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Abstract. The durability of cementitious materials can be improved with the widespread utilization of fly
ash (FA). Although FA has been available for use in cement and concrete industries for decades, there is
still a practical barrier associated with its application. The difficulty stems from its wide variety and
heterogeneity. The purpose of this research is to conduct both experimental and numerical investigations
to achieve a better understanding of managing the variation of FA, which reflects its durability. The
chemical properties and particle size distribution of FA from five distinct sources in ASEAN region were
analyzed. In addition, the degtree of reactivity, flow, toughened porosity, and apparent chloride diffusivity
coefficients of blended FA-cement systems were studied (D). The Life365 service life model was executed.
Using analysis of variance (ANOVA) and sensitivity analysis using linear regression, the experimental
outcomes were statistically examined. Having a 15% FA replacement level resulted in a roughly 70%
decrease of the D, value, extending its serviceability by around 13%. The chemo-physical processes in
multi-scale structures were shown to be the most important element by statistical analysis, and the degree
of response in blended FA-cement systems and its toughened porosity were found to be among the most
beneficial aspects affecting its durability.
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1. Introduction

Utlization of supplementary cementitious materials
(SCMs) as a pozzolanic material has increased in cement
and concrete works over the past several decades due to
its ability to reduce material production costs, create
energy savings, lower carbon dioxide emissions, improve
durable and sustainable concrete, and use fewer natural
resources [1, 2]. A byproduct of combustion of either
pulverized coal or agricultural waste, fly ash (FA), is an
SCM that can be used to raise the level of quality of
cementing material. One of the most significant factors
affecting the fresh and hardened properties of blended
cementing systems is the many chemo-physical properties
of FA [2-5]. When calcium hydroxide is formed during
cement hydration, and FA interacts with it, calcium-
silicate-hydrate (C-S-H) gel is formed. By diminishing its
porosity, the CSH gel can improve the microstructure of
cement paste. This is a well-known example of an FA
pozzolanic reaction [5]. Due to its pozzolanic
characteristics, FA can be widely used today to replace
cementing materials. It has replaced from 15-25% of the
binder in concrete [5].

However, when FA is used to replace cement in a
significant amount, the hydration reactions appear to be
delayed, and the carly-age performance characteristics of
the reacting product (especially within 1-3 days) are lost.
This is due to the fact that its pozzolanic reaction occurs
at older ages. Better performance qualities at an earlier age
are more cost-effective than those at a later age [6, 7]. The
use of optimum content is greatly influenced by the
application, particular restrictions, FA properties,
geographic location, climate, and cement type. Controlling
the cementing structure's temperature rise, however, is
essential for the application of mass concrete. By
postponing the heat release from eatly hydration reactions,
the temperature rise can be controlled. Due to the delayed
heat release, the early-age thermal fractures on the
structural concrete surface were decreased. In contrast, FA
has been utilized in mass concrete constructions such as
foundations, bridges, and dams with replacement amounts
between 30% and 50% [5]. Recent studies have
demonstrated that concrete with high mechanical and
long-lasting qualities may be produced with replacement
amounts of 40—60% [8]. Because the fresh cement mixture
containing FA typically uses less water to have the same
slump values as the plain mixture, the performance
attributes of the mixed FA cementing system enhance the
development of long-term strength. This suggests that the
FA-cement system may flow and can be compacted more
efficiently than the plain system at a given slump when
vibrated. Improved consolidation of the innovative
mixture reduces segregation, which is reflected in smaller
pores in the macrostructure. FA has a substantial effect on
enhancing long-term performance. For instance, many
researchers found that adding FA to mortar increased its
resistance to chloride penetration. [9-11]. Durdzifiski et al.
[12] described the evaluation of the resilience of mixed
FA-cement mortar in the presence of chloride and carbon

dioxide in harsh environments. Remarkably, when
compared to plain mortar (0% FA), blended cement
mortar that had been replaced with 40% FA reduced its
D, value by about 85% after the 60 days of study. It
showed that the mortar that had been mixed with FA
decreased the D, value throughout all testing periods [13].

Additionally, the sorptivity, permeability, and
diffusivity =~ of  infrastructure—material  transport
parameters measured by the microstructural features of
cementing systems—have a substantial effect on its
durability and service life. The durability of the completed
product is greatly influenced by two essential elements of
the hydrated cement system: porosity and pore size
distribution [14]. FA is frequently used in civil engineering
applications to reduce the porosity of blended cement
systems. Kumar et al. [15] showed how the curing age
affects the porosity of a hybrid cement system made with
eggshell powder, steel fiber, and coal FA as a partial

cement substitute. According to test results, the
combination of 35% FA, 6% eggshell powder, and 0.75%
steel fibers increased compressive strength while
decreasing concrete porosity as water curing age increased.
Nakamura et al. [16] investigated the strength
development of a blended coal FA-cement system by
visualizing porosity distribution in three dimensions and
concluded the strength development was significantly
impacted by the moisture ratio-induced porosity of the
microstructure of the cementing systems. Moreover, the
amount of FA present and how fine its particle was had a
significant impact on the total porosity and pore size of
blended cement systems[17, 18].

Nevertheless, because FA has such a wide range of
variability and inhomogeneity, applying it to blended FA-
cementing materials in civil engineering remains a difficult
practical challenge. When many researchers [10, 19-21]
studied despite the fact that FA varied widely in chemical
composition and came from the same power plant, their
findings revealed that mixing cement with FA caused
changes in pore-size distribution, compressive strength,
and the chloride resistivity due to combustion conditions,
ambient environment conditions during the fire, and the
raw feed composition |22, 23]. Wang et al. [24, 25] studied
FA, which belonged to the same category in both alkaline

and cement systems. Their findings suggested that
although it had the same physical characteristics as other
materials, FA reactivities widely varied from lot to lot.
The pozzolanic reaction of blended FA-cement
system is important to understand because it has a
significant impact on the system's general properties.
Image analysis (IA), quantitative X-ray diffraction
(QXRD), scanning electron microscopy with energy
dispersive spectroscopy (SEM-EDS), and selective
dissolution are a few techniques to assess the level of
pozzolanic reaction. The results of this pozzolanic test,
which used isothermal calorimetry and thermogravimetric
analysis (TGA) to measure how well cement paste reacted
with SCMs, were good. [1, 26, 27]. Furthermore, the
strength, serviceability, and durability of reinforced
concrete structures are directly impacted by corrosion of
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reinforced steel. Without a doubt, this is the main issue
with the durability of concrete structures. The durability
of concrete has a major impact on how long reinforced
concrete structures last. For instance, more than 18 billion
dollars were spent annually in the U.S. alone on
infrastructure maintenance and repair [28]. Therefore, it
has been proposed that a crucial consideration in
determining the service life of reinforced concrete
buildings in harsh conditions is the chloride diffusion
coefficient of the cementing system [13, 29, 30]. Service
life is extended as a result of lower chloride surface
concentration. The significance of the research is
providing an in-depth comprehension of cement
hydration affecting the chloride penetration performance
of cement with different sources of FA, such that the
concerns on different FA obtained that can result in
durability of concrete properties can be mitigated.

2. Materials and Methods
2.1. Materials

Table 1. Chemical and physical properties of OPC and
FA.

% OPC FAl1l FA2 FA3 FA4 FA5
SiO; 179 504 738 274 517 356
ALO3 445 197 177 158 235 149
Fe203 310 331 192 122 141 179
CaO 612 991 081 21.7 422 168
MgO 091 223 032 231 152 0681
SO3 415 0.69 021 693 185 1.83
Na,O 0.35 - 040 172 054 132
K0 027 226 072 201 116 114
SiOz + ALO3
+ Fe,Os - 734 934 554 893 684
LOI 192 142 183 022 031 032
Class per
ASTM Co618 i F F ¢ F ¢
Specific 310 220 210 240 250 290
gravity
(g/cm’)

Ordinary Portland cement (OPC) of grade 42.5
cement that satisfies the specifications of ASTM C150 [31]
was procured locally. Five different FA were accumulated
from coal power plants in Myanmar, Thailand, and
Indonesia: FA1 from Myanmar, FA2 and FA3 from
Thailand, and FA4 and FA5 from Indonesia. Table 1
displays the loss on ignition (LOI), oxide composition as
established by X-ray fluorescence analysis, and physical
characteristics of the OPC and FA as determined by
ASTM C618 standard [32]. Figure 2 illustrates the findings
of the particle size distribution obtained through laser
diffraction. OPC 17.2 um, FA1 31.9 pm, FA2 17.9 um,
FA3 27.5 um, FA4 14.7 um, and FA5 5.68 um ate their
average particle sizes. In contrast to the other FA, the FA5
has extremely fine particles, it is noted. De-ionized water
was used throughout the entire study. To determine
apparent chloride diffusivity coefficient (D.) value,
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laboratory-grade NaCl, AgNOs, H2SO4, methyl orange,
and epoxy resin were utilized. The fine aggregate
proportion used in the mortar mix was described.
According to ASTM C128 [33] and ASTM C136 [34], fine
aggregate has a fineness modulus of 2.95, a specific gravity
of 2.61, and a water absorption of 0.66%.

2.2. Proportions, Mixing, and Curing

Cement pastes with 15% FA and a water-to-binder
ratio (w/b) of 0.54 for cementitious pastes were mixed for
investigating heat of hydration. although the replacement
level is low, in our eatlier research, 15% by weight of
cement was the optimum replacement level for FA from
a variety of sources in ASEAN, which could produce the
highest compressive strengths [20]. Curvilinear regression
analysis was used to determine the best ratio [20]. Sand-
to-binder weight ratio for mortar preparation was 1:2.75,
and w/b was 0.54 for chloride diffusion of mortar. Table
2 provides the associated mortar mix design. The
necessary amount of water was added after the materials
had been dry mixed uniformly in a mechanical mixer. The
mixtute was continued until it reached a consistent
consistency [35]. Following the completion of mixing, the
flow table test per ASTM C1437 [36] was performed to
evaluate the mortar workability. For the 100-mm cubic
molds for the porosity test [37] and standard cylinders for
the chloride diffusion [38], the fresh mortars were cast. To
prevent moisture loss, a polyethylene covering sheet was
placed over the cast specimens. After 24 hours, the
specimens were removed from the molds and immersed
in water for 180 days [39]. All experiments have been
performed in laboratory condition at the controlled
temperature of 23°C.

% Call of FA

Particle size of FA ||

Degtee of teaction | Chlonde diffusion
of blended system coefficient
Flowr of fresh l
thite ..
Service life
Porosity of ]
hardened system

Fig. 1. Outline of the test program.
2.3. Experimental Testing and Analysis

As aforementioned, many involved parameters can
significantly influence the chloride resistant characteristics
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of blended cementing system containing FA. Five
parameters experimentally assessed in this work include:

% CaO in FA composition,

e particle size of FA,

e degree of reaction of blended system,
o flow of fresh mixture, and

e porosity of hardened system.

The outline of the test program is given in Fig 1.
The goal is to investigate the effects of five
parameters enlisted above on the D, value of
hardened systems having five different FA from three
different ASEAN countries. Their durability is
assessed including D, value, and then service life
prediction of are determined. The statistical analysis
with sensitivity analysis is performed to rank the
importance of the parameters relating to the D, value.

- Porosity Test

As previously detailed, the porosity of the blended FA
cement system was measured because it is one of the most
crucial characteristics relating to its durability. The total
amount of water from the saturated samples can be used
to calculate the porosity of blended cement mortar with
FA. 180 days were needed for the cube specimens of 100
X 100 X 100 mm to cure at 23°C. The specimens wete
oven dried at 105 °C until a constant mass loss was seen,
and then immersed in water to allow water to entirely fill
their gaps. At this 105 °C, all physically bound and
capillary water in the pastes had evaporated. A scale that is
accurate to 0.01 g was used to measure the weights of the
saturated and dry samples. Each test involved three
duplicate samples. Eq. (1) was used to calculate the
porosity values [32].

I\/IW_I\/Id
p=—""— )
VX p

where p represents porosity, M, represents the mass of
saturated sample in g, My represents the mass of the dry
sample in g, » represents the paste volume in cm?, and o

represents the water density at 20°C in g/cm?.

- Pozzolanic Test on FA

To establish the extent of FA reactivity, the
pozzolanic test method was used. This approach was used
because it was relatively easy to use and could find the heat
release [3]. To maintain a liquid to solid ratio of 0.9, lab-
grade Ca(OH)2 and coal FA were mixed in a mass ratio of
3:1 in 0.5 M KOH solution. Using a mechanical stirrer,
sixty grams of paste were mixed for five minutes as
instructed in the test procedure [25]. About 10 g of the
sample were added to a glass calorimeter ampoule and
kept in an isothermal calorimeter (TAM Air, TA
appliances) that was retained at a temperature of 40 *
0.05 °C after mixing. Following signal stabilization, the

calorimetet's heat flow data was recorded up to 10 days.
Hach test involved three duplicate samples. A
determination was made of heat flow and heat release
normalized to FA amount.

Table 2. Mortar mix proportions (in kg/m?3).

Mix OPC FA1 FA2 FA3 FA4 FA5
Cement 525 446 446 446 446 446
FA - 79 79 79 79 79
Sand 1443 1443 1443 1443 1443 1443

Water 283 283 283 283 283 283

- Isothermal Calorimetry of Blended Cement

To measure the heat released from the inclusion of
blended FA/cement paste, isothermal calotimetry in
accordance with ASTM C186 [17] was used. First, a
mechanical stirrer was used for mixing 60 g of paste for
five minutes. Homogenous pastes of approximately 10 g
were kept in a glass ampoule and stored at 40 + 0.05 °Cin
an isothermal calorimeter. Heat release data were created
after 7 days. The ratio of the blended FA-cement paste's
response to that of the pozzolanic system, as given in Eq.
(2) [25], was calculated to determine the degree of FA
reactions:

o= )

Q poz

where « represents the degree of reaction, Q4
represents the FA heat release in J/g in the cementitious
pastes after 7 days, whereas O, represents the heat release
in the pozzolanic test after 10 days. When estimating heat
release [40], a filler effect of 5% was used for blended FA-
cement pastes. Using Eq. (3) [25], their heat release was
determined.

L — x fx(1-R
QFA — chmentltlous Qcolnqtrol ( ) (3)

whete Q4 represents the heat release by FA in J/g,
QOeomeniirions vepresents the heat release in cement paste
including FA in J/g, Quww tepresents the heat release in
the reference cement paste in J/g, and R represents the %
of FA replacement.

Isothermal calorimetry was used to investigate the
pozzolanic test in order to ascertain the level of FA
reaction, and using this method may produce a more
straightforward way to measure the level of SCM reaction.
Such a test's goal is to establish a link between the
pozzolanic test response and the durability and long-term
performances of concrete, possibly by measuring the
degree of reaction.

- D. Analysis

The ASTM C1556 standard [38] was followed for
conducting the D, test. Cast cylindrical test specimens
having a 100 mm diameter and a 75 mm thickness were
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used. Alkaline ions were prevented from leaching from the
cast specimens by curing them in a solution saturated with
lime. The cured specimens were taken out after a 28-day
water curing period in controlled temperature of 23°C.
The top and bottom of the dried cylinders were cut into
two 25 mm-thick slices. The initial chloride content test
was conducted using the first disc, and the chloride
diffusion was assessed using the other two discs. Only the
top surface of the test specimens was left exposed for the
investigation of chloride ion diffusion in one dimension
after epoxy resin had been applied to all test specimens'
surfaces (from the top surface to the interior). By
submerging in a 3% sodium chloride solution, which
appears to be equal to the chloride concentration in sea
water, the specimens had been subjected to chloride ions
for 90 days. Specimens were taken out after immersion
and dried in an oven for two days. After that, six layers of
specimens were ground into powder at 5 mm intervals to
create the specimens. According to ASTM C1152, acid-
soluble chloride was utilized to compute each layer's total
chloride concentration [41]. To determine the amount of
chloride that is acid-soluble in the powder specimen, the
potentiometric titration method was used. The average
values from three-disc specimens were used to calculate
the amount of chloride in each layer. Using a non-linear
regression analysis with a least-squares fit to the total
chloride concentration profile, as provided in Eq. (4), the
Da value of each specimen was established.

C(x,t)=C,—(C,-C;)xerf( 4)

)
J4x D, xt
where C(x,#) represents the chloride concentration
considered at depth x and exposure period #in mass%o, C;
represents the anticipated chloride concentration at the
interface between the exposure solution and sample
surface using the regression analysis technique in mass%bo,
C; represents the concentration of chloride in the sample
prior to immersion in the exposure solution in mass %, x
represents the distance from the exposure surface in
meters, 7 represents the contact time in seconds, and erfis
the error function.

100

S

Z;o —¢—OPC
@ —eo—FA1

& 50 FA2

(o)

g FA3

= ——FA4

g —=—FA5

O

0 s
001 Ok 1 10 100 1000 10000

Particle Size (um)

Fig. 2. Particle size distribution and mean particle size
for OPC and FA.
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- Service Life Prediction

Based on the length of exposure, the deterioration
process in reinforced concrete structures may be divided
into four phases due to the corrosion of steel
reinforcement. One of these four processes is the
initiation stage. The other three are the propagation stage,
the acceleration stage, and the decomposition stage [28].
The service life of a structure was determined by this study
using the interval between construction and the first
repair. The amount of time needed for the chloride ion
from an external soutce to enter the concrete and build up
sufficiently close to the surface of embedded steel. The
pH level of the pore solution of concrete drops dropping
as the accumulation of chloride ions within this area
progresses. The formation of a passivated layer, which
protects the embedded steel from corrosion, is made
possible by the high pH range of 12 to 13. once the
passivated layer is removed and the pH level is lowered.
The corrosion has already begun. The initiation period
refers to this time frame. The initial period depends on the
transparent cover over the primary steel, the chloride
threshold concentration, the quality of the concrete, and
exposure conditions such as temperature and pressure.
The propagation period is the time required for enough
corrosion to build up to cause improper destruction to a
building or structural part. To determine the service life of
concrete, the corrosion start period and the steady
propagation period are added together. Finally, the
deterioration and acceleration phases are when the
structure rapidly deteriorates, weakens, and loses strength
to the point where it is unable to support external loads.

Based on exposure circumstances and material
properties, calculating the service life of concrete
buildings is achievable. In this investigation, the Life-365
program [42] was utilized to predict both one-dimensional
and two-dimensional chloride ion penetration as well as
the service life of a structure. Fick’s second law is the basis
for this model's approach, just like the D, calculation.
Both exposure duration and ambient temperature have an
impact on the diffusion mechanisms of chloride ion
penetration. The essential input data were loaded into the
program to calculate the service life, including diffusion
rate at 28 days (Das), diffusion decay index (m), maximum
surface chloride level (Cy), chloride threshold to
commence steel corrosion (C;), the mix percentage
characteristics, temperature distribution for the entire
year, transparent cover to reinforcement, and propagation
tme.

- Statistical Analysis

To examine the impact of experimental parameters
on porosity, FA reaction intensity, and chloride diffusion
coefficient, analysis of variance (ANOVA) was used.
Furthermore, it was determined which factor had the
greatest impact on each response variable. To investigate
the sample data with two data groups and more than two
data groups, an ANOVA was used. The following is the
definition of statistical hypotheses:
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Null hypothesis (Ho): i = p2 = ... = pa )

Alternative hypothesis (H,): wi # pj for somei#j  (6)

The 95% confidence interval was employed in the
study. If Ho is rejected, there is a statistically significant
difference between the group population means at the 5%
level (p-value < 0.05). Alternatively, if Ho were not rejected
(p-value > 0.05), there would be no statistically significant
difference at the 5% level between the group population
averages.

Following an analysis of the ANOVA, sensitivity
analyses were conducted on the parameters that had
statistically significant differences on the D, Beta
coefficients (8), which are direct measures of ecach
parameter's sensitivity, were used in the regression
analyses to fit the data to the response of the model. The
coefficient of determination for this linear regression is
specified to be more than 60%; however, the analysis of
such parameters is excluded. Effect size can be evaluated
by calculating the  value, which quantifies how much one
variable has an impact on another. The factor may have a
greater impact on the D, value of the blended FA-cement
systems if the 3 value is high.

3. Results and Discussions

3.1. Flow Value and Porosity

Figure 3 shows the impact of replacing from OPC to
15% FA with a fixed w/b value of 0.54 on the flow of
fresh mortar. According to the results, the flow values for
each mortar range from 76% to 113%. Within these flow
values, all recently cast mortars could be used. Compared
to the other types of FA, the FA5 has a better or
comparable flow. When compared to coarser particles
(OPC, FA1, FA2, FA3, and FA4), these effects increase
the lubricant effect, and lower carbon content results in
less water absorption. Utilizing FA of sufficient quality,
low carbon content, and high fineness can reduce the
water requirement of blended FA-cement systems [3].

140
120

100
80
60
40
20

0

OPC FAl FA2 FA3 FA4 FA5

Flow (%)

Fig. 3. Test results for flow of mortar.

0.45
0.4
0.35
0.3

0.25
0.2
0.15
0.1
0.05
0

OPC FA1l FA2 FA3 FA4 FAS5

Hardened porosity (%)

Fig. 4. Test results for hardened porosity.

After 180 days, Fig. 4 displays the hardened porosity
of FA inclusion in cement mixtures. For mixed FA-
cement systems with a w/b ratio of 0.54, the range of
porosity values is 0.25 to 0.37. The porosity measurements
for FA1 and FA2 are the same. In contrast to FA1, which
has a lower flow value and a larger average particle size,
FAZ2 has a higher flow value and a smaller average particle
size. This may be the effects of LOI and chemical
composition. FA5 has a flow value that is 38% bigger than
FA3 and 16% more than FA4. However, FA5 has a lower
mean particle size. In addition, comparing FA3 with FA4,
FA3 has alarger mean particle size and a lower flow value.,
which possesses the opposite qualities. FA3, FA4, and
FA5 have comparable porosity as a result. Moreover, the
OPC system has higher porosity values after 180 days. The
formation of further C-S-H decreases the porosity of
blended FA-cement by 20-29%. Figure 4 indicates that
despite the blended FA-cement systems having greater
flow values than the OPC systems, the supplement of FA
greatly diminishes the porosity of the blended FA-cement
systems in comparison to the OPC system. The results are
consistent with other investigations [2, 43, 44].
Consequently, the hydration process of blended cement
systems depends critically on the particle size of SCMs. In
addition, water consumption may be decreased, leading in
improved durability performance of finished goods.
Apparently, its service life is extendable. This will be
discussed in Section 3.6.

3.2. Heat Release of Blended FA-Cement Systems

Figure 5 illustrates the heat flows of blended FA-
cement systems at 40 °C for up to 7 days. It should be
mentioned that heat flow experiments were also done on
all systems at 23 °C; however, there is no notable
difference in the curve patterns. This concluded the
adoption of blended FA-cement systems in tropical
locations may be reliably predicted by the test at 40 °C.
The cumulative heat release of cement pastes containing
FA at 40 °C after 7 days of testing is represented in Fig. 6.
According to the isothermal conduction calorimetry data,
FA substitution in cement may have an impact on the
quantity of heat released and the heat flow. The OPC
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system has a greater peak height (the greatest magnitude
of the heat flow) than the blended systems comprised of
FA from various sources. Approximately 8 to 10% of the
maximum amount of the heat flow is reduced when 15%
of the FA is replaced. One of the causes of this
phenomenon may be the diluting impact of cement with
low CsS content when cement is replaced with FA [2].
OPC > FA1 > FA3 > FA2 > FA5 > FA4 are the cement
pastes that are replaced by FA, ranked from highest to
lowest heat release. Combined FA-cement paste heat
release values range between 198 and 214 J/g.

In general, as the temperature rises, so does the rate
of heat release. Increased rates of hydration and
pozzolanic reactions at higher temperatures are one of the
causes. The FA-cement systems emit less heat than the
OPC system, as predicted. Replacement of a part of OPC
with FA reduces the rise in heat emissions. Furthermore,
due to the hydration reaction that happens when FA is
mixed with cement, more hydration heat is released by the
system with the finer FA than the system with the coarser
FA.

0.006
0,005 ': o~ ope
2 0004 |2 ———FA1
- i FA2
£ 0.003 1\ FA3
& 11 — .. FA4
$ 0.002 3 YO FAS5
T %
0001 | §
N
ot —
0 50 100 150 200

Time (hours)

Fig. 5. Heat flow of blended FA-cement systems at 40°C.
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OPC FA1l FA2 FA3 FA4 FA5

Fig. 6. Cumulative heat release after 7 days for blended
FA-cement systems at 40°C.

3.3. Heat Release from Pozzolanic Test

Figure 7 shows the total quantity of heat generated
by FA from various sources at 40 °C. Isothermal
calorimetry, as calculated in Egs. (2) and (3), is used at
40 °C to evaluate the heat release when FA is combined

DOI:10.4186/¢j.2023.27.9.1

with Ca(OH); [3]. From greatest to least, the order of heat
release at 10 days is FA5 > FA1 > FA3 > FA4 > FA2. A
similar level of fineness exists in FA1 and FA3. At 10 days,
the heat emission from these systems falls within a limited
range, between 21.4 and 21.6 J/g. In comparison to the
other FA classes, FA2 and FA4 have the lowest heat
release, which is most likely caused by their low CaO
content. FA5 exhibited the greatest heat release value. As
demonstrated in Fig. 2, the maximum fineness values are
found in FA5 with a moderate CaO component. Also, The
increase in heat release is believed to be primarily caused
by the FA's large specific surface area and high
aluminosilicate solubility [45].

25

20
15
10
a8
0
FA1 FA2 FA3 FA4 FA5

Fig. 7. Heat release after 10 days for FA at 40°C.

Heat Release (J/g)

3.4. Degree of Reaction of FA
7
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g5
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§ 4
s 3
g 2
¢
A
0

FA1 FA2 FA3 FA4 FA5

Fig. 8. Degree of reaction of FA at 40°C.

The degrees of pozzolanic reaction of FA at a
temperature of 40 °C are depicted in Fig. 8. The method's
specifics are available at [22]. According to the findings,
the degree of reactivity of FA levels ranges between 2.6%
and 6.5%. According to the heat ratio, which compares the
amount of heat generated by FA in cementitious pastes to
the amount of heat released by the pozzolanic test, FA2 is
higher than FA1, FA3, FA5, and FA4. It is clear that FA4
is the least reactive of the FA types, while FA2 has the
highest pozzolanic reactivity. This may be the result of
presumptions concerning the filler effect factor. This may
also appear if the response to the pozzolanic test is
incomplete. In addition, the pozzolanic test for
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determining the degree of reactivity of SCMs[22].
According to their findings, the degree of activation of
SCMs can be higher than 100, and filler can cause values
to be lower. Despite comparable material qualities and
chemical compositions, the reactivities of various FA
differed, according to [20]. Moreover, it was observed that
the reactivities of FA depend on [4their mineralogical
composition, such as their mullite concentration.
Consequently, statistical analysis is necessary, as detailed in
Section 3.7. It should be noted here that many research
studies advocated that the in terms of concrete
construction, the early-age performance is more important
than the later-age performance which represents lower life
cycle costs [46, 47].

3.5. D. Analysis

After 90 days of exposure to NaCl solution, Fig. 9
exhibits the influence of D, values on mixed cement
mortar with varied FA. The results show that the cement
replacement with FA exhibits higher resistance to chloride
diffusion than the OPC system. This may be owing to the
OPC system's high porosity and huge number of capillary
pores. These factors facilitate the entry of chloride ions
into the mortar matrix. The D, value of the OPC system
falls by 50% to 69% when 15% FA is substituted. Owing
to the extra-pozzolanic reaction of the FA and the process
of pore structure refinement, the chloride diffusion
resistance of mortars containing FA has been observed to
be much greater. Within the mixed FA-cement systems
alone, the D, values might vary by 19% compared to the
OPC. FA3 had the lowest possible D, value (4.44 X 10-12
m?/s). Chloride diffusion activity is presumed to be
affected by both the pore structure and chloride binding
capacity.

The reactivity between FA and an alkaline solution in
blended FA-cement systems may vary despite the identical
material qualities of FA from the same class [48]. Because
of the different physical and chemical characteristics of
these FA, as well as their pozzolanic reaction, the mortat's
chloride resistance varies. In addition, the outcome can be
altered by a variety of other variables, such as the specimen
preparation procedure and drilling, as well as the
uniformity of FA.

1.50E-11
1.20E-11
2 9.00E-12
&
A 6.00E-12
3.00E-12 I I I
0.00E+00
OPC FA1 FA2 FA3 FA4 FA5

Fig. 9. D, values of mortar with FA.

3.6. Service Life

Many studies have employed and suggested Fick's
second law of diffusion. [28, 29], was used with Life 365
software to predict how long a building made of
reinforced concrete would last in the chloride intensive
environments.

The study's inputs included a severe exposure
environment (direct exposure to the marine tidal zone)
and the tropical region's annual average temperature
profile (Florida, US). According to the manual's
guidelines, concrete cover is assumed at 60 mm and
chloride threshold value was established at 0.05% by
weight of concrete for the black steel, and the w/b value
was decided at 0.54 as per the mix design in Table 1. For
the OPC and FA-cement blended systems, all of these
characteristics remained the same. In order to investigate
the influence of water content, it was also examined how
w/b values of 0.54 and 0.44 affected service life. In most
cases, mixing proportions employs both the w/b values.
The performance of measures like the diffusion decay
index (7) and the diffusion coefficient after 28 days (Das)
is shown (see Tables 3 and 4). To anticipate the service life
of structural concrete, both components must be present.
Note that the Dag of concrete changed by w/b, not %0FA.
The obtained D, values from Fig. 9 mainly changed the
initiation period in the calculation. Their calculations were
given in Eqgs. (7) and (8).

D28 =1x 10—12.06+2.4W/C1’n (7>
m = 0.2+ (%FA/50 + % slag/70) (8)

The initiation time for blended systems with FA is
shown to be longer than that of the OPC system. The
impacts on the service life of structural concrete at w/b
ratios of 0.54 and 0.44, respectively, are illustrated in
Tables 3 and 4. For the same replacement level 15%,
changes in w/b value were shown to significantly affect
the service life of concrete. All systems have longer service
lives as a result of reduced w/b. The propagation petiod
is established at 6 years since the implanted steel type and
environmental factors are constant (only the matrix of the
cement system is changed). It was obvious, the concrete
with FA had longer setvice lives for both w/b values when
the service life values of systems with w/b values of 0.54
and 0.44 were compared. In order to increase the service
life of structural concrete, the water content can be
decreased by substituting FA for cement. It should be
highlighted that the durability of concrete containing FA
was significantly enhanced compared to OPC concrete.
This is also attributable to the pozzolanic properties of
FA.

In addition, Fig. 10 illustrates, under the same
exposure circumstances and replacement levels, the effect
of the w/b wvalue on the service life of FA-cement
concrete. The results show that the durability of concrete
changes a lot when the w/b ratio of mixed FA-cement
systems goes down. When the same w/b ratio is used for
both OPC and blended concrete, the durability of blended

8 ENGINEERING JOURNAL Volume 27 Issue 9, ISSN 0125-8281 (https://engj.org/)



concrete with FA is much better than that of OPC
concrete. The blended FA-cement systems with a w/b
value of 0.54 have a projected service life that is around
8% longer than the OPC and roughly 13% longer than the
system with a w/b value of 0.44. Since the experimental
Dys values of the different kinds of FA concrete are so
close to each other and the same diffusion m value is used
to figure out the mix proportions, the results of concrete
made with different kinds of FA are not that different.

Table 3. The effect of FA on service life (w/b = 0.54).

Samples OPC FAl FA2 FA3 FA4 FA5
Das
Klonmyy V201720 172 172 172 172
m 02 032 032 032 032 032
0,
Ce Yowt. 005 005 005 005 005 005
concrete
Initiation
period (Years 42 48 49 50 40 46
Propagation
period (Years) 6 6 0 6 6 6
Service life 102 108 109 110 100 106
(Years)

Table 4. 'The effect of FA on service life (w/b = 0.44).

Samples OPC FAl1 FA2 FA3 FA4 FA5
Das (X 10-11 m?/s) 991 991 991 991 991 991
m 02 032 032 032 032 032
Ct %wt. concrete 0.05 0.05 0.05 0.05 005 0.05

Initiation period 58 69 71 73 59 68

(years)

Propagation period 6 6 6 6 6 6
(years)

Service life (years) 11.8 129 131 133 119 128

The predictions of this study for service life are
contrasted with those made by Mahima et al. [25].
Although the concrete mixture proportions and concrete
cover depth served as the foundation for prediction
models of eatlier studies, findings of those studies
diverged from those of this one. According to Nath et al.
[26], For 20% FA containing structural concrete with 30
mm and 50 mm thickness cover, the period to commence
corrosion in reinforcing steel was around 6.6 years and
16.4 years, respectively. In this study, however, for a w/b
value of 0.54 and a w/b value of 0.44, respectively, the
expected range for the estimate of the beginning time of
15% FA substitute concrete with 60 mm cover thickness
is 4.0-5.0 years and 5.9-7.3 years, respectively. Due to mix
proportions (such as a lower percentage of FA
replacement and the inclusion of coarse aggregate), cover
thickness, sort of galvanized steel, and the D, value, the
service life presented here is reduced. Although FA type
can be different, the effects of service life is more
dependent on the w/c and the presence of FA in cement
mixtures. Hence, this study can be inferred that the eatly-
age properties can significantly depend on the FA type,
but not for the durability one.

DOI:10.4186/¢j.2023.27.9.1

3.7. Statistical Analysis Results

The significance of the design parameters on the
durability performance of the blended FA-cement systems
(.e., D, was assessed in this work using an ANOVA.
Table 5 displays the results of statistical analysis for
CaO%, particle size porosity, FA degree of reaction, and
chloride diffusion, taking into consideration such variables
as flow, particle size, flow of a fresh mixture, degree of
reaction of blended FA-cement paste, and hardened
porosity. Because the p-value is < 0.05 of all analyses, all
the given factors have significant impacts on the D, value.
Consequently, sensitivity analysis was applied to each
parameter. This investigation found that the D, was
directly influenced by only three elements: CaO %, degree
of reaction, and toughened porosity. The values in Table
5 reveal that in comparison to the porosity showed the
highest value. Meaningly, changing porosity can influence
the D, value the most. This is followed by the degree of
reaction and CaO%. In contrast, the particle size and flow
seem have less sensitive to the D, value.

From the table, apparently, the good porosity
should be made for concrete having FA. The other key
parameters are to choose the FA type that has a strong
pozzolanic reaction (i.e., Type-F FA) in the blended
system and proper CaO%. Chemical characteristics at the
microscale have an impact on the degree of reactivity of
FA, whereas physical qualities at the macroscale determine
the porosity. The chloride ion is prevented from entering
the matrix at multi scales by these chemo-physical
mechanisms of multiscale structures, affecting in a
substantial increase in their durability.

14
12
C 10 mw/c 0.54
(]
= 8 .W/C 0.44
&
5 6
ke
g o4
D
2
0
OPC FA1 FA2 FA3 FA4 FA5

Fig. 10. Serviceability of mixed FA concrete with various
w/b values.

Table 5. Results summary for ANOVA and B.

ANOVA Source p-value B (% 10-13)
CaO% x 1.29
Particle size ok -
D, Flow o -
Degtee of reaction ok 6.03
Porosity ok 8.20
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4. Conclusions

The study presented experimentally assessing the
influence of FA from various soutces in ASEAN on flow,
particle size, flow of a fresh mixture, degree of reactivity
of blended FA-cement paste, and hardened porosity. Also,
service lives of FA mortar systems were numerically
predicted. The conclusions can be made as follows:

=  When FA was added to blended systems, the
overall porosity went down compared to OPC.
This was because FA had better pozzolanic
performance, which led to better pore
refinement.

= Based on the findings of the pozzolanic test, the
degrees of reactivity of various sources of FA
with  comparable  material  characteristics
exhibited varied reactivities.

* By replacing 15 % FA the D, value was
significantly decreased almost 70 %.

= The predicted service life was longer up to 13 %
with 15 % FA replacement. When FA was added
to concrete, it made the concrete stronger and
more useful in situations where there was a lot of
chloride.

* FA from different sources gave the mixed
system a strong pozzolanic reaction at the
microscale level and made it easy to consolidate
the fresh mixes. This led to less porosity in the
hardened systems, which can stop chloride ions
from getting into the matrix at the macroscale

level. Both chemo-physical methods and
multiscale structures boost their endurance
greatly.

= Porosity can be the key to influence durability
the most. The FA degree of reaction and %CaO
can also impacted on durability mainly affected
hydration and pozzolanic reactions. While the
particle size and flow of fresh mortar was less
sensitive to durability.

This work provides comprehensive knowledge for
overcoming the practical challenges of implementing FA
in existing mortar. The on-going research programs
includes assessing the effects of grinding process to the
particle size of FA, consequently, impacting on hardened
performance of blended FA-cement system is under
investigation.
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