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CHAPTER 1. RESEARCH BACKGROUND AND PURPOSE

1.1 Background
1.1.1 Current situation of cement application

With the rapid worldwide development of urbanization in recent years, concrete, one of the most
widely used materials in the construction industry, is consumed in large quantities every year. It is
known for its high compressive strength, durability, and versatility. The key ingredient in concrete is
cement, which binds the other components of concrete together. Cementitious materials play a crucial
role in determining the strength and durability of concrete. Ordinary Portland cement (OPC) is used
as the main cementitious material in concrete. The global cement demand is estimated at over 4.216
billion metric tons in 2018 as per International Cement Review Research Report which further requires
nearly 9.476 107 Joules/ton of energy consumption in its production process[1]. Among them, 1 kg
Portland cement production process produces 0.66 ~ 0.82 kg of carbon emissions, and the carbon
dioxide produced by global cement production accounts for 5% ~ 7% of anthropogenic carbon dioxide
emissions. In 2017, the carbon dioxide emissions of the cement industry exceeded all the trucks on the
road. (Fig 1.1) Cement consumption is expected to rise from its present annual value of roughly 4.2
billion tons to around 5.2 billion tons by 2050, according to current projections [2]. In recent years,
there has been a growing interest in exploring alternative cementitious materials that can reduce the
carbon footprint of concrete production and enhance its performance.

51%

Steel

6.1%

Trucks

6.9%

Cement

7.9%

Cars

73.8%

Other

Figl.1 the carbon dioxide emissions of the cement industry in 2017[1]
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1.1.2 Physical and chemical properties of fly ash

Fly ash is the finely divided residue that results from the combustion of pulverized coal and is
transported from the combustion chamber by exhaust gases. It has been reported that the global annual
output of fly ash exceeds 900 million tons[22], of which the annual output of China is about 580
million tons[23], India is 169.25 million tons[24], the United States is 43.5 million tons[25], and
Australia is 14 million tons[26]. However, the effective utilization rate of fly ash currently accounts
for only about 53.5% of the total[22]. Fly ash particles contain high concentrations of potentially toxic
trace elements that are condensed from flue gas, making them a significant source of contamination.
The research conducted on the potential applications of fly ash waste holds both industrial and
environmental significance. Currently, a large portion of fly ash generated is disposed of in landfills,
but this practice is being critically evaluated due to its environmental implications. The increasing
costs and potential prohibitions associated with fly ash disposal have necessitated extensive global
research on waste material utilization. The aim is to address the escalating environmental risks and
optimize waste disposal techniques to make them more economically viable. An effective solution to
this problem involves the utilization of waste materials for the creation of new products, rather than
relying solely on land disposal. This approach not only helps mitigate the growing toxic threat to the
environment but also offers an opportunity to improve waste management practices and affordability.
By embracing the use of waste materials, we can minimize the impact of fly ash contamination and
work towards a more sustainable future. This shift towards resource utilization and recycling is crucial
for reducing reliance on landfills and aligning with environmental goals. Extensive research and
innovation in this field are key to finding economically viable and environmentally friendly
solutions[8].

Fly ash is primarily composed of small, powder-like particles that are mostly spherical in shape,
whether solid or hollow, and primarily exhibit a glassy (amorphous) structure. The carbonaceous
components within the fly ash consist of angular particles. While sub-bituminous coal fly ash shares
a similar silt-like particle size as bituminous coal fly ash, it typically exhibits a slightly coarser texture.
The specific gravity of fly ash generally falls within the range of 2.1 to 3.0, while its specific surface
area can vary between 170 and 1000 m%*kg [9]. The color of fly ash can range from tan to gray to
black, contingent upon the quantity of unburned carbon present in the ash.

The characteristics of fly ash are significantly impacted by the properties of the combusted coal and
the methods employed for its handling and storage. Coal can be categorized into four types, or ranks,
based on their heating value, chemical composition, ash content, and geological origin. These four
coal types (ranks) encompass anthracite, bituminous, sub-bituminous, and lignite. Furthermore, in
addition to its classification based on its form, whether dry, conditioned, or wet, fly ash is occasionally
categorized according to the specific type of coal from which it originated. Bituminous coal fly ash
primarily comprises silica, alumina, iron oxide, and calcium as its main constituents, alongside varying
quantities of carbon determined by the loss on ignition (LOI). In contrast, lignite and sub-bituminous
coal fly ash exhibit higher concentrations of calcium and magnesium oxide, lower proportions of silica
and iron oxide, and reduced carbon content when compared to bituminous coal fly ash. Due to the
limited utilization of anthracite coal in utility boilers, the quantity of anthracite coal fly ash generated
is relatively small. By referring to Table 1, a comparison can be made between the typical chemical
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constituents of bituminous coal fly ash and those of lignite coal fly ash and sub-bituminous coal fly
ash. The table demonstrates that lignite and sub-bituminous coal fly ash exhibit a greater concentration
of calcium oxide and lower loss on ignition when compared to fly ash derived from bituminous coals.
Moreover, lignite and sub-bituminous coal fly ash may contain a higher proportion of sulfate
compounds in comparison to bituminous coal fly ash[8].

Table 1.1 Normal range of chemical composition for fly ash produced from different coal
types.[8]

Component (wr.%) Bituminous Sub-bituminous Lignite
Si03 20-60 40-60 15-45
AlbO3 5-35 20-30 10-25
Fe,03 10-40 4-10 4-15
Ca0 1-12 5-30 15-40
MgO 0-5 1-6 3-10
S0 0-4 0-2 0-10
Naz0 0-4 0-2 0-6
K20 0-3 0-4 0-4
LOI 0-15 0-3 0-5

As per the guidelines outlined by the American Society for Testing Materials (ASTM C618), fly ash
is classified into two categories based on its composition. Class F fly ash is defined as ash with more
than 70 wt% combined SiO> + Al2O3 + Fe;O3 and low lime content. On the other hand, Class C fly
ash is characterized by a SiO2 + AL,O3; + Fe;O3 content ranging from 50 to 70 wt% and high lime
content. Generally, high-calcium Class C fly ash is produced by burning low-rank coals (such as lignite
or sub-bituminous coals) and possesses cementitious properties, capable of self-hardening upon
contact with water. In contrast, low-calcium Class F fly ash is typically derived from the combustion
of higher-rank coals (bituminous coals or anthracites), exhibiting pozzolanic characteristics and
requiring the presence of Ca(OH); and water to harden.[10]
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Classification of fly ash according to the ASTM

CLASS C CLASS F

+ Fly ash produced from the combustion of * Fly ash produced from the

lignite or sub bituminous coal. combustion of  bituminous or
* Contains CaO higher than 10 % anthracite coal.
* Possess cementitious and pozzolanic * Contains CaO below 10 %

properties * Possess pozzolanic properties only

Fig. 1.2. FA classification according to ASTM illustrating the main differences.[10]

1.1.3 Physical and chemical properties of GGBS

GGBS (Ground Granulated Blast Furnace Slag) is a significant byproduct generated during steel
and iron production processes. The blast furnace operates at a temperature of approximately 1500
degrees Celsius. It receives a precisely controlled mixture of limestone, iron ore, and coke. Within the
blast furnace, the combination of limestone, iron ore, and coke undergoes melting, resulting in the
formation of molten iron and slag. To produce GGBS, the molten slag from the blast furnace is rapidly
cooled using high-pressure water jets, causing it to solidify into a fine, granular, and glassy substance.
The global annual output of blast furnace slag is about 530 million tons, but only about 65% of the
total is recycled[27].

Iron Rlast | _|1-|El:il
| mac ; I.I : Fa . .
P Grinding

Steel Slag

Fig. 1.3 Manufacturing Process of GGBS[11]
The specific gravity of GGBS typically falls within the range of 2.5 to 2.9, similar to that of
cement. It has been reported to have an absorption capacity of 1.2%, which can negatively impact the

flowability of concrete. GGBS possesses a grain size range of 1.18 mm to 0.10 mm, with
approximately 62% of the material falling between these sizes [12]. The bulk density of GGBS ranges
from 1200 to 1670 kg/m3, which is roughly equivalent to the density of cement at 1440 kg/m3. In
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terms of surface area, GGBS exhibits a range of 4250 to 4700 cm?2/g, significantly higher than the
surface area of cement at 3310 cm?2/g. The larger surface area of GGBS requires a greater amount of
mortar to cover it, resulting in less accessible paste for lubrication, ultimately reducing the flowability
of concrete. However, it is worth noting that different research studies have reported varying physical
properties of GGBS, which could be attributed to the diverse sources of GGBS from different
locations[11].

Figure 1.4 presents a scanning electron microscope (SEM) image of GGBS, which serves as a
valuable tool for examining the surface morphology of the material. The SEM analysis revealed
angular fragments and a rough surface texture of the GGBS particles. These angular shapes and surface
roughness contribute to increased internal friction between the GGBS particles and other components
of concrete. Consequently, this phenomenon adversely affects the flowability of the concrete mixture.

Fig. 1.4 SEM of GGBS[13]

The structure of blast furnace slag varies depending on the composition of the ore, fluxing stone,

and impurities present in the coke used in the blast furnace. GGBS primarily consists of silica, calcium,
aluminum, magnesium, and oxygen. Tablel.2 shows the chemical properties of several GGBS that
were used in the experiments. As per the ASTM guidelines, pozzolanic materials are formed when
certain chemical components, including silica, calcium, alumina, magnesia, and iron, accumulate to a
concentration exceeding 70%. GGBS has accumulated significant amounts of silica, calcium, alumina,
magnesia, and iron, surpassing the 70% threshold. Consequently, GGBS is a reliable pozzolanic
material that can be effectively used as a substitute for OPC (Ordinary Portland Cement) in concrete
applications.
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Tablel.2 Chemical Compounds of GGBS.[11]

Si0; 39.41 39.66 34 35.6 91
Al03 11.63 12.94 14 11.74

Fea03 3.35 1.58 4 0.8

MgO 552 6.94 7 10.7 7.73
Ca0 36.56 34.20 23 417

Naz0 0.32 0.20 - - 0.12
K20 1.21 1.44 -

1.1.4 Physical and chemical properties of Biomass fly ash

In the coming decades, the transition to more sustainable fuels is crucial due to the non-renewable
nature of traditional fossil fuels and their significant contribution to greenhouse gas emissions. The
global energy consumption supplied by fossil fuels has decreased from approximately 95% in 1970 to
around 80% in 2016, owing to advancements in alternative energy technologies and increased public
awareness regarding the necessity for change. Sustainable biomass-based bioenergy represents the
largest and most important category, contributing approximately 70% to the total renewable energy
supply. In 2017, solid biomass combustion accounted for 91% of the biomass energy supply, while
liquid biofuels and biogas contributed 7% and 2%, respectively. Biomass-based electricity generation
accounted for roughly 15% of biomass consumption. Common methods involve the combustion of
biomass in fixed, fluidized, or pulverized bed boilers to generate high-pressure steam, which in turn
drives turbines for electricity generation.[16][17][18]

The biomass sources used for heat and electricity generation encompass various materials,
including agricultural and forestry residues, dedicated energy crops, wood fuel, charcoal, chips, pellets,
municipal solid waste, sewage sludge, and paper sludge. However, the combustion of fuels derived
from these renewable resources or waste materials produces ash with distinct physical and chemical
properties compared to ash produced from more conventional fuels like coal. Therefore, alternative
reuse or disposal strategies are necessary to manage the generated ash effectively.[4]

The utilization of wood fly ash (WFA) as a partial replacement for cement in construction
materials offers several advantages, including reduced reliance on natural resources in cement
production, mitigation of greenhouse gas emissions, and improved ash management practices. Several
studies have demonstrated promising results when incorporating blends of coal and WFA or solely
biomass ash into concrete. However, there are still technical challenges to address, such as commercial
barriers and concerns regarding the availability and quantity of biomass ash, especially when
considering large-scale industrial applications.

Wood fly ash exhibits a diverse and irregular morphology, characterized by variations in particle
size and shape (Fig. 1.5). The particles display a wide range of shapes and sizes, with some particles
being angular and possessing rough textures, while others are spherical and may have impurities
adhering to their surfaces. Additionally, there are particles with smooth surfaces present in the ash
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sample.[3] [19]

Fig 1.5 Microscopic aspect (SEM images) of the wood fly ash from fluidized bed|3]

The density of wood fly ash has been found to vary between 2.35 and 2.76 g/cm3, as reported in
several studies [20]. In the case of two wood fly ash samples collected from different Portuguese
facilities, one obtained from a biomass thermal power plant and the other from a biomass co-generation
plant, researchers observed different specific surface area and bulk density values. Specifically, one
sample had a specific surface area of 40 m?/g and a bulk density of 2.59 g/cm?, while the other sample
exhibited a specific surface area of 8 m?/g and a bulk density of 2.54 g/cm’, as reported in studies
conducted by researchers [15][14] In a study conducted by researchers [3], two different wood fly
ashes were examined, one obtained from wood combustion in a fluidized bed reactor and the other
from wood combustion in a grate combustor. The specific surface areas determined by the BET method
were found to be 13 and 14 m?/g, respectively, while the bulk density measured was 2.23 g/cm?. These
findings indicate that the bulk density of wood fly ashes generally falls within the range of 2200 to
2800 kg/m?. Additionally, the surface area exhibits a wider variation, which is influenced by the type
of combustor equipment used, ranging from 8 to 40 m?/g.

The analysis revealed that the wood fly ashes comprised predominantly fine particles, with the
mass distribution observed across three distinct size ranges[21]. Specifically, 48% of the mass was
found within the 20-50 um range, 36.3% within the 50-200 um range, and 10.5% within the 200-500
um range. This particle size distribution highlights the predominance of smaller particles in the ashes,
contributing to their overall composition. Nevertheless, it is important to note that the particle size of
wood fly ash can vary significantly due to several factors, including the specific combustion

7
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technology employed and the origin of the biomass used. These factors play a crucial role in
determining the resulting particle size distribution of wood fly ash.

In a comprehensive study conducted by researchers [6][7], the particle size distribution of five
distinct types of ashes was analyzed and the findings are depicted in Figure 1.6 and Figure 1.7. The
investigation revealed that Class C and Class F coal fly ash, in accordance with ASTM C618-15 (2015)
standards, exhibited similar particle size distributions, with the majority of particles falling within the
range of 3 to 50 um [6]. In contrast, wood fly ash (WFA) displayed significantly larger particle sizes
compared to the other types of fly ash examined. This observation aligns with the findings reported
by Lessard et al., who also noted the presence of larger particles in WFA in comparison to the particle
size distribution of cement[7].

Mean Size

0.7 0.7

0.6 ——Class C 0.6
= —8—Class F .
=) 0.5 0.5
f SwWi1
% 0.4 SW2 _ . 0.4
S 0.3 | —%—wood - k. 0.3
= . ., *
_g 0.2 0.2

0.1 0.1

i ¥
O o s ' - D

LS~ R - L) PRS- T PR T S T NS W WL T = T« - T P
6. Q' QL L f‘t, r_b‘ q:.a Q’. f!"- c!', g. T . ‘j‘ L ‘b“ M " |b.
N A S A

Diameter {um)

Fig.1.6 Particle size distribution of fly ashes wi  th different origins: coal (Class C and Class
F), sawdust (SW1 and SW2) and wood|[6]
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Fig. 1.7 Particle size distribution of wood fly ash (WFA), biomass bottom fly ash (BBA), cement,
sand and aggregates (10, 14 and 20 mm)[7]
Table 1.3 provides a comprehensive comparison of the loss of ignition (LOI) content between wood
fly ash and coal fly ash. Notably, wood fly ash exhibits a considerably higher range of LOI values
(0.5-25.0% wt) in comparison to coal fly ash. The LOI content serves as a crucial parameter, as it is
widely acknowledged that fly ash with elevated LOI values can potentially impact the properties of
concrete. Therefore, careful consideration must be given to the LOI content when incorporating wood
fly ash in concrete applications. Fly ashes with high LOI absorbed more water and chemical
admixtures, for example the superplasticizer resulting in increasing the slump loss, decreasing the air-
entraining effect and bleeding and decreasing the strength of concrete[5].
Tablel.3 highlights the chemical composition of ashes, revealing that lime and quartz are the
predominant oxides with higher concentrations. The silica (SiO;) content ranges from 4.8% to 52.1%
by weight, while the calcium oxide (CaO) content ranges from 8.5% to 53.4% by weight. It is worth
noting the considerable dispersion in the content of these elements across the samples. Additionally,
the ashes contain significant concentrations of other oxides, including aluminium, potassium, iron,
sodium, magnesium, chloride, and sulphur. These findings underscore the diverse range of oxides

present in the ashes, contributing to their overall chemical composition[5].
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In comparison to coal fly ashes, wood fly ashes (WFA) exhibit distinct characteristics[5]. They

generally contain higher levels of Ag, B, Br, Ca, Cl, Cu, Ga, Hg, I, Mg, Mn, Mo, Na, P, Rb, Sr, Te,

Zn, and K, while showing reduced amounts of Al. Furthermore, WFA display a greater diversity in

composition and inorganic content. They demonstrate elevated levels/values of dry water-soluble
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residue, pH, carbonates, chlorides, oxyhydroxides, phosphates, and water-soluble components.
Conversely, they exhibit lower contents/values of Al, As, Au, Ba, Be, Bi, Cd, Ce, Co, Cs, Dy, Er, Eu,
F, Fe, Gd, Ge, Li, Ni, as well as lower ash-fusion temperatures, lower bulk density, and decreased
amounts of silicates, sulphates, and sulphides. These disparities emphasize the distinctive
characteristics and chemical composition of wood fly ashes compared to coal fly ashes.

Grass crop residues exhibit significant pozzolanic activity and have the potential to serve as a viable
substitute for cement in construction materials. On the other hand, other virgin biomass ashes exhibit
lower pozzolanic activity but can still be effectively employed as fillers in cement-based materials[28].

1.1.5 The prediction model of concrete creep

It is critical to predict delayed strain in concrete structures in order to assess their durability and
serviceability. Deformation of concrete often leads to cracks in the concrete, and early-stage cracks
may hasten the deterioration of the concrete, leading to the corrosion of the embedded reinforcement
by facilitating the passage of contaminants and moisture. The load-carrying capacity of a structure is
reduced as a result of such damage that develops over time.

ACI Committee 209 showed that the effect of supplementary cementitious materials has not been
considered in many existing prediction models of concrete creep and drying shrinkage, such as the
ACIT 209 model, CEB-FIP 1990 model, Gardner and Lockman (GL-2000), AIJ Model, JSCE model,
and CEB MC90-99 model.[29][30][31][32][33]

AlJ Model is presented in Equation (1)
C(t, ty) =CR-log.(t—ty+1)

CR = (6.8X — 0.12G + 17.5)(t,)*33(1 — %)0-36(1//5)-0-43 (1)

Where C(t,tg) is specific creep strain(x10-6/(N/mm?2), t is the age of concrete (day), ¢, is age of
concrete at beginning of load (day), G is specific coarse aggregate amount (kg/m?®), X is water
binder ratio (%), h is relative humidity, V /S is volume surface area ratio .

JSCE Model is presented in Equation (2)

4W(1-h)+350
Crtto) =—Ff( 7

21 70) log.,(t—ty+1) 2)
Where C,(t,t") is specific creep strain(x10-6/(N/mm?2), t is the age of concrete (day), t, is age of
concrete at beginning of load (day), h is relative humidity, W is specific water amount (kg/m3),
f-(ty) is compressive strength of age at the start of loading.

ACI209 Model is presented in Equation (3)

ot 1) =20, G)
where @(t,ty) is the creep coefficient; d (in days) and 1) are considered constants for a given
member shape and size that define the time-ratio part; t is the age of concrete (day), t, is the age of
load applied (day), and ¢,, is the ultimate creep coefficient. For the standard conditions, ¢,, is
2.35, ACI-209R-92 recommends, an average value of 10 and 0.6 for d and 1, respectively.
CEB MC(C90-99 is presented in Equation (4)
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P25(t, to) = @PoPc(t — to)
®o = Pru(R) B (femzs) B (to)

1—h/h
Qry = [1 + i/O.l[ /o ]0.’1] ay

V7 (V/S)s

5.3
ﬁg&”g"Jﬁmm/ﬁmo
B(ty) =

0.1+ (tg/t)°2

[ -t/ 03
=t = g el
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0.7 0.2 0.5
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“
where t is the age of concrete(day), t, is the age of concrete at beginning of load (day), fim2g 1S

compressive strength at the age of 28 days (MPa), f.,, is 10 MPa, V/S is the volume surface ratio,
(V/S)o is S0mm, h is the relative humidity, ho =1, t; is 1 day.
GL200 Model is presented in Equation (5)

(t—=t)*® (7\F (t—t)) \*°
C—t)03+14 " (E) ((t —to) + 7)

(t—ty) 0.5
+2.5(1 — 1.086h?) <(t —to) + 0.12(V/5)2)

meZB meZB

P25t  to) = P(¢t;)

N PR CE STt
P(t,) = [1 ((to—tc)+°-12(V/5)2) ] ©

Where t is the age of concrete, t, is the age of concrete at beginning of load (day), t. is the age of
concrete at beginning of drying, V /S is the volume surface ratio, h is the relative humidity.
CEB-FIP 1990 Model is presented in Equation (6)
@(t,to) = PoBc(t —to)
®o = Qrir(W)B (femz8)B(to)

~ 1-RH/RH,
e Y VTN
5.3
B(femzs) = ﬁ
cm28 cmo
RN
[ -t/ 03
et = t0) = [ ]

By =150 x [1 + {1.2 - h/ho}'®] X == + 250
ho

h=2A:/u 6)
where t is the age of concrete(day), t, is the age of concrete at beginning of load (day), fimzs 1S
compressive strength at the age of 28 days (MPa), f.n, is 10 MPa, V/S is the volume surface ratio,
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Ac is the cross-section and u is the perimeter of the member in contact with the atmosphere, h is
100mm, RH is the relative humidity, RHO =1, t; is 1 day.
1.2 The purpose of this study

This study seeks to address the growing concerns over environmental sustainability in the
construction industry. By investigating the properties of sustainable concrete with various industrial
by-products, it aims to provide a comprehensive understanding of their performance and potential
applications. The evaluation of engineering properties, such as compressive strength, flexural strength,
and durability, will help assess the viability of sustainable concrete as a suitable replacement for
conventional concrete.

Additionally, the research will explore the influence of different cementitious materials on the
pore structure of concrete containing recycled fine aggregate. By examining the pore structure, the
study aims to identify the effects of these materials on the concrete's permeability, porosity, and overall
durability. This knowledge can contribute to the development of optimized mix designs that enhance
the performance and longevity of sustainable concrete structures.

The investigation of the creep behavior of concrete with fly ash and various renewable aggregates
will shed light on the long-term deformation characteristics of sustainable concrete. Understanding
how these materials affect creep can provide valuable insights for structural design, ensuring the safe
and reliable performance of sustainable concrete structures over time.

Furthermore, the study will explore the properties of concrete incorporating biomass fly ash and
limestone powder. By examining their impact on mechanical properties, durability, and sustainability
aspects, the research aims to highlight the potential benefits and challenges associated with these
materials. This information can guide engineers and researchers in making informed decisions
regarding the use of biomass fly ash and limestone powder in sustainable concrete production.

Lastly, the investigation of fly ash, biomass fly ash, and GGBS-based geopolymer concrete will
contribute to expanding the knowledge base on alternative binder systems. Geopolymer technology
offers a promising avenue for sustainable concrete production, as it reduces the reliance on cement
and utilizes industrial by-products. Understanding the properties and performance of these geopolymer
concrete mixtures can pave the way for their wider adoption in the construction industry, promoting
sustainable practices and reducing the carbon footprint associated with traditional cement production.

Overall, this research aims to provide valuable insights into the properties and potential
applications of sustainable concrete with various industrial by-products and geopolymer technology.
By contributing to the understanding of sustainable construction materials, this study seeks to support
the transition towards more environmentally friendly and sustainable practices in the construction
industry.
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2.1 Research status of recycled aggregate concrete

Recycled concrete aggregates (RAC) are derived from construction and demolition waste (CDW)
and typically consist of two parts: natural aggregates (NA) and the old mortar layer attached to the
surface of the NA (Fig. 2.1). As a result, RAC contains two interfacial transition zones (ITZs): the old
ITZ between natural coarse aggregate and the old mortar (light blue line) and the new ITZ between
RA and the new mortar (dark blue line). Compared to natural aggregate concrete (NAC) with only one
new ITZ, RAC generally has a larger volume of ITZ, resulting in higher porosity and inferior
mechanical properties (e.g., compression, bending, and splitting tensile) for RAC. Increased porosity
can also affect the permeability of RAC, leading to different concentration gradients (e.g. for water,
chloride ion, or carbon dioxide) than those in corresponding NAC, which can impact rebar corrosion
protection and ageing. Furthermore, the NA enclosed by a layer of old mortar has lower compressive
strength than pure NA and may easily develop additional cracks during the RA manufacturing process.
The propagation of these pre-existing cracks under service load can result in the final crushing of
RAC[3][4].

-
P..

L}
ot —= I Old mortar
. =
® » B Cracks in aggregate due to processing
]
a ——— [l Fine aggregate Recycled aggregate
— Old ITZ

I Natural coarse aggregate
B New ITZ

:l Porous in both old and new mortar

Fig. 2.1 Depicts a visualization of recycled aggregates (RA) in recycled aggregate concrete [4]

2.1.1 The fresh properties of recycled aggregates concrete

Dhir et al. [5]conducted a study to examine the impact of incorporating both coarse and fine
recycled concrete aggregate (RCA) on concrete production. The compaction factor of different
mixtures, including those with 100% coarse RCA, 50% fine RCA, and varying water-to-cement (w/c)
ratios, was presented in Figure 2.2. It is worth noting that all RCA materials were added in a saturated
surface dry (SSD) state. Initially, all mixtures demonstrated comparable compaction factors regardless
of the level of replacement. However, as time progressed, the control mixtures exhibited a more
significant decrease in the compaction factor compared to those containing 100% coarse RCA. The
mixtures incorporating 100% coarse RCA and 50% fine RCA displayed intermediate values between
the two aforementioned scenarios. This observation suggests that the RCA, being in an SSD state,
might have experienced some bleeding, leading to a higher effective w/c ratio over time and improved

compaction characteristics.
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Fig. 2.2 Compaction factor over time of mixes with different effective w/c ratios and replacement
levels.[5]
In the study conducted by Yang et al.[26] , it was observed that the initial slump of the concrete

mixtures varied significantly, indicating notable differences in workability. As time progressed, there
were considerable losses in slump, which is typically expected in mixes containing partially dry
recycled aggregate (RA). These findings highlight the influence of RA characteristics on the
workability of concrete. (Fig. 2.3)

225
—— MNA
200 —u— RA3-1
e RAS0-1
S
E»l X -® - RAS0-2
e -4 - RA100-2
g ~ x—-RA30-3
= 12 ~ a—-RA50-3
—+—-RA100-3
100
75 et
50 4]
0 15 30 45 60 75 90 105 120 135
Time (mimutes)

Fig. 2.3 Slump loss over time of concrete mixes with varying replacement levels and RCA with
varying quality[26]

It has been reported[6] that the relationship between the density of fresh concrete and the ratio of RA
replacement to NA for RCBA sized between 5 and 10 mm, as shown in Figure 2.4. Two types of
recycled ceramic bricks, Brick A and B, were used in the study, obtained from local industrial plants
in Portugal. The water absorption of Brick A and B were 15.8% and 18.9%, respectively, while that of
natural aggregate was less than 1.33%. The results indicated that the density of fresh concrete
decreased with an increase in the replacement ratio of RCBA, regardless of the water/cement ratio. It
is important to note that the reduction in density of fresh concrete when the replacement ratio changed
from 0% to 50% or 50% to 100% was relatively small (approximately 6%).
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Fig. 2.4. Relationship between RA replacement ratio and the concrete fresh density[6]
2.1.2 The mechanical properties of recycled aggregate concrete

Gholampour et al.[1] conducted a study on the effect of incorporating a combination of foundry
sand (FS)/ recycled fine aggregate (RFA) and FA/GGBS on the properties of concrete. The results
of the study indicate that an increase in the content of FS and RFA up to 100% leads to a reduction in
the compressive strength of the concrete (Fig 2.5). However, incorporating RFA at 25% sand
replacement leads to slightly higher compressive strength compared to conventional concrete.
Replacement of cement with FA at different levels negatively affects the concrete strength but
replacing cement with 23% FA and 47% GGBS results in higher concrete strength compared to that
of the companion cement-based concrete with the same sand replacement level.
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Fig. 2.5 Compressive strength of different mixes with replacement of: (a) sand with FS and RFA,
(b) cement with FA in FS50 and RFAS0 mixes, (c) cement with GGBS in FS50 and RFAS0 mixes,
and (d) cement with FA/GGBS in FS50 and RFA50 mixes.[1]

A review of research on recycled aggregate concrete was conducted by Bai et al[13], it indicates a
general agreement, which the compressive strength of concrete decreases with an increase in the
replacement rate of RA, regardless of the quality or type of aggregate. The findings suggest that an
increase in the proportion of RA has a negative impact on the compressive strength of concrete.
Nevertheless, some studies have reported instances where the addition of a small amount of recycled
aggregate can actually enhance the concrete's strength[14][15]. The superior compressive strength
observed in recycled aggregate concrete was primarily attributed to the effective regulation of the RA's
grading. The relative compressive strength of concrete with varying replacement ratios of RA is
illustrated in Fig. 2.6, disregarding aggregate type and quality. The trend is evident that the inclusion
of RCA results in lower compressive strengths compared to those of the control concrete[13].
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Fig. 2.6 The relative compressive strength of concrete with varying replacement ratios of RA[13]
Thomas and others[16] analyzed the effect of effective w/c ratio on the properties of RAC. The
relationship between the compressive strength of RAC and normal concrete, at 28 days (a), 180

days (b), and 365 days (c) of age, as well as the effective w/c ratio, is presented in Fig. 2.7.
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Fig. 2.7 Compressive strength versus the water/cement ratio of different degrees of substitution
after 28 days (a), 180 days (b) and 365 days (c)[16].

The results of 28 days indicate that there is no significant difference in compressive strength
between RAC with 20% RA substitution and normal concrete. However, a significant loss in
compressive strength is observed when the substitution rate reaches 100%, and a reduction of 0.05 in
w/c ratio is required to achieve comparable strength. After 180 days, the difference in compressive
strength between normal concrete and RAC is more pronounced for higher strength concretes. A linear
correlation between the compressive strength of RAC and the corresponding CC is demonstrated in
Fig. 2.8. The results displayed the compressive strength values of all tested RAC compared to their

respective normal concrete, indicating a positive correlation between the two.
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Fig. 2.8 Compressive strength of all tested RAC versus the corresponding normal concrete.[16]

The results show that the strength correlation equation between recycled aggregate concrete and
normal concrete is as follows:

Frac =-0.323 +0.022X + (1 - 0.0025X) * Fc [16]

where Fryc is the RAC compressive strength and /. the CC compressive strength in MPa, X is
substitution ratio %.

Katar et al. [19] studied the properties of self-compact concrete produced by substituting natural
aggregate (NA) with recycled coarse aggregate (RCA) at replacement levels of 0%, 25%, 50%, and
75%. The use of RCA results in a decrease in the compressive strength of concrete at 7, 14, and 28
days. As the replacement ratio increases, the reduction in compressive strength becomes more
significant. The 28-day compressive strength reduction was observed to be 21%, 24%, and 25% for
25%, 50%, and 75% replacement levels, respectively (Fig. 2.9). However, the minimum 28-day
strength achieved was 41.8 MPa, which is still deemed acceptable for structural purposes. As the
replacement level of RCA increases, the water absorption of the self-compact concrete also increases.
The absorption ratio was found to increase by 28%, 68%, and 72% for 25%, 50%, and 75%
replacement levels, respectively.
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Fig. 2.9 The compressive strength of self-compact concrete (SCC) [19]
According to the findings of De Brito et al. [21], the replacement rate of recycled aggregate had
minimal impact on the compressive strength, particularly when the original concrete used to produce
the recycled aggregate exhibited higher strength than the recycled aggregate concrete. (Fig. 2.10)
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Fig. 2.10 The compressive strength of recycled aggregate concrete[21]

2.1.3 The durability of recycled aggregate concrete

Kirthik et al.[2] conducted a study on the properties of concrete made with recycled fine aggregate
(RFA). Their findings suggest that increasing the amount of RFA in the concrete has a negative impact
on its durability. However, the optimal replacement of river sand with RFA was found to be 30%
(RFA30). This resulted in a reduction in shrinkage and porosity by approximately 14% and 25%
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(Fig.2.12 and Fig.2.13), respectively. Moreover, the RFA30 concrete exhibited 21.25% higher
resistance to chlorine penetration compared to the control concrete. As the age of the concrete
increases, a decrease in total porosity was observed. This can be attributed to the formation of
additional hydration compounds that occupy the voids, as depicted in Fig. 2.11, as well as the dense

structure of the recycled fine aggregate concrete.

1 - F
MIFAY TESDAN

GITRANGS M RANGRPISH

Fig. 2.11 Microstructure of RFA 30 at (a) 28 days (b) 56 day

30 30 73 10

Volume fraction (%) of RFA
B RFA 28 days B RFA 56 days

= =]
i )
o oo
N
—

0

Fig. 2.12 The porosity of recycled fine aggregate concrete
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Fig. 2.13 The drying shrinkage of recycled fine aggregate concrete

In recent years some scholars have studied the creep of recycled aggregate concrete. Creep is a
permanent deformation of a solid material over time when subjected to a constant stress. In concrete,
this deformation can be characterized by changes in length or volume under compressive stress that is
less than 40% of the concrete's strength, as defined by ASTM C 512. Several previous research works
have examined the creep characteristics of RAC. The results indicate that the relative creep tends to
increase as the replacement ratio of RA increases[4]. Experimental evidence supporting the
relationship between porosity and relative creep strain has been provided by He et al.[7], as illustrated
in Fig.2.14. The abbreviation NA represents natural aggregate, while RCA30 and RCAS80 denote the
original concrete of strength classes C30 and C80, respectively. SRA refers to the inclusion of
shrinkage reducing admixture. The average relative creep and its fluctuations are determined based on
the creep strain data of each sample type obtained over 25 testing periods up to 180 days.
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Fig. 2.14 The correlation between testing groups and two factors: (a) the average relative creep
and (b) pore size distribution[4]

The decrease in concrete volume caused by the evaporation of internal moisture results in drying
shrinkage. Many researchers have studied the relationship between the shrinkage of RAC and the
replacement ratio of RA, and their findings suggest that as the replacement ratio of RA increases, the
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shrinkage of RAC also increases [8][9][10]. This can be attributed to the fact that a higher amount of
water is needed in the production of RAC. Previous studies [8] have reported that pre-soaking RA for
24 hours can lead to an increase in dry shrinkage, possibly due to the entrainment of excess water in
the RAC. These findings indicate that the moisture condition of RA can also have an impact on the
drying shrinkage of RAC. In addition, studies have shown that the addition of auxiliary cementitious
materials to concrete can effectively reduce the shrinkage of recycled aggregate concrete[11][12].
According to Domingo-Cabo et al. [10], RAC with a lower RA replacement ratio of 20% exhibited
comparable shrinkage to NAC at 28 days. Nonetheless, after 6 months, the shrinkage of RAC with
replacement ratios of 20%, 50%, and 100% was found to be 4%, 12%, and 70% higher than that of
NAC, respectively. It has been presented the variation of drying shrinkage of RAC over time in Figure
2.15. The graph shows a tendency for the variation to flatten out as time progresses, suggesting that
the shrinkage of RAC reduces over time[13].
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Fig.2.15 Shrinkage rate of RAC for different experimental researches[13]
Sosa and others[17] investigated the drying shrinkage and drying prediction model of recycled fine
aggregate concrete. The outcomes showed that, at early ages, a rapid and higher increase in
shrinkage was observed in the recycled concrete compared to the reference concrete. However, after
56 days, this trend reversed, and the increase in shrinkage was higher in the reference concrete than in
the recycled concrete. This phenomenon is likely due to the water stored in the pores of recycled fine
aggregate concrete, which is slowly released and contributes to internal curing. In addition, the results
showed that the drying shrinkage of concrete is primarily affected by factors such as the w/c ratio,
coarse aggregate mineralogy, and total water content, rather than the use of recycled fine aggregate.
Therefore, the quality of recycled fine aggregate and the method of compensating for water absorption
of aggregates have little impact on drying shrinkage. As a result, shrinkage prediction models remain
valid even when recycled fine aggregates are used.
Yu and others [18] studied the effects of recycled coarse aggregate on the shrinkage of concrete.
In this study, various types of recycled coarse aggregate (RCA) were used to prepare recycled
aggregate concrete (RAC), and the shrinkage behavior of RAC was investigated. The concrete waste
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is first crushed and screened to create simple-crushed recycled coarse aggregate (SCRCA). This is
followed by particle shaping to produce primary particle-shaped recycled coarse aggregate (PPRCA).
Further particle shaping of the PPRCA yields the secondary particle-shaped recycled coarse aggregate
(SPRCA). The results (Fig 2.16) showed that as the RCA replacement ratio increased, the shrinkage
of PP-RAC and SC-RAC compared to SP-RAC also increased. Specifically, at a 25% RCA
replacement ratio, PP-RAC and SC-RAC experienced 11.4% and 21.8% increases in shrinkage,
respectively, compared to SP-RAC. At a 50% RCA replacement ratio, the increase in shrinkage was
12.3% for PP-RAC and 25.5% for SC-RAC compared to SP-RAC. At a 75% RCA replacement ratio,
the increase in shrinkage was 15% for PP-RAC and 33.2% for SC-RAC compared to SP-RAC. When
SCRCA completely replaced NCA, the shrinkage of SC-RAC reached a maximum of 178.2 x 10-6,
which is about 40% higher than that of NAC. When PPRCA completely replaced NCA, the shrinkage
of PP-RAC was about 15% higher than that of NAC. However, when SPRCA completely replaced
NCA, the shrinkage of SP-RAC was approximately the same as that of NAC. These findings suggest
that the quality of RCA plays a significant role in the shrinkage of green recycled concrete, with a
greater impact observed at higher replacement ratios. Nonetheless, when configured with SPRCA

completely replacing NCA, the shrinkage performance of green recycled concrete was essentially the
same as that of NAC.
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Fig. 2.16 Effect of RCA quality on concrete shrinkage[18]
Lv et al. [20]conducted a comprehensive investigation on the shrinkage and creep behavior of

recycled aggregate concrete, employing water-cement ratios of 0.527 and 0.4. The shrinkage behavior
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of recycled aggregate concrete was found to be comparable to that of ordinary concrete. In the case of
w/c =0.527, RAC with 50% and 100% substitution rates exhibited increased shrinkage of 26% and
48% respectively, at 180 days compared to ordinary concrete. Similarly, in case of w/c=0.4, RAC with
50% and 100% substitution rates showed increased shrinkage of 22% and 47% respectively, compared
to ordinary concrete (Fig. 2.17). As the replacement rate of recycled aggregate increased, the shrinkage
of RAC also increased. Initially, RAC experienced rapid and pronounced shrinkage, followed by a
gradual reduction in the shrinkage rate. By 120 days, the shrinkage became gentler, and approximately
95% of the total shrinkage was achieved. The findings suggest that the shrinkage of RAC tends to
stabilize by 180 days.
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Fig. 2.17. Shrinkage deformation curve of RAC (a) w/c = 0.527; (b) w/c = 0.4.[20]
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Fig. 2.18 Creep coefficient curve of RAC. (a) w/c = 0.527; (b) w/c = 0.4.]20]

At the 180-day loading period, it was observed that the creep behavior of recycled aggregate
concrete (RAC) exhibited notable differences compared to ordinary concrete (Fig. 2.18). In Group I,
where the water-to-cement ratio (w/c) was 0.527, RAC with a substitution rate of 50% and 100%
displayed increased creep rates of 19.6% and 39.6% respectively, when compared to ordinary concrete.
Similarly, in Group II, with a w/c of 0.4, RAC with 50% and 100% substitution rates showed increased
creep rates of 23.6% and 44.3% respectively. These findings indicate that the increase in the
replacement rate of recycled aggregate has a significant influence on the shrinkage and creep behavior
of RAC[20].

In the study conducted by Lei et al.[22], it was observed that an increase in the replacement ratio of
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recycled aggregate (RA), particularly when the RA had a higher content of adhered mortar
(approximately 40%), led to a decrease in carbonation depth. This can be attributed to the higher
presence of adhered mortar in RA, which results in an overall higher cement content and subsequently
slows down the rate of carbonation. In the investigation conducted by Silva et al. [23], the influence
of recycled aggregate (RA) content on the relative carbonation depth of recycled aggregate concrete
(RAC) compared to natural aggregate concrete (NAC) was examined. The findings suggested that
there was a 95% probability that the relative carbonation depth of RAC with 100% coarse RA was 2.5
times higher than that of NAC. Furthermore, for concrete incorporating the same amount of fine RA,
the relative carbonation depth increased by approximately 8.7 times, potentially due to the higher
water absorption capacity of fine RA. However, when the replacement ratio of coarse RA increased,
it was possible to achieve comparable strength and carbonation depth between RAC and NAC by
reducing the water-to-cement ratio of RAC. (Fig. 2.19)
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Fig. 2.19 Relative carbonation depth versus replacement level[23]
In a related study by Kou et al.[24], it was observed that incorporating fly ash as a cement

replacement in recycled aggregate concrete (RAC) could lead to an increased carbonation depth. In a
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case where samples were exposed for 10 years, the RAC with 55% fly ash content demonstrated
approximately 1.68 times and 1.89 times higher carbonation coefficient compared to natural aggregate
concrete (NAC) and RAC without fly ash. This phenomenon can primarily be attributed to the reduced
calcium hydroxide content in high volume fly ash concrete, which influences the carbonation process.
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Fig. 2.20 Carbonation depth over time of concrete mixes with increasing coarse RCA content
and varying fly ash content: (a) No fly ash; (b) 25% fly ash; (c) 35% fly ash; 55% fly ash[23][24]

In a comprehensive investigation by Amorim et al. [25], the impact of environmental conditions on
the durability characteristics of concrete incorporating varying amounts of coarse recycled concrete
aggregate (RCA) was examined. Notably, the laboratory environment, characterized by a relatively
low average relative humidity of 60% and a temperature of 20 °C, resulted in greater carbonation
depth compared to other environments considered in the study (see Fig. 2.21). Furthermore, the
specimens cured in this environment exhibited a clear correlation between carbonation depth and the
level of coarse RCA replacement, with a 30% increase observed when 100% coarse RCA was utilized
after a curing period of 91 days. These findings highlight the influence of both environmental
conditions and the extent of RCA incorporation on the carbonation performance of concrete.
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Fig. 2.21 Carbonated depth of concrete cured in different environments[25]
2.2 Research status of concrete with fly ash or GGBS

2.2.1 The mechanical properties of fly ash concrete

Alvin Harison [27] studied that cement has been replaced by fly ash accordingly in the range of
0% (without fly ash), 10%, 20%, 30%, 40%, 50% and 60% by weight of cement for M-25 mix with
0.46 water cement ratio. Concrete mixtures were produced, tested and compared in terms of
compressive strength. The results of compressive strength of referral concrete as well as fly ash
concrete at 7, 28 and 56 d are given in Fig. 1. It is evident that beyond 28 d, the strength increased
with the addition of fly ash.
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Fig. 2.22 The compressive strength of concrete with fly ash[27]
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Strength was comparable up to 30% fly ash content and after that it decreased. However, increase
in strength was more prominent at 20% replacement level. It was also observed that on addition of fly
ash, 7 d strength was decreased at all replacement level. The results about that decrease of compressive
strength may be due to slow hydration process since fly ash is a slow reactive pozzolans which delays
the hydration process. From the findings it was seen that the compressive strength decreased above
30% replacement level at all the ages. It was observed that at 30% replacement with fly ash,
compressive strength at 7 d curing is decreased 27% than that of referral concretes. Decrease in
compressive strength at 7d curing was 47, 50 and 73% at replacement level of 40, 50 and 60%
respectively. Inaddition, it was also observed that up to 30% replacement level, the prepared mix were
sticky. Beyond 30% replacement level, workability and finish ability of mix was decreased. It may be
since up to 30% replacement level, fly ash particles also worked as filler material to fill the pores
between fine aggregate particles, resulting in a dense sticky mix since, more water was available for
lubrication. However, beyond 30% replacement level, more water was needed for lubrication due to
more surface area. As such workability and finish ability of mix was decreased beyond 30%
replacement. From this paper can know that when use fly ash to replace cement in concrete. the
compressive strength of fly ash concretes up to 30% replacement level is more or equal to cement
concrete at 28 and 56 d. and the optimum replacement level of fly ash is 20%.[27]

R. D. Padhye [28] studied the effect of cement replacement by fly ash in concrete. He through
the experiment to see the effect of fly-ash on compressive strength of different high grades concrete
for different proportions of fly ash and different curing periods. The replacement of fly ash in this
paper is 10%, 20%, 30%, 40%, 50%, 60%. Table 2.1 shows the compressive strength of different
concrete mixes for 7, 28 and 45 Days. The results show that the compressive strength of concrete
mixes decrease with increase in fly ash. The fly ash can be replaced up to maximum of 40% and
replacements above 40% may not be safe for different concrete mixes. With the increase of fly ash
there is steep increase in strength from 7 to 28 days indicating that early strength of concrete is reduced
with increase in fly ash. Also, the variation in early strength is more than the variation in later strength.
Thus, fly ash has an adverse effect on early strength of concrete.

Table 2.1 the compressive strength of different concrete mixes for 7, 28 and 45 Days. [28]

- grade N30 grade M40 Grade AM30
20 - ; -
Of COHIPI'ESSI\'E CUHIPI'ES sIwve compressn‘e
fiv strength in strength in strength in
sk N/mm- N/mm- N/mm*
7 28 45 T 28 43 7 28 45
28. | 49. 52 36. 53 58. | 41 = 63.
22 11 15 38 11 07 77 o 56
py 46 40 40 33 38 4 60 62
5 18 33 48 88 66 00 00 23 23
_ 21. | 42 =5 31. 30. 54. ¥ 58. 60.
o 55 a2 45 55 33 44 11 66 44
2 ] _;‘ _'-'\ 27 __" _:S 20 £ -T_S
Y188 | 74 | 22| 51| 74|87 | 54| 47 ] 64
18. | 32. 34 26. | 40. | 40. 31. 52 36.
- 66 44 67 22 00 8¢S 21 17 45
13 24 32 30 31 35 31 45 48
77 88 22 11 33 11 21 e 54
07 17 "y .5 Y& 30 .7 25 40
= £y 332 23 22 66 22 23 15 29

32



CHAPTER 2. PREVIOUS LITERATURE REVIEW

A total of 28 mixtures with different mix designs were studied to obtain the efficiency and the
maximum content of fly ash that gives the maximum compressive strength [29]. Four groups of
mixtures were prepared, each group containing six mix designs and using the cement content of one
of the control mixtures as the base for the mix design. In each group 20% of the cement content of the
control mixture was removed, resulting in starting mixtures with 200, 240, 280, and 320 kg/m3 cement
content. Fly ash in the amount of approximately 15%, 25%, 33%, 42%, 50%, and 58% of the rest of
the cement content was added as partial cement replacement. All specimens were moist cured for 28
and 180 days before compressive strength testing. The results of workability and compressive strength
are shown in Table 2.2. This study showed that strength increases with increasing amount of fly ash
up to an optimum value, beyond which strength starts to decrease with further addition of fly ash. The
optimum value of fly ash for the four test groups is about 40% of cement. Fly ash/cement ratio is an
important factor determining the efficiency of fly ash. As the cement content in the concrete mixture
increases, hydration product Ca(OH)2 will also increase and hence the amount of Ca(OH)2 with which
the fly ash will enter into reaction will increase, then an increased amount of C—S—H will result.

Table 2.2 The results of workability and compressive strength.[29]

Workability (mm) and compressive strength (N/mm?) of the concrete

Concrete Workability Compressive strength (N/mm®)
Slump (mm) 28 days (N/mm?®) 180 days (N/mm”)
C250FA00 12 23.1 26.6
C200FA30 12 21.3 25.0
C200FAS50 11.5 22.4 26.7
C200FA65 11.5 229 27.2
C200FAS85 12 22.7 27.1
C200FA100 12.5 214 25.7
C200FALLS 12.5 20.0 24.2
C300FA00 12 29.5 342
C240FA35 12 27.1 32.2
C240FA60 11.5 29.2 346
C240FA80D 11.5 29.6 353
C240FA100 12 29.8 35.6
C240FA120 12 28.5 342
C240FA140 12.5 26.9 32.6
C350FA00 12 35.7 41.4
C280FA40 11.5 33.0 38.9
C280FAT0 12 35.6 42.2
C2BOFA95 11.5 36.2 43.3
C280FA120 12 36.5 43.4
C280FA140 12.5 355 42.5
C2B0FAl65 12.5 33.6 40.8
C400FA00 12 41.5 48.0
C320FA50 11.5 39.3 46.3
C320FAS80 11.5 41.4 49.3
C320FA105 11.5 42.5 50.7
C320FA135 12 42.7 50.9
C320FAl60 12.5 41.2 49.7
C320FA185 12.5 39.5 48.3

Dinakar P [30] studied the influence of including fly ash (FA) on the properties of self-
compacting concrete (SCC). Portland pozzolana cement (PPC) was partially replaced with 10-70%
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fly ash. The water to binder ratio was maintained constant at 0.30 for all mixes. Compressive strength

tests were carried out at 3, 7, 28 and 56 days and the results are presented in Table 2.3 Fig. 2.23 shows

the variation of compressive strengths at 28 and 56 days with respect to the fly ash replacement.
Table 2.3 Mechanical properties of the concretes investigated.[30]

C ive st th (MPa) Splitting tensile Modulus of
ompressive stren a
Concrete P & strength (MPa) elasticity (GPa)
name

3 day 7day 28day 56day | 28day S6day | 28 day 56 day
10% FA 44.42 58.37 78.97 87.85 5.62 5.55 43.24 42.14
30% FA 48.33 51.20 88.06 99.43 5.93 6.06 4542 46.24
50% FA 27.1 35.91 60.83 66.20 4.12 4.20 36.63 36.01
70% FA 18.14 21.77 4421 50.21 2.61 2.84 31.56 32.78

As noted from the results shown in Fig. 2, the compressive strength, of SCC increased drastically
from 10% to 30% replacement of fly ash but started to decline at 50% and 70% replacement. High
compressive strength of nearly 100 MPa has been obtained at 30% replacement at 56 days than the
other fly ash mixes including the 10% replacement, where a high strength of approximately 88 MPa
at 56 days is obtained. Generally, and at the same water to binder ratio, there is a strength reduction
for concretes containing fly ash compared with that of the control. However, and even at high fly ash
content (70%), a long-term high strength of about 50 MPa is achieved at the same water to binder ratio.
Higher strength would be expected in the fly ash mixes if the w/b ratio was lowered to achieve similar

workability to that of the control.
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Fig. 2.23 Variation of compressive strength with respect to fly ash replacement.[30]

The results of split tensile strength tests at 28 and 56 days are presented in Table 4. The split
tensile strength ranges from 2.61 to 5.93 MPa and 2.84 to 6.06 MPa at 28 and 56 days, respectively.
The split tensile strength of all SCC mixtures increased with age. The results showed that, an increase
in the FA content decreased the split tensile strength of the SCC especially at 28 days. SCC mixtures
containing 10-30% FA replacement showed higher split tensile strength than SCC mixtures containing
50-70% FA replacement. This indicates that up to a 30% of FA replacement may have positive effects
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on the interfacial bond between the paste and aggregates. The mixtures containing 50— 70% FA
showed lower tensile strength probably due to the weaker bond between the matrix and the
aggregates[30].

The relationship between the splitting tensile strength (fsp) and compressive strength (fck) for
the SCC mixtures is presented in Fig. 2.24. For the tested mixtures the tensile strength can be
calculated by using the following equation:

Fsp = 0.0264f%%1°19  [30]
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Fig. 2.24 Relationship between compressive strength and splitting tensile strength.[30]

Conclusion above results, we can get that fly ash replacements of around 30-50% will be ideal
for developing SCCs when Portland pozzolana cement was used. High percentage of fly ash (more
than 50%) cannot be used to produce SCC when cement was used, and 30% replacement of fly ash
exhibited the highest compressive strength, splitting tensile strength and elastic modulus. At 30% fly
ash as cement replacement can produce SCC with a very high compressive strength of 100 MPa.
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2.2.2 The durability of fly ash concrete.

DeMaeijer, P. K. et

al. reported that replacing cement with fly ash can improve resistivity, the chloride

migration coefficient, and alkali-silicon reactions, but reduces the carbonization resistance of concrete

[31].
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Chindaprasirt et al. found that replacing OPC with fly ash can increase the porosity but decrease the

average pore size.

Furthermore, as the fly ash content increases, the gel pore volume (5.7-10 nm)

increases [32]. Saha studied concrete incorporating fly ash, and the results showed that drying
shrinkage decreases with increasing fly ash content (Fig. 2.26). The incorporation of fly ash reduced
the porosity of concrete, resulting in concrete with better water sorptivity and chloride permeability

(Fig.2.27)[33].
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Fig. 2.26 Effect of fly ash on drying shrinkage of concrete.[33]
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Fig. 2.27 Effect of fly ash on volume of permeable voids.[33]
Moftatt and others found that resistance to chloride-ion penetration was considerably enhanced when
high replacement amounts of fly ash were used[34]. It has been reported that concrete with fly ash
replacing 25% of the cement has a 15% lower creep compared with conventional concrete [35].
Bamforth reported that concrete containing 30% fly ash replacing cement exhibited 50% reduced creep
strain compared with concrete without fly ash [36]. Lohtia et al. studied the creep of concrete
containing 0%-25% fly ash replacing cement and found an increase in creep for concrete with
replacement of more than 15% fly ash compared with conventional concrete[37]. It has also been
reported that self-compacting concrete with a higher fly ash content in place of cement tends to reduce
both drying and autogenous shrinkage [38]. However, one study reported that shrinkage increases with
percentage of fly ash content [39].

2.2.3 The properties of GGBS concrete

Molten slag is a by-product of the iron production process gotten from the blast furnaces; the
product obtained when it is cooled and ground into very a fine powder is called GGBS [40]. GGBS
has the most hydraulic property owing to its high CaO content; this reinforces its potential as an SCM.
Many scholars have studied the possibility of using GGBS in concrete from the perspective of
mechanical properties. Gupta et al.[41] studied the strength development of ultrahigh performance
mortar when 60% of the PC was replaced with GGBS of different fineness. In this study, cement is
replaced by slag at 20% and 60% by weight. Slag of three different fineness is used: 400+4 m2/kg,
556+5 m2/kg and 750+ 5 m2/kg at constant water-binder ratio of 0.25 for all mixes. Compressive and
flexural strength were measured for mechanical performance. Results show that early and late
compressive strength and flexural strength are improved significantly by incorporation of slag with
fineness 556 + 5 m2/kg compared to reference and slag of 400 m2/kg fineness. However, at similar
fineness 20% slag incorporation is found to produce higher early strength compared to 60% slag
although 90-day strength for both replacement percentages are similar.

Dai et al.[42] carried out a similar study using six different grades of GGBS. To improve the properties
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of ground granulated blast furnace slag (GGBS) and utilize ground granulated blast furnace slag
efficiently, this study investigates the effect of fineness on the hydration activity index (HAI) of
ground granulated blast furnace slag. The hydration activity index of GGBS with six specific surface
areas (SSAs) was characterized by the ratio of compressive strength of the prismatic mortar test block.
The compressive strength of the specimen at 1 day, 3 days, 7 days, 14 days and 28 days is presented
in Table 2.4. It can be seen that the compressive strength of the specimens increases with the increasing
of'its age. The compressive strength of the reference mortar at the same age increases with the increase
of the specific surface area of the GGBS.
Table.2.4 Compressive strength of specimen(MPa).

Age Cement KA KB KC KD KE KF

1d 2332 5.80 6.15 6.96 524 B38 B.58
id 2494 12,99 16.24 17.98 19.37 20.11 2123
7d 34.45 21.00 2471 28.07 3225 33.13 3445
14d 36.31 27.61 30.86 35.50 40.14 4218 4524

25d 4292 3538 41.99 46.28 45.37 50.00 5243

P. Ganesh experimentally evaluated various properties such as flowability, compressive strength,
tensile strength, fracture, and durability of Ultra high-performance concrete (UHPC) with a high
volume GGBS under two curing conditions (Standard water and elevated temperature curing). UHPC
specimens are subjected to a compressive strength test at 7, 28, 56, and 90 days after standard water
curing and other specimens are subjected to elevated temperature. Compressive strength results of
UHPC with high volume GGBS under different curing conditions are presented in Fig. 2.28. An
average compressive strength of G-0, G-20, G-40, G-60, and G-80 UHPC specimens cured under
elevated temperature are 151, 160, 168, 152 and 143 MPa, respectively. These values for 28 days
standard water cured specimens are 116, 121, 118, 110, and 101 MPa, respectively. From the results,
it is observed that the compressive strength under elevated temperature curing is improved
significantly with an increase in cement replacement level by GGBS upto 40%. Compressive strength
of specimens at 28 days standard water curing is increased marginally for G-20 mix, slightly close for
G-40 mix, and starts decreasing for the G-60 and G-80 mixes with respect to control mix. From the
result, it is evident that the early age compressive strength for a high volume of GGBS highly relies
on temperature curing. Since, the 7 days standard water cured specimens do not exhibit significant
strength development with respect to GGBS incorporation. The compressive strength of 7 days
standard water curing specimen is slightly close to G-20 mix and lesser for G-40, G-60 and G-80
mixes with respect to control mix. The strength may not be appreciable at an early age due to the
dilution effect of GGBS in place of cement, since the reactivity of GGBS is very slow compared to
Portland cement. Therefore, a compressive strength of UHPC mix with high volume GGBS under
water curing is relatively slow at an early age, whereas the elevated temperature exposure condition
accelerates the strength at an early age with respect to higher cement replacement level by GGBS.
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Fig.2.28 Compressive strength of UHPC under standard water curing (WC) and elevated

temperature curing (Oven).[43]

Split tensile strength results for the UHPC mixes with high volume GGBS under varying curing

conditions are presented in Fig. 2.29. Similar to compressive strength, split tensile strength also carried

out on standard water cured cylinders at the age of 7, 28, 56, and 90 days and on the specimens exposed
to elevated temperature. The average split tensile strength of G-0, G-20, G-40, G-60, and G-80 UHPC
specimens cured under elevated temperature are 22.2, 23.3, 24.5, 22.8, and 20.0 MPa, respectively.
These values for 28 days standard water cured specimens are 19.5, 20.4, 19.2, 17.7, and 14.9 MPa,
respectively. The split tensile strength results show that the early age strength of high volume GGBS

doesn’t show any significant improvement compared to later age results at 56 and 90 days.
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Fig.2.29 Split tensile strength of UHPC under standard water curing (WC) and elevated

temperature curing (Oven).[43]
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Based on the results of the above mechanical properties, it can be found that, The compressive
strength and split tensile strength are improved significantly with the increase of GGBS level up to
40% against elevated curing approach and 20% with standard water curing. The early age compressive
strength is not significant with respect to a high volume of GGBS due to the poor hydration reactivity
of GGBS under water curing at early age. Temperature curing improves the hydration reaction and
exhibit faster strength attainment with respect to higher GGBS level.

It has been reported that in self-consolidating concrete made with high volumes of GGBS, replacing
up to 70% of the cement with GGBS reduces the shrinkage of concrete by more than 45% compared
with conventional concrete[44]. Darquennes et al. studied the free shrinkage of concrete incorporating
75% GGBS and found that for a GGBS concentration of <50% of the volume of the binder, the overall
shrinkage evolution rate and amplitude were lower over time than those for conventional concrete[45].
Brooks et al. found that GGBS concrete exhibited equivalent or greater long-term strength and
shrinkage, relatively less basic creep, and comparable or less total creep compared with ordinary
concrete[46]. It has also been reported that at an early age, the creep of GGBS-blended concrete is less
than that of ordinary concrete. However, creep was higher in the long term compared with ordinary
concrete [47]. Khatri et al. reported the opposite result, indicating that concrete with less slag in its
binder has less creep [48].

2.3 Research status of geopolymer concrete

Geopolymer Concrete (GPC) exhibits its mechanical properties through a unique process called
geo-polymerization, which distinguishes it from Ordinary Portland Cement Concrete (OPCC) and
lime concrete. The mechanical properties of GPC are influenced by various factors, including the type
and composition of its constituents, the presence or absence of calcium silicate hydrate (CSH) gel and
the curing conditions[49].

Mechanical properties are the physical properties exhibited by a material when subjected to
external loads. In the case of both Ordinary Portland Cement Concrete (OPCC) and Geopolymer
Concrete (GPC), they are often subjected to significant structural loading, and therefore their
performance is evaluated based on their mechanical properties. The key mechanical properties of a
material typically include compressive strength, tensile strength, flexural strength, modulus of
elasticity, fire resistance, and durability. A material with superior mechanical properties is generally
expected to perform better under typical structural loading conditions[50].

2.3.1 The mechanical properties of geopolymer concrete

Compressive strength is a fundamental mechanical property that represents the maximum stress
a material or structural element can withstand before experiencing crushing failure. In structural
concrete, compressive strength is of paramount importance as it is primarily responsible for bearing
compressive loads under normal loading conditions. Furthermore, many other mechanical properties
of geopolymer concrete (GPC) are directly linked to its compressive strength. Even a slight variation
in compressive strength can have a significant impact on these associated properties.
The compressive strength of GPC is typically influenced by several factors, including the type of
parent geopolymer material, type and concentration of alkaline liquid, water-to-binder ratio, and
curing conditions. However, it is generally observed that the compressive strength of GPC is equal to
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or higher than that of Ordinary Portland cement concrete (OPCC)[50].

(1) Different precursor materials

1. Fly ash

Fly ash is a hazardous byproduct primarily generated from the combustion of coal in coal-fired power
plants. It is formed when finely ground coal is burned in a boiler to generate electricity and is then
collected from the power plant's chimney using particulate control devices such as electrostatic
precipitators or fabric filters. Fly ash predominantly comprises tiny glassy spheres with silt-sized and
clay-sized particles, imparting a texture similar to that of talcum powder. It can be classified into two
types: Class C and Class F, which are determined by the specific type and origin of the coal being
burned[51]. Fly ash is available in two types: Class F, commonly referred to as low calcium, and Class
C, which has a high calcium content[52]. In terms of composition, fly ash primarily consists of silica,
calcium, alumina, iron, and magnesium. The Fly ash properties and the chemical composition are
shown below in Table 2.5[54].

Table 2.5 Fly Ash Physical Properties and Chemical composition.[54]

Chemical composition % by weight Physical properties

Si0- 57.95 Fineness 522m?/kg
Al>03 31.78 Specific gravity 2.2

Fe;03 4.30 Residue on 45) sieve 25%

Ca,0 1.2

MgO 05

Na,0 1.29

K50 03

S05 0.08

LOI 2.6

2. Ground Granulated Blast furnace slag (GGBS)

The steel industry produces a molten residue known as Blast furnace slag, which possesses non-
metallic properties and primarily consists of calcium, silica, and alkane[55]. In certain cases, Ground
Granulated Blast Furnace Slag (GGBS) is utilized as a source material in the development of
Geopolymer Concrete (GPC), yielding satisfactory strength and moment outcomes[56]. When
compared to fly ash, the use of GGBS leads to a reduction in the slump value due to its high calcium
content[57][58]. This phenomenon contributes to the formation of Ca-Al-Si gel and enhances
geopolymerization[59][60].
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Table 2.6 Chemical composition of slag (Nippon Slag Association, 2012).

Type component
Ca0
Si0;
T-Fe
MgO

Al 05

P,0s

MnO

3. Metakaolin

Blast furnace slag (slag cement)

41.7

33.8

04

74

13.4

0.8

<0.1

0.3

Metakaolin refers to an anhydrous calcined form of the clay mineral kaolinite. The average

particle size of metakaolin falls between 1 to 2 micrometers, which is smaller than Portland cement

particles but larger than silica fume particles. The chemical composition of metakaolin, as presented

in Table 2.7, consists of approximately 92.6% silica and alumina[61].

Table 2.7 Chemical composition of metakaolin[60]

Chemical composition
Silica (Si0O3)

Alumina (Al,03)

Ferric oxide (Fe203)
Calcium oxide (Ca0)
Magnesium oxide
Sodium oxide

Potassium oxide (K20)

(2) Alkaline solution

Percentage
54.3
38.3
4.28
0.39
0.08
0.12

0.50

The alkaline activator solution utilized in the development of GPC primarily comprises soluble

alkalis, typically sodium or potassium-based. The commonly employed alkaline activator consists of

sodium hydroxide (NaOH) in conjunction with sodium silicate (Na2SiO3) to facilitate the formation

of Geopolymer Concrete (GPC)[62].
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Fig. 2.30 Effect of sodium silicate-to-potassium hydroxide ratio on compressive strength.[62]
Fig.2.30 illustrates the 3-day compressive strength measurements of fly ash-based geopolymer
samples prepared with different Na2SiO3/KOH ratios ranging from 0.5 to 2.5, while maintaining a
constant curing temperature of 80 °C. It is evident that the strength of the geopolymer notably
improved with an increase in the Na2SiO3/KOH ratio. This increase in ratio leads to a higher sodium
content in the mixtures, consequently contributing to more stable strength properties. Geopolymers
with higher sodium concentrations, particularly within the Na2SiO3 component, exhibit rapid strength
development[63]. However, it is anticipated that the compressive strength will decrease with the
addition of more silicate to the system. This is due to the excess sodium silicate impeding water
evaporation and structure formation[64]. An intriguing observation is that the compressive strength of
the geopolymer specimens unexpectedly increased when exposed to elevated temperatures. This
increase in strength can be attributed to the low diffusion coefficient of K+ ions at elevated
temperatures, resulting in a higher melting temperature of the geopolymer.
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Fig. 2.31 Effect of fly ash-to-activator ratio on compressive strength.[63]

In order to compare the strength performance, a study was conducted using different fly ash-to-
activator ratios, which aimed to replicate the concept of water-to-cement ratio commonly used to
assess compressive strength in Ordinary Portland Cement (OPC). The liquid activators consisted of a
combination of Na2SiO3 and KOH liquids, and the total mass of these activators was considered. The
findings, depicted in Fig. 2.31, revealed a general decrease in strength as the amount of activator
introduced into the system was increased, resulting in a reduction of the fly ash-to-activator ratio from
3.0 to 2.0.

43



CHAPTER 2. PREVIOUS LITERATURE REVIEW

(3) Curing temperature and time

Another factor that significantly affects the strength of geopolymer concrete (GPC) is the
temperature during the concrete curing process. Along with temperature, curing time also has an
impact on the strength of geopolymer concrete. Table 2.8 provides a summary of the impact of curing
time (in hours) and curing temperature (in °C) on the compressive strength of geopolymer concrete
(GPC)[54].

Table 2.8. Effect of curing time and curing Temperature on compressive strength of GPC.[54]

GPC Type Curing Time Curing Temperature  Compressive Strength
(hours) (°C) (MPa)
50FA/50GGBS 12 80 38.71
24 80 50.22
12 90 67.91
24 90 66.91
12 100 57.21
24 100 4724
100FA 24 60 43
24 70 53
24 80 49
24 90 48
100FA 48 50 25
48 70 48
48 90 45
100FA 48 60 28

The compressive strength results presented in Fig. 2.32 challenge the claim made by Hardjito et
al. [66]in their study on fly ash-based geopolymer concrete, which stated that higher curing
temperatures lead to higher compressive strengths. The test results indicate that increasing the curing
temperature from 60°C to 70°C actually enhances the compressive strength of the concrete. However,
when the curing temperature is further increased beyond 70°C, the compressive strength of self-

compacting geopolymer concrete decreases[67].
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Fig. 2.33 Effect of Curing Time on Compressive Strength[66]

Fig. 2.33 illustrates the impact of curing time on the compressive strength of self-compacting
geopolymer concrete. The test specimens were cured in an oven at a temperature of 70°C, with curing
times ranging from 24 hours to 96 hours (4 days). It is believed that a longer curing time enhances the
geopolymerization process, resulting in higher compressive strength.

The test results depicted in Figure 1 indicate a positive correlation between curing time and
compressive strength. As the curing time increases, the compressive strength of the geopolymer
concrete also increases. Among all the curing periods, the specimens cured at 70°C for 96 hours
exhibited the highest compressive strength at all ages. The rate of strength gain is rapid within the first
48 hours of curing time. However, beyond this point, the increase in strength becomes less significant.
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Fig. 2.34 Spread compression strength for all combinations of curing temperatures and curing
time.[68]

Fig. 2.34 illustrates that the compressive strength of geopolymer concrete (GPC) increases as the
temperature and curing hours rise, specifically from 80°C to 90°C with a 12-hour curing period on the
3rd and 7th day of testing. The experimental results indicate that the maximum strength was achieved
on the 7th day with curing at 90°C for 12 hours. This temperature can be considered the optimum for
further study. However, it was observed that when the curing period exceeded 12 hours, the
compressive strength of geopolymer concrete decreased. This decrease in strength can be attributed to
the continuous evaporation of moisture from the specimens. As geopolymer concrete has a low water
content, the exposure to high temperatures causes moisture loss from the surface, leading to the
development of surface cracks. Consequently, the strength of geopolymer concrete is
compromised[68].

Tensile strength refers to the maximum stress a material or structural element can withstand
before fracturing under a tensile load. Concrete is typically considered a compression material with
high compressive strength. However, it also exhibits some tensile characteristics that are crucial for
designing concrete structural members. This is because structural members, under normal conditions,
may experience various types of loads, including compressive loads, tensile loads, bending loads, and
more. Geopolymer Concrete (GPC) is generally known to possess superior tensile characteristics
compared to Ordinary Portland Cement Concrete (OPCC)[50].However, the composition of GPC can
greatly impact these tensile properties. An increase in the sand-to-binder ratio may lead to a decrease
in the tensile strength of GPC, as illustrated in Fig. 2.35[69]. However, this reduction in tensile strength
can be mitigated by incorporating GGBS, which has demonstrated its effectiveness in enhancing the
tensile properties of GPC[70].
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Fig. 2.35 Effect of Sand-FA ratio on the Tensile Strength of GPC.[69]

The direct tensile strength of geopolymer mixes was evaluated with varying GGBS content (10-
40% wt. of the total binder) and cured under ambient temperature. The results, depicted in Fig. 2.36,
revealed that increasing the GGBS content positively influenced the tensile strength at both 7 and 28
curing days. Specifically, the specimens containing 40% GGBS exhibited the highest direct tensile
strength, reaching approximately 3 MPa at 28 days. It is worth noting that there is a scarcity of
published studies in the literature that have conducted similar tests on geopolymer samples to
determine their direct tensile strength. Furthermore, only a limited number of studies have presented
results on the splitting tensile strength of geopolymer concrete.
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Fig. 2.36. Effect of slag content on the tensile strength of geopolymer mortar samples cured at
ambient temperature.[69]

The results of the tensile strength tests on Geopolymer mortar (GM), ordinary Portland cement
mortar (CM), and  polymer-modified cement mortar (PMCM) specimens, both at ambient
temperature and after exposure to 100, 300, 500, and 700 °C, are illustrated in Fig. 2.37. It shows that
the tensile strength of GM increases at 100 °C and then experiences a rapid decline in the 300-700 °C
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temperature range. Across the temperature range of 25-700 °C, GM specimens demonstrate higher
tensile strength compared to CM specimens. However, the disparity in tensile strength between GM
and CM diminishes as the temperature increases. Specifically, at ambient temperature, the tensile
strength of GM is 1.85 times greater than that of CM, while after exposure to 300 °C, the tensile
strength of GM is only 1.38 times higher than that of CM. Comparing GM with PMCM, GM exhibits
higher tensile strength at 25 and 100 °C but lower tensile strength at 300 °C. This suggests a higher
rate of tensile strength degradation in GM than in CM and PMCM between the temperature range of
100 and 300 °C. This decline in tensile strength in geopolymer mortar can be attributed to significant
microstructural pore changes that occur in geopolymers at high temperatures[71]. Notably, at 500 °C,
significant strength degradation is also observed in PMCM.

4.5 1 T 1 ¥

07 —— GM
3.5 p—_— ¥ |
30 —o—PMCM -

2.5 1
2.0 1

Tensile strength (MPa)

1] 100 200 300 400 500 600 T00 800
Temperature (C)

Fig. 2.37 Tensile strength of GM, CM and PMCM.[70]
2.3.2 Durability of GPC

1. Chemical resistant

The durability of materials plays a crucial role in designing their lifespan, ensuring safety, and
determining their mechanical behavior. The durability issues commonly associated with OPC are often
attributed to the presence of calcium oxide in the concrete gel. However, the behavior of GPC in the
face of chemical attacks differs significantly due to its low calcium content in the matrix[72].
In Fig. 2.38 , it can be observed that all specimens immersed in sodium chloride and sodium sulphate
+ magnesium sulphate solutions did not exhibit any visual signs of deterioration. However, in Fig.
2.39(a), OPC concrete specimens exposed to sodium sulphate did not show any visual signs of
deterioration, whereas geopolymer concrete specimens developed a white layer of sodium carbonate
on their surfaces after being dried. The thickness of this layer gradually increased over time, reaching
a maximum thickness of 1 mm for cylinders and 5 mm for prisms, as depicted in Fig. 2.39(b). It is
important to note that all specimens were air-dried after being removed from their respective solutions,
and the white layer developed upon exposure to air. Similar results have been observed in previous
studies, such as those reported by Singh et al.[73]. Additionally, Bakharev [74] highlighted that sodium
hydroxide migrates from geopolymer specimens when exposed to solutions containing Na;SOa.
Therefore, it can be inferred that the formation of this white layer is a result of the reaction between

48



CHAPTER 2. PREVIOUS LITERATURE REVIEW

leached sodium hydroxide and atmospheric carbon dioxide (CO>), leading to the formation of a white
layer of sodium carbonate (Na,COs3). Over time, specimens immersed in sulfuric acid solutions
exhibited gradual deterioration, to the extent that the coarse aggregates of the OPC concrete became

visibly apparent[75].

=7

() Fly ash (b) GLSS ' (c) OPC

Fig. 2.38 Specimens immersed in sodium sulphate + magnesium sulphate for nine months.
— v - B

{a) OPC, GLSS and fly ash cylinders (b) GLSS prism
Fig. 2.39 Specimens immersed in sodium sulphate for nine months.

2. Resistance of seawater attack and sulphate attack

According to Johansen[76], the internal structure of the aluminosilicate gel components plays a
significant role in determining the durability of fly ash-based geopolymer concrete in harsh
environments such as a 5% Na»SO4 solution and 5% MgSO4 solution. As depicted in Fig. 2.40, the
compressive strength of GPC and OPC concrete exposed to 5% Na,SO4 and MgSOs displays some
fluctuations, which may be attributed to the transition of alkaline components from the geopolymer
into the solution. Comparative analysis of GPC prepared with sodium hydroxide (NaOH) and sodium-
silicate activator indicates that the former exhibits a more crystalline structure. Additionally, the
geopolymer concrete activated with NaOH solution outperforms OPC concrete in terms of strength
and durability[76].Furthermore, Criado et al. [77][78] reported that the strength and durability of GPC
improve over time, regardless of the chemical solution in which the samples were immersed.
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2.3.3 Workability

All the geopolymer concrete and mortar mixtures were formulated using only alkaline solution
as the liquid component, without the addition of extra water or superplasticizer. Consequently, the
alkaline solutions and the moisture present in the aggregate (which was used in a saturated surface dry
condition) served as the sole sources of water in the mixture. Most of the mixtures contained a
combination of sodium hydroxide and sodium silicate solutions, which constituted 40% of the total
binder. The high viscosity of sodium silicate resulted in a sticky mixture when combined with the
alkaline solution. In the absence of a significant amount of additional water or superplasticizer, this
solution typically formed a thick and cohesive paste with the fly ash. As a result, the mixture of
aggregates and geopolymer paste exhibited a high degree of cohesion. The consistency of the mixture
could be quite stiff when the liquid content was relatively low. The fresh mixture demonstrated a
viscous behavior and had a tendency to flow under the influence of gravity. However, these properties
varied depending on the alkaline liquid content, as discussed further. Furthermore, when GGBS was
added to the mixture, the concrete mixture typically appeared stiffer compared to mixtures containing
only fly ash.

The rheology of a geopolymer mixture differs from that of an OPC mixture, leading to variations
in the results of conventional slump and flow tests. While these tests may not directly correspond to
the same level of workability as in OPC mixtures, they still offer useful indications of the flow ability
or workability of geopolymer mixtures. The slump and flow values presented in the following sections
serve to highlight the impact of different parameters on the workability of the mixtures. It should be
noted that in order to enhance workability, additional water or superplasticizer can be added; however,
this may have an effect on the mechanical properties of the hardened concrete.

The mixtures 2 (S10), 3 (S20), and 4 (S30) were designed to investigate the impact of
incorporating increasing amounts of GGBFS (Ground Granulated Blast Furnace Slag) in fly ash-based
geopolymer. These mixtures were compared to the control geopolymer mixture 1 (S00), which
contained fly ash alone as the binder. Fig. 2.42 illustrates the influence of slag inclusion on the
workability, setting time, and compressive strength development of the geopolymer mixtures[79].
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The workability of the geopolymer mortar was influenced by the concentration of NaOH and the
ratio of sodium silicate to NaOH, as indicated in Table 5. For the 10 M NaOH series, the flow of the
geopolymer mortar decreased as the sodium silicate to NaOH ratio increased. The flows of the mortar
with ratios of 0.67, 1.00, and 1.50 were 135 + 5%, 125 + 5%, and 110 £ 5%, respectively. However,
when the ratio was increased to 3.00, the flow dropped below 110 £ 5%. To achieve a flow of 110 +
5%, additional water at a rate of 2.3% by weight of fly ash was required. Alternatively, the addition of
3% of superplasticizer (SP) also yielded a mortar with a flow of 110 £ 5%. Thus, an increase in sodium
silicate concentration resulted in a reduction in the flow of the geopolymer mortar.

For the 15 M NaOH mortar, it exhibited a thicker consistency compared to the 10 M NaOH mortar.
Slightly more water was needed to achieve a similar flow pattern. To obtain a similar flow as the 10
M NaOH series, additional water at rates of 3.4% by weight of fly ash for ratios of 0.67, 1.00, and
1.50, and 4.5% for the 3.00 ratio, was required. Alternatively, the addition of 3%, 4%, 5%, and 6% of
SP was necessary to obtain a flow pattern similar to that of the 10 M NaOH mixes.

For the 20 M NaOH mortar, it exhibited a significantly thicker consistency compared to the 10
M and 15 M NaOH mortars. To achieve a similar flow to the other series, additional water at rates of
6.8% by weight of fly ash for ratios of 0.67, 1.00, and 1.50, and 7.9% water for the 3.00 ratio, was
required. Additionally, the use of 12%, 8%, 10%, and 10% of SP, respectively, produced a similar flow
pattern, as shown in Table 5. Increasing the NaOH concentration resulted in a decrease in the flow of
the geopolymer mortar.
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In general, an increase in NaOH concentration and the amount of sodium silicate solution reduced
the workability of the mixes. The higher NaOH concentration increased the viscosity of the solution,
resulting in a reduced flow of the mortar. Similarly, the sodium silicate solution itself has a high
viscosity, and an increase in the amount further reduced the flow of the mortar. To achieve mixes with
suitable flow, additional water or SP was necessary. [79]

Table 2.9 Extra water, SP and flow of geopolymer mortar[79]

Sodium silicate to NaOH ratio NaOH (M) Flow (%) Water (% of fly ash) or SP (% of fly ash)

0.67 10 135£5 0 0
1 10 12515 0 0
15 10 110£5 0 0
3 10 11045 23 3
0.67 15 13545 34 3
1 15 1255 34 4
15 15 110£5 34 5
3 15 110£5 45 6
0.67 20 13515 6.8 12
1 20 125£5 6.8 8
1.5 20 110£5 6.8 10
3 20 110£5 79 10
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CHAPTER 3. ASTUDY ON ENGINEERING PROPERTIES AND ENVIRONMENTAL IMPACT
OF SUSTAINABLE CONCRETE WITH FLY ASH OR GGBS

3.1 Introduction

With the rapid worldwide development of urbanization in recent years, concrete, one of the most
widely used materials in the construction industry, is consumed in large quantities every year. Ordinary
Portland cement (OPC) is used as the main cementitious material in concrete. Cement consumption is
expected to rise from its present annual value of roughly 4.2 billion tons to around 5.2 billion tons by
2050, according to current projections [1]. For each ton of clinker produced, an average of 850 kg of
CO2 is released into the environment using current cement production techniques [2]. Therefore, new
materials need to be found to replace cement in order to reduce the negative impact of concrete
production on the environment. The rapid development of the construction industry has also created a
large demand for river sand as fine aggregate in the production of concrete, which leads to the
depletion of river sand, another urgent problem that needs to be solved [3].

From the perspective of sustainable development, replacing cement or fine aggregate with
supplementary cementitious materials, such as fly ash and ground granulated blast furnace slag
(GGBSY), is an effective and feasible method. It has been reported that the global annual output of fly
ash exceeds 900 million tons [4], of which the annual output of China is about 580 million tons [5],
India is 169.25 million tons [6], the United States is 43.5 million tons [7], and Australia is 14 million
tons [8]. However, the effective utilization rate of fly ash currently accounts for only about 53.5% of
the total [4]. This leads to a series of problems related to waste disposal, and the ashes are either
disposed of in landfill or in the ocean. In addition, the global annual output of blast furnace slag is
about 530 million tons, but only about 65% of the total is recycled [9].

In recent years, a lot of research has been conducted on the application of mineral admixtures in
concrete. Because the pozzolanic reaction of fly ash is usually a relatively slow process, the
improvements it gives to the microstructure and strength of concrete is mainly reflected at later ages,
such that the early strength of concrete containing fly ash is lower [10]. In addition, some studies have
shown that the use of fly ash in concrete can improve the workability and durability of concrete. De
Maeijer, P. K. et al. reported that replacing cement with fly ash can improve resistivity, the chloride
migration coefficient, and alkali-silicon reactions, but reduces the carbonization resistance of concrete
[11]. Chindaprasirt et al. found that replacing OPC with fly ash can increase the porosity but decrease
the average pore size. Furthermore, as the fly ash content increases, the gel pore volume (5.7-10 nm)
increases [12]. Saha studied concrete incorporating fly ash, and the results showed that drying
shrinkage decreases with increasing fly ash content. The incorporation of fly ash reduced the porosity
of concrete, resulting in concrete with better water sorptivity and chloride permeability [13]. Moffatt
and others found that resistance to chloride-ion penetration was considerably enhanced when high
replacement amounts of fly ash were used [14]. Hussain et al. reported that using the same water-to-
binder ratio, fly ash concrete showed better mechanical properties compared with plain concrete, and
the carbonation resistance of high-strength concrete including fly ash as a partial replacement for
cement was comparable to that of plain cement concrete [15]. Early concrete strength is reduced when
fly ash is used as a partial replacement for cement, but at the ages of 56—180 days, there was a
considerable increase in concrete strength, and after exposure to high temperatures, the use of fly ash
greatly improved concrete strength [16]. Sun et al. reported that because of the diluting impact of fly
ash, the compressive strength of high volume fly ash concrete was much lower than that of control
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concrete at 3 and 7 days (early age). However, because of the pozzolanic reaction of fly ash, the
compressive strength developed more quickly compared with control concrete, and concrete with a
40% fly ash substitution had a 180-day compressive strength comparable to that of control concrete
[17]. Zhang et al. reported that concrete using fly ash to replace sand has a higher early compressive
strength compared with ordinary concrete, and concrete using fly ash as fine aggregate has higher
carbonation resistance [18]. Siddique found that the incorporation of fly ash as part of the fine
aggregate significantly promotes the mechanical properties (compressive strength, splitting tensile
strength, flexural strength, and modulus of elasticity), and the abrasion resistance of concrete increases
as the percentage of sand replaced by fly ash increases [19], [20]. The replacement of fine aggregate
with fly ash can improve the freeze—thaw resistance of concrete when compared to conventional
concrete [21]. Ozbay et al. reviewed the application of GGBS in concrete and found that the utilization
of GGBS in concrete improves the long-term compressive strength and flexural strength, and slightly
promotes the elastic modulus. In addition, the utilization of GGBS can modify the durability of
concrete, for example by reducing creep and drying shrinkage, improving abrasion resistance,
reducing water, gas, and chloride ion permeability, and significantly improving sulfate and alkali—
silica reactions [22]. It has been reported that the inclusion of GGBS can reduce the porosity of
concrete due to the greater surface area of GGBS [23]. It has also been reported that regardless of the
substitution rate, the pore structure of concrete will be denser and more solid [24], [25]. Another study
reported that, GGBS-based concrete continues to develop strength over 10—12 years until it reaches
twice its 28-day strength [26]. Li et al. analyzed the pore structure of cement-based materials with and
without 70% GGBS and found that GGBS substantially reduced the pores, increased the specific
surface area and fractal dimension, and decreased the pore distribution from 10 to 100 nm to <10 nm
[27]. It has also been reported that self-compacting concrete containing GGBS has a higher level of
strength [28], [29]. In summary, many researchers have conducted in-depth research on concrete with
supplementary cementitious materials (fly ash, GGBS) as part of cement, but research on such
concrete as a part of fine aggregate remains insufficient.

Concrete creep refers to the characteristic that the strain of concrete increases continuously over
time under long-term stress. Drying shrinkage refers to the shrinkage caused by the evaporation of
water in capillary pores [10]. Creep and drying shrinkage are important factors to consider when
evaluating losses in prestressed concrete structures such as bridge girders. It has been reported that
concrete with fly ash replacing 25% of the cement has a 15% lower creep compared with conventional
concrete [30]. Bamforth reported that concrete containing 30% fly ash replacing cement exhibited 50%
reduced creep strain compared with concrete without fly ash [31]. Lohtia et al. studied the creep of
concrete containing 0%—25% fly ash replacing cement and found an increase in creep for concrete
with replacement of more than 15% fly ash compared with conventional concrete [32]. It has also been
reported that self-compacting concrete with a higher fly ash content in place of cement tends to reduce
both drying and autogenous shrinkage [33]. Saha also reported that drying shrinkage decreases with
increasing fly ash content [13]. However, one study reported that shrinkage increases with percentage
of fly ash content [10]. Zhao et al. found that, compared with cement-only high-performance concrete,
the total shrinkage of high-performance concrete using both fly ash and GGBS was reduced by 15%—
25%. In contrast, the autogenous shrinkage of high-performance concrete rose by 66%—-106% when
both fly ash and GGBS were added [34]. It has been reported that in self-consolidating concrete made
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with high volumes of GGBS, replacing up to 70% of the cement with GGBS reduces the shrinkage of
concrete by more than 45% compared with conventional concrete [35]. Darquennes et al. studied the
free shrinkage of concrete incorporating 75% GGBS and found that for a GGBS concentration of <50%
of the volume of the binder, the overall shrinkage evolution rate and amplitude were lower over time
than those for conventional concrete [36]. Brooks et al. found that GGBS concrete exhibited equivalent
or greater long-term strength and shrinkage, relatively less basic creep, and comparable or less total
creep compared with ordinary concrete [37]. It has also been reported that at an early age, the creep of
GGBS-blended concrete is less than that of ordinary concrete. However, creep was higher in the long
term compared with ordinary concrete [38]. Khatri et al. reported the opposite result, indicating that
concrete with less slag in its binder has less creep [39]. In the above of literature, contradictory results
are presented regarding the effects of GGBS and fly ash on the creep and drying shrinkage of concrete.

In addition, ACI Committee 209 showed that the effect of supplementary cementitious materials
has not been considered in many existing prediction models of concrete creep and drying shrinkage,
such as the ACI 209 model [40], CEB-FIP 1990 model [41], Gardner and Lockman (GL-2000) [42],
AlJ Model [43], JSCE model [44], and CEB MC90-99 model [40]. It is critical to predict delayed
strain in concrete structures in order to assess their durability and serviceability. Deformation of
concrete often leads to cracks in the concrete, and early-stage cracks may hasten the deterioration of
the concrete, leading to the corrosion of the embedded reinforcement by facilitating the passage of
contaminants and moisture. The load-carrying capacity of a structure is reduced as a result of such
damage that develops over time. This review of the literature shows that further research is needed to
analyze the effect of supplementary cementitious materials on concrete creep and drying shrinkage.

This study carried out experiments on concrete containing mineral admixture (fly ash, GGBS) as
part of the cement or fine aggregate. The experimental data were compared with predicted values from
the existing prediction models, and the applicability of each prediction model to concrete containing
mineral admixtures was analyzed, and the results indicated which predictive model is the most
accurate. Therefore, we analyzed the engineering properties of concrete containing some portion of
fly ash or GGBS as fine aggregate and introduced a parameter to capture the effect of fly ash content
in the model showing the highest accuracy for ordinary concrete.

3.2. Materials and experimental program

3.2.1 Materials properties
Locally available sea sand was used as the fine aggregate, and locally available crushed stone
aggregate was used as the coarse aggregate. The physical properties of the fine and coarse aggregates

are shown in Table 3.1. The particle size distribution diagram of fine aggregate and binder are shown
in Fig. 3.1 (a) and (b).
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Table 3.1 properties of the fine and coarse aggregates

Property Coarse aggregate Fine aggregate
Oven-dried density (g/cm?) 2.69 2.59
Fineness modulus 6.9 2.58
Water absorption (%) 1.14 1.04
Solid content (%) 62.1 60.9

OPC as defined according to JIS R 5210 [45] was used in the experiments. Fly ash corresponding
to Class Il in JIS A 6201 [46] and GGBS as defined in JIS A 6206 [47] were used as mineral admixture.
Table 2 shows the properties of the cement, fly ash, and GGBS.

Table 3.2 the properties of the cement, fly ash, and GGBS

FA GGBS Cement
Si0; (%) 53.8 32.7 21.5
ALOs3 (%) 13.5 13.4 5.4
Fe O3 (%) 13 0.5 3.0
CaO (%) 8.99 41.6 64.9
SO3 (%) 0.489 6.9 1.4
MgO (%) 1.48 0.3 2.1
Loss on ignition (%) 2.1 0.6 0.8
Density (g/cm?) 2.2 2.91 3.16
Blaine specific area (cm?/g) 3270 4100 3000
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Fig. 3.1 (a) The particle size distribution of binder
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Fig. 3.1 (b) The particle size distribution of fine aggregate

3.2.2 Mix proportion

A total of 13 mixes of concrete were prepared: the control concrete, three mixes including cement
replaced with fly ash (10%, 20%, and 30% by weight), three mixes including fine aggregate replaced
with fly ash (10%, 20%, and 30% by volume), three mixes including cement replaced with GGBS
(10%, 20%, and 30% by weight), and three mixes including fine aggregate replaced with GGBS (10%,
20%, and 30% by volume). The unit water amount was 180 kg/m?, the unit coarse aggregate amount
was 945 kg/m3. The mix proportions are shown in Table 3.3. In the table, symbols indicate replacement
of cement by weight and fine aggregate by volume, the type of mineral admixture used, and the
replacement ratio. The target air volume of fresh concrete was set to 4.5 £ 1.0%.

3.2.3 Experiment method

Compressive strength tests were conducted according to JIS A 1108 [48], and cylinder specimens (diameter
100 mm x height 200 mm) were prepared. The cylinders were cast in a mold and kept in a chamber at 20 °C
and 60% relative humidity for 24 hours until demolded, then cured in water at 20 °C. The ages of the tested
specimens were 7, 28, and 91 days. Load was applied at a uniform rate to avoid subjecting the specimens
to impact loading, with the loading rate such that the compressive stress increased by 0.6 + 0.4 N/mm? per

second. During each test, specimens were stored at the temperature and humidity specified for that test
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Table 3.3 Mix proportions.

Unit mass(kg/m?)

Type W/B Fine Coarse
Water Cement FA GGBS

aggregate  aggregate

N 0.50 180 360 0 0 805 945
IFA-10 0.50 180 324 36 0 791 945
IFA-20 0.50 180 288 72 0 778 945
IFA-30 0.50 180 252 108 0 764 945
IBS-10 0.50 180 324 0 36 802 945
IBS-20 0.50 180 288 0 72 799 945
IBS-30 0.50 180 252 0 108 797 945
OFA-10 0.47 180 360 67 0 724 945
OFA-20 0.44 180 360 134 0 644 945
OFA-30 0.41 180 360 201 0 536 945
OBS-10 0.46 180 360 0 89 724 945
OBS-20 0.42 180 360 0 179 644 945
OBS-30 0.39 180 360 0 268 536 945

The drying shrinkage test was conducted according to the “Method of measurement for length change
of mortar and concrete” outlined in JIS A 1129-2 [49], and 100 x 100 x 400 mm prismatic specimens
were produced. After casting, the specimens were demolded at 1 day of age and cured in water at 20 °C
until the age of 7 days. Specimens were taken out of the water at the age of 7 days, stainless steel chips
were attached to both end faces of the specimens, and both end faces were sealed to measure the base
length. The specimens for measuring the drying shrinkage were cured in a temperature- and humidity-
controlled room (temperature, 20 =+ 1.0 °C; relative humidity, 60 + 5%).

In the creep test, the strain was measured according to JIS A 1157 [50], and diameter 100 % height 200
mm cylinders were produced. After casting, the specimens were demolded at 1 day of age and then
cured in water at 20 °C until the age of 7 days. Then the specimens were cured in a temperature- and
humidity-controlled room (temperature, 20 = 1.0 °C; relative humidity, 60 + 5%) until the age of 28
days. The creep test uses a loading device with a separate hydraulic jack. Three test specimens were
stacked vertically. The loading load was set to 1/3 of the maximum load of compressive strength at 28
days, and loading started from 28 days. Strain gauges were attached at three positions in the center of
each test specimen, and the average of the values obtained by the three strain gauges was taken as the
total measured strain for each specimen. The average of the total measured strain for three test
specimens was taken as the total strain of the mix proportion. To calculate the creep strain, the drying
shrinkage strain was measured in two prepared no-load specimens of diameter 100 x 200 mm in each
mix proportion. Measurements were performed similarly to the creep test strain gauges were attached,
samples were stored in the same temperature-controlled room where the creep test was performed, and
the measurements were performed using a data logger simultaneously with the creep strain
measurements. Fig. 3.2 shows the changes over time in the temperature and humidity of the
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homeothermic chamber. In the homeothermic chamber where the creep test was conducted, the
humidity could not be strictly controlled, so the creep test could not be performed at a constant
humidity.

100
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Fig. 3.2 The changes over time in the temperature and humidity
3.3. Results and discussion

3.3.1 Compressive strength

Fig. 3.3(a)-(d) show the compressive strength of concrete including cement replaced with fly ash, sand
replaced with fly ash, cement replaced with GGBS, and sand replaced with GGBS, respectively. Fig.
3.3(a) shows the effect of the percentage of cement replaced by fly ash on the compressive strength of
the concrete. As shown in the figure, the 7-day and 28-day compressive strength of concrete decreased
as the fly ash content increased. The lime content in fly ash is low, so the compressive strength
decreases with the increase of fly ash content [51,52]. However, the trends in the 91-day compressive
strength differed from the early compressive strength (7 and 28 days), with the 91-day compressive
strength of the concrete first rising and then decreasing with increasing fly ash content. Due to the
pozzolanic reaction of fly ash, A1203 and SiO2 in fly ash react with cement hydration product calcium
hydroxide to produce hydrated gel. Because the gel produced by the pozzolanic reaction can fill the
capillaries of the concrete, the strength of the concrete is effectively improved [53]. The compressive

strength was the largest at a fly ash content of 20%. Compared with conventional concrete, the 7-day
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compressive strengths of IFA10, IFA20, and IFA30 mixes were reduced by 1.7%, 14.8%, and 24.5%,
and the 28-day compressive strengths are reduced by 10%, 9.8%, and 19%, respectively. For the 91-
day compressive strength, the IFA10 and IFA20 mixes increased by 2.5% and 1.9%, respectively, but
the IFA30 mix decreased by 4.5%.
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Fig. 3.3. Compressive strength of concrete with fly ash or GGBS
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Fig. 3.3(b) shows the effect of the percentage of sand replaced by fly ash on the compressive strength
of the concrete. Regardless of the early compressive strength (7 and 28 days) and long-term
compressive strength (91 days), increased fly ash content led to increased compressive strength.
OFA10, OFA20, and OFA30 mixes exhibited 35%, 31%, and 46% higher 7-day compressive strength,
30%, 32%, and 52% higher 28-day compressive strength, and 26%, 28%, and 45% higher 91-day
compressive strength, respectively, compared with conventional concrete. Ravina reported that
concrete incorporating fly ash as partial fine aggregate replacement has a similar or a little higher early
compressive strength (1, 7days), and the compressive strength of 28 days is higher, compared with
control concrete [54]. Siddique reported that concrete with part fine aggregate replaced by fly ash has
a significantly higher compressive strength at all ages, and the improvement of strength is more
significant after 28 days [19].

Fig. 3.3(c) shows the effect of the percentage of cement replaced by GGBS on the compressive
strength of the concrete. Compared with ordinary concrete, adding blast furnace slag to concrete had
no obvious effect on the 7-day compressive strength of the concrete. However, the 28-day and 91-day
compressive strengths increased as the GGBS content increased. There was no obvious change in the
28-day compressive strength of IBS10, while IBS20 and IBS30 exhibited 9.7% and 11.8% higher 28-
day compressive strength, respectively. IBS10, IBS20, and IBS30 mixes exhibited 26%, 28%, and 45%
higher 91-compressive strength, respectively. Johari et al. reported that concrete containing GGBS has
the largest increase in compressive strength during the age of 28 to 91 days [55]. According to
Vejmelkova et al. reported, XRD analysis showed that the content of Ca(OH), in concrete containing
GGBS decreased significantly with age, and calcium silicate hydrate (C-S-H) was formed to fill part
of the pores, making the internal structure of concrete more compact [56].

Fig. 3.3(d) shows the effect of the percentage of sand replaced by GGBS on the compressive strength
of the concrete. It can be seen that, regardless of the age of the concrete, the compressive strength of
concrete with GGBS replacing sand is increased compared with conventional concrete, and the
compressive strength increased as the GGBS content increased. In addition, analysis of the change in
compressive strength with increasing GGBS content showed that increasing the GGBS content from
10% to 20% caused a sharp improvement in compressive strength. Compared with conventional
concrete, the 7-day compressive strength of OBS10, OBS20, and OBS30 mixes was increased by 44%,
108%, and 122%, the 28-day compressive strength was increased by 43%, 106%, and 108%, and the
91-day compressive strength was increased by 46%, 105%, and 112%, respectively. This is due to the
replacement of sand with GGBS, which leads to a decrease in the water-binder ratio and an increase
in strength [57].

Focusing on replacement of cement by fly ash, when the content of fly ash was less than 20%, the
early compressive strength of concrete decreased but the 91-day compressive strength increased.
Replacing cement with GGBS had no obvious effect on early compressive strength, but caused an
improvement in 28-day and 91-day compressive strength. Replacement of sand with fly ash or GGBS
increased the compressive strength of concrete, with the concrete containing GGBS found to have a
higher compressive strength at the same sand replacement content. The concrete with 30% GGBS
replacement of sand exhibited the highest compressive strength. These results show that replacing
sand with fly ash or GGBS can produce high-performance concrete.
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3.3.2 Drying shrinkage

The results of drying shrinkage development with time are shown in Fig. 3.4a-d. Fig. 3.4a and Fig. .4b
show the drying shrinkage of concrete with fly ash as part of the cement or sand. Compared with
ordinary concrete, the concrete containing fly ash as part of the cement or sand exhibited lower drying
shrinkage. Fly ash as sand replacement decrease the water-binder ratio, the water-binder ratio reflects
the content of evaporable water in the concrete and the rate of water movement to the surface of the
sample, drying shrinkage decreases with the decrease of water-binder ratio [10]. Because the content
of lime in fly ash is too low, the replacement of cement with fly ash leads to a decrease in the content
of lime in the concrete, which in turn leads to a decrease in the hydration rate, so the concrete with fly
ash as cement replacement has a lower drying shrinkage [52], [58]. In addition, for both concrete with
fly ash as part of the cement and sand, the drying shrinkage was confirmed to increase with increasing
fly ash content, with concrete with 10% fly ash having the lowest drying shrinkage. Saha studied
concrete with 10-40% fly ash replacing cement, the results showed that drying shrinkage decreases
with increasing fly ash content, and concrete with 40% exhibited the lowest drying shrinkage about
75% of control concrete drying shrinkage [13]. Fig. 3.4c and Fig. 3.4d show the drying shrinkage of
concrete with GGBS as part of the cement or sand. In both concrete with GGBS as part of the cement
and sand, the drying shrinkage tended to decrease with increasing GGBS content, and concrete with
30% GGBS as sand was found to have the lowest shrinkage in this experiment, at about 20% less than

the control concrete.
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Fig. 3.4. Drying shrinkage of concrete with fly ash or GGBS

Fig. 3.5 shows the relationship between drying shrinkage (147 days) and the content of the mineral
admixture (fly ash and GGBS) used as cement or sand. As the figure shows, regardless of whether the
concrete contained fly ash as part of the cement or sand, the concrete that contained fly ash had a lower
drying shrinkage than did the control concrete, and concrete with 10% fly ash exhibited the lowest
drying shrinkage, with the drying shrinkage increasing with increasing fly ash content. For concrete
with fly ash as sand replacement, the increase in drying shrinkage with the increase of fly ash content
may be due to the decrease in sand content, which leads to a decrease in the inhibitory effect of
aggregate on shrinkage [10]. For concrete with GGBS as part of the cement and sand, the concrete
containing GGBS as sand or cement exhibited a significant reduction in drying shrinkage, with the
exception of the IBS10 mix, and the drying shrinkage decreased with increasing GGBS content. Yuan
et al. reported similar result, compared with ordinary concrete, concrete containing GGBS has lower
drying shrinkage [59]. Li et al. also got similar results, high performance concrete with GGBS has a
lower drying shrinkage than normal concrete [60]. It is also observed that GGBS as sand had a more
obvious inhibitory effect on drying shrinkage than did GGBS as cement.
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Fig. 3.5 The effect of mineral admixture on drying shrinkage
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3.3.3 Creep

Fig. 3.6(a,b) shows the time development of creep strain under compression for concrete
containing fly ash. The creep strain is calculated as the total strain minus the sum of elastic strain at
loading and shrinkage strain. In this experiment, the creep strain was suppressed when fly ash was
used both as part of the cement and as sand compared with the control concrete. For the fly ash as part
of the cement, the concrete with 20% fly ash was found to have the lowest creep strain, which was
about 40% lower than that of the control concrete. In addition, it was confirmed that the creep strain
increased as the fly ash content increased when the content was more than 20%. IFA10, IFA20, and
IFA30 exhibited creep strains that were 31.1%, 47.3%, and 43.6% lower, respectively, compared with
the control concrete at 175 days. When the fly ash was used as part of the sand, the creep strain
exhibited a decreasing trend as the fly ash content increased. At 175 days, the OFA10 and OFA30
mixes exhibited a 38% and 50.1% lower creep strain, respectively, compared with the control concrete.
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Fig. 3.6 Creep strain of concrete with fly ash(a)
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Fig. 3.6 Creep strain of concrete with fly ash(b)

Ghosh et al. also reported, adding fly ash into concrete can significantly reduce the creep of
concrete [61]. Kristiawan et al. studied self-compacting concrete with 30%, 55%, 65% fly ash
replacing cement, the results showed that the concrete containing 55-65% fly ash exhibited 50-60%
lower creep coefficient than concrete with 35% fly ash [62]. It has been reported that concrete with
25% fly ash replacing cement has a 15% lower creep strain, concrete with 30% fly ash replacing
cement has a 50% lower creep strain, compared to ordinary concrete [30], [31]. Lohtia et al. studied
the concrete with 0-25% fly ash replacing cement, results showed that concrete containing more than
15% of fly ash exhibited a higher creep strain than ordinary concrete [32]. According to Dhir et al.
reported, the lower creep strain of fly ash concrete is due to the increase in compressive strength after
the load is applied [63]. Due to the greater increase in the compressive strength of fly ash concrete in
the later stage, the stress/strength ratio during creep test is lower than that of ordinary concrete. The
lower creep strain of fly ash concrete can be attributed to the lower stress/strength ratio during the
creep test [64].
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Fig. 3.7 The effect of fly ash content on creep strain.

Fig. 3.7 shows the relationship between the creep strain at different ages and the fly ash content
of the cement. It was confirmed that the inhibitory effect on creep strain in concrete containing 20%
fly ash increased as the material aged. It was also confirmed that when the fly ash content was more
than 30%, the creep strain increased.

Fig. 3.8 shows the time development of specific creep strain under compression for concrete
containing fly ash. It can be seen that the specific creep of concrete with fly ash as part of the cement
was similar to the creep strain, with concrete containing 20% fly ash having the lowest specific creep.
However, over time, the concrete containing 10% fly ash and the control concrete showed similar
specific creep. Concrete with fly ash as part of the sand exhibited a greater difference in specific creep
compared with the control concrete and lower specific creep compared with concrete with fly ash as
part of the cement. In all mixes, concrete with 30% fly ash replacing sand had the lowest specific creep.
Fig. 3.9 shows the relationship between specific creep at different ages and the amount of cement

replaced by fly ash.
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Fig. 3.9 The effect of fly ash content on specific creep strain
It was confirmed that the difference in the specific creep strain between the control concrete and
the concrete with 10% cement replaced by fly ash became smaller as the material aged. Similar to the
creep strain results, the inhibitory effect on creep strain in concrete containing 20% fly ash increased
as the material aged. It was also confirmed that when the fly ash content was more than 30%, the creep

strain increased.
3.3.4 Analysis on carbonation dioxide emission per unit volume

The CO; emissions of each mix were calculated from the Recommendation on Environmental
Performance Verification for Concrete Structures (draft) [65]. Table 3.4 shows the CO, emission
intensities of the materials. The CO, emission per unit volume of cement production is large, and it
has been proven that the environmental impact can be reduced by replacing cement with fly ash or
GGBS [66].

Fig. 3.10 shows the calculation results for the CO, emissions of all mix proportions. For concrete
with fly ash or GGBS as part of the cement, the emissions of CO, decreased as the replacement rate
increased. Fig. 3.11 shows the CO; emissions per unit compressive strength, where smaller values
represent a smaller impact on the environment. This shows that the emissions decreased as the
replacement rate increased in all series at the age of 28 days, and that at the age of 91 days the
emissions of CO, decreased as the replacement rate increased in all series. In addition, it was
confirmed that concrete with GGBS could reduce the CO; emissions more than concrete with fly ash.
It was also shown that the CO; emissions of the OBS30 mix were about half that of the control concrete.
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Table 3.4. The emission intensities of materials

Materials Emission of CO2
Tap Water 0.27 kg/m3
Portland Cement 771.7 kg/ton
Fly Ash 23.0 kg/ton
GGBS 40.36 kg/ton
Sea Sand 3.7 kg/ton
Rubble 3.9 kg/ton
AE Water Reducer 121 kg/ton
Superplasticizers 350 kg/ton
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Fig. 3.10 CO; emissions of each mix proportions
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Fig 3.11 CO; emissions per unit compressive strength
3.3.5 Comparative study of creep strain

In the following, prediction models were used as templates for comparing the prediction values of
concrete creep strain with the experimental data in this paper. These prediction models are widely
recognized by the engineering and academic communities.
AlJ Model is presented in Equation (1) [43]

C(t, ty) =CR-log.(t—ty+1)

CR = (6.8X — 012G + 17.5)(£o) %3 (1 — =)*35(V/5) "0 (1)

Where C(t,t,) is specific creep strain(x10-6/(N/mm?2), t is the age of concrete (day), ¢, is age of
concrete at beginning of load (day), G is specific coarse aggregate amount (kg/m?®), X is water
binder ratio (%), h is relative humidity, V /S is volume surface area ratio .

JSCE Model is presented in Equation (2) [44]

_ 4W(1-h)+350
Gt to) = 12+£¢(to)

log.,(t—ty+1) 2

Where C,(t,t") is specific creep strain(x10-6/(N/mm?2), t is the age of concrete (day), t, is age of
concrete at beginning of load (day), h is relative humidity, W is specific water amount (kg/m3),
f-(ty) is compressive strength of age at the start of loading.

ACI209 Model is presented in Equation (3) [40]
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0t t) = 10, G)
where @(t,t,) is the creep coefficient; d (in days) and 1 are considered constants for a given
member shape and size that define the time-ratio part; t is the age of concrete (day), t, is the age of
load applied (day), and ¢,, is the ultimate creep coefficient. For the standard conditions, ¢,, is
2.35, ACI-209R-92 recommends, an average value of 10 and 0.6 for d and 1, respectively.
CEB MC(C90-99 is presented in Equation (4) [40]

P25(t, to) = PoPc(t — to)
®o = Pru (M) B (femzs) B (to)

B T i
N N OO
5.3
ﬁ(fcmZB)_\/m
B(to) =

0.1+ (tg/t)°2

[ -t/ 03
=t = g el
By = 150[1 + (1.2 - h/h)'B1(V/S)/(V/S)e + 250as

0.7 0.2 0.5
=l w=lTml w=[ @

where t is the age of concrete(day), t, is the age of concrete at beginning of load (day), fim2g 1S
compressive strength at the age of 28 days (MPa), f,,, is 10 MPa, V/S is the volume surface ratio,
(V/S)o is S0mm, h is the relative humidity, ho =1, t; is 1 day.

GL200 Model is presented in Equation (5) [42]

(t —ty)%3 7\%° (t ~ &) "
ety (Ewe)
P20t 20) = B(e) (=t |
0
+2.5(1 - 1.086h%) <(t i)+ 0.12(V/5)2)
(to=tc) 051"
o) =[1- ()" ©

Where t is the age of concrete, t, is the age of concrete at beginning of load (day), t. is the age of
concrete at beginning of drying, V /S is the volume surface ratio, h is the relative humidity.
CEB-FIP 1990 Model is presented in Equation (6) [41]
@(t,to) = PoBc(t —to)
®o = @ri(W)B (femz8)B(to)

|, _\-RHRH,
Pri = 1+ T
Rt 2/0.46[h/hy ]
5.3
B(femzs) =

Vv fcmZS/fcmo

RN
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_ 0.3
B(t—ty) = (t—to)/ty ]

Bu + (t —to)/ts

By =150 X [1+{1.2 - h/ho}'®] X -= + 250
0

h=2A:/u 6)
where t is the age of concrete(day), t, is the age of concrete at beginning of load (day), fim2g 1S
compressive strength at the age of 28 days (MPa), f,,, is 10 MPa, V/S is the volume surface ratio,
A is the cross-section and u is the perimeter of the member in contact with the atmosphere, h, is
100mm, RH is the relative humidity, RHO =1, t; is 1 day.
Many of the prediction formulas proposed to date do not take into account the effects of admixtures.
Even the prediction formulas used in this study do not take the influence of the admixture into
consideration in all the formulas. This study analyses the corresponding relationship between the
predicted value of specific creep strain obtained from the above prediction models and the
experimental measurement value. However, because humidity was unstable in the compression creep
test, the average humidity of the homeothermic chamber throughout the measurement period was used
for the prediction models.
In the AIJ model, the coefficient depending on the mix proportion was based on the unit coarse
aggregate amount and the water binder ratio.
In the JSCE model, the coefficient depending on the mix proportion was based only on the unit water
amount. The unit water amount was kept constant at 180 kg/m* in the mix proportions used in this
experiment, and the experimental value of the 28-day compressive strength was used for the
compressive strength of the loading start material age.
In the CEB-FIP 1990 and CEB MC90-99 models, the creep coefficient was calculated by the
prediction models, multiplied by the elastic strain during loading, and divided by the loading stress,
and the value of the unit creep strain was calculated and compared. Moreover, because the humidity
was not stablein this experiment, the predicted value was not stable until around 30 days.
In the ACI 209 and GL2000 models, the creep coefficient was calculated using the material constants
and age of the material, and the coefficient depending on the mix proportion was not defined.
Therefore, in this experiment, the predicted values were the same for all mixes.
In addition, we also evaluated the prediction accuracy by the root mean square error (RMSE) value,
which indicates how much the predicted values obtained from these prediction models deviate from
the experimental values. The RMSE value is calculated from Equation (7).

RMSE = \/%Zévzl(yi — 32 ()

Where: N is the number of all prediction values; y;is the experimental data; y;is the prediction value.

Fig. 12(a)-(f) show the experimental value of creep strain and the predicted value from each prediction
model for each mix. For the control concrete, the values predicted by the AIJ model was closest to the
experimental value. The value predicted by the CEB-FIP 1990 model was too large, and that by the
other prediction models was too small. For the IFA10 mix, the difference between the experimental
value and the value predicted by the AIJ model gradually decreased with increasing age. It was also
found that the value predicted by the CEB-FIP 1990 model and CEB MC90-99 model was too large,
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and that by the JSCE model was too small. Since the early temperature in this experiment was not

stable, the early prediction value was not stable.
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Fig. 3.12 Comparison of experimental value and predicted value for each mix proportions
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Therefore, it is thought that the AIJ model was the most suitable for the creep strain of general
concrete or concrete with low fly ash content. However, for IFA20 and IFA30, the values predicted
by the GL-2000 and ACI209 models were more suitable, while those predicted by the AlJ, CEB
MC90-99, and CEB-FIP 1990 models were too small or large. Fig. 3.12(e) and (f) show the results for
concrete with fly ash as part of the sand. For OFA10, the ACI209, GL2000, and CEBMC90-99 models
were suitable. The value predicted by the AlJ and CEB-FIP 1990 models was too large, and that by
the JSCE model was too small. For OFA30, the CEBMC90-99 model was the most suitable, the
prediction by the JSCE model was too small, and that by the other models was too large.

Fig. 3.13. shows the RMSE between experimental and prediction values. It was found that the
control concrete had the lowest RMSE with the AIJ model. Concrete with fly ash as part of the cement
had a lower RMSE with the ACI209 model and the RMSE decreased as the fly ash content increased,
and concrete with fly ash as part of the sand had the lowest RMSE with CEBMC90-99. This confirms
that the AIJ model was suitable for normal concrete or concrete with only a small fly ash content as
part of the cement, that the ACI model was suitable for concrete with fly ash as part of the cement,
with the error between the predicted and experimental values decreasing with increasing fly ash
content, and that the CEBMC90-99 model was suitable for concrete with fly ash as part of the sand.
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Fig. 3.13. The RMSE between experimental and prediction values
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3.3.6 Creep strain prediction model for concrete containing fly ash

Due to the AIJ Model has the highest accuracy for ordinary concrete and concrete that contained a low
amount of fly ash, we consider introducing a parameter Ky, to capture the effect of fly ash content to
make the AIJ Model more suitable for concrete containing fly ash. Therefore, a regression analysis
has performed on the experimental data. It shows that the regression curve and regression equation of
concrete with fly ash as part of cement which is shown in Fig 3.14. Through the regression analysis of
the experimental data, it is concluded that the parameter of concrete with fly ash as part of the cement
is presented in Equation (8).
K; = 0.919 — 0.76x )]

Where, x is the ratio of fly ash replacing cement.

In addition, the creep test data of concrete with fly ash as part of fine aggregate was fitted, found
that the content of fly ash has no obvious effect on the parameter. It is concluded that the parameter of
concrete with fly ash as part of sand is a constant, K; = 0.6 .

Fig 3.15. shows the RMSE of the AIJ Model with and without fly ash effect parameter, the results

show that the introduction of fly ash effect parameter can effectively improve the accuracy of AlJ

Model. Therefore, it is recommended to introduce the parameter obtained above into the concrete with

fly ash content not higher than 30%. The specific creep strain can be calculated from Equation (9).
C(t, ty) =CR-log.(t—ty+1)

CR = (6.8X — 0.12G + 17.5)(t,)*33(1 — %)0-36(1//5)-0-43 ‘K, 9)

Where C(t,t,) is specific creep strain(x10°%/(N/mm?), ¢ is the age of concrete (day), t, is age of
concrete at beginning of load (day), G is specific coarse aggregate amount (kg/m?), X is water
binder ratio (%), h is relative humidity, V /S is volume surface area ratio, K; is the parameter to
capture the effect of fly ash, for fly ash as part of cement K; = 0.919 — 0.76x and x is the ratio of
fly ash replacing cement, fly ash as part of sand K; = 0.6 .

In the future, it is necessary to further study the creep prediction model of high-volume fly ash
concrete. In addition, the effect of other mineral admixtures needs to be further studied in the creep
prediction model.
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3.4 Conclusion

1. Replacement of sand with fly ash or GGBS significantly increased the compressive strength
of the concrete. Compared with ordinary concrete, concrete in which fly ash replaced 30% of the sand
exhibited 45% higher compressive strength, with 30% GGBS replacement of sand exhibiting a 112%
higher compressive strength. These results indicate that replacing sand with fly ash or GGBS can
produce high-performance concrete.

2. Regardless of whether the concrete contained fly ash as a replacement for part of the cement
or sand, concrete with 10% fly ash exhibited the lowest drying shrinkage, and the drying shrinkage
increased with increasing fly ash content. Concrete containing GGBS as a replacement for sand or
cement exhibited a significant reduction in drying shrinkage compared with ordinary concrete, and
concrete with 30% GGBS as a replacement for cement or sand exhibited 20% lower drying shrinkage.

3. When fly ash was used as a replacement for cement, the 20% fly ash concrete was found to
have the lowest creep strain, which was about 40% lower than that of the control concrete. In addition,
it was confirmed that the creep strain increased as the fly ash content increased when the content
was >20%. And concrete with 30% fly ash as a replacement for sand exhibited 50% lower creep strain.

4. For the ratio of CO2 emissions to compressive strength, concrete containing GGBS as a
replacement for sand exhibited lower CO2 emissions, and concrete with 30% GGBS as a replacement
for sand exhibited around half of the CO2 emissions compared with the control concrete.

5. Creep prediction models that are widely recognized by the engineering and academic
communities were analyzed, and we introduced a parameter KL to capture the effect of fly ash content
in the AIJ Model, which has the highest accuracy for ordinary concrete. A low RMSE obtained
between the experimental and predicted values by using the developed model indicated the
effectiveness of the introduced parameter for concrete containing fly ash.
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4.1 Introduction

In recent years, the construction industry has witnessed rapid growth due to urbanization and
industrialization. However, this development has come at a cost, as the production of cement used
in construction leads to significant CO, emissions [6]. Recognizing the need for sustainable
development, many researchers have turned their attention to improving the durability of concrete.
Two approaches gaining traction in this area are the addition of limestone powder [2,3] and the
utilization of biomass fly ash [4,5]. Specifically, the combination of biomass fly ash and limestone
powder in concrete has emerged as a promising method for concrete recycling. Despite its potential,
the existing research on concrete incorporating biomass fly ash or limestone powder remains
insufficient.

To address this research gap, this paper conducts a series of experiments to investigate the
properties of concrete containing different components. The experiments focus on evaluating the
compressive strength, drying shrinkage, porosity, and accelerated carbonation resistance of concrete
mixed with wood biomass fly ash (WFA), blend fly ash (BFA) mixed with coal and wood, and
limestone powder (LSP). Additionally, the study examines the relationship between the volume of
pores with varying diameters and the concrete's compressive strength, drying shrinkage, and
carbonation velocity coefficient. In conclusion, this research aims to contribute to the understanding
of concrete characteristics when incorporating biomass fly ash and limestone powder. By exploring
the effects of these components on various concrete properties, we can advance the knowledge in
the field of sustainable concrete development.

In this study, the researchers investigated the effects of replacing cement with either biomass
fly ash or wood-coal mixed fly ash by weight and replacing sand with limestone powder by volume
in concrete mixes. They cast a total of 13 concrete mixes, including a control mix, and tested
compressive strength, drying shrinkage, carbonation resistance, and pore structure. The study found
that adding limestone powder to biomass fly ash or wood-coal mixed fly ash concrete improved the
91-day compressive strength but increased drying shrinkage and decreased carbonation resistance.
The use of biomass fly ash or wood-coal mixed fly ash reduced early compressive strength,
increased drying shrinkage, and decreased carbonation resistance. However, adding biomass
cementitious materials to concrete improved the micropore structure. The compressive strength and
pore structure were tested at 7, 28, and 91 days, drying shrinkage was tested until 182 days, and
carbonation resistance was tested until 91 days. The researchers also analyzed the correlation
between the pore structure and concrete properties.

4.2 Experimental outline

Table 4.1 shows the physical properties of aggregates used in this experiment. Sea sand as fine
aggregate and crushed stone as coarse aggregate was used. As binders, blend biomass fly ash and
woody biomass fly ash which is modified by flotation method, and limestone powder was used. The
properties of cement, WFA, BFA, LSP are shown in Table 4.2.
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Table 4.1 Properties of aggregates
Property Coarse aggregate Fine aggregate
Oven-dried density (g/cm?)  2.69 2.59
Fineness modulus 6.9 241
Water absorption (%) 1.41 1.04
Solid content (%) 56.7 61.2

Table 4.2 Properties of supplementary cementitious material and cement

Composites WFA BFA LSP Cement

Si0z (%) 50.50 63 0.53 21.5

ALO; (%) 12.30 18.1 0.20 5.4

Fe20s (%) 10.70 7.14 0.08 3.0

CaO (%) 14.10 3.9 46.37 64.9

SOs (%) 0.49 _ _ 1.4

MgO (%) 2.96 1.66 8.20 2.1

Loss on ignition (%) 1.59 4.33 44.57 0.8
Density (g/cm?) 241 2.19 2.76 3.16
Blaine specific area (cm?/g) 5830 4038 3469 3000

Table 4.3 shows the mix proportion. The unit water amount is 180kg/m?, the unit coarse
aggregate amount is 945 kg/m?. In addition, replacing cement with admixture in the same mass,
with a total of 12 mix proportions including normal concrete. The symbols indicate replacement of
cement, the type of admixture used, and the substitution rate. The target air volume was set to 4.5+
1.0%

Measurement items are compressive strength, drying shrinkage, carbonation and porosity. The
compressive strength test was conducted according to JIS A 1108, the drying shrinkage test was
conducted according to “Method of measurement for length change of mortar and concrete” of JIS
A1129-2, and 100 x 100 x 400 mm prismatic specimens were produced. After casting, they were
demolded at 1 day of age, and cured in water at 20 ° C for 7 days. Specimens were taken out of the
water at 7 days of age, and a stainless-steel chip was attached to both end faces of the specimens,
and then both end faces were sealed to measure the base length. The specimens for measuring the
drying shrinkage were cured in a constant temperature and humidity room with a temperature of 20
+ 1.0 ° C and a relative humidity of 60 + 5%. For porosity measurement, a specimen (¢p100x200mm)
that had been cured in water to the target material age was crushed, and a sieve was used to make a
particle group of 2.5 to 5.0mm, and then the hydration reaction was stopped by immersion in acetone,
and vacuum drying for 72 hours, then the sample was used. The measurement was performed with
a mercury intrusion porosimetry (MIP). The accelerated carbonation test was carried out according

to JIS A1153, and 100 x 100 x 400 mm prismatic specimens were produced.
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Table 4.3 Mix proportions
Unit mass(kg/m?)

Type BF

wWB W C A WFA  LSP S RS
N 0.5 180 360 O 0 0 802 945
BFA10 0.5 180 324 36 0 0 792 945
BFA20 0.5 180 288 72 0 0 781 945
BFA30 0.5 180 252 108 O 0 770 945
WFA10 0.5 180 324 0 36 0 795 945
WFA20 0.5 180 288 0 72 0 787 945
WFA30 0.5 180 252 0 108 0 779 945
BSP10 0.5 180 252 108 O 85 690 945
BSP20 0.5 180 252 108 O 171 610 945
BSP30 0.5 180 252 108 O 256 530 945
WSP10 0.5 180 252 0 108 85 699 945
WSP20 0.5 180 252 0 108 171 619 945
WSP30 0.5 180 252 0 108 256 539 945

4.3 Result and discussion
4.3.1 Compressive strength

Fig. 4.1 shows the compressive strength of concrete containing biomass fly ash or limestone
powder. About the concrete with only biomass fly ash (BFA and WFA). At 7 days, the proportion of
WBFA added is inversely proportional to the early strength, while the addition of BFA is
proportional to the early strength, and at 91 days, the strength of the concrete increases with the
proportion of BFA or WFA added within a certain range, and only BFA30 exceeded expectations
above ordinary concrete. This may be because the addition of biomass fly ash in the early stage
slows down the hydration process of concrete, and the sufficient reaction of biomass fly ash in the
later stage reduces the porosity of concrete [1]. Although the strength is still smaller than that of
ordinary concrete, the strength of concrete within a certain range increase with the WFA content
increase. And due to the BFA particles are finer, so that BFA can improve the particle size
distribution, the concrete strength increases with the addition of BFA within a certain range at all
ages. The strength of BFA30 is greater than that of ordinary concrete at 28 days and 91 days, which
may also be due to the addition of BFA in the early stage delays the hydration reaction of concrete,
and the strength develops rapidly in the later stage [1]. About effect of limestone powder on concrete
containing 30% BFA or 30% WFA. For concrete with 30% WFA and various content of limestone
powder, it can be seen that the addition of limestone powder greatly improves the early compressive
strength of concrete. At 7 days, the compressive strength of WSP10, 20, and 30 is 29.9%, 24.7%,
and 38.3% higher than that of WFA30, maybe it's due to the nucleation effect of limestone powder.
And at 28 days and 91 days, the compressive strength of WSP10, 20, 30 is also significantly
improved compared to WFA30, probably due to the filling effect of limestone powder since the
nucleation effect is most pronounced in the early stage and vanishes with time as hydration proceeds.
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Due to its finer particle size, limestone powder can fill the interstices (pores) between cement
particles, leading to a denser packing and refinement of pore structure with higher strength [2]. For
concrete with 30% BFA and various content of limestone powder, according to the previous studies
which the addition of limestone powder will increase the compressive strength of concrete, some
studies also reported similar results [7]. And the general trend between BSP10, 20, 30 also reflects
this, the compressive strength increases with the increase of limestone powder content, but due to
the performance of BFA30 excessive strength data makes this not obvious.
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Fig. 4.1 The compressive strength of concrete containing biomass fly ash or limestone powder.
4.3.2 Drying shrinkage

The effects of biomass fly ash on drying shrinkage are shown in Fig 4.2. The results showed
that the drying shrinkage of WFA and BFA developed rapidly and differed from N production after
about ten days. Compared with N, the drying shrinkage of concrete with 30% WFA and 30% BFA
increased by 41.4% and 31.6% at 126 days. And with the increase of the content of WFA and BFA,
the drying shrinkage also increased gradually. Fig 4.3. showed the drying shrinkage of concrete with
30% biomass fly ash and various content limestone powder. As shown in Fig 4.3, the drying
shrinkage of limestone powder group developed rapidly, and the gap with N was opened in about a
week. And at 126 days, the drying shrinkage of concrete with limestone powder was larger than that
of concrete with only 30% WFA or BFA. And with the increase of limestone powder content, the
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drying shrinkage also increases. This shows that the addition of limestone powder increases the
drying shrinkage of concrete. Some studied [2,3] also reported that the drying shrinkage of concrete
increases with the increase of limestone powder content.
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Fig. 4.2 The effect of biomass fly ash on drying shrinkage.
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4.3.3 Carbonation depth

The accelerated carbonation test results are given in Fig. 4.4. The increase in carbonation depth
of WFA30 and BFA30 was about 41% and 27.6% to WFA10 and BFA10 at 56 days probably due
to that pozzolanic reaction of biomass fly ash consumes Ca(OH)2 in concrete. As the increase of
WFA or BFA in the mixture decreases the content of amorphous silica minerals that react with
calcium hydroxide, enabling the formation of hydrated compounds and decreasing the carbonation
resistance. So that contenting biomass fly ash led to a lower resistance of carbonation. For concrete
containing 30% BFA or WFA with various content of limestone powder, as shown in Figure 4, it is
clear that the carbonation depth of concrete with limestone powder is much higher than that of
WFA30 and BFA30. The carbonization depth of WSP10, WSP20, WSP30 were 18.4%, 31.7%, and
30.2% higher than that of WFA30, respectively. The carbonization depths of BSP10, BSP20, and
BSP30 were 26.1%, 53.1%, and 54.8% higher than that of BFA30, respectively.
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Fig. 4.4 Carbonation depth of concrete(a-d)
4.3.4 Pore structure of concrete

Fig. 4.5 shows the pore structure of concrete cured in water. The three columns for each mix
ratio are 7, 28, 91 days from left to right. The pore volume of all concretes generally decreases with
time. It can be seen from the figure that the addition of BFA or WFA to the concrete increases the
pore volume of the concrete in each diameter range at 7 days. The total pore volume increases with
the increase of BFA or WFA content, but the volume of pores greater than 0.05 decreases with the
increase of BFA or WFA content, and the volume of pores less than 0.05 increases with the increase
of BFA or WFA content. This may be due to that the pozzolanic reaction proceeds with the age of
concrete, thereby modifying the pore structure of concrete. The limestone powder group also
showed the similar results with BFA and WFA group, the volume of pore larger than 0.05 decreased
and smaller than 0.05 increased. The reason is that the pore structure of the concrete is modified due
to the filling effect of the limestone powder.
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Fig. 4.5 The pore structure of concrete cured in water.

Fig. 4.6 shows the pore structure of concrete cured in air. Compared with the samples cured in
water, the pore structure of the control group did not change significantly, but the pore structure of
the other groups changed significantly. For concrete containing biomass fly ash or limestone powder,
there is no major change in the total pore volume compared to curing in water, but the volume of
pores with diameters less than 0.05pum decreases and the volume of pores with larger diameters

increases.
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Fig. 4.6 The pore structure of concrete cured in air.

According to the variation trend of concrete pore structure, the correlation between drying
shrinkage or compressive strength and pore structure was analyzed. Fig. 4.7 shows the relationship
between 0.05 um-36um pore volume, total pore volume and compressive strength. The pore volume
of pores with diameters ranging from 0.05um to 36um has the highest correlation with compressive
strength, The largest correlation coefficient (R?) reached 0.96. Because the fluctuation of the
carbonization coefficient of concrete is too large, its correlation with the pore volume is not large,
so we study the correlation between the carbonization coefficient of each mix and the pore volume.
Fig. 4.8 shows the relationship between 0.003um-0.05pum pore volume, total pore volume and
concrete drying shrinkage. The pore volume of pores with diameters from 0.003pum to 0.05um has
the highest correlation with drying shrinkage, and the correlation coefficient (R?) is 0.89.
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4.4 Conclusion

Adding limestone powder to wood biomass fly ash concrete or blend biomass fly ash concrete
increases the compressive strength of concrete in all ages. In addition, the drying shrinkage and
carbonization depth increase with the limestone powder content increases. The using of wood
biomass fly ash or blend biomass fly ash alone also increases the compressive strength within a
certain range, but it is still smaller than the original concrete, and also increases the drying shrinkage
and carbonization depth. Regarding porosity, adding blend biomass fly ash or wood biomass fly ash
to concrete increases the total pore volume of concrete, and adding limestone powder increases the
total pore volume but reduces the pore volume of pores with large diameter. Under water curing,
the decrease of pore volume with larger pore volume is more obvious. The compressive strength of
concrete has a higher correlation with the volume of 0.05~36pum pores and the drying shrinkage has
a higher correlation with the volume of 0.003~0.05um pores.
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5.1 Introduction

Since the beginning of the 21st century, concrete has been a widely used building material, with
yearly production estimated at 10 billion m3 [1]. Aggregate includes coarse aggregate (gravel) and
fine aggregate (sand), accounting for about 60-80% of the total volume of concrete [2]. Because of
the extensive use of concrete, the demand for aggregates has greatly increased [3], and the production
of fine aggregates by crushing gravel has a high energy cost and causes problems with fresh concrete
because of high angularity [4,5]. However, the demolition of old buildings generates a large amount
of construction waste, at 850 to 880 Mt/year in the European Union [6,7], 317 Mt/year in the US, and
77 Mt/year in Japan [8]. Therefore, the rational use of recycled aggregate produced from waste
concrete can simultaneously solve problems with building material supply and disposal. The building
industry has previously approved the use of recycled coarse aggregates in concrete, with some limits,
and in some countries, full substitution is permitted in certain circumstances. However, practically all
existing standards and regulations prohibit the use of recycled fine aggregate (RFA) in the
manufacturing of concrete and mortar [9]. Several studies have been conducted on the properties of
RFA concrete. Gholampour et al. [10] studied concrete containing 25, 50, and 100% RFA, and their
results showed that the compressive strength of the concrete decreased as the replacement rate of RFA
increased, although the strength of concrete containing 25% RFA was slightly increased. Kirthik et al.
[11] showed that increasing the content of RFA in concrete decreased its durability, and the best RFA
content was 30%, which decreased shrinkage and porosity by 14% and 25%, respectively, and
increased resistance to chlorine penetration by 21%. Khatib et al. [12] studied concrete containing 0,
25, 50, and 100% RFA, and showed that concrete containing 100% and 25% RFA had 30% and 15%
lower compressive strength, respectively, compared with normal concrete, and increasing the RFA
content increased shrinkage. The chloride permeability of concrete increases with the RFA content,
whereas incorporating fly ash decreases chloride permeability [13—17]. Lovato et al. [18] reported that
the carbonation depth of concrete increased with the content of RFA. Evangelista et al. [19] showed
that in concrete containing 30% and 100% RFA, the carbonation depth increased by 40% and 100%,
respectively, compared with normal concrete. Bu et al. [20] reviewed the literature on the durability
of concrete containing RFA and found that the durability of concrete decreased as the replacement rate
of RFA increased; for concrete containing 100% RFA, the drying shrinkage of was twice that of
ordinary concrete and the carbonation depth increased by about 110%. The density and mechanical
properties of concrete decreases as the RFA content increases [21,22]. In summary, exceeding an RFA
content in concrete of 30% has several negative effects, including increased shrinkage, decreased
compressive strength, decreased carbonation resistance, and increased water absorption. This has
greatly limited the application of RFA in concrete, so finding a method that can modify the properties
of RFA concrete should expand its applications in practical engineering. On the other hand, some
studies have shown that the application of cementitious materials in concrete can improve durability,
reduce long-term deformation, and modify the pore structure. It has been reported that cementitious
materials enhance the workability, improve the performance of concrete at high temperatures, and
inhibit the alkali-aggregate reaction [23]. Fly ash can be used instead of OPC to decrease porosity and
reduce average pore size. Additionally, the volume of the gel’s pores (less than 0.01 pm) increases
with the fly ash content [24]. The fly ash content in concrete is about 20%, and its compressive strength
is the largest [25]. Adding fly ash to concrete reduces porosity and changes water absorptivity and
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chloride permeability [26]. High replacement volumes of fly ash increase resistance to chloride
penetration substantially [27]. A fly ash content of 50% in concrete mixes offers benefits such as high
resistance to chloride and sulfate attack, reduced alkali-silica expansion, and low heat generation [28].
The addition of fly ash to concrete can also reduce the creep [29,30] and drying shrinkage of concrete
[26,31]. Ozbay et al. [32] found that using GGBS in concrete increases the long-term mechanical
properties of concrete. Additionally, using GGBS improves the deformation of concrete and increases
the durability of concrete. Adding GGBS to concrete can reduce the porosity and modify the pore
structure of the concrete [33]. Concrete containing GGBS tends to have lower shrinkage and creep
than ordinary concrete [34-37]. In addition, some scholars have studied the use of cementitious
materials in recycled aggregate concrete (fine and coarse). Qureshi et al. [38] studied recycled coarse
aggregate concrete containing 20% fly ash and 30% GGBS, and their results showed that the concrete
containing 20% fly ash and 30% GGBS had 2-10% and 5-12% higher compressive strength,
respectively. Ahmad et al. [39] reported that the addition of GGBS to recycled coarse aggregate
concrete can significantly increase its slump and strength. Kurad et al. [40] analyzed the effect of fly
ash on concrete containing recycled fine and coarse aggregate and showed that the concrete had lower
initial strength, but fly ash had little effect on its the strength. Ali et al. [41] showed that recycled
coarse aggregate concrete containing 20-40% fly ash had a higher compressive strength at 180 days
than control concrete. It has also been reported that fly ash improves mechanical properties and
significantly reduces water absorption and chloride penetration of recycled coarse aggregate concrete
[42]. Kou et al. [43] reported that GGBS and FA had great contributions to the performance of recycled
coarse aggregate concrete. Anastasiou et al. [44] studied RFA concrete containing fly ash and showed
that fly ash improves long-term strength and decreases water penetration under pressure, and chloride
ion penetration. In conclusion, using cementitious materials such as fly ash or GGBS in concrete can
improve durability, reduce long-term deformation, and modify pore structure. However, most
researchers paid attention to recycled coarse aggregate. Research on the effect of cementitious
materials on RFA concrete is still insufficient and requires further investigation. In addition, studies
on the effect of GGBS and fly ash have mainly focused on mechanical properties and durability, and
little research has been done on microscopic pore structure. The purpose of this study was to enhance
the compressive strength and durability performance of RFA concrete by adding cementitious
materials, and to analyze the influence of microstructure on the mechanical properties and durability
of RFA concrete. The optimal addition rate of fly ash or GGBS in RFA concrete was obtained. After
adding supplementary cementitious materials, RFA concrete had higher strength and lower drying
shrinkage than ordinary concrete. In addition, the influence of pore volume of different pore diameters
on the compressive strength and durability of RFA concrete was analyzed. The micropores in RFA
concrete were divided into harmful pores, small harmful pores, and harmless pores according to
diameter. The results of this study will provide a basis for the application of RFA in practical
engineering.

5.2 Materials and experimental program

5.2.1 Materials properties
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Sea sand (S) and M standard RFA conforming to JIS A 5022 [45] were used as fine aggregate.
RFA was made from waste concrete after crushing, grinding and classifying. Crushed stone
aggregate was used for coarse aggregate (G). Table 5.1 shows the physical properties of the fine and
coarse aggregates.

Table 5.1. Properties of the fine and coarse aggregates.

Property Coarse aggregate Sea sand RFA  JIS A5022 (M)
Oven-dried density (g/cm?) 2.69 2.59 2.37 >2.2
Fineness modulus 6.9 2.41 2.58 _
Water absorption (%) 1.41 1.04 6.86 <7.0
Void content (%) 433 38.8 32.6 _

Table 5.2. The properties of the cement, FA, MFA, and GGBS

FA MFA GGBS Cement
SiO2 (%) 53.8 62.4 327 21.5
AlOs (%) 13.5 17.6 13.4 5.4
Fe20s (%) 13 8.7 0.5 3.0
CaO (%) 8.99 2.3 41.6 64.9
SOs (%) 0.49 _ 6.9 1.4
MgO (%) 1.48 1.32 0.3 21
Loss on ignition (%) 2.1 1.2 0.6 0.8
Density (g/cm?) 2.31 2.18 291 3.16
Blaine specific area (cm?/g) 3270 5480 4100 3000

OPC as defined in JIS R 5210 [46], supplementary cementitious materials were fly ash (FA)
conforming to Class II in JIS A 6201 [47], fly ash with a higher carbon content from a local power
plant that had its carbon content reduced by the floatation method (modified fly ash [MFA]), and
GGBS as defined in JIS A 6206 [48]. The properties of cement, FA, MFA, and GGBS are shown in
Table 5.2.

5.2.2 Mix proportions

The mix proportions of the concrete cast in this experiment are shown in Table 5.3. The design
strength of concrete was 27 MPa, according to JASS 5 [49], water-binder ratio was set to 0.55, and
the unit water volume was 180 kg/m?, the unit coarse aggregate amount was 945 kg/m?>. A total of 12
concrete mixes were prepared: the control concrete, concrete containing sea sand replaced with RFA
(50% by volume), four mixes containing cement replaced with FA or MFA (10% and 15% by
weight), two mixes containing cement re-placed with GGBS (30% and 45% by weight), and four
mixes with cement replaced (30% and 45% by weight) by FA and GGBS using ternary binders (the
ratio of FA to GGBS is 1 or 0.5). In the process of concrete production, the aggregates were all
surface dry.
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5.2.3 Experiment method
Table 5.3. Mix proportions.
Unit mass(kg/m?)
Type
W/B W C FA  MFA GGBS S RFA G

N 055 180 327 0 0 0 832 0 945
M50 055 180 327 0 0 0 416 379 945
M50FA10 055 180 294 33 0 0 411 375 945
Mb50FA15 055 180 278 49 0 0 409 372 945
M50MFA10 055 180 294 0 33 0 411 375 945
M50MFA15 055 180 278 0 49 0 409 372 945
M50BS30 055 180 229 0 0 98 413 376 945
M50BS45 055 180 180 0 0 147 411 375 945
M50FA10BS20 055 180 229 33 0 65 409 373 945
M50FA15BS15 055 180 229 49 0 49 407 371 945
M50FA15BS30 055 180 180 49 0 98 405 369 945

M50FA22.5BS22.5 055 180 180 74 0 74 402 367 945
According to JIS A 1108 [50], testing for compressive strength was performed on cylindrical

specimens that were 100 mm in diameter and 200 mm in height. The specimens were cast in a mold
and kept for 24 h in a room at 20 °C and 60% RH before demolding. The specimens were then cured
in water at 20 °C until the age required for the test. The compressive strength was tested at 7, 28, and
91 days. In order to avoid impact loads on concrete specimens, the loading rate was set at 0.6 + 0.4
MPa per second. Three specimens were tested for each group, and the average value was taken.

The “Method of measurement for length change of mortar and concrete” described in JIS A 1129-
2 [51] was used to conduct the drying shrinkage test, and prismatic specimens measuring 100 x 100 x
400 mm were cast. The specimens were demolded 1 day after casting, and then cured in water at 20 °C
until 7 days. At the age of 7 days, a stainless-steel chip was attached to both ends of the specimens,
and length of the specimen was measured as the base length. The specimens were then cured in a
constant humidity and temperature chamber (20 + 1.0 °C; RH, 60 £ 5%) and tested until 182 days.

The accelerated carbonation experiment was conducted according to JIS A1153 [52] using 40 x
40 x 160 mm test specimens. The specimens were cured in water at 20 °C for 4 weeks, and then placed
in a thermo-hygrostat at 20 °C and 60% relative humidity for 4 weeks. After curing, the specimens
were placed in a carbonation chamber at a CO2 concentration of 2.0%, 20 °C, and RH of 65% for 7,
28, 56, and 91 days. The depth of carbonation was tested at a specified age by splitting the specimen
at right angles to the length di-rection, and immediately spraying the split surface with 1%
phenolphthalein solution to measure the depth-stained red purple. The carbonation depth of was
measured at 5 points on each side (total of 10 points), and the average was taken as the carbonation
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depth. The carbonation depth can be modelled by Equation (1):

Xe =K\t (1)
where Xc is carbonation depth (mm), t is carbonation age (weeks), and K is the carbona-tion
coefficient (mm/weeks *).

Porosity was measured by mercury intrusion porosimetry (MIP). The samples were prepared by
crushing a specimen (p100 x 200 mm) that had been cured in water at 20 °C to the specific material
age and sieving the powder to obtain particles of 2.5 to 5.0 mm. The hydration reaction was stopped
by immersion in acetone, and then the powder was dried under vacuum for 72 h before use. The
porosity was tested at 7, 28, and 91 days to investigate the development of the pore structure of

concrete.

5.3 Results and discussion
5.3.1 Compressive strength

Figure 5.1 a,b shows the compressive strength of RFA concrete containing only FA or MFA. The
concrete containing 50% RFA had lower compressive strength than the control concrete. Compared
with the control concrete, the compressive strength at 7, 28, and 91 days decreased by 2.8, 8.9, and
17.6%, respectively. Khatib [12] reported that when sand was substituted with RFA, the long-term
strength was systematically decreased. At a replacement level of 100%, this reduction might approach
30%. A reduction of only 15% resulted from a replacement level of 25%. This was attributable to
RFA’s porous structure and higher water absorption [24]. The FA specimens, consisting of RFA
concrete containing FA, had a lower compressive strength than the M50 concrete at 7 and 28 days,
and the MFA specimens showed similar results. The compressive strength of the concrete containing
15% FA was lower than that of the concrete containing 10% FA at 7 and 28 days. However, the
decrease of compressive strength at 91 days was not significant. These decreases can be attributed to
fly ash’s diluting effect and early-stage poor reactivity [53—57]. The results are in good agreement with
the results of some previous studies, which showed that the long-term mechanical characteristics of
fly ash concrete had clearly improved [54,58—60]. The RFA concrete specimens containing MFA had
a higher 91-day compressive strength than the M50 concrete. Compared with M50 concrete, the
compressive strength of MFA10 and MFA15 concrete at 91 days increased by 10.93% and 14.04%,
respectively. Therefore, the removal of unburned carbon from fly ash by flotation is an effective
method for using fly ash with high carbon content in concrete. As shown in Table 5.2, MFA had a
larger specific surface area than ordinary fly ash, which may be an important reason for the better
performance of MFA than ordinary fly ash. In addition, the 91-day compressive strength of M50FA10
concrete was 4.8% lower than that of M50 concrete, whereas that of M50FA 15 concrete was similar.
According to previous studies, the results showed that the reaction degree of fly ash varied depending
on the fly ash properties, from less than 4% at 3 days to 9—23% at 28 days to 26-33% at 180 days
[53,61-64]. The pozzolanic reaction between fly ash and Ca(OH), might result in abundant CSH,
resulting in modified pore structure and improved long-term strength, which is ultimately responsible
for the improvement in the mechanical performance [56,63,65]. The results of pore structure in this
experiment also indicated the pozzolanic reaction. Figure 5.1c shows the compressive strength of RFA
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concrete containing only GGBS. The compressive strengths of M50BS30 and M50BS45 were lower
than that of the M50 and control concrete at 7 days. The 28-day compressive strengths of M50BS30
and M50BS45 were higher than that of M50, but lower than that of the control concrete. Both
M50BS30 and M50BS45 had a higher 91-day compressive strength than M50, and M50BS45 had a
higher 91-day compressive strength than the control concrete. Therefore, using GGBS in RFA concrete
decreased the 7-day compressive strength, but did not affect the 28-day compressive strength. In
addition, GGBS increased the 91-day compressive strength, and the compressive strength increased
with the GGBS content. Some studies also reported similar results [37,66,67]; the early strength of
GGBS concrete was lower, and with the increase of curing time, the compressive strength of GGBS
concrete increased faster than that of the normal concrete. The compressive strength increases of
GGBS concrete took longer due to the slow pozzolanic reaction [66,68]. As shown in Table 2, GGBS
has a larger specific surface area and higher CaO content than fly ash. The GGBS group exhibited
higher compressive strength than the fly ash group due to the higher CaO content and larger specific
surface a rea of GGBS, which resulted in a better pozzolanic reaction rate in GGBS-based concrete.
Figure 5.1d shows that the compressive strength of RFA concrete containing 30% blended
cementitious materials was lower at 7 and 28 days than M50 concrete. The compressive strengths of
M50BS30, M50FA10BS20, and MS50FA15BS15 concrete were around 23% lower than that of M50
concrete at 7 days, although at 28 days those of M50FA10BS20 and M50FA15BS15 concrete were
2.6% and 7.9% lower, respectively, and that of M50BS30 was similar. However, at 91 days, RFA
concrete containing 30% blended cementitious materials had a higher compressive strength than M50
concrete. Compared with M50 concrete, the compressive strengths of M50BS30, M5S0FA10BS20, and
MS50FA15BS15 concrete increased by 9.8, 10.2, and 17.5%, respectively. Figure 5.1e shows that the
concrete containing 45% blended cementitious materials. In addition, M50BS45 concrete had a 7-day
compressive strength 24.1% lower than that of M50, a 28-day compressive strength 5.7% higher than
that of M50 and similar to that of N, and a 91-day compressive strength 31.6% higher than M50 and
8.5% higher than N.M50BS45 was the only specimen that had a higher compressive strength than N
at 91 days, and had the highest compressive strength at 91 days in this experiment. Compared with
M50, the 7-day compressive strengths of M50FA15BS30 and M50FA22.5BS22.5 were 32.9% and
39.8% lower, and the 28-day compressive strengths were 9.8% and 18.4% lower, respectively. The
compressive strength of every mixture proportion was higher than that of M50 at 91 days; M50BS45,
MS50FA15BS30, and M50FA22.5BS22.5 concrete were 31.6, 12.6, and 4.0% higher, respectively.
Zhao et al. [69] researched concrete containing 30, 40, and 50% cementitious materials (fly ash and
GGBS) and showed that the compressive strength of concrete decreased with the increase of
cementitious materials content. In addition, the 28-day compressive strength increased with the
increase of fly ash content at the same content of cementitious materials content. Geso “glu et al. [70]
found that concrete incorporating 10% fly ash and 10% GGBS had the highest compressive strength.
Experimental results showed that adding cementitious materials to recycled aggregate concrete helps
to increase its strength; especially M50BS45 and MS50FA15BS15 exhibited higher and similar
compressive strength than normal concrete, respectively. Therefore, it can be said that adding GGBS
and fly ash can increase the compressive strength of RFA concrete, but the mixing ratio of GGBS and
fly ash needs further study. Figure 5.1f shows the compressive strength of RFA concrete with constant
FA content (10% and 15%). In RFA concrete containing 10-15% FA, adding 15-30% GGBS resulted
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in the 7-day compressive strength being similar, the 28-day compressive strength increased by about
20%, and the 91-day compressive strength increased by about 15% compared with M50FA10,
MS50FA15 specimens. Therefore, adding GGBS to concrete containing FA can address the problem of
low 28-day compressive strength of FA concrete and increase the 91-day compressive strength.
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Fig. 1. Compressive strength of concrete with cementitious materials
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5.3.2 Drying shrinkage

Figure 5.2a shows the drying shrinkage of the FA specimens. The drying shrinkage of M50
developed quickly, diverged from the control concrete after 1 week, and was 10.85% higher after 182
days, Kirthika et al. [11] reported the similar results. It is common knowledge that the greatest cause
of drying shrinkage is the water content of the concrete mixture [71]. The higher drying shrinkage of
RFA concrete was due, in part, to RFA’s higher water absorption, and because a large amount of fines
in the pores and gaps of coarse particles of RFA increased the paste volume of the concrete [2]. The
drying shrinkage of RFA concrete containing FA was suppressed compared with M50; the drying
shrinkages of M50FA10 and M50FA 15 were 2.3% and 7.1% lower after 182 days, respectively. Thus,
adding FA to RFA concrete decreased the drying shrinkage and the decrease was greater as the FA
content increased. Figure 5.2b shows the drying shrinkage of the MFA specimens. Both M50MFA10
and M50MFA15 concrete had lower drying shrinkages than M50, which were similar to that of the
control concrete. Compared with M50, the drying shrinkages of MS0MFA10 and M50MFA15 were
9.5% and 9.3% lower at 182 days, respectively. Saha et al. [26], and Wang et al. [72] also reported
similar results in that the drying shrinkage decreased with increasing fly ash content. Adding fly ash
to concrete lowered the cement concentration and delayed the development of shrinkage, which caused
a modest reduction in early drying shrinkage [31,73]. The results of pore structure in this experiment
showed that fly ash modified the pore structure of concrete, which inhibited evaporation of water and
reduced drying shrinkage.

Figure 5.2c shows the drying shrinkage of the GGBS specimens. GGBS reduced the drying
shrinkage considerably. The drying shrinkage of M50BS30 at 182 days was 8.6% lower than that of
M50 and was similar to that of the control concrete. Furthermore, at 182 days, the drying shrinkage of
M50BS45 was the lowest, was 24% lower than that of M50 and 15.8% lower than that of the control
concrete. Some studies also reported similar results [37,74,75], adding GGBS inhibited the
development of drying shrinkage of concrete. Adding GGBS to concrete reduced the porosity and
modified the pore structure of the concrete [33,76]. On the one hand, GGBS had a larger specific
surface area than fly ash, and on the other hand, GGBS had a higher CaO content than fly ash, so the
activity of GGBS was higher, and the inhibition effect on drying shrinkage was greater. Figure 5.2d
shows the drying shrinkage of the 30% blended cementitious materials specimens. The cementitious
materials reduced the drying shrinkage, and the mixture of GGBS and FA had a greater effect. The
drying shrinkage of M50FA10BS20 and M50FA15BS15 at 182 days was 14.8% and 24.7% lower than
that of M50, and 5.6% and 16.5% lower than that of the control concrete, respectively. Figure 5.2¢e
shows the drying shrinkage results of 45% blended cementitious material specimens. In contrast to the
30% blended cementitious material specimens, M50FA15BS30 had a similar 182-day drying
shrinkage compared to M50BS45, whereas the 182-day shrinkage value of M50FA22.5BS22.5 was
16.2% higher than that of M50BS45. Therefore, for a cementitious materials content of 30-45%, the
reduction in drying shrinkage was higher for GGBS mixed with FA, although FA contents higher than
15% increased the drying shrinkage. Zhao et al. [69] reported that comparing concrete with the
simultaneous addition of fly ash and GGBS to cement-only concrete, shrinkage was reduced by 15%.
Weng et al. [77] studied concrete with binary cementitious materials (FA, GGBS) and showed that
drying shrinkage of concrete was less with binary FA and GGBS than with GGBS alone. Due to
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GGBS’s fineness and hydration activity, which aid in the formation of a compact microstructure and
stop water evaporating from the concrete, drying shrinkage of concrete is significantly reduced [77].
Adding fly ash or GGBS to concrete promoted the hydration of cement and modified the
microstructure of concrete, lowing permeability of free water, so that drying shrinkage decreased

significantly [69].
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5.3.3 Accelerated carbonation

The accelerated carbonation experiment results are shown in Figure 5.3a—e. The carbonation
depth of M50 was about 27.8% greater than that of the normal concrete at 91 days, probably due to
the higher porosity of the concrete. Therefore, RFA decreased the carbonation resistance. Some studies
reported that the carbonation depth of RFA concrete likewise rises with the recycled aggregate
replacement level [18,19] because concrete with RFA has higher porosity than normal concrete, which
makes it easier for atmospheric CO, to diffuse into concrete. Figure 5.3a,b shows the results of the FA
and MFA groups. Increasing the FA content increased the carbonation depth at 91 days, regardless of
whether it was MFA or class II FA. Compared with the M50 concrete, the carbonation depths of
MS50FA10, M50FA15, M50MFA10, and M50MFA1S5 were 19.8, 22.9, 1.65, and 4.92% higher,
respectively. Some research reported similar results and showed that the depth of carbonation
increased as FA quantity increased [78—80]. This was due to the lower content of available Ca(OH),
in fly ash concrete compared to normal concrete [81,82], which resulted in faster carbonation of the
C-S-H bond [83]. Figure 5.3c show the results of GGBS group. The results were similar to concrete
containing FA. Increasing the GGBS content increased the carbonation depth at 91 days. Compared
with the M50 concrete, the carbonation depths of M50BS30 and M50BS45 were 14.2% and 31.6%
higher, respectively. It was reported that with up to 20% GGBS content, the carbonation of GGBS
concrete was similar to that of normal concrete, while with a GGBS content over 20%, carbonation
depth increased with the increase of GGBS content [84]. Sulapha et al. [85] also reported that concrete
with GGBS exhibited lower resistance to carbonation than conventional concrete. Figure 5.3d,e shows
the results of the blended admixture (FA, GGBS) group. Increasing the blended admixture content (FA
and GGBS) increased the carbonation depth at 91 days. In concrete containing 30% and 45% blend
admixtures, increasing the FA content increased the carbonation depth, and M50FA22.5BS22.5 had
the highest carbonation depth. Therefore, FA had a greater effect on carbonation than GGBS, although
after 7 days, specimens containing FA had a smaller carbonation depth. Jones et al. [86] studied
concrete containing ternary binders, and showed that compared to regular concrete, concrete
incorporating GGBS and fly ash showed noticeably greater rates of rapid carbonation. On average,
carbonation depths for the concrete made with GGBS and fly ash mixes were 2.5 times greater than
those for regular concrete, and as the cement replacement level was raised, carbonation rates increased
[86]. Figure 5.4 shows the carbonation velocity coefficients. The incorporation of FA, GGBS, and
RFA increased the carbonation velocity coefficient. In the RFA concrete containing 30% and 45%
blended admixtures, the carbonation depth increased with the FA content. Generally, increasing the
content of mineral admixture increases the carbonation depth of concrete. This is mainly because the
pozzolanic reaction consumes a large amount of Ca(OH)2, resulting in a decrease in the pH of the
concrete [87]. When the FA content was constant, adding GGBS to the concrete increased the
carbonization velocity coefficient. When the total FA and GGBS content was constant, increasing the
FA content increased the carbonation velocity coefficient.
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5.3.4 Pore structure

Figure 5.5 shows the cumulative pore volume at 7 days. The concrete containing RFA had a
higher pore volume, especially for pore diameters of 0.05—2 pm. The concrete containing class II FA
had a higher pore volume than M50 concrete, whereas the concrete containing MFA had a lower pore
volume. Thus, the properties of FA strongly affect the pore volume of concrete. The concrete
containing GGBS had a higher pore volume than M50 concrete, and the pore volume increased with
the GGBS content. The concrete containing the blended admixtures had a lower pore volume when
the admixture content was 30% compared with concrete containing only GGBS, and the ratio of FA
to GGBS of 1:2 was better than 1:1. Figure 5.6 shows the cumulative pore volume at 28 days. The
effect of RFA on the pore volume of concrete was similar to the effect at 7 days, and the concrete
containing RFA had a higher pore volume than the control concrete. The pore volume at 28 days was
much lower than that at 7 days due to the hydration of the cement and cementitious materials. The
concrete containing fly ash had different results; that containing class II FA had a higher volume than
the control concrete, whereas that containing MFA had a lower pore volume. For concrete containing
GGBS, the change in cumulative pore volume was negligible, but the pore volume between 0.05 and
2 pm was considerably lower. For concrete containing the blended admixture, concrete containing FA
and GGBS had a higher pore volume than concrete containing only GGBS, especially for pore
diameters of 0.01-0.05 um. When the cementitious materials content was constant, the pore volume
increased with the FA content. Figure 5.7 shows the cumulative pore volume at 91 days. The pore
volume of M50 was higher than that in the control concrete. The pore volume of RFA concrete
containing FA was larger than that in the M50 concrete, but the volume of pores between 0.05 and 2
um did not change much, mainly due to the increase in the volume of pores less than 0.05 pm,
regardless of whether the FA was class II FA or MFA. This may be due to the pozzolanic reaction and
the tiny aggregate effect of FA [71]. Poon et al. [88] also reported that replacing cement with fly ash
increased porosity but decreased average pore size of the pastes. Other studies reported similar results
[89,90]. The total pore volume of concrete containing GGBS was larger than that of M50 concrete,
but the 0.05-2 pm pore volume was smaller than that of M50 concrete, mainly due to the increase in
the volume of pores less than 0.05 pm.

The pore volume of concrete containing 30% cementitious materials did not change substantially,
whereas that containing 45% cementitious materials was different. The total pore volume of concrete
containing the blended admixture was larger than that containing only GGBS; while the volume of the
pores at 0.05-2 um did not change much, the volume of the pores at 0.01-0.05 um increased. The
experimental results prove that the activity of pozzolanic reaction of GGBS is greater than that of fly
ash, so the pore volume of concrete mixed with GGBS only had a higher pore volume at pore diameters
of less than 0.01 um. Furthermore, we found that the incorporation of GGBS decreased the volume of
pores with a diameter greater than 0.01, and the incorporation of fly ash had little effect on the volume
of pores. with a diameter of 0.05-2um but increased the volume of pores with a diameter of 0.01-
0.05um.
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Based on MIP-determined trials, Mindess et al. [91] defined capillary pores as being greater than
0.01 pm, and gel pores as being less than 0.01 um. PK Mehta [92] analyzed pore size in four ranges:
less than 4.5 nm, 4.5-50 nm, 50—100 nm, and greater than 100 nm. Wu and Lian [93] examined four
ranges of pores: pores under 20 nm, between 20 and 50 nm, 50 and 200 nm and those over 200 nm. It
was reported that the strength of mortar was mainly affected by capillary pores, and the durability was
mainly affected by gel pores [94].

Based on the relationship between pore volume and pore diameter, we analyzed the correlation
between the compressive strength of concrete at each age and the total pore volumes, pore volumes of
0.01-36, 0.05-36, 0.003-2, 0.01-2, and 0.05-2 um. Fig. 5.8 shows the relationship between
compressive strength and cumulative pore volume at each age (all mix proportions). In all pore size
ranges, the compressive strength tended to increase as the pore volume decreased. For the 28- and 91-
day compressive strength, the correlation coefficients (R2) for the 0.01-36 pm pore volume were the
highest. However, the 7-day compressive strength had a good correlation with the 0.05-2 pum pore
volume.

In Fig. 5.9, regardless of the age and mix proportions of the specimens, all the compressive
strength and cumulative pore volumes obtained were fitted. The compressive strength has a low
correlation with the total pore volume and the pore volume of 0.003-2pm. Furthermore, compressive
strength was linearly related to the pore volumes larger than 0.01 or 0.05 um. This proved that pores
with a diameter of less than 0.01 um had no effect on the compressive strength of concrete, pores with
a diameter of 0.01-0.05 um had weak effect on the compressive strength of concrete, and pores with a
diameter greater than 0.05 pum had a greater effect on the strength of concrete. The correlation
coefficient between the 0.05-2 um pore volume and the compressive strength was the largest R2 of
0.87. Therefore, for the compressive strength, we can call the pores with a diameter greater than
0.05pum as harmful pores, 0.01-0.05um as small harmful pores, and less than 0.01um as harmless pores.

Fig. 5.10 shows the correlation between carbonation velocity coefficient and cumulative pore
volume obtained from the MIP tests at 91 days (total pore volumes, pore volumes of 0.003—0.1, 0.003—
0.05, and 0.003-0.01 pm), respectively. The correlation between cumulative pore volume and
carbonation velocity coefficient increases gradually with the de-crease of pore diameter. Besides, the
correlation between the carbonation velocity coefficient and 0.003—-0.01 um pore volume was the
highest, with R2 of 0.83. Thus, the carbona-tion velocity coefficient of concrete was linearly related
to the volume of pores with diameter less than 0.01 pm.
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5.4 Conclusion

1. Adding fly ash and GGBS to RFA concrete increased its compressive strength. M50BS45 and
MS50FA15BS15 exhibited similar 91-day compressive strengths with normal concrete. Therefore, the
compressive strength of RFA concrete can be effectively improved by the use of cementitious materials.

2. Replacement of cement with fly ash or GGBS significantly decreased the drying shrinkage of
the RFA concrete. The drying shrinkage of all specimens in this experiment reach the level of ordinary
concrete, even lower than that of ordinary concrete. Besides, MS50FA15BS15 showed 16.5% lower
drying shrinkage, M50BS45 and M50FA15BS30 showed around 25% lower drying shrinkage than
normal concrete.

3. Increasing the cementitious (fly ash and GGBS) materials content decreased the carbon-ation
resistance of RFA concrete. Besides, fly ash had a greater effect on carbonation than GGBS.

4. Incorporating FA or GGBS into concrete modified the pore structure of concrete, reduced the
volume of capillaries larger than 0.05um. In addition, the compressive strength was mainly affected
by the capillary pores (greater than 0.01um or 0.05um), and the carbona-tion was mainly affected by
the gel pores (less than 0.01pum).

5. For compressive, the pores with a diameter greater than 0.05um are considered harmful pores,
0.01-0.05um are considered small harmful pores, and less than 0.01um are consid-ered harmless pores.
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6.1 Introduction

As reported, the world produces about 900 million tons of fly ash every year, of which only
about 53.5% is effectively utilized [8]. The utilization of by-product powders that emit less CO: as
a replacement for a portion of cement in concrete has gained significant attention as a strategy for
achieving a low-carbon society. Fly ash (FA) is one such powder that is recognized as a high-
performance concrete admixture, but its utilization rate remains low. One of the reasons for this is
the presence of unburned carbon in FA, which affects the stability of the finished concrete.
Developing technologies to remove unburned carbon from FA can promote its increased use as a
concrete admixture. Flotation methods are being developed and studied to improve and stabilize the
quality of FA [1]. However, there is a lack of research on the use of flotation-modified FA as an
admixture, warranting further investigation Many scholars have studied the properties of fly ash
concrete, pointing out that the application of fly ash can improve the working performance of
concrete, improve durability, reduce shrinkage, and improve the microscopic pore structure [9-13].
Moreover, when FA is used as an admixture in concrete structures, significant deflections, and
deformations due to creep and drying shrinkage are observed. In this study, the compression creep
properties of concrete containing 20% FA were examined.

In addition, with the rapid development of industrialization and urbanization, concrete was
widely used in the construction industry, around 10 billion cubic meter of concrete was used every
year [5], aggregate accounts for about 60% to 80% of the concrete volume [6]. As a result, a large
amount of natural aggregate is consumed [7]. In 2012, the amount of direct incineration of general
waste in Japan was 33.99 million tons per year, of which 12.35 million tons, or 36%, was melted to
produce 790,000 tons of molten slag. The manufactured molten slag is used as road aggregate,
concrete aggregate, ground improvement material, and the like. ~ The garbage molten slag (GMS)
generated from the melting facility for general waste is being effectively used from the viewpoint
of recycling and quality stability, but the utilization rate as an aggregate for concrete is currently
low. Therefore, with the aim of increasing the amount of molten slag used, it is necessary to consider
a formulation that exhibits the same performance as when using natural aggregate. However, the
research on the properties of concrete containing GMS and the effect of fly ash on concrete
containing GMS is not enough. Therefore, in this study, we evaluated the durability of concrete with
different mixing ratios of garbage molten slag and fly ash.

In summary, our findings underscore the considerable potential benefits of utilizing fly ash and
garbage molten slag fine aggregate in concrete mixtures. These advantages include improved long-
term strength and reduced shrinkage, which are of utmost importance in the construction industry.
We recommend further research in this area to explore additional properties and fine-tune the
utilization of these alternative materials in concrete production, contributing to a more sustainable
and resilient construction sector.

6.2 Creep of fly ash concrete
6.2.1 Experiment outline

In this experiment, various materials were used, and their physical properties are summarized
in Table 6.1. Ash A and Ash B are fly ashes obtained from thermal power generation, and they were
modified to have an ignition loss of <1.0%. Ash C is a Japanese Industrial Standard (JIS)-certified
product.
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Table 6.1. Materials properties
Item Type Physical properties Symbol
Ordinary Portland .
Cement Density 3.16[g/cm?] C
cement
Water Tap water - w
Absolute dry density 2.59[g/cm?]
] Water absorption 0.76%
Fine aggregate Sea sand ) S
Coarse grain rate 2.4
Actual rate 61.2%
Absolute dry density 2.69[g/cm?]
Coarse Water absorption 1.41%
Crushed stone ] G
aggregate Coarse grain rate 6.9
Actual rate 56.7%
Alkyl ether type
Agent AE water reducer o
anionic surfactant
Density 2.25[g/cm?]
. Ignition loss0.42%
Modified fly . .
h(A) Plain specific surface area 3480
as
[cm%g] BET specific surface area
1.54[m?/g]
Density 2.29[g/cm?]
. Ignition 10ss0.92%
. Modified fly . .
Admixture h(B) Plain specific surface area 3690 FA
as
[cm%g] BET specific surface area
5.23[m%g]
Density 2.36[g/cm?]
Ignition loss1.32%
Fly ash(C) . .
Plain specific surface area 4900
(Adapted to JIS II) .
[cm%g] BET specific surface area
2.17[m?%g]

The mix proportions used in the experiment are presented in Table 6.2. The mixing procedure

involved a unit water volume of 180 kg/m?® and a water-to-binder ratio of 50%. Four formulations

were tested in total: one without fly ash (FA-free concrete) for comparison, and three with 20% of

the cement replaced by fly ash, each using a different type of fly ash.

Table 6.2. Mix proportions.

Symb W/ W/ Unit mass(kg/m?)
ol C B W C FA G
N 50 360 0 805
50 180 945
AB,C 288 72 794
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In order to measure the strain, a creep test was conducted following the guidelines of JIS A
1157, a method for testing the compressive creep of concrete. The test specimens were demolded
after 1 day of aging, cured in water at 20°C for 7 days, and then transferred to a constant temperature
room at 20°C for air curing, where the creep test was conducted. However, it is important to note
that the humidity in this room could not be strictly controlled, and during the loading, the humidity
fluctuated between 40% and 63%.

For the creep test, a loading device utilizing a separation-type hydraulic jack was used. Three
test pieces with dimensions of @100 x 200 mm were vertically stacked. The applied load was set to
one-third of the compressive strength of a 28-day-old test piece, and the loading was initiated at 28
days. Three strain gauges were affixed to three different locations at the center of each test piece,
and the average value of the strain measured by these gauges was considered as the total strain of
that particular test piece. The average value of the strain from the three test pieces was then
calculated as the total strain for that specific preparation.

To determine the applied load, three specimens with dimensions of 100 x 200 mm were
prepared for the compressive strength test. The specimens were cured in the constant temperature
room where the creep test was conducted. The compressive strength was measured following the
guidelines of JIS A1108, a method for testing the compressive strength of concrete.

To calculate the creep strain, two unloaded specimens with the same size as those used in the
creep test (@100 x 200 mm) were prepared to test the drying shrinkage. Strain gauges were attached
to these specimens, which were then stored in the constant temperature room until the measurements
were performed using a data logger. Both the creep test and the drying shrinkage test were conducted
simultaneously.

The pore structure of the concrete was evaluated since voids with a diameter of >3 nm are
known to significantly affect properties such as strength, elastic modulus, creep, and shrinkage[2].
The pore diameter was measured using the mercury intrusion method. After the creep specimens
were removed from the loading device, each unloaded specimen was crushed and filtered through a
sieve to collect grains with a diameter of 2.5-5.0 mm, which were used as samples. These samples
were immersed in acetone for 2 hours to halt hydration, then vacuum-dried using a vacuum pump
for 72 hours until there was no further change in mass. The samples were finally cured, and the pore

diameter measurement was performed twice for each sample, with the average value calculated.
6.2.2 Compressive strengths

Fig. 6.1 illustrates the compressive strength of the test specimens at different stages: before
loading at 28 days, after loading at 273 days, and without loading at 273 days. The results indicate
that the difference in compressive strength between normal concrete at 28 days and 273 days was
small. This suggests that the continued loading did not have a significant impact on the strength of
the normal concrete specimens.

At 273 days, it was observed that Ash A had the lowest compressive strength among the three
types of fly ash formulations. On the other hand, Ash B exhibited increased strength both before
and after loading compared to the strength at 28 days. This increase in strength can be attributed to
the pozzolanic reaction, which is a chemical reaction between the fly ash and calcium hydroxide in
the concrete matrix. Ash C also showed a slight increase in strength, but Ash B had the highest
compressive strength among the three types of formulations containing fly ash. Furthermore, when
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fly ash was added to the mixture, the compressive strength after loading tended to be slightly higher
than that without loading. This suggests that the presence of fly ash in the concrete contributed to
maintaining or enhancing the compressive strength, even under the applied loading conditions.
Overall, the results indicate that incorporating fly ash into the concrete mixture can have a
positive impact on the compressive strength, with Ash B demonstrating the most significant

improvement among the tested formulations.

l Before load  No loading
(28days) (273days)
[l After load
(273days)

50

Compressive strength (N/mm 2)

N A B C

Fig 6.1. Compressive strength

6.2.3 Drying shrinkage

Fig. 6.2 shows the results of drying shrinkage with time. The results show that there is no
relationship with the type of fly ash, and concrete with three different types of fly ash with 20%
content shows similar drying shrinkage values to normal concrete. In the literature review section
of Chapter 2 of this paper, it is shown that fly ash replacing a portion of cement tends to reduce the
drying shrinkage of concrete. However, in this experiment, in order to maintain the same conditions
as the creep experiment, the concrete specimens were first cured in water for 7 days and then in air
until the age of the material was 28 days. This is different from the experimental method used in
most other studies. Therefore, it is possible that the difference between fly ash concrete and normal

concrete drying shrinkage is mainly concentrated before 28 days.
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6.2.4 Creep

Fig. 6.3 displays the development of creep strain over time. The findings indicate that the
addition of fly ash (FA) led to a reduction in creep strain by approximately 30% to 50% compared
to the scenario where no FA was added. This suggests that incorporating FA at a replacement ratio
of 20% effectively mitigated creep strain in the concrete.

Furthermore, the findings suggest that the specific type of FA used had a notable impact on the
extent of creep strain reduction. Different types of FA exhibited varying levels of effectiveness in
reducing creep strain. When compared to ordinary concrete, the concrete samples containing 20%
of Ash A, Ash B, and Ash C fly ash experienced reductions in creep strain of approximately 28.8%,
37.8%, and 45.8% respectively over a period of 182 days. These results underscore the importance

of considering the distinct properties and characteristics of the FA being utilized.
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Fig. 6.3 Creep strain

The correspondence between the experimental results of the specific creep strain obtained from
the experiments and the predicted values obtained from the AIJ equation[3] was examined.

C(t,t,)=CR-log (t—t,+1)
h

0.36
-0.33 —0.43
—(6.8-x-0.2 -G+7 .5) () '(FEJ (V' /8)

C(t,to): Specific creep strain (x10-6/(N/mm?))

CR: Coefficient determined by regression analysis (x10-6/(N/mm?))

t: AGE(days) to: Loading age (days) h: Relative humidity (%)
G: Unit coarse aggregate (kg/m?) V /S: Volume surface area ratio

(M

Fig. 6.4 illustrates the relationship between the predicted values obtained from equation (1)
and the specific creep strain as measured for each specimen. The predicted values closely align with
the measured values of normal concrete creep strain. However, it is important to note that the AlJ
(Architectural Institute of Japan) formula, represented by equation (1), does not consider variables
related to admixtures, including fly ash. As a result, the formula does not account for the effects of
admixtures on creep strain. To address this limitation, in this study, since fly ash was added as an
admixture, the accuracy of the numerical predictions was evaluated using the root mean square error
(RMSE). The RMSE indicates the deviation between the predicted values and the actually measured
values. Consequently, a correction coefficient was employed to adjust the predicted values to align
with the measured values.

Table 6.3 presents the calculated correction coefficients for the different types of fly ash used
in the study: Ash A, Ash B, and Ash C. The correction coefficients were determined as follows:

Ash A 15 0.79, Ash B is 0.76, and Ash C is 0.64, with an average coefficient of 0.73. Based on these
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findings, it was determined that the appropriate correction coefficient for incorporating 20% fly ash
into the concrete mixture is approximately 0.73. In summary, the numerical predictions based on
the AlJ formula were adjusted using a correction coefficient to better align with the actually

measured creep strain values.

100

Specific creep strain[ u/N/mm2]

0 ! !
0 50 100 150 200 250
Age [days]
Fig. 6.4 Specific creep strain
Table 6.3 Correction factor
A B C
Correction factor 0.79 0.76 0.64
Average 0.73

6.2.5 Pore structure

Fig. 6.5 presents the total pore volume for each formulation. It can be observed that Ash B
exhibited lower pore volume values compared to the other formulations, both after loading and
without loading. This indicates that the concrete containing Ash B had smaller voids in comparison
to the other formulations. The smaller total pore volume in Ash B is believed to be a contributing
factor to its higher compressive strength when compared to the other formulations that included fly
ash (FA). A lower pore volume generally corresponds to a more compact and denser concrete
structure, which can lead to improved compressive strength. Therefore, based on the results, it can
be inferred that the relatively small total pore volume in Ash B, resulting in a more compact concrete
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matrix, played a role in its superior compressive strength among the formulations that incorporated
fly ash.
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Fig 6.5 Total pore volume

Fig 6.6 depicts the distribution of pore sizes after loading, while Fig. 6.7 illustrates the
distribution of pore sizes without loading. In both cases, Ash B exhibited the lowest pore volumes
for voids with a diameter of >0.1 um. Previous research [4] has indicated that the pozzolanic reaction
of fly ash (FA) leads to a decrease in pore volumes for pores >0.1 pm and an increase in pores <0.1
pm, resulting in increased strength of pores <0.1 um. This suggests that the lower pore volumes for
>0.1 pm in Ash B may be attributed to the pozzolanic reaction. Subsequently, the pore volumes
were classified into different size ranges, including <50 nm, <100 nm, <200 nm, <500 nm, and
<2000 nm, to examine their relationship with specific creep strain. Figure 8 demonstrates the
correlation between the pore volume in each size range and the specific creep strain. Moreover, a
regression analysis was conducted to determine the coefficient of determination (R?). Notably, the
regression line for pores with a diameter of <500 nm exhibited a high determination coefficient (R?
>0.95), indicating a strong correlation. In contrast, the regression line for pores with a diameter of
<2000 nm had a lower determination coefficient (R* = 0.79). Consequently, regardless of the
presence or absence of fly ash (FA), the relationship between the number of pores with a diameter
of <500 nm in the concrete and the specific creep strain could be approximated by a straight line.
This suggests that as the number of pores with a diameter of <500 nm increases, the specific creep

strain tends to decrease.
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6.3 Properties of Fly Ash and Garbage Molten Slag Fine Aggregate Concrete
6.3.1 Experiment outline

Table 1 and 2shows the physical properties of the materials used in this experiment. As the
cement, ordinary Portland cement was used, sea sand and garbage molten slag (GMS) were used as
fine aggregate, and crushed stone was used as coarse aggregate. Fly ash (FA) corresponding to Class
ITin JIS A 6201.

Table 6.4 Properties of the fine and coarse aggregates

Property Coarse aggregate Sea sand GMS  JIS A5022 (M)
Oven-dried density (g/cm?) 2.69 2.63 2.79 >22
Fineness modulus 6.9 2.41 2.75 _
Water absorption (%) 1.41 0.94 0.81 <7.0
Void content (%) 433 38.8 40.3 _

Table 6.5 The properties of the cement and fly ash

Composites FA Cement
Si0; (%) 53.8 21.5
ALO; (%) 13.5 5.4
Fe 03 (%) 13 3.0
CaO (%) 8.99 64.9
SO; (%) 0.49 1.4
MgO (%) 1.48 2.1
Loss on ignition (%) 2.1 0.8
Density (g/cm?) 2.31 3.16
Blaine specific area (cm?/g) 3270 3000

Table 3 shows the mix proportions, and the unit water volume was 170 kg / m* the water-
binder ratio was 45.5% for the control concrete, and 52.3% for the concrete with fly ash. Keep the
compressive strength of concrete at 28d remain the same as the control group, cement replaced with
fly ash (30% by strength contribution rate). In addition, the unit coarse aggregate bulk volume was
set to 0.5 m? / m? to make it a high-fluidity concrete, target air volume is 5.0 + 1%.

Table 6.6 Mix proportions
Unit mass(kg/m?)
Type
W/B w C FA S RFA G

FA0-0 0.455 170 374 0 952 0 945
FA30-0 0.366 170 325 139 828 0 945
FA30-25 0.366 170 325 139 621 220 945
FA30-50 0.366 170 325 139 414 439 945
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Measurement items are compressive strength, drying shrinkage and creep properties. The
compressive strength test was conducted according to JIS A 1108, the drying shrinkage test was
conducted according to “Method of measurement for length change of mortar and concrete” of JIS
A1129-2, and 100 x 100 x400mm prismatic specimens were produced. After casting, they were
demolded at 1 day of age, then cured in water at 20 ° C for 7 days or in a constant temperature room
with a temperature of 20 ° C and a humidity of 60%. Specimens were taken out of the water at 7
days of age, and a stainless-steel chip was attached to both end faces of the specimens, and then
both end faces were sealed to measure the base length. The specimens for measuring the drying
shrinkage were cured in a constant temperature and humidity room with a temperature of 20 + 1.0 °
C and a relative humidity of 60 = 5%. In the creep test, the strain was measured according to JIS A
1157 “Method of test for compressive creep of concrete”. This constant temperature room could not
strictly control the initial one-month humidity. The creep test uses a loading device of a separate
type of hydraulic jack. Three test specimens were stacked vertically. The loading load was set to 1/3
of the maximum load of compressive strength at 28 days, and loading started from 28 days. Three
strain gauges were attached to three places in the center of the test specimen, and the average value
of the three strain gauges was taken as the total measured strain of the test specimen. And the average
value of three test specimens was taken as the total strain of the mix proportion. In order to calculate
the creep strain, measuring the no-load strain by preparing two pieces no-load specimen of ®100 x
200 mm in each mix proportion similar to the creep test, attaching the strain gauges, and storing in
a constant temperature room where the creep test is performed, and the measurement was performed

with a data logger simultaneously with creep strain.
6.3.2 Compressive strength

Figure 1 illustrates the results of compressive strength testing. At 7 days of age in a water
curing environment, there is a tendency for the compressive strength to decrease as the substitution
rate of both fly ash (FA) and garbage molten slag increases. However, at 28 days of age in water
curing, the compressive strength values of the FA0-0, FA30-0, and FA30-25 mixes show similar
results. This suggests that a 30% strength contribution rate through the incorporation of fly ash is
an appropriate choice. Notably, the FA30-0 mix exhibits the highest increase in strength after 28
days of age, indicating the influence of the pozzolanic reaction. While the FA30-25 and FA30-50
mixes also expected to undergo pozzolanic reaction due to the presence of fly ash, the increase in
strength is not as significant as in the FA30-0 mix. This implies that the addition of garbage molten
slag in concrete is harmful to the increase of compressive strength beyond 28 days of age. In terms
of curing methods, it is observed that for concrete containing fly ash, the compressive strength
increase is more pronounced during air curing up to 28 days of age, while water curing tends to
enhance strength between 28 and 91 days of age. This suggests that water curing has a greater effect

on enhancing the pozzolanic reaction facilitated by fly ash compared to air curing.
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Fig. 6.9 The compressive strength of concrete
6.3.3 Drying shrinkage

Figure 2 presents the time-dependent development of drying shrinkage. A comparison between
FA0-0 and FA30-0 reveals a tendency for reduced drying shrinkage when fly ash is incorporated.
Furthermore, FA30-25 exhibits a larger strain, while FA30-50 demonstrates a smaller strain
compared to FA30-0. In comparison to normal concrete (FA0-0), the drying shrinkage strain of
FA30-0, FA30-25, and FA30-50 in 98 days is reduced by approximately 13.5%, 9.6%, and 18.7%,
respectively. These results indicate that incorporating fly ash in the concrete mix has a beneficial
effect in reducing the drying shrinkage strain over time. Furthermore, the inclusion of garbage
molten slag fine aggregate in the concrete mix did not show a significant impact on the drying
shrinkage.
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Fig. 6.10 The development over time in drying shrinkage.

6.3.4 Creep

Figure 4 illustrates the variation of unit creep strain over time. It can be observed that FA30-0
and FA30-25 exhibit lower creep strain values compared to FA0-0. This confirms that incorporating
fly ash in the concrete mix has a beneficial effect in mitigating creep strain. However, FA30-50
shows a higher strain value than FA0-0. This indicates that when the replacement rate of molten
slag reaches 50%, the impact on strain becomes more prominent, leading to an increase in creep
strain. In this study, we aimed to assess the accuracy of the creep strain prediction formula by
comparing it with the experimental results obtained in our experiments. The AlJ formula (proposed
by the Architectural Institute of Japan) is known for its high adaptability to ordinary concrete [10],
so we focused on analyzing this formula exclusively. However, it was observed that the predicted
values of FA0-0, FA30-0, and FA30-25 tended to be overestimated compared to the experimental
values. On the other hand, the predicted value for FA30-50 was closer to the experimental value. It
should be noted that while the AlJ formula is commonly applied to ordinary concrete, the specimens
used in our study were designed as high-strength concrete with a water-binder ratio of approximately
40%. As a result, the experimental values deviated significantly from the predictions based on the
formula. To address this discrepancy, we conducted regression analysis to determine correction
factors that would align the predicted values with the experimental values. Table 3 presents the
analyzed correction coefficients, which were found to be 0.52 for FA0-0, 0.56 for FA30-0, 0.60 for
FA30-25, and 0.95 for FA30-50.

In light of these findings, when applying the AlJ formula to calculate predicted values for high-
strength concrete, it is recommended to utilize the respective correction coefficients mentioned
above, which is 0.56 on average for low aggregate replacement rate. This adjustment will lead to
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more accurate predictions aligned with the experimental data. However, the predicted values for
concrete with high aggregate replacement rates should continue to be investigated.
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Fig. 6.11 The change over time in specific creep strain.
Table 6.7 The correction coefficients

FAO0-0 FA30-0 FA030-25 FA30-50
coefficients 0.52 0.56 0.6 0.95

6.3.5 The relationship between pore structure and compressive strength or drying shrinkage

Figure 5 illustrates the pore volume of the concrete samples. When comparing the reduction in
pore volume between 7 and 91 days, it was observed that concrete containing fly ash exhibited a
more significant decrease. This finding aligns with the results of compressive strength, supporting
the notion that the strength enhancement in fly ash mixtures after 28 days is attributed to the
pozzolan reaction. Furthermore, no substantial difference was observed when comparing FA30-25
and FA30-50, suggesting that the substitution rate of garbage molten slag has a minimal effect on
the pore structure.

Figure 6 depicts the relationship between pore volume and compressive strength. Surprisingly,
no discernible correlation was found between the pore volume, regardless of whether it exceeded
50 nm or encompassed the total pore volume. This indicates that the compressive strength of
concrete is influenced by factors beyond the pore structure, such as the aggregate material used.

In Figure 7, the relationship between pore volume and drying shrinkage is presented. Notably,
a significant correlation was observed specifically within the range of 0.003 pm to 0.1 um pore size.

Consequently, it is inferred that the pore volume within this range significantly impacts the drying
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Fig. 6.12 The pores volume of concrete, (a)7d, (b)28d, (c)91d
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Fig. 6.13 The relationship between the pores volume and the compressive strength.
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Fig. 6.14 The relationship between the pore volume and the dry shrinkage.
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6.4 Conclusion

1. Incorporating fly ash at a 20% replacement ratio effectively reduced the unit creep strain in
concrete. The predicted values of normal concrete obtained from the AIJ equation for unit creep
strain aligned well with the measured values. The introduction of a correction factor of
approximately 0.73 accounted for the influence of fly ash in the predicted values.

2. Concrete mixed with fly ash exhibited a slight increase in compressive strength after loading
compared to the unloaded condition. However, the effect of loading on the compressive strength
was minimal in concrete without fly ash.

3. The quantity of pores with a diameter less than 500 nm and the unit creep strain in concrete
showed a consistent linear relationship regardless of the presence or absence of fly ash. This implies
that as the number of pores with a diameter less than 500 nm increases, the specific creep strain
tends to decrease.

4. Concerning compressive strength, FA30-0 exhibited the most significant increase in strength after
28 days, which can be attributed to the pozzolan reaction. Additionally, the inclusion of garbage
molten slag demonstrated a suppressive effect on the strength increase beyond 28 days of age.

5. With regard to drying shrinkage strain, the incorporation of fly ash resulted in a tendency towards
reduced drying shrinkage. Moreover, the shrinkage reduction effect achieved by replacing molten
slag was found to be superior to that of fly ash.

6. In terms of unit creep strain, the addition of fly ash in concrete showcased a strain suppression
effect. While the impact on creep strain at a 25% substitution rate of molten slag was relatively
small, an increased substitution rate of 50% exhibited a tendency towards elevated creep strain.

7. Regarding pore volume, mixtures containing fly ash displayed a more substantial decrease in pore
volume during the period between 7 and 91 days of age.
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7.1 Introduction

Concrete is the most widely used construction material in the world due to its versatility,
durability, and cost-effectiveness. However, the production of traditional Portland cement, which is
a key component of concrete, is associated with significant environmental concerns, including high
energy consumption and greenhouse gas emissions[1][2]. In recent years, there has been a growing
interest in developing alternative cementitious materials that can mitigate these environmental
issues while maintaining or even enhancing the performance of concrete.

One such alternative material is geopolymer concrete, which is produced by activating a source
of aluminosilicate material with an alkaline solution. Geopolymer concrete offers several
advantages over traditional Portland cement concrete, including reduced carbon dioxide emissions
and improved resistance to chemical attack and high temperatures[3-6]. Moreover, geopolymer
concrete can utilize various waste materials as precursors, thereby providing a sustainable solution
for waste management[7].

This research focuses on investigating the properties of geopolymer concrete incorporating
three different waste materials: fly ash, biomass fly ash, and ground granulated blast furnace slag
(GGBS). Fly ash is a by-product of coal combustion in thermal power plants, while biomass fly ash
is generated from the burning of agricultural residues or wood. GGBS is a by-product of iron
production in blast furnaces. These waste materials possess pozzolanic properties, which can
contribute to the strength and durability of geopolymer concrete.

The utilization of fly ash, biomass fly ash, and GGBS in geopolymer concrete offers a twofold
benefit. Firstly, it reduces the reliance on traditional cement production, thereby reducing carbon
dioxide emissions and conserving natural resources. Secondly, it provides a sustainable solution for
the disposal of these waste materials, minimizing their environmental impact.

The objective of this study is to evaluate and compare the key properties of geopolymer
concrete incorporating fly ash, biomass fly ash, and GGBS. The properties to be investigated include
compressive strength, flexural strength, workability, durability, and microstructural characteristics.
By understanding the performance of geopolymer concrete with different waste materials, this
research aims to contribute to the development of sustainable and environmentally friendly
construction materials.

Overall, this research aims to provide insights into the potential of utilizing fly ash, biomass
fly ash, and GGBS in geopolymer concrete, thereby promoting the adoption of eco-friendly
construction practices. The findings of this study can help engineers and researchers in making
informed decisions regarding the use of waste materials in concrete production, leading to a more
sustainable and greener construction industry.

7.2 Materials and experimental programs
7.2.1 Materials properties

The fine aggregate used in this study was sourced from locally available sea sand, while the
coarse aggregate was obtained from locally available crushed stone. Table 1 presents the physical
properties of both the fine and coarse aggregates. Additionally, Figure 1 illustrates the particle size
distribution diagram of the fine aggregate.
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Table 7.1 properties of the fine and coarse aggregates

Coarse

Property Fine aggregate
aggregate

Oven-dried density (g/cm?) 2.69 2.59

Fineness modulus 6.9 2.58

Water absorption (%) 1.14 1.04

Solid content (%) 62.1 60.9
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Fig. 7.1 The particle size distribution of fine aggregate

Fly ash corresponding to Class II in JIS A 6201, wood biomass fly ash and GGBS as defined
in JIS A 6206 were used as mineral admixture. Table 2 shows the properties of the fly ash (FA),
biomass fly ash (BF) and GGBS. Photo 1. shows the SEM image of biomass fly ash. The NaOH
solution was made by dissolving caustic soda with about 98% by weight NaOH in distilled water at
a concentration of 30%. The solution was left for 24 h before mixing. The Na,SiO3 was as a liquid
with about 24.8%, 11.1% and 64.1% by weight SiO,, Na;O and water, respectively. The Na>SiO3
solution was blended with NaOH solution at a Na,Si0O3/NaOH weight ratio of 2.5 as the alkaline
solution (AS) was used in this experiment.
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Table 7.2 the properties of cementitious materials

FA BF GGBS

Si0; (%) 53.8 21.8 32.7

ALO; (%) 13.5 7.40 13.4

Fex03 (%) 13 11.82 0.5

CaO (%) 8.99 40.08 41.6

SO; (%) 0.489 4.24 6.9

MgO (%) 1.48 2.1 0.3

Loss on ignition (%) 2.1 3.89 0.6
Density (g/cm?) 2.2 2.5 2.91
Blaine specific area (cm*/g) 3270 3350 4100

Photo 7.1 SEM image of BF (left: 500 times, right: 5000 times)

7.2.2 Mix proportion.

A total of 12 mixes of concrete and 6 mixes of mortar were prepared: five mixes based on fly
ash and GGBS, the content of GGBS was 20,40,50,60,80% respectively; normal concrete of the
same strength grade; six mixes based on biomass fly ash and GGBS, the content of biomass fly ash
was 0, 20,40,60,80,100% respectively. The unit AS amount was 260 kg/m?, the unit cementitious
amount was 400 kg/m?, the weight ratio of fine aggregate to cementing material is 1 to 2. The mix
proportions are shown in Table 3. The alkaline activators solution (AS) was prepared by sodium
hydroxide solution and sodium silicate solution. The sodium silicate solution consists of Na,O, SiO»,
and H>O, having 11.02%, 24.28 %, and 64.7%, respectively, with the SG of 1.4 g/cm? at 15 °C. The
concentration of sodium hydroxide solution is 30 percent. However, due to the insufficient amount

of biomass fly ash, the biomass fly ash group conducted experiments with mortar.
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Table 7.3 Mix proportions.

Unit mass(kg/m?)
Type AS/B Fine Coarse
AS BF FA  GGBS
aggregate aggregate

BS20 0.65 260 0 320 80 800 857
BS40 0.65 260 0 240 160 800 877
BS50 0.65 260 0 200 200 800 887
BS60 0.65 260 0 160 240 800 896
BS80 0.65 260 0 80 320 800 916

BFO0 0.65 260 0 0 400 800

BF20 0.65 260 80 0 320 800

BF40 0.65 260 160 0 240 800

BF60 0.65 260 240 0 160 800

BF80 0.65 260 320 0 80 800
BF100 0.65 260 400 0 0 800

7.2.3 Experiment method

Compressive strength tests were conducted according to JIS A 1108 [48], and cylinder
specimens (diameter 100 mm x height 200 mm) were prepared. The cylinders were cast in a mold
and kept in a chamber at 20 °C and 60% relative humidity until the target age. The ages of the tested
specimens were 3,7, and 28 days. Load was applied at a uniform rate to avoid subjecting the
specimens to impact loading, with the loading rate such that the compressive stress increased by 0.6
+ 0.4 N/mm? per second. During each test, specimens were stored at the temperature and humidity
specified for that test.

Elastic modulus was tested as following: during each strength test, a device is set up to measure
both longitudinal and transverse strains around each concrete sample. The strain measurement
device must possess the capability to accurately measure the longitudinal strain (strain degree) of
the specimen, achieving a precision of 10 x 1076 or better. The length of the strain measurement
device should be a minimum of three times the maximum size of the coarse aggregate utilized in
the concrete and at least half the height of the specimen. Once the deformations have been calculated,
the value of E. can be determined by examining the slope of the stress-strain curve. The equation
for E, as outlined in JIS A 1149, is provided below:

S1—-S2
c= —((81 —52)) x 1073
Ec: Static elastic modulus of each specimen (kN / mm?).
S1: Stress corresponding to 1/3 of the maximum load (N / mm?).
S2: Stress when the longitudinal strain of the specimen is 50 x 107 (N / mm?).
el: Vertical strain of the specimen caused by stress.
€2:50 x 1076,
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As part of this research, the calculation of Ed involved conducting resonant frequency testing.
Utilizing resonant frequencies to determine material properties is a relatively recent non-destructive
testing method. The resonant frequency of vibration is closely linked to the density and Ed of the
material. To determine the resonant frequencies of the concrete specimens, they were excited in
longitudinal, transverse, or torsional modes, and the resulting free vibrations were measured. The
dynamic elastic modulus experiments, involved placing a cylinder on a supportive base, allowing
both ends to vibrate freely without any constraints. According to JIS A 1127, the primary resonance
frequency for longitudinal vibration was defined as the frequency at which the amplified pickup's
output voltage displayed a distinct maximum vibration. The dynamic elastic modulus can be
calculated using the following equation:

L
Eq = 4.00 X 1075 —mf?

Eq4: Dynamic elastic modulus (N / mm?).

L: Specimen length (mm).

A: Specimen cross-sectional area (mm?).

m: Specimen mass (kg).

f: Longitudinal vibration resonance frequency (Hz).

The specimens used for the cracking and tensile strength tests were plastic cylindrical
formwork of 50 x 100 mm dia. as in the compressive strength tests, and cracking and tensile strength
tests were conducted according to JIS A 1113 "Method for testing cracking and tensile strength of
concrete". The specimens were demolded on the first day of age, and then cured in air at 20°C until
the target age 28 days.

The flexural strength tests were conducted in accordance with JIS A 1106 "Flexural Strength
Test Methods for Concrete" using 40x40x160mm prismatic specimens. The specimens were
unmolded on the first day of age, and then cured in air at 20°C until the target age (28 days).

7.3 Results and discussion
7.3.1 Properties of biomass geopolymer mortar

Figure 2 illustrates the compressive strength analysis of biomass fly ash geopolymer mortar.
The findings revealed a decline in compressive strength at 3, 7, and 28 days as the fly ash content
increased. Specifically, at 3 days, compared to BFO (with no biomass fly ash content), the
compressive strength of BF20, BF40, BF60, BF80, and BF100 decreased by 2.4%, 15.6%, 52%,
125.3%, and 309.1% respectively. Similarly, at 7 days, the compressive strength of BF20, BF40,
BF60, BF80, and BF100 decreased by 14.9%, 39.4%, 80.3%, 155%, and 333% respectively when
compared to BF0. At 28 days, compared to BF0, the compressive strength of BF20, BF40, BF60,
BF80, and BF100 decreased by 8.3%, 13.3%, 45.1%, 111%, and 265.7% respectively.
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Fig. 7.2 The compressive strength of biomass fly ash geopolymer mortar

Regarding the enhancement of compressive strength for each ratio, the observed increases in
compressive strength from 3 days to 7 days and from 7 days to 28 days are as follows: For BFO,
there was an increase in compressive strength from 48.97 MPa to 81.52 MPa (an increment of 32.55
MPa) from 3 days to 7 days. Subsequently, from 7 days to 28 days, there was a further increase from
81.52 MPa to 84.82 MPa (an increment of 3.32 MPa). For BF20, the compressive strength increased
from 47.78 MPa to 69.33 MPa (an increment of 21.55 MPa) between 3 days and 7 days. The
subsequent period, from 7 days to 28 days, saw an additional increase from 69.33 MPa to 77.83
MPa (an increment of 8.49 MPa). In the case of BF40, the compressive strength exhibited a
substantial increase from 41.5 MPa to 54.2 MPa (an increment of 12.7 MPa) between 3 days and 7
days. This was followed by a moderate increase from 54.2 MPa to 74.5 MPa (an increment of 20.3
MPa) from 7 days to 28 days. For BF60, there was an increase in compressive strength from 27.4
MPa to 38.1 MPa (an increment of 10.7 MPa) between 3 days and 7 days. Subsequently, from 7
days to 28 days, the compressive strength showed a slight increase from37.8 MPa to 51.2 MPa (an
increment of 13.4 MPa). In the case of BF80, the compressive strength increased from 14.7 MPa to
22.7 MPa (an increment of 8 MPa) between 3 days and 7 days. From 7 days to 28 days, there was a
decrease in compressive strength from 22.7 MPa to 27.9 MPa (a decrement of 5.2 MPa). For BF100,
the compressive strength showed an increase from 3.6 MPa to 6.0 MPa (an increment of 2.4 MPa)
between 3 days and 7 days. Subsequently, from 7 days to 28 days, there was a further increase from
6.0 MPa to 10.6 MPa (an increment of 4.6 MPa). It can be seen that the group with lower biomass
fly ash content (BFO and BF20) had faster strength growth, with higher compressive strength
appearing on the seventh day and slow growth thereafter. However, the intensity increases in group
BF40 and BF60 lasted until 28 days. About BF80 and BF100, although the compressive strength
has been growing but still at a low level. Therefore, it can be concluded that biomass fly ash makes
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the growth of strength slow.

In addition, regarding the effect of biomass fly ash on the compressive strength, a linear
regression analysis was performed according to the different ages of mortar. The results are shown
in Figure 3 and each coefficient of determination is greater than 0.9, and the compressive strength
was linearly correlated with the content of biomass fly ash at all ages of mortar.

The regression equation of 3-day compressive is as follows:

y = 54.951 — 0.48588x R? =0.9483
y: flexural strength (MPa)
x: the content of biomass fly ash (%)
The regression equation of 7-day compressive is as follows:

y = 83.41 — 0.76246x% R? =0.99801
y: flexural strength (MPa)
x: the content of biomass fly ash (%)
The regression equation of 28-day compressive is as follows:

y =93.353 - 0.7771x R? =0.93819
y: flexural strength (MPa)
x: the content of biomass fly ash (%)
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Fig. 7.3 The effect of biomass fly ash on the compressive strength
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Figure 4 depicts the flexural strength analysis of biomass fly ash mortar, which is crucial for
the present study. The findings demonstrate a clear correlation between flexural strength and
biomass fly ash content, showing a decrease as the fly ash content increases. Notably, it was
observed that the flexural strength exhibited a relatively insignificant decrease when the biomass
fly ash content was increased from 20% to 60%. However, a more substantial decline in flexural
strength was observed when the content was further increased to 80% or 100%.

Comparatively, in contrast to BFO (with no biomass fly ash content), the incorporation of
biomass fly ash resulted in a reduction of approximately 20% in flexural strength when blended in
the range of 20-40%. Furthermore, the flexural strength of BF80 and BF100 decreased significantly,
with reductions of approximately 50% and 70% respectively, as compared to BF0. These outcomes
underscore the impact of biomass fly ash content on the flexural strength of the mortar specimens.
The findings suggest that while the addition of biomass fly ash up to 60% may have a relatively
minor influence on flexural strength, higher contents (80% and 100%) significantly impair the
flexural performance. These insights contribute to the understanding of the mechanical properties
of biomass fly ash mortar, particularly in terms of flexural strength, which holds significant
implications for its application in construction and structural elements.

In addition, a linear regression analysis was performed on the effect of biomass fly ash on
flexural strength. The regression equation is as follows:

y =11.029 — 0.0719x R? = 0.93763
y: flexural strength (MPa)
x: the content of biomass fly ash (%)
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Fig. 7.4 The flexural strength of biomass fly ash geopolymer mortar
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Figure 5 illustrates the analysis of splitting tensile strength in the mortar specimens, aligning
with the trends observed in compressive and flexural strengths. As the biomass fly ash content
increases, the splitting tensile strength experiences a noticeable decline. Similar to the patterns
observed in flexural strength, the splitting tensile strength of the mortar displays a relatively
insignificant decrease when the biomass fly ash content is increased from 20% to 60%. However, a
more substantial decrease in splitting tensile strength becomes evident as the biomass ash content
surpasses 80%. Compared to BF0O (with no biomass fly ash content), the inclusion of biomass fly
ash results in a reduction of approximately 15% in splitting tensile strength when blended in the
range of 20% to 40%. Furthermore, there is a significant decrease in splitting tensile strength as the
biomass fly ash content reaches 80% and 100%, with reductions of approximately 37% and 73%
respectively, compared to BFO.

These findings emphasize the influence of biomass fly ash content on the splitting tensile
strength of the mortar specimens. The results indicate that while the addition of biomass fly ash up
to 60% exhibits a limited effect on splitting tensile strength, higher contents (80% and 100%)
notably impair the splitting tensile performance. These observations contribute to the understanding
of the mechanical behavior of biomass fly ash mortar, specifically in terms of splitting tensile
strength. Such insights hold significant implications for the appropriate utilization of this material

in construction applications and the design of structural elements.

6

AN

Splitting tensile Strength (MPa)

0 20 40 60 80 100
Content of Biomass fly ash (%)

Fig. 7.5 The splitting tensile strength of biomass fly ash geopolymer mortar
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7.3.2 Properties of geopolymer concrete

Figure 6 exhibits the compressive strength of the geopolymer concrete samples. The results
demonstrate that all geopolymer concretes exhibit commendable compressive strengths, with the
lowest strength group (BS20) showcasing a 28-day compressive strength comparable to that of the
control group comprising plain concrete. Notably, the BS80 group, composed of 80% GGBS and
20% fly ash, exhibited the highest compressive strength, reaching an impressive 86 MPa at 28 days.
This trend persisted across all age groups, indicating a decline in the geopolymer concrete strength
as the GGBS content decreased. Specifically, the BS40 sample achieved a compressive strength of
60 MPa. Consequently, it can be deduced that a GGBS content of no less than 40% is advisable for
the production of high-strength geopolymer concrete, while a GGBS content ranging from 20% to
40% is suitable for ordinary strength geopolymer concrete production. While BS20 displayed a 28-
day compressive strength comparable to that of the control group, its early compressive strengths at
3 and 7 days were relatively lower. However, it is noteworthy that the geopolymer concrete exhibited
a remarkable enhancement in early compressive strength as the GGBS content increased.
Specifically, the early compressive strength of BS40 surpassed that of the control group at both 3
and 7 days, and its 28-day compressive strength experienced a significant 50% increase compared

to the control group.
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Fig. 7.6 The compressive strength of geopolymer concrete
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The static modulus of elasticity of geopolymer concrete was determined through experimental
analysis. The modulus of elasticity is a fundamental mechanical property that reflects the material's
stiffness and ability to resist deformation under applied loads. In this study, the geopolymer concrete
samples exhibited varying static modulus of elasticity values depending on their composition and
curing conditions.

Figure 7 presents the static modulus of elasticity of the geopolymer concrete specimens. It can
be observed that the geopolymer concretes displayed relatively lower static modulus of elasticity
compared to the control group of plain concrete (with the same strength level). For example, the 28-
day strength of BS20 was similar to the control group, but the static modulus of elasticity of BS20
was only about 65% of that of the control group. Among the different mix compositions, the sample
with a higher content of GGBS demonstrated a higher modulus of elasticity. Specifically, the BS80
group, comprising 80% GGBS and 20% fly ash, exhibited the highest static modulus of elasticity,
indicating its enhanced stiffness and resistance to deformation. Furthermore, it is worth noting that
the static modulus of elasticity of the geopolymer concrete increased with curing time. At each
specified curing age, the geopolymer concrete samples consistently exhibited lower static moduli
of elasticity compared to the control group. This shows that the relationship between compressive
strength and static modulus of elasticity of geopolymer concrete is obviously different from that of
ordinary concrete, and a deeper study should be conducted for this problem.

40

W 3Day W 7Day W 28Day

Static Modulus of Elasticity (kN/mm’)

N BS20 BS40 BS50 BS60 BS&80

Fig. 7.7 The static modulus of elasticity of geopolymer concrete
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Figure 8 depicts the dynamic modulus of elasticity of geopolymer concrete. Consistent with
the observations concerning the static modulus of elasticity, geopolymer concrete samples with
equivalent compressive strength levels demonstrated notably lower dynamic moduli of elasticity
compared to conventional concrete. Nevertheless, it is noteworthy that the disparity between the
dynamic modulus of elasticity of ordinary concrete and geopolymer concrete is comparatively
smaller than that observed for the static modulus of elasticity.

Furthermore, it is important to highlight that the dynamic modulus of elasticity of geopolymer
concrete exhibited an increasing trend with higher GGBS content. The BS80 group stands out with
the highest modulus of elasticity value, reaching an impressive 37.7 kN/mm?.This indicates that an
elevated proportion of GGBS in the geopolymer concrete mixture contributes to the enhancement
of its dynamic stiffness. These findings emphasize the distinct behavior of geopolymer concrete in
terms of dynamic modulus of elasticity when compared to ordinary concrete. The dynamic modulus
of elasticity serves as a critical parameter in assessing the material's ability to withstand dynamic
loads and vibrations. Further research is warranted to comprehensively investigate the factors
influencing the dynamic modulus of elasticity of geopolymer concrete, including the effects of
various GGBS content levels and curing conditions.
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Fig. 7.8 The dynamic modulus of elasticity of geopolymer concrete
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Figure 9 shows the relationship between the static and dynamic elasticity coefficients of
geopolymer concrete. It is very obvious that, as with ordinary concrete, the dynamic modulus of
elasticity is linearly related to the static modulus of elasticity, and the obtained R? value is

approximately 0.95.
The regression equation is as follows:

y = 10.863 + 0.95124x R? = 0.94805

y: dynamic modulus of elasticity (kN/mm?)
x: static modulus of elasticity  (kKN/mm?)
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Fig. 7.9 The relationship between the Eqand Ec.
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The results of compressive strength and static modulus of elasticity of geopolymer concrete
show that geopolymer concrete is significantly different from ordinary concrete, so further analysis
of geopolymer concrete is needed. Figure 10 shows the relationship between the compressive
strength and the static modulus of elasticity of the geopolymer concrete.

A regression analysis was conducted on the experimental data, yielding an impressive R-
squared value of 0.96645. The regression equation derived from the analysis is presented below:

y=16x%3—-25 R?=0.96645

y: static modulus of elasticity (kN/mm?)
x: compressive strength (N/mm?)
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Fig. 7.10 The relationship between the Ec and compressive strength.
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7.4 Conclusion

1. The analysis of the compressive, flexural, and splitting tensile strengths of biomass fly ash mortar
yields significant findings regarding the impact of biomass fly ash content on the mechanical
properties of the material.

The results demonstrate a consistent downward trend in strength as the biomass fly ash content
increases. Specifically, the compressive strength exhibits a substantial reduction across all tested
time intervals, with the most pronounced decrease observed at higher biomass fly ash contents.
Similarly, the flexural strength shows a noticeable decline, particularly when the content exceeds
60%.

Interestingly, both the flexural and splitting tensile strengths display a relatively insignificant
decrease when the biomass fly ash content is increased from 20% to 60%. However, a significant
decrease is observed once the content surpasses 80%, indicating a critical threshold beyond which
the material's performance is significantly compromised.

2. Furthermore, an investigation was conducted on the properties and performance of geopolymer
concrete incorporating Ground Granulated Blast Furnace Slag (GGBS) and fly ash as binder
materials, leading to several key findings.

Firstly, the geopolymer concretes exhibit high compressive strengths, with the lowest strength
group (BS20) achieving comparable 28-day strength to the control group of plain concrete. Notably,
the BS80 group, comprising 80% GGBS and 20% fly ash, demonstrates the highest compressive
strength, reaching an impressive 86 MPa. The findings reveal that the strength of the geopolymer
concrete decreases with increasing GGBS content, highlighting the influence of binder composition
on the mechanical properties.

Moreover, the static and dynamic moduli of elasticity were evaluated to assess the stiffness and
deformation characteristics of the geopolymer concrete. The results indicate that the geopolymer
concretes exhibit lower moduli of elasticity compared to ordinary concrete, albeit with a relatively
smaller disparity for dynamic modulus. Additionally, the dynamic modulus of elasticity increases
with higher GGBS content, suggesting a potential for enhanced dynamic load resistance.

Regression analysis of the experimental results yields a high R-squared value of 0.96645,
indicating a strong correlation among the variables studied. The resulting regression equation can
be utilized for future applications to predict and optimize the properties of geopolymer concrete.

In summary, this research provides valuable insights into the utilization of GGBS and fly ash
in geopolymer concrete production. The findings suggest that the selection of GGBS content should
be conducted carefully to achieve desired compressive strengths, with a minimum of 40%
recommended for high strength geopolymer concrete.

178



CHPTER 7. THE PROPERTIES OF FLY ASH, BIOMASS FLY ASH AND GGBS BASED
GEOPOLYMER CONCRETE.

Reference

[1]

[2]

Ecra (European Cement Research Academy). Calcined Clay: A Supplementary Cementitious
Material with a Future. Available online: https://ecra-online.org/file
admin/ecra/newsletter/ECRA_Newsletter 3 2019.pdf (Accessed on 02 October 2021).

R. Colago, Reduce the environmental impact of cement (Portuguese), Constr. Mag. 90 (2019)
12-14.

Sathia R, Babu KG, Santhanam M. Durability Study of Low Calcium Fly Ash Geopolymer
Concrete. The 3rd ACF International Conference ACF/ VCA, HO Chi Minh City, Vietnam
Institue for Building materials 2008; 1153-1159.

Arifln MAM, Bhutta MAR, Hussin MW, Mohd Tahir M, Aziah N. Sulfuric acid resistance of
blended ash  geopolymer concrete.  Constr  Build Mater 2013;43:80-6.
https://doi.org/10.1016/j.conbuildmat.2013.01.018.

Luhar S, Khandelwal U. Durability studies of fly ash based geopolymer concrete. Int J Eng
Res Appl 2015;5:17-32. https://doi.org/10.14445/23488352/1JCE-V2I8P10 1.

Lavanya G, Jegan J. Durability study on high calcium fly ash based geopolymer concrete. Adv
in Mat Sci and Eng 2015;2015:1-7. https://doi.org/10.1155/2015/ 731056.

]1Ojha A, Gupta L. In: Chauhan A, Sehgal S (eds) Comparative study on mechanical properties

of conventional and geo-polymer concrete with recycled coarse aggregate. Materials Today:
Proceedings 2020; Chandigarh, Punjab, India https:// doi.org/10.1016/j.matpr.2020.04.811.

179


https://ecra-online.org/file
https://doi.org/10.1016/j.conbuildmat.2013.01.018

CHPTER 8. CONCLUSION.

Chapter 8

CONCLUSION



CHPTER 8. CONCLUSION.

Conclusion

A STUDY ON ENGINEERING PROPERTIES AND ENVIRONMENTAL IMPACT OF
SUSTAINABLE CONCRETE WITH FLY ASH OR GGBS

The replacement of sand with fly ash or GGBS resulted in a significant increase in the
compressive strength of concrete. Concrete with 30% fly ash replacement exhibited a 45% higher
compressive strength compared to ordinary concrete, while 30% GGBS replacement showed a
remarkable 112% increase. This suggests that fly ash and GGBS replacements can yield high-
performance concrete.

Drying shrinkage was influenced by the presence of fly ash and GGBS. Concrete with 10% fly
ash replacement exhibited the lowest drying shrinkage, which increased as fly ash content increased.
GGBS replacements led to a significant reduction in drying shrinkage, with 30% GGBS replacement
resulting in a 20% decrease.

Regarding creep behavior, concrete with 20% fly ash replacement exhibited the lowest creep
strain, approximately 40% lower than control concrete. Creep strain increased with higher fly ash
content (>20%), except for the 30% fly ash replacement for sand, which exhibited a 50% lower
creep strain.

In terms of CO2 emissions per compressive strength ratio, concrete with GGBS replacements
demonstrated lower CO2 emissions. Concrete with 30% GGBS replacement for sand showed
approximately half the CO2 emissions compared to control concrete.

Analyzing widely recognized creep prediction models, an introduced parameter, KL, captured
the effect of fly ash content in the AIJ Model, which displayed the highest accuracy for ordinary
concrete. The low root mean square error (RMSE) obtained between experimental and predicted
values using the developed model indicated the effectiveness of the introduced parameter for
concrete containing fly ash.

Overall, this research provides valuable insights into the influence of fly ash and GGBS
replacements on the properties of concrete, including compressive strength, drying shrinkage, creep
behavior, CO2 emissions, and creep prediction models.

THE EFFECT OF BIOMASS FLY ASH AND LIMESTONE POWDER ON THE
PROPERTIES OF CONCRETE

Adding limestone powder to wood biomass fly ash concrete or blend biomass fly ash concrete
increases the compressive strength of concrete in all ages. In addition, the drying shrinkage and
carbonization depth increase with the limestone powder content increases. The using of wood
biomass fly ash or blend biomass fly ash alone also increases the compressive strength within a
certain range, but it is still smaller than the original concrete, and also increases the drying shrinkage
and carbonization depth. Regarding porosity, adding blend biomass fly ash or wood biomass fly ash
to concrete increases the total pore volume of concrete, and adding limestone powder increases the
total pore volume but reduces the pore volume of pores with large diameter. Under water curing,
the decrease of pore volume with larger pore volume is more obvious. The compressive strength of
concrete has a higher correlation with the volume of 0.05~36pum pores and the drying shrinkage has
a higher correlation with the volume of 0.003~0.05um pores.

THE EFFECT OF CEMENTITIOUS MATERIALS ON THE ENGINEERING PROPERTIES
AND PORE STRUCTURE OF CONCRETE WITH RECYCLED FINE AGGREGATE

Adding fly ash and GGBS to RFA concrete increased its compressive strength. M50BS45 and
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MS50FA15BS15 exhibited similar 91-day compressive strengths with normal concrete. Therefore,
the compressive strength of RFA concrete can be effectively improved by the use of cementitious
materials.

Replacement of cement with fly ash or GGBS significantly decreased the drying shrinkage of
the RFA concrete. The drying shrinkage of all specimens in this experiment reach the level of
ordinary concrete, even lower than that of ordinary concrete. Besides, MS50FA15BS15 showed
16.5% lower drying shrinkage, M50BS45 and M50FA15BS30 showed around 25% lower drying
shrinkage than normal concrete.

Increasing the cementitious (fly ash and GGBS) materials content decreased the carbonation
resistance of RFA concrete. Besides, fly ash had a greater effect on carbonation than GGBS.

Incorporating FA or GGBS into concrete modified the pore structure of concrete, reduced the
volume of capillaries larger than 0.05um. In addition, the compressive strength was mainly affected
by the capillary pores (greater than 0.01um or 0.05pm), and the carbonation was mainly affected by
the gel pores (less than 0.01um).

For compressive, the pores with a diameter greater than 0.05um are considered harmful pores,
0.01-0.05um are considered small harmful pores, and less than 0.01pm are considered harmless
pores.

THE EFFECT OF FLY ASH AND GARBAGE MOLTEN SLAG FINE AGGREGATES ON
THE CREEP OF CONCRETE

Incorporating fly ash at a 20% replacement ratio effectively reduced the unit creep strain in
concrete. The predicted values of normal concrete obtained from the AIJ equation for unit creep
strain aligned well with the measured values. The introduction of a correction factor of
approximately 0.73 accounted for the influence of fly ash in the predicted values.

Concrete mixed with fly ash exhibited a slight increase in compressive strength after loading
compared to the unloaded condition. However, the effect of loading on the compressive strength
was minimal in concrete without fly ash.

The quantity of pores with a diameter less than 500 nm and the unit creep strain in concrete
showed a consistent linear relationship regardless of the presence or absence of fly ash. This implies
that as the number of pores with a diameter less than 500 nm increases, the specific creep strain
tends to decrease.

Concerning compressive strength, FA30-0 exhibited the most significant increase in strength
after 28 days, which can be attributed to the pozzolan reaction. Additionally, the inclusion of garbage
molten slag demonstrated a suppressive effect on the strength increase beyond 28 days of age.

With regard to drying shrinkage strain, the incorporation of fly ash resulted in a tendency
towards reduced drying shrinkage. Moreover, the shrinkage reduction effect achieved by replacing
molten slag was found to be superior to that of fly ash.

In terms of unit creep strain, the addition of fly ash in concrete showcased a strain suppression
effect. While the impact on creep strain at a 25% substitution rate of molten slag was relatively
small, an increased substitution rate of 50% exhibited a tendency towards elevated creep strain.

Regarding pore volume, mixtures containing fly ash displayed a more substantial decrease in
pore volume during the period between 7 and 91 days of age.
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CHPTER 8. CONCLUSION.

THE PROPERTIES OF FLY ASH, BIOMASS FLY ASH, AND GGBS-BASED GEOPOLYMER
CONCRETE

The research findings highlight several significant conclusions regarding the utilization of
biomass fly ash and GGBS in concrete production. Firstly, increasing the biomass fly ash content
leads to a significant reduction in compressive strength, with the most substantial decrease observed
at higher fly ash contents. The flexural and splitting tensile strengths display a relatively
insignificant decrease within the range of 20% to 60% fly ash content, but a critical threshold is
observed beyond 80% fly ash content, resulting in a significant decrease in strength.

Regarding geopolymer concrete incorporating GGBS and fly ash, the compressive strengths of
the geopolymer concretes are high, with the BS80 group (80% GGBS, 20% fly ash) exhibiting the
highest compressive strength. The strength decreases with increasing GGBS content, indicating the
influence of binder composition on mechanical properties. The moduli of elasticity of geopolymer
concretes are lower compared to ordinary concrete, with a relatively smaller disparity for dynamic
modulus. The dynamic modulus of elasticity increases with higher GGBS content, suggesting
improved dynamic load resistance.

The regression analysis shows a strong correlation among the variables studied, with a high R-
squared value. The resulting regression equation can be used for future applications to predict and
optimize the properties of geopolymer concrete. In summary, this research provides valuable
insights into the utilization of biomass fly ash and GGBS in concrete production, emphasizing the
careful selection of GGBS content for achieving desired compressive strengths in geopolymer

concrete.
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