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Long-term Mechanical Properties and Microstructure of Concrete
Utilizing Self-Cementing Fly Ash as A Sole Binder Material

Wattimena, O.K.1, Antoni, A.Y*, and Hardjito, D.!

Abstract: Self-cementing fly ash, containing calcium oxide (CaO) of about 20%, has successfully
become a sole binder material in concrete through hydration. A very low water-to-fly ash ratio, e.g.,
below 0.20, is the main key to achieving the high compressive strength of concrete. This study
explores the strength evolution, long-term compressive strength, and mechanical properties of
concrete that utilize self-cementing fly ash as a sole binder material. Remarkably, the long-term
compressive strength continues to develop over a year, reaching nearly 50 MPa at 365 days, a 34%
increase from the 28-day strength. While the other mechanical properties are slightly lower than
predictions from empirical formulas for Portland cement concrete, promising results are observed.
Scanning Electron Microscope (SEM) images highlight surface-restricted hydration products in
self-cementing fly ash, rather than full dissolution of fly ash particles.
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Introduction

Fly ash that contains a higher amount of calcium
oxide (CaO) will have cementitious properties in
addition to its pozzolanic properties [1]. According to
ASTM C618, Class C fly ash is expected to exhibit
cementitious properties when the CaO content in the
fly ash exceeds 18%. Additionally, the Canadian Stan-
dard outlined in CSA A-3001 categorizes fly ash based
on its CaO content. Specifically, Type F designates fly
ash with a CaO content below 8%, Type CI for fly ash
with intermediate CaO content (ranging from 8% to
20%), and Type CH for fly ash with high CaO content
(above 20%) [2].

The self-cementing property of fly ash has been exten-
sively studied and applied for decades, particularly in
terms of soil stabilization [3—7]. Conversely, research
and utilization of self-cementing fly ash in concrete,
especially as a sole binder material, remain quite
limited. There are only a few studies and reports
available on the utilization of self-cementing fly ash in
concrete [8—12]. Moreover, research has demons-
trated that a high calcium oxide content in fly ash
does not necessarily ensure the expression of self-
cementing properties. Some fly ashes with high CaO
content exhibit notably low compressive strength
when utilized as a sole binder material in concrete
[11].
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Our previous study has successfully demonstrated
the self-cementing behavior of fly ash obtained from
PLTU Paiton in Indonesia [13]. A very low water-to-
fly ash ratio has become the main key to achieving
high compressive strength. The lower amount of
water content in this concrete, compared with ordi-
nary Portland cement concrete, is achievable because
of the spherical shape of the fly ash and its particle
size distribution. A 28-day compressive strength of up
to 37 MPa was reached from a mixture with a water-
to-fly ash ratio (w/fa) of 0.143 (0.600 in volume).

The correlation between concrete compressive
strength and its other mechanical strengths, such as
splitting tensile strength and flexural strength, is a
crucial aspect in the design and analysis of concrete
structures. It has been observed, in Portland cement
concrete, that there exists a strong positive relation-
ship between compressive strength and those mecha-
nical properties [14]. However, different binders used
in concrete can result in different behavior in terms of
mechanical properties.

This study focuses on examining the long-term com-
pressive strength and strength development of con-
crete utilizing self-cementing fly ash as the sole binder
material. Furthermore, an analysis of various mecha-
nical properties will be conducted. The investigation
involves conducting a series of tests (i.e., compressive
test, splitting tensile test, flexural test, modulus of
elasticity, and rebar pull-out test) and experiments to
assess the compressive strength over an extended
period and to understand the overall mechanical
behavior of the concrete mixture.

By evaluating the performance of concrete with self-
cementing fly ash, this research aims to provide
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insights into its suitability as a standalone binder in
construction applications, especially as reinforced
concrete material. The concrete microstructure is also
observed using Scanning Electron Microscope (SEM)
to better understand the reaction product of self-
cementing fly ash hydration. The findings of this
study will significantly enhance our comprehension of
both the potential benefits and limitations of using
self-cementing fly ash as a substitute for traditional
binders in concrete production.

Experimental Methods
Materials and Mixtures Composition

Fly ash used in this experiment was obtained from
the steam power plant in Paiton, East Java Province,
Indonesia. The combustion process used in this power
plant is Pulverized Coal Combustion (PCC). Fly ash
was captured by an electrostatic precipitator (ESP)
and directly transferred into silos in dry conditions. X-
Ray Fluorescence (XRF) analysis was done to identify
the major chemical composition of the fly ash obtained
as can be seen in Table 1. According to ASTM C618
[1], this fly ash is classified as class C fly ash because
the calcium oxide (CaO) content is above 18%. While
Canadian Standard CSA A-3001 [2] classifies this fly
ash into CH type, as the CaO content is above 20%.
However, the amount of CaO in this fly ash is much
lower than the self-cementing fly ash used in most
existing literature, where the amount of CaO ranged
between 25 — 30% [8]-[12]. The specific gravity of fly
ash used in this research was 2.80 and the pH value
was as high as 12.6. The high value of pH confirmed
the high content of calcium oxide since the alkalinity
of fly ash is strongly affected by the calcium compound
[15].

Table 1. Chemical Composition of Fly Ash Used (%)

Si02  AlbOs  Fe:Os  CaO  MgO  SOs
2950 15.02 17.71 2234 837 190

Lol
0.36

The concrete mixture used local silica sand and
crushed stone as aggregates. The properties of
aggregates in saturated-surface-dry (SSD) conditions
can be seen in Table 2. Tap water, with a pH value of
+ 7, was used and added to the mixture in stages
according to the mix design. Some amount of super-
plasticizers, with polycarboxylate-ether (PCE) based,
were used to enhance the workability of the concrete
mixture to achieve the targeted slump (10 £2 cm).
Utilizing superplasticizers is also a key factor in
minimizing the water-to-fly ash ratio (w/fa) and
reducing the water content in concrete mixtures.
Therefore, a lower amount of voids (due to reduced
water content) is expected to increase the concrete
compactness, resulting in higher compressive strength.
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Table 2. Aggregates Properties

Fine Coarse
Aggregate Aggregate
Density (kg/m?) 1604 1459
Specific Gravity (unitless) 2.66 2.61
Absorption (%) 0.44 3.32
Fineness Modulus 2.65 7.30

Five concrete mix compositions with five different
water-to-fly ash ratios, as shown in Table 3, were
designed to analyze and establish the correlation
between concrete compressive strength up to one year
of age and the water-to-fly ash ratio in a mixture. In
all mix designs, the volume of the paste remains
constant at 30%, emphasizing that the strength of the
concrete is solely reliant on the quality of the self-
cementing fly ash paste. The term w/fa (by volume) is
introduced due to the variation in specific gravity
between fly ashes and Portland cement. Considering
the difference in specific gravity between fly ashes
and Portland cement, it is important to acknowledge
that for a given w/fa (by mass) value, the mass or
weight of binder material in a 1 m3 mixture would
differ depending on the specific gravity of the binder
material used. By providing information in terms of
wifa (by volume), the comparison of different binders
with varying specific gravity can still be made since
they have the same volume. For the mechanical
characterization of concrete, three concrete mixtures
were prepared with different water-to-fly ash ratios as
shown in Table 4.

Table 3. Concrete Mix Designs for Compressive Test

wita Fly Ash Water ig‘; szgse

by volume by mass  (kg) (kg) (ke) (ke)
0.80 0.286 466.7 1333 745.1 1155.0
0.70 0.250 494.1 123.5 745.1 1155.0
0.60 0.214 525.0 1125 745.1 1155.0
0.50 0.179 560.0 100.0 745.1 1155.0
0.40 0.143 600.0 85.7 745.1 1155.0

Table 4. Concrete Mix Designs for Mechanical Charac-
terization

wifa FlyAsh Water ilne Czarse

by volume bymass (kg) (kg) (kg:‘; (kgg)
0.50 0.179 560.0 100.0 745.1 1155.0
0.45 0.161 579.3 93.1 745.1 1155.0
0.40 0.143 600.0 85.7 745.1 1155.0

Testing Procedures

Concrete specimens were dry-cured and immediately
wrapped using plastic wrap to prevent evaporation
right after the concrete hardened and the mold relea-
se process was completed. These wrapped specimens
were stored at room temperature (approximately 28
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°C) until the testing day. Bath curing was avoided
because it could lead to the leaching of calcium oxide
from the fly ash into the water, compromising its
strength. The compression tests were conducted on a
diameter of 10 cm by height of 20 cm concrete
cylinders following ASTM C39 guidelines. Before the
compressive test, sulfur capping was applied to
achieve a smooth concrete top surface. The compres-
sive strength of the concrete was calculated as the
average strength of three cylinders.

In addition to compressive strength, other concrete
mechanical properties were also tested, including ten-
sile strength, flexural strength, modulus of elasticity,
and bond behavior between concrete and steel reinfor-
cement. The tensile behavior of concrete was assessed
through two indirect tensile tests: the splitting tensile
strength test according to ASTM C(C496 and the
flexural strength test according to ASTM C78. The
concrete modulus of elasticity was determined using
the stress-strain test based on ASTM C469 with some
adjustments. The bond strength between concrete
and reinforcing steel, also known as rebar bond
strength, is widely acknowledged as a crucial factor in
ensuring the satisfactory performance of reinforced
concrete structures. Deformed bars are the preferred
choice due to their ability to enhance bond strength
through the presence of ribs along the surface of the
reinforcing steel. In ribbed reinforcing steel, the bond
strength mainly arises from three key mechanisms:

Deformed Bar

Top View
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!}

Front/Back View
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Figure 1. Steel Jig Sketch and Specimen Set Up for Pull-Out Test

Table 5. Concrete Compressive Strength

Concrete Cylinder

(1) the chemical adhesion between the binding mate-
rial in concrete and the reinforcing steel; (2) the
frictional resistance that occurs between the reinforc-
ing steel and the surrounding concrete; and (3) the
bearing resistance of the ribbed surface of the rein-
forcing steel against the concrete surface surrounding
the steel [16]. The bond strength of concrete towards
the reinforcement bar was tested using pull-out speci-
mens with the help of steel jigs as shown in Figure 1.

Results and Discussions

Strength Development

The results of the average compressive strength tests
for the five different water-to-cementitious ratios are
presented in Table 5. The highest concrete compres-
sive strength is 37.05 MPa at 28 days, obtained from
the lowest w/fa (by volume) value of 0.40 (equivalent
to w/fa (by mass) 0.143). This compressive strength
continues to develop and reaches 41.89 MPa at 56
days and further increases to 49.78 MPa at 365 days.
In general, concrete with a w/fa (by volume) of 0.60 or
lower demonstrates the ability to achieve compressive
strengths exceeding 20 MPa at 28 days. Conversely,
concrete mixtures with w/fa (by volume) values of 0.70
and 0.80 exhibit compressive strengths of less than 15
MPa at 28 days, and even extending to a 365-day age,
the compressive strength of these concrete mixtures
remains below the 20 MPa.

wifa Concrete Compressive Strength (MPa)
by volume by mass 3 days 7days 14days 28days 56 days 90 days 180days 365 days
0.80 0.286 3.69 5.41 5.92 7.77 8.59 9.23 9.93 10.12
0.70 0.250 7.96 10.12 11.78 14.07 15.41 16.30 17.06 17.38
0.60 0.214 13.43 16.17 19.93 21.96 22.98 23.43 24.26 25.15
0.50 0.179 19.74 21.39 25.15 28.84 33.74 35.97 37.43 38.64
0.40 0.143 29.92 33.10 34.50 37.05 41.89 46.22 48.51 49.78
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Figure 2. Compressive Strength Development (as a Percentage of 28-day Strength)

In concrete mixtures with w/fa (by volume) of 0.60,
0.70, and 0.80, a significant development in compres-
sive strength was observed up to 28 days of age.
Meanwhile, for mixtures with w/fa (by volume) values
of 0.50 and 0.60, the increase in compressive strength
was still notable, extending up to 365 days of age.
Across all variations of water-to-fly ash ratios, the
concrete's compressive strength continued to improve
for up to 365 days. The most substantial strength
development occurred in the concrete with the lowest
wi/fa value, approximately 134% higher than its 28-
day compressive strength.

The strength development of the concrete utilizing
self-cementing fly ash also suggests the presence of
hydration reactions over time. This behavior is simi-
lar to the hydration process in Portland cement,
where concrete compressive strength increases with
the progress of hydration, commonly known as the
degree of hydration or rate of hydration [14]. Howe-
ver, further research is required to conduct a
thorough analysis to ascertain if the hydration
process and product in self-cementing fly ash are
similar to those in Portland cement.

Mechanical Properties

Apart from compressive strength, other mechanical
properties, such as tensile strength, flexural strength,
modulus of elasticity, and bond strength between
concrete and steel reinforcement, will be discussed in
this section. These mechanical properties were tested
at an age of more than one year to assess the long-
term strength of the concrete utilizing self-cementing
fly ash as a sole binder material. Each mechanical
properties test was accompanied by a compressive
test to generate the correlation between compressive
strength to other mechanical strengths.

Tensile strength is crucial in understanding con-
crete's resistance to cracking and its ability to
withstand tensile stresses. Flexural strength, on the
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other hand, reflects concrete's behavior under bend-
ing or flexure, which is essential for evaluating its
performance in beams and other structural elements
subject to bending loads. The modulus of elasticity
provides insights into concrete's stiffness and defor-
mation characteristics, influencing its behavior under
various loads. Lastly, the bond strength between
concrete and steel reinforcement is a critical factor in
reinforced concrete structures, as it ensures the
effectiveness of the bond between the concrete and the
reinforcing steel.

Splitting Tensile Strength

Concrete splitting tensile strength (ft), calculated
from the splitting tensile test, for three mixtures with
different w/fa, is shown in Figure 3 by the continuous
line with the diamond mark. While the column chart
shows the concrete compressive strength (f¢). The
results show that lower w/fa results in higher com-
pressive strength as well as higher splitting tensile
strength, following the correlation between splitting
tensile strength and compressive strength as in
Portland cement concrete. Tensile strength of con-
crete as well as its compressive strength mainly
determined by the quality of the paste or the binder.
Therefore, both mechanical properties, ie., tensile
and compressive strengths, have a positive corre-
lation.

The relationship between concrete tensile and com-
pressive strengths is further explored through the
empirical formula proposed in ACI 318 [17] and
Oluokun [18]. It is worth noting that the prediction
formula was generated from Portland cement con-
crete tests. Then the predicted values are compared
with the experimental results that use self-cementing
fly ash as a sole binder material. The comparison bet-
ween concrete experimental splitting tensile strength
and the predicted splitting tensile strength, from two
formulas established for Portland cement concrete,
can be seen in Figure 3.
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Figure 3. Comparison of Concrete Compressive Strength
and Splitting Tensile Strength

It can be concluded that the tensile strength of the
concrete utilizing self-cementing fly ash is slightly
lower than the Portland cement concrete. The lower
tensile strength in self-cementing fly ash paste could
be due to the hydration product that only occurred at
the surface as a result of the lower reactivity of the
self-cementing fly ash compared to Portland cement.
Splitting tensile strength of the concrete utilizing self-
cementing fly ash as a sole binder material is about
30% and 10% lower than the predicted value calcu-
lated from the Portland cement concrete proposed
formula by ACI 318 [17] and Oluokun [18] conse-
cutively.

Flexural Strength

Flexural strength (fr) is the theoretical maximum
tensile stress that occurs at the bottom fiber of a beam
when subjected to bending loads from above. It is also
commonly referred to as the modulus of rupture (R).
The results of the flexural strength tests for three
different mix designs with varying water-to-cemen-
titious ratios in Figure 4 show that lower w/fa ratios
are associated with higher values of modulus of
rupture or flexural strength. The flexural strength
test yielded higher tensile strength values compared
to the splitting tensile strength test. This difference
can be attributed to the distinct shape and testing
methods of the specimens, which also impact the
tensile strength results for conventional concrete[14].

ACI 318 [17] also proposed an empirical formula to
express the relationship between flexural strength
and compressive strength of Portland cement con-
crete. Dash-dot line in Figure 4 represents the value
calculated from the empirical formula. While the
continuous line with a square mark represents the
value of concrete flexural strength utilizing self-
cementing fly ash as a sole binder material in this
experiment. The flexural strength tests yielded
results that were quite close to the predicted values
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calculated using equations for conventional concrete
and, in general, even higher (except for the mix with
wi/fa 0.50). The differences observed were approxima-
tely 5% lower for the self-cementing fly ash concrete
mix with w/fa (by volume) of 0.50, but about 6 — 15%
higher for w/fa (by volume) of 0.40 and 0.45.

o | 0 o
§4 %! 40%
gl / / 10 %

w/fa (by volume)

Figure 4. Comparison of Concrete Compressive Strength
and Flexural Strength

As the water-to-cementitious ratio in the mix increas-
ed, the ratio between predicted and tested values also
increased, even reaching a point where the predicted
value was higher than the tested value for w/fa (by
volume) of 0.50. Similar findings were observed in a
study conducted by Cross et al. (2005b), where the
wi/fa (by mass) used was 0.23 or w/fa (by volume) was
0.63, resulting in a prediction-to-test ratio of 1.203.
However, further investigation is needed to under-
stand the reasons behind the increasing ratio bet-
ween predicted and tested flexural strength values as
the water-to-cementitious ratio increases.

Modulus of Elasticity

The modulus of elasticity can also be defined as the
tangent modulus since its value is obtained from the
stress-strain relationship within a specific range or
interval. In this study, the range for determining the
tangent value was slightly modified from the ASTM
C469 [19], a standard used in the testing procedure.
The modification was applied to the lower limit of the
range because the initial part of the stress-strain
curve did not exhibit a clear linear relationship. This
observation might be attributed to adjustments in the
testing equipment and capping of the specimens
during the early stages of loading, where the applied
stress was relatively small. Despite the modification
in calculating the modulus of elasticity, it still adhered
to the fundamental concept of the tangent modulus or
the slope of the linear tangent line formed by the
stress-strain relationship under elastic conditions.
The stress-strain relationship of the tested specimens
under compression can be observed in Figure 5.
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Figure 5. Concrete Stress-Strain Relation

The relationship between stress and strain becomes
linear when the stress reaches around 10 MPa. The
final range for calculating the modulus remains
consistent with the procedure recommended in ASTM
C469 [19]. While there is a difference in the final
range between ASTM C469 [19] (40% of ultimate
compressive strength, fc') and ACI 318 [20] (45% of fc'
ultimate), it does not significantly affect the modulus
results. The testing of two cylindrical specimens
yielded an average modulus of elasticity (Ec) of 23.5
GPa. This value is approximately 7% lower than the
findings of the study conducted by Cross et al. [8]. This
difference 1s likely due to the variation in ultimate
compressive strength, where their study reported 31
MPa, while this experiment obtained 41 MPa.
However, this finding contradicts the principle and
prediction of the modulus of elasticity recommended
in ACI 318 (2022), which is expressed as:
E, = 4700(f,)°3 )
Based on Equation 1, as the compressive strength of
concrete increases, the modulus of elasticity will also
increase. The modulus of elasticity obtained from the
test results (23.5 GPa) indicates a value approxi-
mately 23% lower than the predicted value (30.4
GPa). To further investigate and justify the potential
differences in the relationship between compressive
strength and modulus of elasticity in Portland cement
concrete and concrete utilizing self-cementing fly ash
as a sole binder material, more extensive research
with a larger number of specimens is necessary.

Table 6. Results of Pull-Out Tests

Rebar Bond Strength

The results of the pull-out tests are presented in Table
4, where it can be observed that some of the specimens
experienced failure at the bond interface between the
reinforcing steel and the concrete (indicated by the
pulling or detachment of the reinforcing steel from the
concrete cylinder). Other specimens exhibited steel
failure above the surface of the concrete cylinder
before detachment occurred. The values in the rela-
tive bond strength column were obtained by dividing
the maximum measured tensile force by the total
surface area of the embedded reinforcing steel, which
was calculated as the embedded surface area of the
cylinder curve face. In cases where the reinforcing
steel fractured before detachment, the relative bond
strength value represents the exact value at the point
of steel fracture, indicating that the actual bond
strength value 1s likely greater than the reported
value (indicated by the symbol ">").

Based on the analysis of the conducted tests, it is
evident that concrete utilizing self-cementing fly ash
as the sole binder material demonstrates satisfactory
bond behavior with reinforcing steel, with an average
bond length of 16 - 19 times the diameter of the rein-
forcing steel. The bond strength between reinforcing
steel and concrete of different grades has not yielded
sufficiently conclusive results. Similar findings were
observed in a study conducted by Cross et al. [8],
where splitting failure occurred in all specimens with
two variations of embedment length. Nevertheless, in
this research, when considering the average values of
relative bond strength, concrete with a higher grade
(w/fa ratio of 0.40 by volume) exhibited higher bond
strength. This justification is further supported by the
failure mode data, where in the case of higher-grade
concrete (w/fa ratio of 0.40 by volume), the majority of
failures occurred at the steel reinforcement, despite
having a relatively shorter average embedment
length compared to lower-grade concrete. This can be
understood as concrete compressive strength being a
crucial factor influencing the bond strength of
reinforcing steel according to ACI 408 [16].

Scanning Electron Microscope (SEM)

Observation of the microstructure was conducted on
the fly ash material itself before its reaction with

wia Tensile Force Anchorage Relative Tensile Strength of
(by volume) Sample No. (kN) Depth Failure Mode Bond Strength Reinforcement
Y (mm) (MPa) (MPa)
1 51.35 165.00 Reinforcement >991 653.81
0.40 2 48.82 167.00 Concrete Bond 9.31 -
3 51.52 161.00 Reinforcement >10.19 655.97
1 48.43 165.00 Concrete Bond 9.34 -
0.45 2 48.43 208.00 Concrete Bond 741 -
3 51.18 187.00 Reinforcement >8.71 651.64

111



Wattimena, O.K. et al. / Long-term Mechanical Properties and Microstructure / CED, Vol. 25, No. 2, September 2023, pp. 106-114

water to examine the particle morphology. At a mag-
nification of 5000 times, Figure 7 confirms that fly
ash, particularly that derived from the combustion of
pulverized coal using the Pulverized Coal Combustion
(PCC) system, exhibits a spherical physical shape
with non-uniform gradation. This supports the ana-
lysis regarding the lower water requirement in fly ash
paste, thereby recommending the utilization of very
low water-to-fly ash ratios (less than 0.30) when em-
ploying fly ash as the sole binder material in concrete.

S
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The particle size of fly ash can also be observed
physically, revealing a range of sizes varying from the
largest at approximately 10-15 pm to smaller sizes
below 1 pm. This characteristic is advantageous in
promoting the density of a material, such as concrete,
as a denser structure with reduced void volume
contributes to enhanced compressive strength. In
addition to improved compressive strength, a well-
attained density in concrete can enhance its durabi-
lity against external conditions.

The SEM analysis was also conducted on samples
obtained from concrete utilizing fly ash as the sole
binder material. The visual depiction of the hydration
products of fly ash at various magnifications can be
seen in Figure 7. Generally, the hydration products of
fly ash exhibit a dense structure while still retaining
the original spherical shape of the particles. This differs
from the hydration products of Portland cement, which
typically display a completely different physical form
distinct from the original cement particles. With the
persistence of the fly ash particle shape, it can be
inferred that the degree of hydration likely occurs
primarily at the particle surface, without fully dissol-
ving the fly ash particles.

(d) 5000x Magnification

-
g €50
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Figure 6. Microstructures of Self-cementing Fly Ash Concrete at Four Different Magnifications
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Through the examination of the hydration products of
fly ash, it can be understood that these products signi-
ficantly influence the compressive strength of the fly
ash paste or concrete. However, since the hydration
process in fly ash differs from that in Portland cement,
as shown by the SEM, the compressive strength of fly
ash paste is predominantly influenced by the particle
compactness rather than the bonding strength bet-
ween particles. This can be attributed to the fact that,
in addition to the water-to-fly ash ratio, the strength
of concrete is also determined by its density [14]. A
well-attained particle density enhances particle inter-
action, allowing for improved force transfer without
generating excessive tensile stresses. The lower split-
ting tensile strength observed, in comparison to
Portland cement concrete, can also be explained by
the SEM observations, which suggest a lower adhe-
sion strength between fly ash pastes.

Conclusions

Concrete that utilizes self-cementing fly ash as a sole
binder material demonstrated good performance,
especially in terms of compressive strength as evi-
denced by the strength development up to 365 days.
Based on the findings of this study, several key
conclusions can be drawn as follows:

1. The successful utilization of self-cementing fly ash
as a sole binder material in concrete relies on the
presence of reactive calcium compounds in the fly
ash and the use of a significantly low water-to-fly
ash ratio in the mixture. When considering the use
of alternative sources of fly ash, it is highly recom-
mended to assess their self-cementing properties
during the initial stages. In addition to the che-
mical composition, the morphology of fly ash also
plays a crucial role in achieving a very low water-
to-fly ash mixture. The spherical shape of fly ash
particles contributes to a ball-bearing effect,
enhancing concrete workability. Therefore, fly ash
derived from a Pulverized Coal Combustion (PCC)
burner is preferable.

The long-term mechanical properties, including
compressive strength, of concrete utilizing self-
cementing fly ash show a higher rate of develop-
ment compared to ordinary Portland cement
concrete. This observed strength development con-
firms the occurrence of hydration reactions in the
self-cementing fly ash.

The other mechanical properties of concrete uti-
lizing the self-cementing properties of fly ash as
the sole binder also exhibit promising results,
although they generally tend to be slightly lower
than the predicted values calculated using equa-
tions developed for conventional concrete. This
reduction in mechanical characteristics can be
attributed to the diminished tensile capacity,
likely resulting from hydration products that
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predominantly form on the surface of fly ash par-
ticles, leading to weaker interparticle adhesion.
The hydration products of self-cementing fly ash
indicate distinct characteristics compared to those
of Portland cement. Scanning Electron Microscopy
(SEM) analysis reveals the clear presence of initial
fly ash particles in a spherical shape. Hydration
processes in fly ash, with an approximate CaO
content of 20%, are predominantly limited to the
particle surface, resulting in weaker interparticle
bonding when compared to Portland cement.
Additionally, the compressive strength in fly ash
paste is derived from the effective transfer of forces
between densely packed fly ash particles, as con-
firmed by SEM observations of the compact par-
ticle arrangement.

References

1. ASTM C618, Standard Specification for Coal Fly
Ash and Raw or Calcined Natural Pozzolan for
Use in Concrete, ASTM International, 2023. doi:
http://dx.doi.org/10.1520/C0618-15.

CSA-A3001, Cementitious Materials for Use in
Concrete, Canadian Standards Association, 2018.
Senol, A., Bin-Shafique, M.S., Edil, T.B., and
Benson, C.H., Use of Class C Fly Ash for Stabili-
zation of Soft Subgrade, Fifth International
Congress on Advances in Civil Engineering,
Istanbul, Turkey: Istanbul Technical University,
2002, pp. 25-217.

Mackiewicz, S.M. and Ferguson, E.G., Stabiliza-
tion of Soil with Self-Cementing Coal Ashes,
World of Coal Ash (WOCA), Kentucky, USA,
April 11-15, 2005, pp. 1-7.

Ozdemir, M.A., Improvement in Bearing Capa-
city of a Soft Soil by Addition of Fly Ash, Procedia
Engineering, 2016, pp. 498-505. doi: 10.1016/
J.proeng.2016.06.063.

Jafer, H., Atherton, W., Sadique, M., Ruddock, F.,
and Loffill, E., Stabilisation of Soft Soil using
Binary Blending of High Calcium Fly Ash and
Palm Oil Fuel Ash, Applied Clay Science, 152,
2018, pp. 323-332. doi: 10.1016/j.clay.2017.11.
030.

Joshi, A.R., Patel, S., and Shahu, J.T., Utilization
of Class ‘C’ Fly Ash in Flexible Pavement System
- A Review, Lecture Notes in Civil Engineering,
Springer, 2019, pp. 629-638. doi: 10.1007/978-
981-13-6713-7_50.

Cross, D., Stephens, J., and Vollmer, J., Struc-
tural Applications of 100 Percent Fly Ash
Concrete, World of Coal Ash (WOCA), Kentucky,
USA, April 11-15, 2005.

Cross, D., Stephens, J., Jones, W., and Leach, L.,
Evaluation of the Durability of 100 Percent Fly
Ash Concrete, Western Transport Institute, Mon-
tana, 2008.



10.

11.

12.

13.

14.

Wattimena, O.K. et al. / Long-term Mechanical Properties and Microstructure / CED, Vol. 25, No. 2, September 2023, pp. 106-114

Berry, M., Cross, D., and Stephens, J., Changing
the Environment: An Alternative ‘Green’ Con-
crete Produced without Portland Cement, World
of Coal Ash Conference (WOCA), Kentucky, USA,
May 4-7, 20009.

Roskos, C., Cross, D., Berry, M., and Stephens, J.,
Identification and Verification of Self-Cementing
Fly Ash Binders for ‘Green’ Concrete, World of
Coal Ash Conference (WOCA), Colorado, USA,
May 9-12, 2011, pp. 1-16.

Roskos, C., White, T., and Berry, M., Structural
Performance of Self-Cementitious Fly Ash Con-
cretes with Glass Aggregates, Journal of Struc-
tural Engineering, 141(3), 2015. doi: 10.1061/
(asce)st.1943-541x.0001143.

Wattimena, O.K., Antoni, A., and Hardjito, D.,
Properties of Concrete Utilizing Self-Cementing
High-Calcium Fly Ash as Sole Binder Material,
Jurnal Teknologt, 84(4), 2022, pp. 167—174. doi:
10.11113Aurnalteknologi.v84.17973.

Neville, A.M., Properties of Concrete, 5th Edition.,
Pearson Education Limited, England, 2011.

114

15.

16.

17.

18.

19.

20

Antoni, A., Hartono, F., Tanuwijaya, S., Wijaya,
K., Vianthi, A., and Hardjito, D., Comprehensive
Investigation on the Potential of Fly Ash from
New Source as Construction Material, Civil
Engineering Dimension, 23(2), 2021, pp. 78-90.
doi: 10.9744/ced.23.2.78-90.

ACI 408, Bond and Development of Straight Rein-
forcing Bars in Tension, ACI Committee, 2022.
ACI 318, Building Code Requirements for Struc-
tural Concrete and Commentary, ACI Commit-
tee, 2014.

Oluokun, F.A., Prediction of Concrete Tensile
Strength from Its Compressive Strength: Evalu-
ation of Existing Relations for Normal Weight
Concrete, ACI Material Journal, 88(3), 1991, pp.
302-309.

ASTM C469, Standard Test Method for Static
Modulus of Elasticity and Poisson’s Ratio of Con-
crete in Compression, ASTM International, 2022.
ACI 318, Building Code Requirements for Struc-
tural Concrete and Commentary, ACI Commit-
tee, 2022.



