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ABSTRACT: Concrete production and waste generation are among human activities that negatively impact the
environment. This study investigated the effects of fly ash on compressive strength and durability properties of lean
concrete using appropriate standard methods. The results showed that the compressive strength of the control mix is
higher than those of fly ash concrete mixes. The compressive strength of the fly ash blended mixes decreased as the
replacement level increased. However, the strength increased with hydration time, and the optimal replacement level
being 5%. While the chloride ion penetration and water absorption rate decreased, the sulfate resistance increased
with hydration time and replacement level. The fly ash mixes exhibited better durability properties than the control
mix in all durability tests conducted. The SEM-EDX analysis showed that mixes with well-packed microstructures
exhibited favorable compressive and durability properties. In conclusion, Class C fly ash is recommended for lean
concrete mixes at a replacement level of up to 15% when compressive strength is the primary concern, while mixes
with a replacement level of 25% or more are recommended in areas susceptible to sulfate attack.

DOI: https://dx.doi.org/10.4314/jasem.v27i11.32

Open Access Policy: All articles published by JASEM are open-access articles under PKP powered by AJOL.
The articles are made immediately available worldwide after publication. No special permission is required to
reuse all or part of the article published by JASEM, including plates, figures and tables.

Copyright Policy: © 2023 by the Authors. This article is an open-access article distributed under the terms and
conditions of the Creative Commons Attribution 4.0 International (CC-BY- 4.0) license. Any part of the
article may be reused without permission provided that the original article is cited.

Cite this paper as: OHWOFASA, J. O; IKUMAPAYI, C. M; ARUM, C. (2023). Effects of Fly Ash on
Compressive Strength and Durability Properties of Lean Concrete. J. Appl. Sci. Environ. Manage. 27 (11) 2597-
2610

Dates: Received: 30 September 2023; Revised: 29 October 2023; Accepted: 07 November 2023 Published: 30
November 2023

Keywords: compressive strength; durability of concrete; fly ash replacement; lean concrete; water absorption.

INTRODUCTION

Concrete, in essence, is a versatile material that can be
formed into different shapes, and is widely used for
construction activities all over the world as it gives a
good durability properties to the structures which it
forms. In addition, concrete consist majorly of inert
materials (such as coarse and fine aggregates) and
cement paste which act as the binder (Ikumapayi,
2018). The problems associated with the production
processes of the constituents of concrete, which
include the emission of toxic gases, high energy and
natural resources consumption, pose severe effects on
the ecology and the economy of a country (Wilinska
and Pacewska, 2018). In order to conserve the
environment from solid industrial, domestic,
agricultural waste, and the likes, ordinary Portland
cement OPC should be partially replaced with
pozzolans or supplementary cementitious materials

like rice husk ash, fly-ash, corncob ash, millet husk
ash, periwinkle shell ash (Ikumapayi, 2017). The
substitution of fly ash in concrete production helps
mitigate these aforementioned problems and reduces
the cost associated with the fly ash disposal. However,
despite the ecological and economic benefits derived
in partial replacement of cement with fly-ash in
concrete production, the strength and durability
properties of the concrete is considerably
compromised; as such, the amount of substitution
made should be controlled (Saha, 2018). In recent
time, the durability of concrete has been a focal point
of researchers in concrete field, especially marine
structures (Zhang and Xi, 2016). Durability is a
concrete property that defines its resistance to
deterioration processes resulting from weather action,
abrasion and chemical attack, etc. (Jemimah and
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Prince, 2019). According to Nath and Sarker (Nath
and Sarker, 2011), in a severe environment, the service
life of a structure depends on the durability of the
concrete from which it is formed. To maintain the
service life of marine structures like bridges, jetties,
wharf and the likes, against adverse environmental
effects, the chloride ion ingression must be reduced.
Corrosion of steel bars caused by the penetration of
chloride ion results in volume change; which leads to
cracks, spalling of the concrete, and a weakening of its
load-carrying capacity and bonding with the steel
(Ikumapayi, 2019). Jaya (Jaya, 2020) submits that
compressive strength is the most important test of all
concrete tests. It defines the concrete’s ability to
sustain loads causing failure. The compressive
strength of concrete varies with the intended use of the
structure. It depends on the mix ratio, the properties of
the constituent materials, the water-cement ratio, and
curing. The diverse modes in which solid wastes is
incorporated into concrete production has been of
interest to researchers. This is with the view to
reducing greenhouse gas emissions and the cost in
waste disposal, conserve energy, protecting natural
resources, and not compromising the standard of
concrete. Fly ash is a by-product of combusted coal
which contains siliceous and aluminous properties that
forms cementitious compound when mixed with water
and lime (Pati et al., 2003). The use of fly ash in
concrete works, improves its workability, reduces
concrete defects, improves compressive strength,
reduces permeability, and increases resistance to
chemical attack in severe environment (Demir et al.,
2018). Furthermore, substituting fly ash products into
concrete reduces construction costs and improves its
physical and durability properties. Due to the low
permeability property of fly ash, the cracks associated
with corrosion of reinforcing bars caused by chemical
attack (sulfate, and chloride ion penetration) in
concrete are less likely to occur (Sumer, 2012). Lean
concrete is a less strong and less expensive concrete
with a high aggregate content and a low cement
content. It is used in non-load-bearing applications
such as blinding under foundations, pipelines
huanching, and mass concrete use in dams (Al-
Modern et al., 2018). Little or no work has been done
on the investigation of the use of fly ash in low-
strength concrete production, which is mostly used as
a blinding course in civil engineering operations. Most
studies on binary blends (a pozzolan and cement mix)
of fly ash with cement deals greatly on either the
mechanical and durability properties of the
geopolymer concrete with high strength grades. More
so, other studies cover only a few replacement gaps
with outrageous replacement steps and few testing
days. Therefore, this study serves as an effort to bridge
the drawbacks of previous studies by investigating
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both the strength of low-grade concrete and its
durability properties over a larger replacement range,
with smaller replacement steps and longer testing
days. The objective of this paper was to evaluate the
effects of fly ash on compressive strength and
durability properties of lean concrete.

MATERIALS AND METHOD

Materials: The materials used for this study are shown
in Figure 1. These materials were sourced locally and
tested to ensure that they meet all the necessary
standards. Dangote Portland limestone cement (PLC),
CEM Il 32.5R (B-L), was used as the main binder for
concrete mixing. The cement conforms with the
specifications laid by British Standards - (BS EN197-
1, 2011). Fly ash from Itobe, Kogi State, Nigeria was
obtained by burning coal at a temperature of
850°C.The portion of Fly ash finer than sieve No 325
were used. The chemical compositions of the fly ash
and cement are shown in Tables 1 and 2 respectively.

Cement

Table 1. Chemical composition of the fly ash.

Oxides (%) Fly Ash
Sio2 35.04
Al20, 14.04
FezO3 6.76
CaO 22.8
MgO 456
SO 3.25
TiO, 1.6
LOI 3.86
SiOz+A|zO3+FEZO3 55.84

Based on American Society for Testing and Materials
Standards - (ASTM C618, 2019), the fly ash is Class
C since the sum of the SiO,, Al,Os, and FeOs is less
than 70%. The Bogue composition of the respective
compounds (Tricalcium silicate (CsS), dicalcium
silicate (CzS), Tricalcium aluminate (CsA), and
tetracalcium aluminoferrite (C.AF)) in Portland
cement shown in Table 2 are obtained using Equation
1 to 4 respectively.
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Table 2. Elemental oxides composition of cement as per specified standard

Compound % composition  Required Limit for CEM Il Portland Remarks
(elemental obtained from  composite cement as per BS EN 197-
oxides) of OPC XRF analysis 1:2011 and BS 12:1997 (%)
SiO, 19.49 17.46 - 21.59 Within limit
Al,O3 4.28 3.29-6.14 Within limit
Fe,03 3.16 1.21-3.76 Within limit
CaO 63.04 58.67 - 63.9 Within limit
MgO 1.46 0.61-3.30 Within limit
SO; 1.28 <35 Within limit
Na,O 0.11
K20 0.13
K;0 + Na,O 0.24 <20 Within limit
CsS 69.63 50- 70 Within limit
C.S 3.70 15-30 Below limit
C:A 6.01 5t010 Within limit
C,AF 9.60 5t0 15 Within limit

C3S=4.07C - 7.60S - 6.72A - 1.43F -2.85S" 1

Where: C represents the percentage of calcium oxide
(Ca0); S represents the percentage of silicon dioxide
(SiOy);

A represents aluminum oxide (Al.Os) F represents the
percentage of ferric oxide (Fe;Os); and S™ represents
sulphur trioxide (SOs).

C,S =2.87S-0.75 (C3S) 2
CsA = 2.65A - 1.69F 3
C.AF = 3.04F 4

The Bogue composition of cement compounds is only
valid when the ratio of alumina (A) to ferrite (F) is

greater than or equal to 0.64 (Nwokocha and
Munachiso, 2022). The physical properties of the
binder are shown in Table 3. British Standards - (BS
EN 196-6, 2018) states that a good cement (binder)
must not have more than 10% of its total weight
retained in the 90 micron sieve, according to its
fineness requirement. The test results show a
satisfactory outcome except for the 40% replacement
level, which had a fineness value of 11.1, exceeding
the value specified in the code. Also, the length
increase observed during the soundness test of the
binders not exceed 10mm indicating that all the blends
are sound.

Table 3. Physical properties of the binders

Fineneszs Initial Final

Cem. | FA 0G) 5;“’“;”5:“ Consistency | Setting | Setting

(%) | (%) !  cieving Cﬁsﬂ' (04) Time Time

misthad iy {minz) (minz)
00 | 0 0.6 1 26 B2 402
CH 5 I3 i3 bl a8 433
80710 i3 0.3 e 150 441
N 53 i Pk} 184 547
B0 I 6.6 i P ] Pk} 815
75 I3 74 i 3 33k 40
D B4 i 33 301 674
B3 133 g i Pk 936 L]
] 111 b 73 578 T

The initial and final setting time of the binders is are
shown in figure 2. The paste with 0% to 15%
replacement of fly ash falls within the recommended
10 hour final setting time range, while the blends with
20% to 40% replacement levels exceed the final
setting time in specifications. Siddique (2004);
Rukzon and Chindaprasirt (2014), reported similar
trends in final setting time of pozzolan-cement binder.
The water requirement of the standard consistency
tests of the binders was observed to decrease from
26% to 23% as the percentage level of fly ash
increases. The aggregates used for this study are fine

and coarse aggregate. The fine aggregate was obtained
from river Ogbese (Nigeria), having sizes ranging
from 150 microns to 4.75mm. The coarse aggregate
(granite) of 12.5mm size was used for this study. The
granite was obtained from JCC quarry plant along
Owo Road, Ondo State; and it is consistent with the
provisions of the standard specification for concrete
aggregates described by American Society for Testing
and Materials Standards - (ASTM C33/C33M, 2018).
The physical properties of the aggregates are shown in
Table 4.
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Fig 2. Initial and final setting time of cement-fly ash blended paste

The test results were obtained in accordance with
specification (ASTM C136, 2006; ASTM C29/C29M,
2016; ASTM D2487, 2017; BS 812-109, 1990; BS
812-110, 1990; BS 812-112, 1990; BS EN 1097-6,
1995). The particle size distribution of the fine
aggregate is shown in Figure 3; and based on the value
of coefficient of curvature and curve shape, the sand is
considered to be well graded.
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Table 4. Physical properties of the aggregates

Test Aggregates
Sand Granite
Moisture content (%) 1.35
Specific gravity 2.68 2.61
Aggregate impact value (%) 15.33
Aggregate crushing value (%) 22.12
Bulk Density (kg/m3) 1645 1597
Fineness Modulus 3.69
Coefficient of Uniformity, Cu 3.56
Coefficient of Curvature, Cc 1.19

The fineness modulus shows that the aggregate is
coarse sand. The coefficient of curvature and
uniformity is obtained from Equation 5 and 6
respectively. Potable water obtained from a borehole
within the campus of the Federal University of
Technology Akure, Nigeria, was used for mixing the
concrete. It was ensured that the water fully satisfy the
requirements of concrete mixing water as specified in
British standard code British Standards - (BS EN
1008, 2002).

D307
=— 5
D60 X D10
D60
Cu=— 6
D10

Where; Dgo represent the diameter for which 60% is
finer, D1o represent the diameter for which 10% is
finer, and D3 represent the diameter for which 30% is
finer. From Figure 2, Dgo =0.57, D3 =0.33, and D1
=0.16
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Fig 3. Particle size distribution of fine aggregate
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Mix design: The compressive strength and durability
properties of fly ash blended lean concrete was
investigated. Portland limestone cement was partially
replaced with class C fly ash, in a replacement range
of 5% to 40% at a 5% step size increment. A total of
405 cylindrical test specimens were produced using
mix ratio 1:4:8, and a constant water-binder ratio of
0.7.

Preparation, casting and curing of pozzolanic
concrete: The materials were batched by weight, and
the mixing was done manually. The concrete mixes
were thoroughly mixed for 5 minutes each, until a
smooth, even paste was formed. The workability of the
plastic concrete was evaluated using the slump test and
the compacting factor test and in accordance with
British Standards - (BS 1881-103, 1993). For each
replacement level and test day, three concrete samples
with 100mm diameter and 200mm thickness were cast
for the compressive strength test; while two concrete
samples with 100mm diameter and 50mm thickness
were cast for the durability test. The cast samples were
left for 24 hours before being removed from its form
and immersed in water. The concrete samples were
cured (by immersion in water) at their respective ages
(7, 14, 28, 56 and 90 days). However, concrete
samples meant to assess the mass change of the fly-ash
blended mix were cured in water for 28days, in
sulfuric acid for the 60 days and ambient temperature
for 365 days.

Test on hardened concrete: The compressive strength
tests was carried using a Universal Compression
Loading machine of Capacity 1000kN, and load
application rate of 0.5MPa/s. At each test day, three
cylindrical (100mm diameter and 200mm height)
specimens from each mixes were tested and the
average of these readings was taken as the
compressive strength of that mix. The test was carried
out according to the standard guidelines of American
Society for Testing and Materials - (ASTM C 39,
2001). Figure 4 shows a schematic of the setup for the
Rapid Chloride Penetration Test (RCPT). Two test
samples (100mm diameter and 50mm height) were
placed in RCPT migration cells with 3.0% NaCl
solution (catholyte) and 0.3 N NaOH solutions
(anolyte). A constant potential of 60 £ 0.1 V was
applied on the concrete. The current readings were
recorded at 30 min intervals for 6 H. The test was done
for 7, 14, 28, 56, and 90 day and in accordance with
American Society for Testing and Materials Standards
- (ASTM C1202, 2012). The test specimens for
determining the rate of water absorption were first
conditioned in accordance with American Society for
Testing and Materials Standards - (ASTM C1585,
2013). The test specimen (100mm in diameter and
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50mm in height) was placed in an oven at 50 + 2°C for
3days, after which it was removed and placed in a
sealed container for 15 days. The curved surface area,
and one end of the specimen was seal using epoxy
paint and plastic sheet. The setup for the water
absorption rate is shown in Figure 5. The initial mass
and the masses of the samples after it was partially
placed in water to a depth of 3mm at the specified
time (0, 1, 5, 10, 20, 30, 60, 120, 180, 240, 300, 360,
420 minand 1, 2, 3, 4, 7, 8, 9 days) were recorded.

Electnc Power Supply

(Voltage = 60V)
Data logger :
(Records Amperes
passed) 1
Clamp
|
’
o~
s '
' e 3% NaCl
0.3M NaOH B3 it
o
I
R
Mould

Test Sample
Fig 4. Rapid chloride penetration test (RCPT) setup

108 Sealnt (Epomy peet
& Plhsfe bz

Tex Spaimees

ekt srfee

Spaomes sypars

Fig 5. Setup for water absorption test

For mass change, the test specimens (100mm diameter
and 50mm height) were first cured in water for 28
days, after which it was removed and its weight was
measured as the initial mass. The samples were then
cured in an acidic solution (5% of dilute sulphuric acid
by volume of water with a pH maintained about 4)
(Verapathran and Murthia, 2016). The samples were
removed after 62 days from the solution and allowed
to dry at room temperature for 24h; and the mass was
recorded. The samples were further cured under
ambient temperature for 365 days, after which the
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mass was recorded. Samples of some test specimens at
the different test age were analyzed by scanning
electron microscopy (SEM) and energy dispersive x-
ray (EDX).

RESULTS AND DISCUSSIONS

Fresh Concrete Properties: The slump and
compacting factor test results are shown in Figure 6.
All the mixes exhibited a true slump. Additionally,
almost all of the slump values fall within the
recommended range of 20 mm to 50 mm, which is
suitable for mass concrete structures and pavements.
The result for the compacting factor as recommended
for satisfactory and usable concrete should range from
0.7 to 0.99. The test results show a compacting factor
ranging between 0.93 and 0.98 for all replacement
levels; thus, the mixes met the recommended
requirement for satisfactory and usable concrete.
Hence, it indicates that the concrete mixes are
appropriate.

I Compacting Factorl Slump Value

1.0 60

0.8

2

o
>
L
Slump Value

Compacting Factor
_JC:
L

20

024

0.0 - 0

0 5 10 15 20 25 30 35 40

Fig 6. The compacting factor and slump value of the various
concrete blends

Hardened Concrete Properties

Compressive strength: The compressive strength
values of the test samples at the different test ages are
shown in Figure 7. The compressive strength
decreases with an increase in replacement level. The
compressive strength of the concrete mixtures at 28
days varied from 2.3 to 7.4 mPa. The fly ash-blend
concrete samples exhibited lower strength than the
control concrete samples designed to achieve the same
28-day compressive strength. The control test samples
exhibited the highest strength values on all curing
days; but after 28 days of hydration, the rate of
strength development was minimal (7.7mPa and
7.8mPa for 56 and 90 days, respectively) at the later
days. On the other hand, the fly ash blended concrete
initially had lower strength values but showed
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exponential increases on later curing days. Concrete
mixes with 5% and 10% replacement gained 73% and
62% of the control concrete's strength at 28 days,
respectively. At 90 days, the fly ash blended concrete
with 5%, 10%, and 15% replacement gained 87%,
72%, and 68% of the control concrete's strength,
respectively. Fly ash concretes with lower replacement
levels showed higher strength gains at a later age than
those with replacement levels greater than 20%. The
trends in the strength development of the fly ash
concretes are similar to those reported in the literature
(Siddique, 2004). The microstructures of the samples
tested for compressive strength on day 7 are shown in
Figure 8. Calcium silicate hydrate (C-S-H) radiating
crystals and fibrous ettringite crystals are widely
distributed in the fly ash concrete. However, the
ettringite is more pronounced in Figure 8A (the control
mix) than in Figure 8B (fly ash concrete mix with a
10% replacement level).

10 [ 0% Rep
- 5% Rep
9™ 10 % Rep
-v- 15 % Rep
g 20 % Rep
% 8 25 % Rep .
= 30 % Rep I
%’ 7 |* 35%Rep -
5 - 40 % Rep .
& 6 o
[}
= . -
(7}
: 7] y L s
] gres M 4
L e
o > s
3 a f o
:
N =
pa—
T . I | |
7 14 28 - -
Age (Days)

Figu 7. Compressive strength development

Fig 8. Scanning electron microscopy of concrete specimens used
for compressive strength at day 7.
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The densified structure of the control mix is evident in
its compressive strength at an early curing age. Figures
9A and 9B show the SEM-EDX of samples (control
mix and 10%) for compressive strength at day 28. The
figures demonstrate a denser, amorphous gel-like
structure with low porosity compared with those in the
early days of curing. This amorphous gel fills the
spaces between the concrete matrixes, thus reducing
the pores. This reduction in pore spaces contributes to
the improved compressive strength.

$

& 6

Fig 9. Scanning electron —mli'croscopy and energy dispersive x-ray
of the control mix and fly ash concrete mix at day 28.

Figures 10A — 10C illustrate the SEM EDXS analysis
on the compressive strength test of some selected
mixes (control, 5%, and 20%). As the hydration time
of the concrete mix cured in water increases up to 90
days, the matrix of the mixes becomes densified due
to the hydration products that are formed. The dense
structure of Figure 10A (control mix) and Figure 10B
(5% replacement mix) are evident on both the
compressive strength. Figure 10C shows the
morphology of the 20% replacement mix, which has a
porous microstructure that affects the strength result
when compared to the control and 5% mixes. Also, the
EDXS analysis shows it has the least Ca/Si ratio,
hence has a higher degree of polymerization and the
least dissolution of silica required to fill the available
pores. The compressive strength appears to increase
with decrease in the Na/Si ratio. Malkawi et al., (2016)
observed similar trend in a study on the effects of
alkaline solution on properties of the high calcium fly
ash geopolymer mortars.

Rapid chloride penetration: The penetration of
chloride ions into concrete is dependent on the number
of days of hydration. As shown in Figure 11, the longer
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the hydration days, the less permeable it becomes to
chloride ions Penetration. While a moderate to high
rate of chloride ion penetration were observed in all
samples at day 7, the levels decreased to a range
between low and moderate in the later curing days.

% ¢ o

Fig 10. Scanning electron microscopy and energy dispersive x-ray
of the control mix and fly ash concrete mix at day 90.
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Fig 11. Rapid chloride penetration test of the concrete mixes

On day 7, the ion penetration rate was high for all
samples, with charge values ranging from 3900
coulombs for 5% replacement to 7400 coulombs for
35% replacement. The ion penetration rate remained
high on day 14, with charge values ranging from 3000
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for 5% replacement to 7000 coulombs for 35%
replacement. At day 28 and 56, the rate of chloride ion
penetration for 35% replacement reduced drastically
to 3834 and 3244 coulombs respectively. At these
hydration days, almost all the samples have charge
values within the moderate ratings. Furthermore, at
day 56, all the blended mixes show improved ion
penetration resistance compared to the control mix,
with the 35% replacement mix slightly below the
control mix. Overall, at day 90, most of the mixes with
high replacement percentages that had low
performance from the onset now exhibit high
performance in resisting chloride ion. Mixes with
15%, 20%, 25%, 30%, 35%, and 40% replacement
show improved performance of 72.2%, 53.1%, 47%,
63.8%, 71.4%, and 65.1% respectively when
compared with their respective mixes at day 7.

The microstructures of some selected mixes used for
RCPT at day 7 is shown in Figures 12. The 5% mix
(Figure 12A) has a densified structure than the 40%
mix (Figure 12B). This occurs from some pozzolanic
activities when the fly ash mixes reacts with the
undiluted excess calcium from the cement. The
outcome is evident in its resistance to chloride ion on
its early curing age as when compared with other
mixes. The fibrous ettringite in this mixes are well
pronounce; the salt and bases used for the test spiked
the formation of these ettringites. Scanning electron
microscopy of 20% replacement mix at day 28 is
shown in Figure 13. The gel-like structure of this
concrete mix helps in improving its resistance to
chloride ions as it shows minute pore structures. With
comparison to the mixes at day 7, the 20% replacement
mix shows good resistance in the formation of fibrous
ettringites; and this is associated with the longer
hydration period.

Water absorption: The rate of water absorption for the
respectively test days are shown in Figure 14. The rate
was determined by plotting the amount of absorption
(in millimeters) against the square root of the time (in
seconds). A regression analysis was then used to fit a
line to the data, and the slope of the line was used to
calculate the rate of absorption. The slope of the
regression line measures the rate of absorption, in
mm/s%® having a R? value of 0.98 that indicates a good
relationship between the rate of absorption and time.
The initial and secondary rates of absorption for all the
concrete mixes at days 7, 14, 28, 56, and 90 are shown
in Table 4 and Table 5 respectively. The initial rate of
water absorption decreased with increasing hydration
period. While the secondary rate of water absorption
is a function of its initial rate. A higher initial rate of
absorption gives a lower secondary rate of absorption,
and the slope tends to increase steadily. Concrete with
fly ash blends had a lower rate of water absorption than
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the control concrete mix. Among the fly ash concrete
mixes, the 30% replacement mix designation
demonstrated the lowest initial rate of absorption,
while the 35% replacement mix had the lowest
secondary rate of water absorption. The percentage
decrease in the initial rate of water absorption for the
30% replacement mix at day 90, compared to day 7,
was 74.2%. Similarly, the secondary rate of absorption
for the 35% replacement mix decreased by 31.5%.
Furthermore, after the 56 days of hydration, the
secondary rate of absorption for concrete mix
designations of 25%, and 40% decreased
considerably.

Fig. 12. Scanning electron microscopy of concrete specimens used
for rapid chloride penetration test at day 7.

Fig 13. Scanning electron microscopy of concrete specimen used
for rapid chloride penetration test at day 28.

The reduction in water absorption in the fly ash mixes
can be attributed to the filler and pozzolanic effects,
which enhanced the quality of the cementitious
compound and contributed to its densification. The
percentage reduction in the initial rate of water
absorption of concrete exhibited a substantial increase
with curing age, in contrast to the secondary rate of
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water absorption that is dependent on the initial rate of
absorption. These findings align with the research
conducted by (Kotwa, 2015; Liu et al., 2022).

Mass change: The percentage mass gain of the test
samples is shown in Figure 15. In general, the mass
change of the concrete mixes follows an increasing
trend when cured in a 5% sulphuric acid solution,
while it decreases under ambient conditions. The
control mix exhibits the lowest mass gain at 0.17%.
The mass gain increases gradually, reaching a peak of
0.73% at the 30% replacement level, before declining
to 0.26% at the 40% replacement level. This
observation aligns with the findings of (Dillard, 2021;
Guo et al., 2021). Fly ash concrete mixes exposed to
sulfate at an early age retard the hydration products
and pozzolanic activities necessary for filling the
available pores. The crystallization of the sulfuric acid
solution is believed to occupy the pores of the
concrete, leading to the observed mass gain. Under
ambient conditions, the mass loss of the fly ash
concrete mixes decreases with increasing replacement
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levels. The 25% replacement mix exhibits the least
deterioration, with a weight loss 39.78% lower than
that of the control mix. Beyond the 25% replacement
miX, the weight loss slightly increases but dips again
at the 40% replacement mix. The control mix
experiences more mass loss (4.55%) compared to the
blended mixes; with the 25% fly ash mix showing the
least deterioration. The reduction in weight can be
attributed to the re-concentration of sulfate solution, as
well as the decomposition of calcium silicate hydrates
and calcium hydrates. These outcomes align with the
recommended range (between 20% and 75%
replacement with high calcium fly ash) for substituting
fly ash in concrete, as stated by (Liu et al., 2018;
Sudheen, 2008; von Fay, 1995). The SEM EDXS
analysis on sulfate attack in some selected mixes
(control, 25%, and 40%) is shown in Figure 16A-16C.
Figure 16A shows more gypsum occupying the voids
of the control mix than the 25% replacement and 40%
replacement mixes in Figures 16B and 16C,
respectively.
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Fig 14. The rate of water absorption of concrete at day 7, 14, 28, 56, and 90.

Table 5. Initial rate of water absorption for the concrete mixes at all curing days (mm/s®%)

Replacement % Tdays l4days  28days  56days 90days
0 0.1444 0.1228 0.101 0.0763  0.0234
5 0.1047 0.0697  0.0627  0.0612  0.0187
10 0.09197  0.0878  0.0716  0.0618  0.0197
15 0.0955 0.0788  0.0763 0.058 0.0203
20 0.0855 0.0823  0.0679  0.0435  0.0224
25 0.1073 0.1056  0.0796  0.0629  0.0241
30 0.0887 0.0785  0.0581  0.0474  0.0229
35 0.1243 0.1071  0.1047 0.095 0.0224
40 0.1096 0.0953 0.086 0.0695  0.0255
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Table 5. Secondary rate of water absorption for the concrete mixes at all curing days (mm/s®%)

Replacement % 7days 14days 28days  56days  90days
0 0.0018 0.0013 0.0014  0.0022  0.0028
5 0.0014 0.0018 0.0022 0.0022  0.0022
10 0.0014 0.0016 0.0017 0.0023  0.0021
15 0.0021 0.0022 0.0015 0.0027  0.0025
20 0.0016  0.00204  0.0017 0.0033  0.0022
25 0.0017 0.002 0.002 0.0024  0.0013
30 0.0018 0.0028 0.0026 0.0023  0.0027
35 0.0019 0.0017 0.002 0.0019  0.0013
40 0.0019 0.0024 0.0029 0.0027  0.0015
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Fig 15. Mass change of the specimens exposed to both sulfate and ambient curing condition.
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Fig 16. Scanning electron microscopy and energy depersive x-ray of concrete mixes for mass change at day 365.
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As shown in the table 6, the silica-to-aluminium ratio
is low mostly in the mixes with fly ash. This is
probably as a result of the greater amount of Al and Si
that dissolves from the fly ash particles to balance the
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concentration of the fly ash mix. The dissolution of Si
results in a properly formed C-A-S-H structure shown
in Figure 16B and 16C.

Table 6. Elemental weight percentage from EDX analysis on mass change at day 365

Element Element Control (A) 25% (B) 40% (C)

Number  Symbol 0% Replacement  Replacement

20 Ca 23.36 42.06 36.56

14 Si 35.06 26.32 28.43

26 Fe 8.44 5.32 6.22

13 Al 7.92 7.24 7.51

47 Ag 0.54 0.42 1.6

16 S 12.53 12.41 12.41

19 K 478 24 3.72

15 P 0.42 0.22 0.22

12 Mg 0.16 0.03 0.06

17 Cl 1.85 1.24 1.64

11 Na 0.34 0.16

22 Ti 213 1.34 1.01

8 O

7 N 0.08

6 C 1.93 2.19 2.17
Si/Al 44 3.6 3.8
Na/Al 0.04 - 0.02

Also, the EDXS analysis reveals that more calcium Chloride. ASTM International, West

than silica is used in the control mix than in the other
mixes, hence the outcome of gypsum when this
calcium hydrate (Portlandite) mixes with applied
sulfate. The level of deterioration is minimal in the
25% replacement mix in Figure 16B compared to the
40% replacement mix in Figure 16C; there are traces
of cracks in both mixes but no visible form of
ettringites.

Conclusions: This study provides insights into the use
of fly ash in lean concrete production with regard to
compressive strength, chloride ion penetration
resistance, water absorption, and weight loss at various
replacement levels. While the control mix exhibited
superior compressive strength, the fly ash mixes
demonstrated enhanced durability properties. These
findings suggest that incorporating fly ash into lean
concrete production can enhance durability without
compromising compressive strength.
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