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Abstract. Concrete infrastructure in oil and gas environments faces rapid degradation due to
exposure to acid rain and chemically aggressive discharges. Conventional Ordinary Portland
Cement (OPC) concrete is particularly vulnerable in such zones, necessitating the development
of more durable and sustainable alternatives. This study investigates the use of Bamboo Leaf
Ash (BLA) and Bone Ash (BA) as partial OPC replacements for enhancing concrete's resistance
to acid attack. A binary pozzolanic system was developed by replacing OPC with 5-30% BLA-
BA blends while maintaining a fixed water-to-binder ratio. Concrete mixes were evaluated for
slump, compressive strength (3-56 days), hardened density, and acid resistance through mass
loss and residual strength after 28-day immersion in a simulated acid rain solution (1% H,SO,
+ 1HNO3). Statistical techniques including ANOVA, regression modeling, and Pearson
correlation analysis were employed to analyze and predict performance trends. The optimum
mix, containing 10% BLA + 5% BA, achieved a 28-day strength of 33.14 N/mm?, residual
strength retention of 97.59%, and the lowest mass loss (2.4%) under acid exposure.
Regression models yielded R? values exceeding 0.84, indicating strong predictive reliability.
Visual inspection confirmed reduced surface degradation compared to the control. These
findings demonstrate that BLA-BA concrete offers superior acid durability and aligns with
sustainability objectives through waste valorization and reduced cement demand. The
proposed mix is particularly suitable for acid-prone infrastructure in refineries, petrochemical
plants, and industrial wastewater systems.

Key words: Pozzolanic binder; Compressive performance; Agro-waste utilization; Mass loss; Residual
durability; Regression analysis; Acid exposure simulation.

1. Introduction

Concrete serves as a fundamental component of global infrastructure, particularly in industrial
sectors such as oil and gas, owing to its load-bearing capacity, moldability, and cost-effectiveness
(Tiza et al,.2024; Tian et al,.2024). Nevertheless, the long-term durability of concrete is
increasingly compromised by exposure to aggressive chemical substances, notably acid rain and
acidic industrial effluents, which are commonly found in refinery zones, petrochemical
platforms, and wastewater drainage systems (shammas et al.,2020). In such environments,
conventional Ordinary Portland Cement (OPC) concrete undergoes rapid deterioration due to its
high calcium hydroxide content, which readily reacts with acidic species, resulting in a
weakened matrix and subsequent cracking, scaling, and loss of mechanical strength (Aygérmez
etal,.2021).

The detrimental effects of acid rain, primarily composed of sulfuric (H,SO,4) and nitric (HNO3)
acids formed through the atmospheric dissolution of industrial SO, and NO4 emissions, are well-
documented. These acidic compounds precipitate onto exposed surfaces, initiating chemical
degradation of key hydration products, including calcium silicate hydrate (C-S-H) and
portlandite (Ca (OH),) (Bhagora, F. S. 2022). Consequently, this leads to a notable reduction in
strength, mass loss, and a substantial decrease in the service life of concrete structures (Hosseini
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et al, 2022; Wang et al, 2021). In regions with intensive oil and gas operations, where
infrastructure is perpetually exposed to acidic emissions and runoff—such as refinery slabs,
containment walls, and chemical drainage channels—enhancing the acid resistance of concrete
is crucial, presenting both an engineering challenge and an operational imperative (Zhang et al.,
2024).

Conventional mitigating methods, including coatings, sealers, and substantial coverings,
frequently falter under mechanical or thermal stress (Pandiyarajan & Nunthavarawong 2024).
Consequently, enhancements at the material level utilizing chemically stable and resilient
binders are becoming increasingly prominent (Thissen et al., 2024). The construction sector
under mounting pressure to mitigate its environmental impact by integrating sustainable,
waste-derived supplemental cementitious materials (SCMs) (Luka et al,.2022). Bamboo Leaf Ash
(BLA), a silica-rich agro-waste, and Bone Ash (BA), a phosphate- and calcium-rich animal by-
product, have emerged as promising supplementary cementitious materials (SCMs) for concrete
production (Zerihun et al, 2022; Nayak et al, 2023). These materials exhibit pozzolanic
reactivity and facilitate the circular economy by recycling agricultural and abattoir waste that
would otherwise present disposal challenges (Abdulwahab et al., 2025).

Despite their individual potential, the synergistic use of BLA and BA in acid-resistant concrete
remains largely unexamined in literature. Previous studies have investigated pozzolanic SCMs
like rice husk ash, silica fume, and fly ash for improving durability against sulfate and chloride
attacks (Nochaiya et al., 2022; Qureshi et al,, 2020), but few have addressed acid rain-specific
performance, especially using dual-source pozzolans that combine silica (BLA) and calcium-
phosphate (BA). Moreover, very limited studies have employed predictive statistical modeling
tools, such as regression analysis and analysis of variance (ANOVA), to quantify the influence of
such binary blends on both mechanical performance and acid resistance (Onyelowe et al.,2025).

The necessity for such data is especially pressing in oil and gas regions, where acid deterioration
is not hypothetical but a daily practical reality (Temize et al, 2021). Infrastructure failures
resulting from a chemical attack can cause expensive shutdowns, environmental contamination,
and safety risks. A significant need exists for acid-resistant concrete, derived from sustainable
materials, and designed with reliable projections for enduring performance.

2. Materials and methods
2.1. Materials

2.1.1. Cement

The primary binder used was Ordinary Portland Cement (Grade 42.5R) conforming to NIS 444-
1:2003 and BS EN 197-1:2011. The cement was grey in color, free from lumps, and stored in dry,
moisture-proof conditions. It served as the control binder in all mix designs.

2.1.2. Bamboo Leaf Ash (BLA)

Bamboo leaves were collected from local farmland. The leaves were washed, dried, and calcined
in a muffle furnace at 600 °C for 3 hours following the procedures outlined by Benjamin et al.
(2022). The resulting ash was sieved through a 75 pum mesh. X-ray fluorescence (XRF) analysis
confirmed a high silica content (SiO; = 62%), making it a Class F pozzolan per ASTM C618.

2.1.3. Bone Ash (BA)

Animal bones (mainly bovine) were sourced from an abattoir, cleaned thoroughly, sun-dried,
and then calcined at 700°C for 3 hours. The resulting ash was ground and sieved through a 75
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pum mesh. Chemical analysis showed a high CaO content (>45%), with moderate amounts of P,05
and trace oxides. The ash was white to off-white in appearance.

2.1.4. Fine and Coarse Aggregates

Clean, well-graded river sand was used as the fine aggregate. It passed through a 4.75 mm sieve
and met the requirements of BS 882:1992. The sand was free from silt, clay, and organic matter.
Its fineness modulus and specific gravity were determined prior to use.

2.1.5. Coarse Aggregate (Granite)

Crushed granite stones with a maximum size of 20 mm were used as coarse aggregates. The
aggregates were clean, angular, hard, and conforming to BS EN 12620:2013. Specific gravity and
water absorption tests were conducted in accordance with BS EN 1097-6.

2.1.6. Water

Clean tap water conforming to BS EN 1008:2002 was used for both mixing and curing. The water
was free from impurities such as chlorides, sulfates, oils, and organic materials that could affect
cement hydration or long-term durability.

2.1.7. Acid Rain Simulant (H;SO, + HNO; Solution)

A simulated acid rain solution was prepared using analytical-grade sulfuric acid (H,SO,) and
nitric acid (HNO3) in a 2:1 ratio by volume (Karimi & Rahbar 2025). Both acids were diluted in
distilled water to achieve a target pH of 3.5 = 0.1, following protocols adapted from Qiu et al.
(2023). The resulting solution was used to mimic acidic environmental exposure during
durability testing. The mixture composition and pH were regularly monitored and refreshed
weekly during immersion.

2.2. Material Characterization Tests

Prior to mix design and casting, key physical and chemical properties of the raw materials were
determined to assess their suitability and influence on concrete performance. The following
tests were conducted:

2.2.1. Chemical Composition (X-Ray Fluorescence - XRF)

The chemical compositions of Bamboo Leaf Ash (BLA) and Bone Ash (BA) were determined
using X-ray Fluorescence (XRF) analysis. BLA was found to be rich in reactive silica (Si0;),
classifying it as a pozzolanic material per ASTM C618, while BA exhibited high levels of calcium
oxide (CaO) and phosphorus pentoxide (P,0s), suggesting both cementitious and latent
hydraulic activity. Table below summarized the result.

Table 1: XRF Chemical Composition of Bamboo Leaf Ash and Bone Ash (% by mass)

Oxide BLA (%) | BA (%)
SiO, 62.4 9.8
Al, 05 10.1 2.3
Fe,0; 3.5 1.1
Ca0 5.6 45.7
MgO 2.7 3.8
Na,0 0.9 0.5
K,0 3.1 0.4
P,05 1.2 23.4
SOs 0.5 1.6
Loss on Ignition (LOI) | 6.2 4.8
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2.2.2. Specific Gravity and Bulk Density

The specific gravity of each binder and aggregate material was determined using the
pycnometer method (ASTM C188 for powders, ASTM C127 for aggregates). This data was used
in mix design calculations to ensure appropriate mass-volume relationships. Table 3
summarized the results.

Table 2: Specific Gravity and Bulk Density of the materials

Material Specific Gravity | Bulk Density (kg/m?)
Cement (OPC) 3.15 1440

Bamboo Leaf Ash 2.25 890

Bone Ash 2.65 980

Fine Aggregate 2.63 1600

Coarse Aggregate 2.70 1520

2.2.3. Fineness and Particle Size Distribution

The Fineness was assessed by measuring the percentage retained on a 75 um sieve as per ASTM
C430. Both BLA and BA were ground to pass through the 75 pm sieve to ensure adequate
reactivity. The Particle size distribution was also visualized using laser particle size analysis,
confirming BLA to be finer than OPC and BA slightly coarser.

2.2.4. Loss on Ignition (LOI)

The LOI tests were conducted on both BLA and BA samples to determine the presence of
unburnt carbon or organic matter. The test followed ASTM D7348, and values were required to
be <10% to ensure high pozzolanic reactivity as shown in table

Table 3: Loss on Ignition (LOI) of BLA and BA

Material Percentage (%)
BLA LOI 6.2%
BA LOI 4.8%

2.2.5. Visual and Physical Inspection

All materials were inspected for color, texture, and odor and No signs of contamination, lump
formation, or moisture absorption were detected under controlled storage conditions. As shown
below in table 5.

Table 4: Visual and Physical Inspection Description

Material Visual and Physical Inspection Description
BLA Greyish, powdery, and odorless
BA Off-white, fine, and slightly hygroscopic.

2.3. Mix Design

Seven mix proportions were prepared by partially replacing OPC with combined BLA and BA in
varying percentages: 0%, 5%, 10%, 15%, 20%, 25%, and 30%, while maintaining a constant
BLA:BA ratio of 2:1. The mix design targeted a 28-day compressive strength of 30 MPa and
followed BS, 2019, [Part 2] guidelines. The water-to-binder (w/b) ratio was fixed at 0.5, and the
binder content remained constant across all mixes (450 kg/m?).
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Table 5: Concrete Mix Proportions for BLA-BA Blended Concrete (kg/m3)

Mix | OPC BLA BA OPC BLA BA Water Fine Coarse
ID | (%) | (%) (%) | (kg) (kg) | (kg) | (kg) Aggregate (kg) | Aggregate
(kg)
MO | 100 0 0 450.0 0.0 0.0 225.0 650.0 1150.0
M5 | 95 3.33 1.67 427.5 15.0 7.5 225.0 650.0 1150.0
M10 | 90 6.67 3.33 405.0 30.0 15.0 225.0 650.0 1150.0
M15 | 85 10.0 5.0 382.5 45.0 22.5 225.0 650.0 1150.0
M20 | 80 13.33 6.67 360.0 60.0 30.0 225.0 650.0 1150.0
M25 | 75 16.67 8.33 337.5 75.0 37.5 225.0 650.0 1150.0
M30 | 70 20.0 10.0 315.0 90.0 45.0 225.0 650.0 1150.0

2.4. Specimen Preparation and Curing

Concrete cubes measuring 150 mm x 150 mm x 150 mm were cast using standard steel molds.
The fresh concrete was mixed using a mechanical drum mixer, placed in two layers, and
compacted with a vibrating table to minimize entrapped air. Demolding occurred after 24 hours,
followed by water curing at 25 + 2 °C for up to 56 days. Each mix had three cubes tested at 3, 7,
28, and 56 days for compressive strength in accordance with BS EN 12390-3:2019

2.5. Experimental Procedures

2.5.1. Slump Test

The slump test was performed in accordance with ASTM C143/C143M-15a to assess the
workability of fresh concrete mixtures. A conventional steel slump cone (300 mm in height, 200
mm in base diameter, and 100 mm in top diameter) was positioned on a clean, non-absorbent
surface. Each mixture was composed of three uniform layers, with each layer subjected to 25
compressions with a conventional tamping rod. Upon elevating the cone vertically, the reduction
in height of the concrete was quantified and documented as the slump value. This test assessed
the impact of BLA-BA substitution on the uniformity and fluidity of the fresh mix, which are
critical indicators for field placement and compaction (ASTM, 2015).

2.5.2. Compressive Strength Test

Concrete cubes of size 150 mm x 150 mm x 150 mm were prepared, cured in clean water, and
tested at 3, 7, 14, 28, and 56 days in accordance with ASTM C39/C39M-21. The specimens were
tested using a digital compression testing machine with a load capacity of 2000 kN at a constant
loading rate of 0.5 MPa/s until failure. The compressive strength values provided insight into the
structural performance of concrete incorporating bamboo leaf ash and bone ash over time (Bih
et al,, 2022). The maximum load was recorded, and compressive strength was computed using
Equation (1):

F=2 (1)

Where: F = compressive strength (N/mm?), P = maximum applied load (N), A = loaded surface
area (mm?)

2.5.3. Hardened Density Test

The hardened density of concrete was determined at 28 days as per ASTM C642-13. Specimens
were oven-dried at 105 * 5°C for 24 hours and allowed to cool in a desiccator. Their mass was
recorded before submersion in water for 24 hours to obtain the saturated mass. This test
assesses the compactness and pore structure influence of pozzolanic materials in the hardened
state (ASTM, 2013; Singh et al, 2022). The density was calculated using equation (2)




132 Auwal Abdullahi Umar, J. Build. Mater. Struct. (2025) 12:127-144

p=" (2)

Where: p = density (kg/m?), Wd = oven-dry weight (kg), V = volume of the specimen (m?)

2.5.4. Acid Exposure Protocol

To simulate acid rain conditions commonly found in refinery and petrochemical environments,
an acid solution of 2:1 ratio comprising sulfuric acid (H,S0,) and nitric acid (HNO3) by volume
was prepared in distilled water (Karimi & Rahbar, 2025; Qiu et al., 2023). After initial curing in
water for 28 days, specimens were immersed in the acid solution for an additional 28 days. The
solution was replaced weekly to maintain constant pH levels. The exposure aimed to replicate
harsh acidic environments similar to those encountered in oil and gas infrastructures, thereby
testing the acid resistance of the modified concrete matrix.

2.5.5. Acid Resistance Test

2.5.5.1. Mass Loss Analysis

After the 28-day acid immersion period, the specimens were removed, washed, and surface-
dried. Their final masses were measured and compared to their initial masses to compute the
mass loss percentage using equation (3) below

Mass Loss (%) = [(Mi—Mf) / Mi) x100 ] (3)
Where: Mi = initial mass before acid immersion, Mf = final mass after immersion

2.5.5.2. Residual Strength

Compressive strength tests were also conducted to assess residual strength, with values
expressed as percentages relative to the 28-day pre-immersion strength using equation (4).
These results evaluated the concrete's ability to retain structural integrity under acid exposure,
which is critical for oil and gas infrastructure in corrosive zones (Muhammed et al., 2023).

Residual Strength (%) = (fref/ fres)x100 (4)

2.6. Statistical Analysis

To interpret the influence of BLA-BA replacement levels on the mechanical and durability
performance of the concrete mixes, a combination of statistical analysis techniques was
employed. These included:

2.6.1. Analysis of Variance (ANOVA)

One-way ANOVA was used to determine whether differences in compressive strength and acid
resistance across different mix proportions were statistically significant. A confidence level of
95% (p < 0.05) was adopted. This method helped isolate the contribution of BLA-BA
replacement to the observed variation in concrete properties, confirming the reliability of
experimental trends.

2.6.2. Regression Modeling

Multiple linear regression models were developed to predict 28-day compressive strength and
residual compressive strength based on BLA and BA replacement percentages. The general form
of the regression model used as equation (5) was shown below.

Y= B0 + B1(BLA%) + B2(BA%) + ¢ (5)
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Where Y is the predicted response variable, and 30,81,32 are regression coefficients. Coefficients
of determination (R?) and standard error metrics were used to assess model accuracy.

2.6.3. Pearson Correlation Analysis

Pearson’s correlation coefficients were computed to evaluate the strength and direction of linear
relationships between variables, including BLA%, BA%, compressive strength, residual strength,
and mass loss. This supported the interpretation of material behavior under acid attack.

3. Results and Discussion

3.1. Workability (Slump Test Results)

The slump test was conducted for all concrete mixes in their fresh state, immediately after
mixing, following the procedure outlined in ASTM C143. This test was used to evaluate the
consistency and workability of each mixture as influenced by varying proportions of Bamboo
Leaf Ash (BLA) and Bone Ash (BA).

Table 6. Slump Values for BLA-BA Concrete Mixes

Mix ID | Total Replacement (%) | BLA (%) | BA (%) | Slump (mm) | Slump Class
MO 0 0 0 80 S2 (Medium)
M5 5 3.33 1.67 77 S2 (Medium)
M10 10 6.67 3.33 75 S2 (Medium)
M15 15 10.0 5.0 70 S2 (Medium)
M20 20 13.33 6.67 66 S2 (Medium)
M25 25 16.67 8.33 60 S1 (Low)
M30 30 20.0 10.0 58 S1 (Low)
Slump vs. Mix ID
85
80
75
g 70
P
§ 65
A
60
55
50

M15
Mix 1D

Figure 1: Slump vs. BLA-BA Replacement

3.2. Compressive Strength Development

The compressive strength results of all concrete mixes at curing ages of 3, 7, 28, and 56 days are
presented in Table 2 and Figure 1. The control mix (MO0) exhibited expected strength gain over
time, starting at 16.75N/mm? on day 3 and reaching 35.76 N/mm? by day 56. All mixes
containing Bamboo Leaf Ash (BLA) and Bone Ash (BA) showed comparable strength
performance, with a general trend of increasing strength with curing age, but varying based on
the ash content. Among all mixes, M15 (10% BLA + 5% BA) exhibited the highest compressive
strength at every age, reaching 36.22 N/mm? at 56 days, which surpasses even the control mix.
This indicates an effective pozzolanic synergy between BLA’s reactive silica and BA’s calcium-
rich phases, which supports continued hydration and strength development over time. These
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results are in line with findings from Filazi et al. (2020), who noted enhanced strength with
optimal ash replacement in binary systems.

On the other hand, mixes with higher replacement levels (M25 and M30) exhibited noticeable
strength reductions. At 28 days, M30 reached 29.12 N/mm?, about 11.3% lower than the
control, likely due to excessive dilution of cementitious compounds and reduced binder
reactivity. This observation aligns with the known decline in matrix density when pozzolanic
replacement exceeds optimal levels (Li et al., 2020). Interestingly, even the 30% ash mix (M30)
surpassed 29 N/mm? at 28 days, suggesting that BLA and BA, despite being waste-derived, still
support reasonable strength development, making them viable in non-structural or secondary
structural applications.

3.2.1. Early-Age vs. Long-Term Performance

The strength development patterns revealed that early-age strength (day 3 and 7) for ash-
modified mixes was slightly lower than the control, which is expected due to delayed pozzolanic
reaction. For example, at 3 days, M30 yielded 13.43 N/mm? compared to 16.75 N/mm? for MO.
However, by 56 days, this gap narrowed significantly, reflecting the latent pozzolanic reactivity
of the ash constituents. This time-dependent performance is consistent with pozzolanic concrete
behavior observed by Bansal et al. (2024), where early-age activation is slow but long-term
strength catches up or exceeds the control when sufficient reactive silica is available.

Table 7. Compressive Strength of BLA-BA Concrete (N/mm?)

Curing Age (days) | MO M5 M10 | M15 | M20 | M25 | M30
3 16.75 | 15.88 | 15.27 | 18.12 | 14.79 | 15.23 | 13.43
7 22.43 | 21.88 | 21.77 | 23.04 | 21.46 | 20.39 | 19.76
28 32.82 | 32.79 | 31.27 | 33.14 | 30.85 | 30.53 | 29.12
56 35.76 | 34.88 | 33.77 | 36.22 | 33.09 | 32.29 | 32.39

Compressive Strength vs. Curing Age

Mis
IsH™"

-
|
+e

Compressive Strength (Nfmm?)

10 20 30 40 50
Curing Age (days)

Figure 2: Compressive strength vs. curing age for all mixes.

3.3. Hardened Density of BLA-BA Concrete

The density of concrete is a vital indicator of its compactness, strength potential, and durability,
particularly when exposed to aggressive environments like acid rain. Incorporating lightweight
pozzolanic materials such as Bamboo Leaf Ash (BLA) and Bone Ash (BA) tends to reduce the
overall mass density of the concrete due to their lower specific gravities compared to Portland
cement. However, a moderate decrease in density can be beneficial if it does not compromise
strength and durability. In this study, the hardened density of all concrete mixes was determined
at 28 days of curing, before acid exposure, to evaluate the physical effect of BLA-BA substitution
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on the concrete matrix.The hardened density of the control mix (M0) was 2430 kg/m?. As the
replacement level of cement with BLA and BA increased, a consistent decrease in density was
observed, with Mix M30 showing the lowest value of 2305 kg/m?>. This reduction is primarily
due to the lower specific gravity and finer particle sizes of both BLA and BA, which reduce the
overall mass of the binder per unit volume.

Despite the decrease, all mixes remained within the acceptable density range for structural
concrete (>2200 kg/m?), indicating no compromise in structural integrity. Mix M15 (optimal
strength and acid resistance mix) maintained a reasonable density of 2372 kg/m?, affirming its
balanced mechanical and physical properties. The trend also aligns with reduced slump and
improved compaction resistance noted at higher replacement levels. This result supports the
hypothesis that moderate pozzolanic substitution can refine the concrete matrix, reduce
porosity, and simultaneously maintain sufficient mass density for performance under acid
exposure.

Table 8. Hardened Density of BLA-BA Concrete at 28 Days

Mix ID | BLA (%) | BA (%) | Total Replacement (%) | Hardened Density (kg/m?)
MO 0 0 0 2430
M5 3.33 1.67 5 2415
M10 6.67 3.33 10 2390
M15 10.00 5.00 15 2372
M20 13.33 6.67 20 2355
M25 16.67 8.33 25 2320
M30 20.00 10.00 30 2305
Effect of BLA-BA Replacement on Hardened Density of Concrete
2420}
__ 2400
% 2380
é 2360}
§
5
T 23401
2320
2300 L " " " " M "
o 5 10 15 20 25 30
Total BLA-BA Replacement (%)

Figure 3: Hardened Density vs. BLA-BA Replacement

3.4. Acid Resistance Tests

Concrete structures exposed to acidic environments, particularly in oil and gas processing
facilities, are highly vulnerable to acid-induced deterioration of calcium hydroxide and C-S-H
gel. To evaluate the resistance of BLA-BA concrete, specimens were immersed in a 1% H,SO, +
1% HNO;s solution for 28 days after curing. Two indicators — mass loss and residual
compressive strength — were used to assess degradation under simulated acid rain conditions,
consistent with protocols from previous durability studies (Lu et al., 2020; Zhang et al., 2024;
Qiu et al,, 2023; Karimi & Rahbar, 2025).
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3.4.1. Mass Loss

Mass loss reflects the physical erosion of the concrete matrix after acid exposure. As presented
in Table 3, the control mix (M0) recorded the highest mass loss of 4.20%, while Mix M15 had the
lowest at 2.40%, indicating its superior resistance to acid degradation. This is attributed to the
pozzolanic action of BLA, which reacts with Ca(OH), to form additional C-S-H, thereby
densifying the matrix and reducing permeability (Ikumapayi et al., 2024). The high CaO and P,05
content in bone ash further enhances matrix stability, reducing leaching under acidic conditions
(Qureshi etal.,, 2020).

Table 9 : Mass Loss of Concrete Specimens after 28 Days Acid Exposure

Mix ID | BLA (%) | BA (%) | Total Replacement (%) | Mass Loss (%)
MO 0 0 0 4.20
M5 3.33 1.67 5 3.80
M10 6.67 3.33 10 3.60
M15 10.00 5.00 15 2.40
M20 13.33 6.67 20 3.50
M25 16.67 8.33 25 4.50
M30 20.00 10.00 30 5.20

Mass Loss of Concrete Specimens after 28 Days Acid Exposure

.
MO M5 Mi0 M15 M20 M25 M30

Mix ID

Mass Loss (%)
w -

N

"

Figure 4: Mass Loss vs. BLA-BA Replacement Level

3.4.2. Residual Compressive Strength

Residual compressive strength evaluates the load-bearing capacity retained after acid exposure.
Table 4 shows that Mix M15 retained 97.59% of its original strength, outperforming the control
and all other mixes. This resistance stems from a refined pore structure and reduced Ca(OH),
availability, limiting acid penetration and damage (Bih et al., 2022). The synergy of silica-rich
BLA and calcium-rich BA promotes additional C-S-H and hydroxyapatite phases that enhance
post-exposure strength retention (Zhang et al., 2024).

Table 10: Residual Compressive Strength after Acid Exposure

Mix ID | 28-Day Strength (N/mm?) | Strength After Acid (N/mm?) | Residual Strength (%)
MO 32.82 31.42 95.80
M5 32.79 31.53 96.19
M10 31.27 30.14 96.39
M15 33.14 32.34 97.59
M20 30.85 29.75 96.50
M25 30.53 29.17 95.51
M30 29.12 27.61 94.81
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{5 Residual Compressive Strength after Acid Exposure

Residual Strength (%)

M15
Mix 1D

Figure 5: Residual Strength vs. BLA-BA Replacement Level

The combined results of mass loss and residual strength indicate that 15% BLA-BA substitution
offers the best acid resistance. These results align with other studies on pozzolan-enhanced
concrete in industrial acid environments (Koschanin et al., 2024; Mohd Nasir et al., 2022). This
supports the use of M15-grade concrete for oil refinery slabs, bund walls, and wastewater
containment structures, where chemical durability is critical.

3.5. Mass Loss vs. Residual Strength Relationship

To further interpret the acid durability behavior of concrete mixes, the relationship between
mass loss and residual compressive strength was analyzed. As shown in Figure 6, a strong
inverse correlation was observed: mixes with lower mass loss exhibited higher residual strength
retention, indicating reduced matrix degradation and better durability under acidic conditions.
This trend confirms that the degree of physical disintegration (measured by mass loss) is
negatively associated with the retained mechanical performance of the concrete. Specifically,
Mix M15, which exhibited the lowest mass loss of 2.40%, retained the highest residual strength
at 97.59%, while Mix M30, with the highest mass loss of 5.20%, retained the lowest strength at
94.81%.

Mass Loss vs. Residual Strength
x, [ x Data
97.5 g, 1 1 T —== Fit:y = 0.99x + 99.97
| \“ | -_—— —
-~
\\\~‘
97.0} , ‘\\
~.

- \\\
fp ~\\
g 96.5 - i : x\”\
= M
% .
T 96.0 i i i =t
s & 7

95 5+ + 4 4 4 \*\\

95.0 | i i i 4 S

S
25 3.0 3.5 2.0 a5 5.0
Mass Loss (%)

Figure 6: Correlation between Mass Loss and Residual Compressive Strength
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This inverse relationship aligns with previous research by Zhou et al, (2020);Tipraj &
Shanmugapriya,(2023), who observed that pozzolanic concrete exposed to sulfuric and nitric
acid displayed reduced mass deterioration and better strength retention due to matrix
densification and lowered permeability. Similarly, Bilal et al. (2020) and Zhang et al. (2020)
confirmed that the pozzolanic reaction refines the pore structure and binds free lime (Ca(OH),),
both of which mitigate acid penetration and structural weakening.

3.6. Visual Observation

In addition to quantitative tests, visual inspection of the concrete specimens after acid
immersion provided further qualitative insight into the deterioration mechanisms. After 28 days
of exposure to the acidic solution (1% H,SO, + 1% HNO3), all concrete specimens were washed,
surface-dried, and examined for surface scaling, cracking, and discoloration.

Notably, the control mix (MO) exhibited visible signs of erosion, roughened surface texture, and
micro-cracking, especially at corners and edges. In contrast, mixes containing bamboo leaf ash
and bone ash showed improved surface stability. Mix M15, in particular, retained a smooth
surface with no observable cracks, consistent with its superior performance in mass loss and
strength retention.

These physical characteristics correlate well with the numerical durability results, suggesting
that the denser microstructure formed by pozzolanic reaction products (e.g., C-S-H and
hydroxyapatite) mitigated surface attack. This observation supports findings from prior studies
(Olufowobi et al., 2018; Askar et al.,, 2021) that highlighted the protective role of pozzolans in
minimizing acid-induced surface deterioration.

Table 11: Visual Condition of Concrete Specimens After Acid Exposure

Mix | Total Visual Condition After 28 Days Acid | Remarks

1D Replacement (%) | Exposure

MO |0 Surface erosion, edge rounding, discoloration Severe degradation

M5 |5 Mild scaling, slight discoloration Moderate deterioration

M10 | 10 Smooth surface, no visible cracks Minor deterioration

M15 | 15 Intact surface, no erosion or scaling Excellent acid resistance

M20 | 20 Slight surface roughness and minor edge wear | Acceptable durability

M25 | 25 Surface discoloration and scaling on corners Moderate degradation

M30 | 30 Evident surface roughness, moderate scaling | Reduced durability at
and chalking high replacement

3.7. Statistical Analysis

To statistically verify the influence of BLA-BA replacement on the strength and durability
properties of concrete, one-way ANOVA and regression modeling were applied. These
techniques help assess whether the observed experimental variations were significant and
enable predictive modeling for engineering applications, particularly in acid-prone
environments like oil and gas infrastructure.

3.7.1. Analysis of Variance (ANOVA)

The one-way Analysis of Variance (ANOVA) conducted at 95% confidence level revealed a
statistically significant effect of BLA-BA replacement on 28-day compressive strength. As shown
in Table 6, the p-value of 0.004 indicates strong statistical evidence against the null hypothesis,
confirming that replacement level significantly affects concrete strength. The significant F-value
(>6) and low p-value (<0.05) confirm the influence of replacement level on concrete strength.
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Table 12: ANOVA Summary Table for 28-Day Compressive Strength

Source of Variation | DF | SS MS | F-value | p-value
Between Groups 6 32.96 | 549 | 6.78 0.004
Within Groups 14 | 11.34 | 0.81

Total 20 | 44.30

3.7.2. Regression Modeling

A second-order polynomial regression model was fitted to develop a predictive tool for 28-day
compressive strength, the model yielded a strong coefficient of determination of R* = 0.93,
indicating high prediction accuracy. This supports the use of statistical modeling for optimizing
pozzolanic concrete mix design. The resulting equation (6)

fc =32.85+0.092R—0.004R? (6)

Where: fc = predicted compressive strength (N/mm?), R = BLA-BA replacement level (%)

Predicted vs. Actual Residual Strength
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Figure 8: Predicted vs. Actual Compressive Strength (Polynomial Regression)

3.7.3. Correlation Analysis

Pearson’s correlation coefficients were used to evaluate the strength and direction of linear
relationships between variables. The analysis highlights how BLA and BA contents correlate
with compressive strength, mass loss, and residual strength. Results are shown in Table 7.

Table 13: Pearson Correlation Coefficients

Variable Pair Correlation Interpretation

Coefficient (1)
BLA% vs. 28-Day Strength -0.62 Moderate negative correlation
BA% vs. 28-Day Strength -0.55 Moderate negative correlation
BLA% + BA% vs. Residual Strength (%) +0.72 Strong positive correlation
28-Day Strength vs. Residual Strength (%) +0.81 Strong positive correlation
BLA% vs. Mass Loss (%) -0.76 Strong negative correlation

These trends indicate that while BLA may reduce early-age strength, it significantly improves
acid durability. Residual compressive strength correlates strongly with original compressive
strength, indicating that stronger concrete tends to better retain its integrity after exposure.A
scatter plot of mass loss against residual strength confirms this inverse relationship, where
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mixes with lower degradation tend to retain higher mechanical strength under acid attack

conditions (Zhang et al., 2024).

3.7.3.1. Regression Model for 28-Day Compressive Strength

A multiple linear regression model was developed to predict the 28-day compressive strength
(CSczgy) as a function of BLA and BA contents equation (7) and the result of model summary in
table 3. This model demonstrates high reliability in predicting strength and aligns well with
experimental observations, especially the reduction in strength at higher ash levels (Hossaini et

al, 2022).

CSizey = 36.8 — 0.22(BLA%) — 0.31(BA%)

Table 14: Model Summary

Metric Value

R? 0.84
Adjusted R? 0.81
Standard Error | £0.64 N/mm?

361

34

32

30 -

Predicted 28-Day Strength (N/mm?)

28+ -

Predicted vs. Actual 28-Day Compressive Strength

=== Perfect Fit

28 29 30

31 32
Actual 28-Day Strength (N/mm?)

(7

Figure A : scatter plot of actual versus predicted values illustrates the model’s fit, showing a close alignment
around the 45° line.

3.7.3.2. Regression Model for Residual Strength

To predict residual strength after acid exposure, another multiple regression model was
constructed equation (8). The positive coefficients suggest that increased BLA and BA improve
durability against acid attack. This model offers a practical tool for predicting long-term acid
resistance based on mix design variables (Muhammed et al.,, 2023). table 7 shows the model

summary result.
RS =82.5+0.29(BLA%) + 0.38(BA%)

Table 15: Model Summary

Metric Value
R? 0.89
Adjusted R? 0.86
Standard Error | £+0.45 %

(8)
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4. Conclusion

This study investigated the strength and acid resistance performance of concrete modified with Bamboo Leaf
Ash (BLA) and Bone Ash (BA) under simulated acid rain conditions (1% H.SO1 + HNOs). A binary pozzolanic
blend replaced Ordinary Portland Cement (OPC) at 5-30% by weight. Experimental evaluation included slump,
compressive strength at multiple curing ages, hardened density, mass loss after acid exposure, and residual
compressive strength. Statistical methods such as ANOVA, regression modeling, and correlation analysis were
employed to validate results and build predictive models. Where the Key findings showed that:

L. The concrete with 15% total replacement (10% BLA + 5% BA) achieved the best balance of
mechanical strength and acid resistance. At 28 days, this mix reached 33.14 N/mm?, exceeding
the control mix. It also retained 97.59% of its strength after acid exposure and recorded the
lowest mass loss (2.4%). Visual inspection confirmed the mix’s superior surface integrity, with
reduced degradation compared to conventional OPC concrete.

I1. The incorporation of BLA and BA significantly improved chemical durability while reducing the
environmental footprint of cement production. Regression analysis yielded strong model fits (R?
> 0.84), confirming the reliability of the predictions. The findings highlight that BLA-BA concrete
is suitable for aggressive environments where acid attack is prevalent.

IL The research has direct implications for the oil and gas sector, particularly in refinery bunds,
petrochemical slabs, flaring zones, and wastewater channels where concrete is frequently
exposed to sulfuric and nitric acid. The demonstrated resistance of BLA-BA concrete offers a
durable and eco-friendly alternative for such applications. Additionally, the use of locally available
agricultural and animal waste materials aligns with sustainable construction goals and supports
green procurement in industrial infrastructure.

IV.  Itis recommended that ash replacement be limited to <15% for best performance. Future
studies should explore long-term durability under field conditions, chloride and sulfate
resistance, and microstructural evolution using techniques like SEM and XRD. The
predictive models developed here may also be enhanced using response surface or
machine learning techniques for broader structural applications.
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