is all about the data regarding compressive strength tests of specimens that
underwent durability phase of up to 6000 hours. Tables A-1, A-2, and A-3 demonstrate tables
corresponding to 1000, 3000, and 6000-hour tests for specimens exposed to air dry, freshwater
submerged, seawater submerged, wet and dry cycles of freshwater, and wet and dry cycles of
seawater conditions. The terms SD and Coef stand for standard deviation and coefficient of

variation respectively.

Table A-1: Compressive strength of specimens after 1000 hours of exposure

GO Maxload(lb] Strength (Mpal AVG [Mpal S0 Mpal Coef
a0-1 55500 305

an-z E5000 373 324 4.32 1232
a0-3 53500 734

Fwl-1 E1500 338

Fiwl-2 E2000 3.0 339 0.6 0.47
Fwl-3 E1500 338

-1 TOoaa 354

Sh-2 SES00 30 3.5 373 10.80
Sh-3 E2000 340

Fiw-C-1 53000 3.6

Fiw-C-2 E5000 35T 351 0.55 1.56
Fiw-C-3 E4000 351

Sh-C-1 E000 335

Shw-C-2 E1000 335 329 11 3.38
Sw-C-3 57500 36

FG10

a0-1 43000 B3

an-z 45000 24.7 256 114 4 4k
an-3 d4E000 253

Fwl-1 53000 324

Flwl-2 55000 3 320 0.32 0.3
Fiwl-3 55000 33

Sh-1 E1000 335

S-2 50000 323 331 0.32 0.36
Shw-3 E0000 329

Fiw-C-1 ES000 357

Fiw-C-2 E3000 34.E 374 4.00 10.65
Fiw-C-3 TES00 420

Sw-C-1 3500 40,4

Shw-C-2 T3000 434 396 417 0.5z
S-C-3 Ed000 351

FGZ20

a0-1 5000 280

an-z S0000 275 28.7 177 6.14
a0-3 S6000 308

Fwl-1 SES00 30

Fiwl-2 E0S00 332 33 180 575
Fwl-3 54000 237

-1 58500 321

Sh-2 Ed500 354 332 130 573
Sh-3 5&500 321

Fiw-C-1 57500 IE

Fiw-C-2 71500 333 36.2 4.05 .20
Fiw-C-3 E5500 376

S-C-1 E&500 3TE

S-C-2 E3000 34.E 355 183 515
Sw-C-3 E2500 3.3
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Table A-2: Compressive strength of specimens after 3000 hours of

cxposure

G0 Maxload Ib] Strength (Mpal  AWG [Mpal S0 [Mpal Coef
A0-4 E0S00 Fa.2
A0-5 SE500 3.0 30054 245 5.03
AD-& 51500 28.3
Faf-ch F2500 388
Fw'-5 EE000 30.8 35.24 4.53 12.86
Fw'-E Bd000 351
Shwi-d £3000 3.6
S-S5 £1500 338 34.51 0.3 2.00
S'w-B B4000 351
) GE000 36.2
FWwC-5 E5000 357 3716 2.08 559
FWC-E F2000 385
SwWC-d BES00 3B.5
SWC-5 £3000 3.6 33.32 4.00 120
SWC-B 52500 28.8
FG10
A0-d4 45500 2E.E
a0-5 45000 24.7 26.36 153 c.80
AD-E 50500 217
Fhaf-d 53000 .3
Fiw'-5 52000 288 3133 264 &.40
] £1500 338
Shwi-d £3000 7.9
S-S BE000 7.3 3762 0.27v 0.73
S'w-B B3500 3TE

[FwiC-4 75000 412
FwC-5 g000a 433 33.08 .15 1581
FwC-6 55500 321
SwWiC-d F2500 398
SWC-5 Fi0aa 38.0 39.08 0.3 177
SWC-B Foaaa 384
FGZ0
A0-4 57500 36
a0-5 54000 29.7 29.56 206 B.37
AD-5 S000a 27.5
Fhof-c FOS00 387
Fiw'-5 Foaaa 3849 358.05 0.85 232
Fiw/-E BTS00 371
Shwi-d 51000 4d.5
Sw-5 Foaoo 3849 40.03 384 353
S'w-E G5000 373
Fw/C-d F3500 40.4
FwC-5 BES00 3B.5 33.36 243 B.33
FwC-E Fa000 41.2
SwWiC-d g0500 4d.2
SWC-5 F3500 40.4 41,53 208 4.97
SWC-E F4500 40.9
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Table A-3: Compressive strength of specimens after 6000 hours of

cexposure

G0 Maxload(lb]l Strength (Mpal  AVG [Mpal SO Mpal Cosf
A0-7 E1000 335

A0-5 5r0o0 .3 33.04 1.56 4.73
A0-3 E2500 4.3

Fe'-7 E5000 35T

Fle'-5 EO00a 324 34,89 164 4,84
F'e'-3 E5E00 360

ST E4500 5.4

S8 E3500 4.9 3E6.83 3.0z 8.z0
Shw-3 T3500 40.4

F'w!-C-7 ET000 365

F'e!-C-3 gz000 45.0 40.03 4.36 10.87
F'w/-C-3 Toooa 354

Shw-C-7 G2500 3.3

Shw'-C-5 G3000 346 36,24 309 5,924
Shw-C-3 T2a00 335

G10

a0-7 51500 28.3

A0-5 53500 23.4 27.64 213 7T
A0-3 45000 25.3

Fief-7 ES000 373

F'e'-8 BTS00 a7 35,08 373 10.63
F'e'-3 SEO00 0.8

ST TE000 412

S8 BES00 365 3599 235 B.02
Sh-3 71500 3.3

F'w!-C-7 Ez000 4.0

F'e/-C-8 Toooa 354 34,14 4.26 12.47
F'w/-C-3 54500 239

SW-C-T T1000 33.0

Shw-C-8 EEO00 36.2 36.38 177 4.77
Shw-C-3 E5000 35T

G20

A0-7 5000 .49

A0-5 4000 237 30.54 111 360
A0-3 6500 .0

Fial=T S5000 46,7

Fiaf=5 TS000 41.2 43,54 275 6.27
Fiaf=3 73500 437

ST 73500 437

Sht-8 Er0o0 368 38,90 4,13 10.62
Sh-A EEO00 362

Flw!-C-7 ToOoo 304

Fle/-C-8 E3500 4.9 3E6.34 1.87 A L)
F'w/-C-3 E5000 BT

SW-C-T EE000 CF ]

ShW-C-8 T1000 330 33.08 1.74 457
SW-C-3 Tds00 40.9
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Table A-4 demonstrates the variation of diameters numerically. The numbers are in the form of
lateral strain which is derived by dividing the average diameter of specimens over the average

initial diameter.

Table A-4: Expansion and contraction of specimens in the form of lateral
strain compared to the initial diameter.

G0

AD -0.0002 -0.0001 -0.0005 -0.0002 -0.0003 -0.0002 -0.0002
FwW 0.0001 0.0002 0.0000 0.0001 0.0000 0.0000 0.0000
swW 0.0002 0.0002 0.0003 0.0003 -0.0006  0.0002 0.0004
FWC 0.0002 0.0001 0.0000 0.0001 -0.0001 0.0003 0.0000
SWC 0.0002 0.0000 0.0001 0.0001 0.0000 0.0002 0.0001
FG10

AD -0.0003 -0.0003 -0.0005 -0.0004 -0.0005 -0.0006 -0.0007
FwW 0.0001 0.0000 -0.0001  0.0002 0.0001 0.0001 0.0001
swW 0.0001 0.0000 -0.0001 0.0001 0.0001 -0.0001 0.0001
FWC 0.0000 -0.0001 -0.0002 0.0000 0.0000 -0.0003 -0.0003
SWC 0.0002 0.0001 0.0000 0.0003 0.0001 0.0000 0.0000
FG20

AD -0.0004 -0.0005 -0.0005 -0.0005 -0.0006 -0.0007 -0.0009
FwW 0.0000 -0.0003 -0.0001 -0.0004 -0.0003 -0.0004 -0.0003
swW 0.0004 0.0005 0.0002 0.0001 0.0001 0.0003 0.0005
FWC 0.0007 0.0007 0.0007 0.0004 0.0006 0.0006 0.0006
SWC 0.0003 0.0003 0.0002 0.0002 0.0003 0.0003 -0.0001

Table A-5 shows the amount of absorption corresponding to each case which is in the form of the

percentage of weight loss or weight gain in comparison with the initial weight of specimens.
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Table A-4: The amount of weight loss or weight gain compared to the
initial weight of specimens (%)

GO

FG10

-1.19
1.04
0.61
0.03
0.50

-0.13
2.52
1.26
0.78
1.00

-0.80
1.55
2.75
1.57
1.96

-1.25
1.04
0.79
0.05
0.43

-0.22
2.67
1.44
0.84
1.00

-0.99
1.70
2.89
1.82
1.87

-1.34
0.99
0.81
0.09
0.57

-0.30
2.70
1.50
0.79
1.14

-1.33
1.63
2.84
1.48
1.84

90

-1.48
0.69
0.61
-0.06
0.41

-0.38
2.16
1.08
0.51
0.91

-1.41
0.59
1.96
1.13
1.26

-1.57
0.52
0.61
0.03
0.41

0.42
2.08
1.08
0.69
1.08

-1.94
0.85
1.88
1.39
1.70

-2.08
0.61
0.61
-0.15
0.24

-1.09
2.08
1.08
0.60
0.91

-2.46
0.59
1.88
1.22
1.61

-2.17
0.69
0.61
-0.15
0.41

-1.09
2.08
1.08
0.52
1.00

-2.46
0.51
1.96
1.22
1.70
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